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Isoforskolin was isolated from Coleus forskohlii native to Yunnan in China. We hypothesize that isoforskolin
pretreatment attenuates acute lung injury induced by lipopolysaccharide (endotoxin). Three acute lung injury
models were used: situ perfused rat lung, rat and mouse models of endotoxic shock. Additionally,
lipopolysaccharide stimulated proinflammatory cytokine production was evaluated in human mononuclear
leukocyte. In situ perfused rat lungs, pre-perfusion with isoforskolin (100, and 200 μM) and dexamethasone
(65 μM, positive control) inhibited lipopolysaccharide (10 mg/L) induced increases in lung neutrophil
adhesion rate, myeloperoxidase activity, lung weight Wet/Dry ratio, permeability-surface area product value,
and tumor necrosis factor (TNF)-α levels. In rats, pretreatments with isoforskolin (5, 10, and 20 mg/kg, i.p.)
and dexamethasone (5 mg/kg, i.p.) markedly reduced lipopolysaccharide (6 mg/kg i.v.) induced increases of
karyocyte, neutrophil counts and protein content in bronchoalveolar lavage fluid, and plasma myeloperox-
idase activity. Lung histopathology showed that morphologic changes induced by lipopolysaccharide were
less pronounced in the isoforskolin and dexamethasone pretreated rats. In mice, 5 mg/kg isoforskolin and
dexamethasone caused 100% and 80% survival, respectively, after administration of lipopolysaccharide
(62.5 mg/kg, i.v., 40% survival if untreated). In human mononuclear leukocyte, isoforskolin (50, 100, and
200 μM) and dexamethasone (10 μM) pre-incubation lowered lipopolysaccharide (2 μg/mL) induced
secretion of the cytokine TNF-α, and interleukins (IL)-1β, IL-6, and IL-8. In conclusion, pretreatment with
isoforskolin attenuates lipopolysaccharide-induced acute lung injury in several models, and it is involved in
down-regulation of inflammatory responses and proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-8.
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1. Introduction

Acute respiratory distress syndrome (ARDS) is themost severe and
final stage of acute lung injury (ALI). It continues to be a source of
major morbidity and mortality in hospitalized patients [1]. The basic
injury of ALI is the destruction of the pulmonary capillary endothe-
lium and alveolar epithelium by neutrophil (PMN) and activated
macrophages which constitute a source of numerous inflammatory
mediators, including cytokine tumor necrosis factor (TNF)-α, inter-
leukins (ILs), arachidonic acid (AA) and oxygen metabolites [2,3].
Although progresses have been made in treating ALI, no suitable
therapeutic option exists and treatment is largely supportive. Thus,
the development of new drugs with an effective anti-inflammatory
profile would be valuable.

Isoforskolin (ISOF), also named 6-acetyl-7-deacetyl forskolin
(Fig. 1), was isolated from Coleus forskohlii native to Yunnan in
China [4]. It is identified as one analog of diterpene forskolin (FSK)
which comes from the Indian plant Coleus forskohlii. Phytochemists
found that the Yunnan native plant contained ISOF but not FSK, and
our interest has focused on the bioactivity of ISOF. Our previous study
demonstrated that ISOF increased cyclic adenosine monophosphate
(cAMP) level in rat liver homogenate, and relaxed the histamine
induced contraction of isolated guinea pig lung and trachea smooth
muscle [5,6]. Recently, ISOF was reported to activate adenylyl cyclase
(AC) isoforms 1, 2 and 5 [7].

FSK is an effective AC activator and causes an increase in intracellular
cAMP. The increasedmicrovascular permeability [8], pulmonary capillary
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Fig. 1. Chemical structure of isoforskolin (ISOF).
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injury [9] associated with ischemia-reperfusion was attenuated by FSK.
Lipopolysaccharide (endotoxin, LPS) caused selective impairment of
pulmonary vasorelaxation [10] can be reversed by FSK and cAMP
produced by the lung contributes to the observed reversal. Pharmacolog-
ical approaches to increase cAMP levels also block the injury of
microvascular endothelial and alveolar epithelial barrier function caused
by H2O2 challenge [11]. Up-regulation of intracellular cAMP by phospho-
diesterase inhibitors [12–15] or exogenous supplement of cAMP by
dibutyryl cAMP [16–18] was reported to improve ALI in several models.

To better understand the possible role of ISOF in ALI, we
hypothesized that ISOF pretreatment attenuates ALI progression, and
might have beneficial functional and survival effects related to
immunomodulation. LPS is described as an important inducer of lung
injury and LPS-induced lung injury is the main model of ALI. Therefore,
the hypothesis was tested in three ALI models induced by LPS: situ
perfused rat lungs, endotoxic shock in rats and in mice, with
dexamethasone (DEX) as a positive control drug. Additionally, to
characterize a possible mechanism of the ISOF protective effect on ALI,
LPS-stimulated proinflammatory cytokines were evaluated in human
mononuclear leukocyte (MNL) and chemotaxis was assessed in human
PMN.

2. Materials and methods

2.1. Animals

All animals used in the studywere obtained from the Experimental
Animal Center at Kunming Medical College, Kunming, China. For in
situ perfused lung and animal ALI experiments, Sprague–Dawley rats
weighing 320–360 and 260–300 g were used, respectively. ICR male
mice weighing 18–22 g were used in the survival study. All animals
received care in compliance with the Principles of Laboratory Animal
Care formulated by Yunnan Provincial Council on Animal Care and the
Guide to Care and Use of Experimental Animals formulated by China
Council on Animal Care. The experimental protocol was approved by
the Animal Use and Care Committee of Kunming Medical College and
was performed in accordance with National Institutes of Health
guidelines for animal use. The rats were housed in standard air-
filtered, temperature-controlled units and were allowed free access to
rodent chow and ad libitum water. The animals were allowed to
acclimate for 1 week before experimentation. Surgery was performed
in an animal surgery facility under clean conditions and under full
general anesthesia using 25% urethane (ethyl carbamate) of 0.4 mL/
100 g, i.p.
Fig. 2. Effects of isoforskolin (ISOF) in the situ perfused rat lungs. Lung neutrophil (PMN) ad
ratio (C), permeability-surface area product (PS) values (D), lung TNF-α (E), malondialdehyd
perfused with addition of vehicle (sham) or ISOF (100, and 200 μM) and DEX (65 μM, posi
(sham) or endotoxin (LPS, 10 mg/L, for LPS control and other treated groups) for 90 min. P
adhesion rates, lung tissue samples for determination of lung homogenate MPO, lungW/D ra
was used to measure PS value. Mean±S.D., n=8, compared by one-way analysis of vari
Newman–Keuls test, vs LPS group, *Pb0.05, **Pb0.01.
2.2. Chemicals and kits

ISOF (purityN99%) was purified as white crystal by Kunming
Institute of Botany and assayed by spectral analysis [4]. ISOF was
dissolved in polyethylene glycol 400 for stock solution, and 40%
polyethylene glycol 400 with 60% normal saline (NS) was used as
vehicle to dilute stock ISOF. DEX injection was purchased from Zhe
Jiang Xian Ju Pharmaceutical Co. (Xianju, Zhejian, China). LPS
(Escherichia coli 055: B5) and formylmethionyl leucyl phenylalanine
(fMLP) were purchased from Sigma–Aldrich Co. (St Louis, MO, USA).
And radioactive immunoassay (RIA) kits for TNF-α were purchased
from Beijing Medical Biological Technology Ltd. (Beijing, China); RIA
kits for cytokines IL-1β, IL-6, and IL-8, and AAmetabolites prostacyclin
6-keto-PGF1α, thromboxane B2 (TXB2) were from Beijing Beifang
Biotech. Institute (Beijing, China); cAMP RIA kits were purchased from
Beijing Shangbai Biotech. (Beijing, China). An enzyme-linked immu-
nosorbent assay (ELISA) kit for prostaglandin E1 (PGE1) was supplied
by Adlitteram Diagnostic Laboratories (Shanghai, China); myeloper-
oxidase (MPO), malondialdehyde (MDA) and superoxide dismutase
(SOD) kits were acquired from Nanjing Jianchen Biotechnology
Institute (Nanjing, Jiangshu, China). Separation media for human
MNL and PMN were supplied by Tianjing Haoyang Biotech. (Tianjing,
China). Transwell Permeable Supports for chemotaxis assay were
purchased from Corning Inc. (Lowell, MA, USA).
2.3. Situ perfused rat lung preparation and experimental protocol

The situ isolated perfused lungmodel has been previously described
with minor modification [19,20]. Briefly, after animals were anesthe-
tized a tracheostomy was performed. The lungs were ventilated with a
constant tidal volume of 1.5–2.0 mL/kg of room air (40 breaths/min).
After heparinization, we exsanguinated the animals by drawing blood
through the carotid artery and collected blood into a container. After a
thoracotomy, in-flow and out-flow perfusion cannulas were placed in
the pulmonary artery and left atrium, respectively. The cannulas were
then connected to the extracorporeal perfusion circuit containing
perfusion medium which composition was the heparinized blood
(14 mL) and a Krebs–Henseleit buffer (36 mL) containing (in mM):
NaCl, 11.5; KCl, 2.51; NaHCO3, 25.0; NaH2PO4, 41.38; MgCl2, 2.46; CaCl2,
1.91; Glucose, 11.2; and bovine serum albumin 3%, pH adjusted to 7.4.
The recirculating blood perfusate (50 mL) was circulated by a manual
control pump through a 40 °C heat exchanger. The lungs were perfused
at a constant flow rate of 3–5 mL/min and pulmonary artery pressure
was maintained at 12±0.5 mmHg.

Vehicle or ISOF (100 and 200 μM) and DEX (65 μM, positive control)
were added to the perfusion buffer for 30 min, and then NS or LPS
(10 mg/L) was added and circulated for 90 min. Lung injury was
assessedby three procedures. 1) Perfusate blood sampleswere collected
before vehicle or drug treatment and at the end of perfusion for PMN
count assay. PMN adhesion rate was calculated according to the
formula: lung PMN adhesion rate=[(PMNB−PMNA)÷PMNB]×100%
(PMNB was PMN count before treatment; PMNA was PMN count at the
end of perfusion); 2) right lung tissue specimens were obtained at the
end of perfusion for the determination of TNF-α, MPO andMDA in lung
homogenate supernatant and total protein concentration was deter-
mined by Coomassie Brilliant Blue method; and 3) lung edema was
calculated by Wet/Dry (W/D) lung weight ratios. Left lung tissue was
weighed and dried in an oven to constant weight (dry weight) at 80 °C
hesion rates (A), myeloperoxidase (MPO) activities (B), wet to dry (W/D) lung weight
e (MDA, F) and cyclic adenosine monophosphate (cAMP) level (G). The lungs were pre-
tive control) to the perfusion buffer for 30 min; and then perfused with normal saline
erfusate samples were collected before and after treatment for PMN count to calculate
tio, TNF-α, MDA and cAMP level. In a separate situ perfused lung experiment, Evans Blue
ance or Kruskal–Wallis one-way analysis of variance on ranks followed by Student–
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for 48 h. TheW/D ratiowas calculated bydividing thewetweight by the
dry weight.

Additionally in a separate experiment, lung microvascular perme-
ability was assessed as described by others [21,22]. Evans Blue (EB)was
used as an albuminmarker in themeasurement of permeability-surface
area product (PS) value in perfused rat lungs. After treatment with
vehicle or ISOF, DEX and LPS in perfused lungs, 1% EB of 0.3 mL was
added for 30 minperfusion and theperfusate sampleswere collected for
EB concentration assay. The lungs were perfused with 60 mL of the
blood-free fresh perfusate buffer for washout and the left lung tissue
(0.3 g)was removed for EB determination. PS valueswere calculated by
the formula: PS=AL÷(AP×30 min×0.3 g), AL was EB content of the
lung tissue, and AP was EB concentration of perfusate blood.

2.4. Rat LPS–ALI model and experimental procedures

LPS-induced ALI rat model used in our experiments has been
broadly reported and applied in many experimental designs [18,23].
After anesthesia, cannulas were placed in a carotid artery and right
jugular vein. Sham, LPS model and ISOF treated rats were adminis-
trated with an i.p. injection of vehicle, or ISOF (5, 10, and 20 mg/kg)
and DEX (5 mg/kg, positive control); 20 min later, all rats except sham
group (NS) received an i.v. bolus injection of LPS (6 mg/kg) via
femoral vein. Lung injury was evaluated by measuring the following
parameters. 1) Mean pulmonary arterial pressure (MPAP) was
recorded by introducing a pulmonary artery catheter (0.9 mm),
connected with a transducer. 2) After 3 h of LPS injection, arterial
blood samples were collected for assessing plasma methemoglobin
(MHb). Other samples were stored frozen at −30 °C until assay of
TNF-α, MPO, and MDA. Arterial MHb was measured by colorimetric
method. 3) The rats were sacrificed at the end of the procedures, and
bronchoalveolar lavage was performed to evaluate pulmonary
vascular permeability. The bronchoalveolar lavage fluid (BALF) was
collected, the supernatants were used for protein content determi-
nation by bromocresol green method, and the precipitate of cell
pellets was used for PMN and karyocyte counts. 4) Left lung tissuewas
collected for W/D determination. 5) Right lung lower lobe tissue was
collected in 10% buffered formalin and 3 μm sections were stained
with hematoxylin and eosin for lung histopathology evaluation. The
stained sections were evaluated by pathologists who were blinded to
the experimental protocol.

2.5. Survival study in endotoxic shock mice

We tested whether pretreatment with ISOF would confer
protection against endotoxic shock. Mice were divided into LPS
control, ISOF and DEX treated groups with 10 animals in each group
and pretreated with vehicle or ISOF (2.5 and 5.0 mg/kg, i.p.) and DEX
(5 mg/kg, i.p., positive control) for 3 days (once a day). Thirty min
after the last administration of ISOF, they were challenged with lethal
LPS (62.5 mg/kg, i.v. via tail vein), and then survival rates were
recorded at 72 h.

2.6. Protocols in human MNL and PMN studies

Human umbilical venous blood samples from normal pregnancies
at term were kindly supplied by the First Affiliated Hospital of
Kunming Medical College. The study was approved by the hospital
ethics committee and all women gave informed consent. HumanMNL
Fig. 3. Protective effects of isoforskolin (ISOF) in endotoxin (LPS) induced acute lung injury (
(W/D) lung weight ratio (C), protein content (D), plasma TNF-α (E), myeloperoxidase (MP
plasma thromboxane B2 (TXB2, I), prostacyclin (6-keto-PGF1α, J) and cyclic adenosine mon
pretreated with an i.p. injection of vehicle (for sham and LPS control), ISOF (5, 10, and 20 mg/
group received an i.v. bolus injection of LPS (6 mg/kg) via left femoral vein; after 3 h of LPS in
the lungs, plasma samples and lung tissue were collected for test. Mean±S.D., n=8, compa
ranks followed by Student–Newman–Keuls test, vs LPS control group, *Pb0.05, **Pb0.01.
and PMN were isolated from fresh human umbilical venous blood
(citrated for anticoagulation) by use of separation medium following
the manufacturer's procedures using the Isopaque–Ficoll technique
and density gradient centrifugation [24,25]. The procedures yield a
95–98% viable MNL (by trypan dye exclusion) and 95% pure PMN
population (bymorphology inGiemsa stains). CellswerewashedbyPBS
buffer, re-suspended in RPMI 1640 medium containing 1% BSA and
adjusted cell count to 107/mL for use. Except PMN chemotaxis assay,
100 μL cell suspension was pre-incubated with ISOF (25–200 μM), or
DEX (10–50 μM) and Vitamin (VC 100 μM, positive control) for 30 min
at 37 °C and then challenged with LPS (2 μg/mL) for 1.5–24 h at 37 °C
(total reaction volumewas 140 μL). At the end of the incubation period,
cell supernatantswere collected formeasurements of TNF-α, IL-1β, IL-6,
IL-8, PGE1, 6-keto-PGF1α and SOD activity. For cellular cAMP assay, the
cell samples were sonicated to disrupt cells on ice using ultrasonic
sonicator for 1 min and then centrifuged to collect supernatants.

PMN chemotaxis wasmeasured using 12-well Transwell Permeable
Supports in which a 3-μm pore-sized polycarbonate filter separates the
upper and lower chamber [26,27]. Buffer or stimuli fMLPwas added into
the lower compartment wells. In the upper chamber, human PMN cell
suspension of 200 μL (107/mL) was incubated for 30 min with various
concentrations of ISOF (50 to 200 μM)andDEX (50 μM)or vehicle (total
reaction volume of 240 mL). PMN was allowed to migrate toward the
buffer (RPMI 1640/1% BSA, 1.5 mL) with fMLP (10 μM) or without the
attractant (as medium control) in the lower chambers for 2 h at 37 °C
(5% CO2). Migrated PMN on the lower side of the membrane were
dehydrated, fixed in methanol, stained with Giemsa and counted. The
number of PMN that had migrated to the lower side of the filter was
counted infive randomfields using a 100× objective. Experimentswere
performed in 7–8 wells for variable and means determined. The
chemotactic index (CI) was calculated as the ratio between PMN
migrated in the presence and in the absence of stimuli.

2.7. Statistical analysis

All data were expressed as Means±S.D. and analyzed by one-way
analysis of variance and Kruskal–Wallis one-way analysis of variance on
ranks followed by Student–Newman–Keuls test. The survival rate was
estimated by the Kaplan–Meiermethod and compared by log–rank test.
The statistical significance was defined at Pb0.05.

3. Results

3.1. ISOF attenuated LPS-induced ALI in situ perfused rat lung

PMN recruitment is a sensitive early predictor of ALI, and LPS
perfusion induced PMNmigration to injured lungs [28,29]. In order to
estimate PMN sequestration in lungs, PMN adhesion rate and tissue
MPO reflecting PMN infiltration are determined. The significant
increase of PMN adhesion rate (Fig. 2A) and tissue MPO level
(Fig. 2B) were present at 90 min after LPS administration compared
with sham control. Pre-circulated ISOF (100, and 200 μM) and DEX
(65 μM) for 30 min significantly blocked both the increase in PMN
adhesion rate and MPO in the lungs (Fig. 2A and B).

To quantify the magnitude of pulmonary edema, we evaluated the
wet weight to dry weight (W/D) ratio of the lungs. In the LPS group,
the W/D lung weight ratio was significantly higher than sham lungs
(Fig. 2C). The LPS-induced increase was blocked by both doses of ISOF
(100, and 200 μM) and DEX (65 μM). Furthermore, lung
ALI) rats. Bronchoalveolar lavage fluid (BALF) karyocyte (A), PMN (B) count, wet to dry
O, F), mean pulmonary arterial pressure (MPAP, G), plasma methemoglobin (MHb, H),
ophosphate (cAMP, K). After anesthesia, sham, LPS control and ISOF treated rats were
kg) and DEX (5 mg/kg, positive control), respectively; 20 min later, all rats except sham
jection, BALF samples were collected for evaluating infiltration of inflammatory cells in
red by one-way analysis of variance or Kruskal–Wallis one-way analysis of variance on
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microvascular permeability assessed by Evans Blue PS values
significantly increased approximately five-fold after LPS introduction
in the LPS control group compared with sham perfused lung (Fig. 2D).
ISOF (100, and 200 μM) and DEX (65 μM) treatment returned
permeability to sham baseline compared with the LPS control group
(Fig. 2D). The W/D ratio and PS values were highly consistent,
suggesting that ISOF reduced LPS-induced lung edema by preserving
microvascular integrity.

Proinflammatory cytokines have a crucial role in the recruitment
and activation of PMN [30]. Cytokine TNF-α, an acute proinflmmatory
mediator for ALI in the lungs, was significantly enhanced in the LPS
group, vs sham group (Fig. 2E). The enhancement of TNF-α was
significantly attenuated in the ISOF (200 μM) and DEX (65 μM) groups
vs LPS model (Fig. 2E). Lung MDA, an indicator of lipid peroxidation
levels, increased in the LPS group compared with the sham group
(Fig. 2F), whereas the increase was significantly attenuated in the
ISOF (100, and 200 μM) and DEX (65 μM) groups, suggesting that lipid
peroxidate level was suppressed by ISOF (Fig. 2F). To evaluate the role
of cAMP in ALI, lung cAMP levels were determined. LPS perfusion
decreased lung cAMP levels, but ISOF (100, and 200 μM) and DEX
(65 μM) blocked the reduction of cAMP caused by LPS (Fig. 2G).

3.2. ISOF attenuated LPS-induced ALI in rats

PMN trafficking into the vascular compartment of the lung and
into the bronchoalveolar space is an important progress of ALI
[2,31,32]. PMN trafficking into the vascular compartment and
adhering to the injury lungs after LPS treatment was demonstrated
in perfused lungs. In order to measure inflammatory cells and PMN
infiltrating into the bronchoalveolar space in response to LPS, the
number of karyocyte cells and PMN in BALF was determined in ALI rat.
Administration of LPS (6 mg/kg, i.v.) increased the karyocyte (Fig. 3A)
and PMN (Fig. 3B) counts in the BALF after 3 h, vs sham control,
suggesting that LPS induced inflammatory cell recruitment. These
increases were significantly reduced to normal levels in the ISOF (5,
10, and 20 mg/kg, i.p.) and DEX (5 mg/kg, i.p.) groups, vs LPS model.

Lung W/D ratio was correlated inversely with the severity of ALI.
The W/D ratio increased significantly in the LPS group compared with
the sham group (Fig. 3C). The increase in W/D ratio was significantly
reduced in the ISOF (10, and 20 mg/kg) and DEX groups (Fig. 3C).
BALF total protein concentration increased significantly in the LPS
group comparedwith the sham group (Fig. 3D). The BALF total protein
level was markedly suppressed by pretreatment with ISOF (5, 10, and
20 mg/kg, i.p.) and DEX (Fig. 3D). Alveolar epithelial permeability was
markedly augmented in ALI rats demonstrated by increasing protein
in BALF, combining with the results from situ perfused ALI lungs
which proved that microvascular permeability raised to a great extent,
severely damaged permeability of epithelial and microvascular in ALI
and the protection of ISOF were confirmed in our studies.

After 3 h of LPS (i.v.) administration, plasma TNF-α and MPOwere
both greatly elevated in the LPS treated animals compared with sham
animals (Fig. 3E and F), indicating that LPS not only elevated lung
tissue proinflammatory cytokine TNF-α and PMN sequestration in the
injury lungs, but also increased circulating TNF-α and PMN levels.
TNF-αwas reduced by the higher ISOF groups andwith significance in
ISOF (10, and 20 mg/kg) and DEX (5 mg/kg, i.p.) groups (Fig. 3E). ISOF
(5, 10, and 20 mg/kg) and DEX (5 mg/kg, i.p.) pretreatment
attenuated the increase of plasma MPO induced by LPS (Fig. 3F)
suggesting that ISOF inhibits circulating MPO increased by LPS.

3 h after LPS (6 mg/kg, i.v.), MPAP and plasmaMHb showedmodest
increases (Fig. 3G and H), indicating that moderate pulmonary
hypertension and hypoxemia occurred. MPAP values and plasma MHb
in the ISOF (10, and 20 mg/kg) were significantly lower than LPS
controls but not in ISOF (5 mg/kg) group. Together, this data revealed
significant improvements in hemodynamics and hypoxemia following
ISOF pretreatment.
Various AA metabolites were involved in ALI progresses [31], and
we evaluated TXA2 (stable metabolite TXB2) and PGI2 (major
metabolite 6-keto-PGF1α) that were reported increased in oleic
acid-induced ALI rat model [33]. In our LPS-induced ALI rat model,
LPS (6 mg/kg, i.v.) enhanced plasma TXB2 in rat; ISOF (5, 10, and
20 mg/kg) and DEX (5 mg/kg) attenuated this increase to normal
level (Fig. 3I). However, plasma 6-keto-PGF1α (Fig. 3J) and cAMP
(Fig. 3K) levels in LPS rat model were reduced, while ISOF (5, 10, and
20 mg/kg) significantly blocked these reductions.

The sham group had normal pulmonary histology (Fig. 4A). In
contrast, the lung tissues from the LPS-vehicle group were more
severely damaged. Interstitial inflammation, polymorphonuclear PMN
infiltration, congestion and alveolar disarray were elevated in animals
receiving LPS only (Fig. 4B). Alveolar edema was present in all LPS
treated groups but became more pronounced in the LPS treated only
group. All indicated that therewas ALI in thismodel. Thesemorphologic
changes were less pronounced in the ISOF (Fig. 4D, E and F) and DEX
pretreated groups (Fig. 4C).

3.3. ISOF protected against lethal endotoxic shock in mice

LPS administered at 62.5 mg/kg i.v. tomice resulted in 60%mortality
within 72 h. Conversely, 100%, 90% and 80% ofmice survived 72 hwhen
pretreated with ISOF (5, and 2.5 mg/kg, i.p.), and DEX (5 mg/kg, i.p.),
respectively (Fig. 5). In our preliminary study,mice that survived to 72 h
survived long term. The results suggested a potential application of ISOF
in prevention of mortality induced by LPS. DEX (2.5 mg/kg, i.p.) did not
increase survival rate of mice (data not shown).

3.4. ISOF down-regulated LPS-stimulated proinflammatory cytokines in
human MNL

Toclarify themechanismof protective effects of ISOF onLPS-induced
ALI, proinflammatory cytokine releases and AA metabolites stimulated
by LPS were evaluated in MNL. LPS (2 μg/mL) alone stimulated marked
increases in release of all measured cytokines TNF-α (Fig. 6A), IL-1β
(Fig. 6B), IL-6 (Fig. 6C), and IL-8 (Fig. 6D) confirming thatMNL is amain
source of proinflammatory mediators responding to LPS. The pretreat-
ment of ISOF (50, 100, and 200 μM) and DEX (10 μM) significantly
lowered LPS-induced cytokine production, and it actually was close to
the normal level. The inhibitive effects of ISOF on TNF-α and IL-1βwere
stronger than on IL-6 and IL-8. ISOF (50, 100, and 200 μM) did not affect
LPS-stimulated anti-inflammatory cytokine IL-10 production in MNL,
and IL-1β in LPS exposed PMN was undetectable (data not shown).

PGE1 was reported to improve ALI by inhibiting PMN function
[28,34,35].When exposed to 2 μg/mL of LPS,MNL incubation resulted in
a 50% reduction of PGE1 after 24 h, and ISOF (25, 50, and 100 μM) and
DEX (50 μM) augmented PGE1 to normal levels (Fig. 6E). Exposure of
LPS caused a small increase in 6-keto-PGF1α in MNL; ISOF (25, 50, and
100 μM) potentiated this LPS-stimulated increase to five-fold (Fig. 6F)
but DEX (50 μM) did not affect it. LPS (2 μg/mL) exposure stimulated
human MNL cAMP production with about 1.7-fold increase after 3 h of
incubation (Fig. 6G). ISOF (25, 50, and 100 μM) significantly augmented
LPS-stimulated cAMP production to three-fold over control, and DEX
(50 μM) also caused an increase of cAMP but less than ISOF (Fig. 6G).
TXB2 level in whole blood (human umbilical venous blood) was
enhanced by LPS, while ISOF (25, 50, and 100 μM) did not significantly
affect LPS-stimulatedTXB2 production inwholeblood (data not shown).

3.5. ISOF inhibited human PMN chemotaxis and up-regulated SOD
activity

The number of PMNmigratingwas increased three-fold by the stimuli
of 10 μM formylmethionyl leucyl phenylalanine (fMLP) compared with
mediumwithout fMLP (Table 1) and caused a high CI value (Fig. 7A). ISOF
(100, and 200 μM) and DEX (50 μM) significantly decreased the number



Fig. 4. Morphologic changes of lung (4× magnification) in endotoxin (LPS) induced acute lung injury (ALI) rats. (A) Sham group. (B) LPS group: the inflammatory process shows
marked infiltration of inflammatory cells into interstitial and alveolar spaces, edema, alveolar distortion. (C) DEX 5 mg/kg, (D), (E), (F) isoforskolin (ISOF) 5, 10, and 20 mg/kg groups,
respectively: lung pathology was attenuated to a great extent. Sham, LPS model and ISOF treated rats were pretreated with an i.p. injection of vehicle (sham and LPS control), DEX
(5 mg/kg), ISOF (5, 10, and 20 mg/kg), respectively; 20 min later, all rats except sham group received an i.v. bolus injection of LPS (6 mg/kg) via left femoral vein; after 3 h, the rats
were sacrificed and lung tissue samples were collected for lung histopathology evaluation.
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of PMN immigration (Table 1) and attenuated fMLP stimulated PMN
chemotaxis with lower CI values (Fig. 7A). PMN SOD activity was
significantly down-regulated by exposure to LPS (2 μg/mL). Pretreat-
Fig. 5. Administration of isoforskolin (ISOF) improved survival after a lethal dose of
endotoxin (LPS) in mice. ISOF (2.5 and 5.0 mg/kg) or vehicle (LPS control) and DEX
(5 mg/kg, positive control) were administered i.p. three times (once a day); 30 min
after the last pretreatment of ISOF, LPS (62.5 mg/kg) was administered i.v. via tail vein
in mice, and thenmice survival rates were observed within 72 h. Percent survivals were
90%, 100% in ISOF 2.5 and 5 mg/kg group, respectively, vs 40% in vehicle group. Results
are expressed as percent survival, n=10. The survival rate was estimated by the
Kaplan–Meier method and compared by log–rank test, vs vehicle control, *Pb0.05,
**Pb0.01.
ments of ISOF (50, and 100 μM) and VC (100 μM) up-regulated SOD
activity against LPS challenge (Fig. 7B). This suggested that ISOF could
suppress the oxidative stress induced by LPS via up-regulation of SOD
activity in PMN.
4. Discussion

Most animal models of lung injury were developed by reproducing
known risk factors for human ARDS. LPS is an important mediator of
sepsis in response to gram-negative bacteria, and systemic adminis-
tration of LPS was one of the earliest approaches used to model the
consequences of bacterial sepsis featured with PMN infiltrates and
permeability injury [36]. In our present investigations, various
protections of ISOF and its possible mechanisms were investigated
in different LPS models: microvascular permeability was evaluated
with PS values in perfused lungs, epithelial permeability was tested
with BALF samples in rat models, survival rate was observed in LPS
shock mice, and several related cytokines were tested in human
leukocytes.

In perfused rat lungs, PMN vascular sequestration and infiltration
occurred after LPS induction, andproinflammatory cytokines thathavea
crucial role in the recruitment [30] and activation of PMN were also
elevated by LPS. Pretreatment with ISOF decreased the LPS-induced
injury changes. cAMP was decreased by LPS perfusion but increased by
ISOF. In the perfused lungs, our data also confirmed the potential
protective effects of pretreatment with DEX (65 μM). DEX attenuates
ALI for its potential anti-inflammation via glucocorticoid receptor
[28,29]. It reduced lung permeability and edema, had preventive and
therapeutic effects on LPS-induced ALI in different phases [37], and
low-dose DEX (5 mg/kg) reduced ALI pulmonary inflammation [38],
therefore it was used as positive drug in our experiments.

image of Fig.�4
image of Fig.�5
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In rat model, based on pilot studies, we choose an ISOF dose range
of 5–20 mg/kg. Pretreatment with ISOF attenuated the lung injury
produced by LPS alone as measured by decreased PMN infiltration,
microvascular and epithelial permeability, proinflammatory media-
tors, interstitial inflammation and edema. The observations were
consistent with reports from FSK [8,9,11]. The proportion of PMN in
BALF and MPO activity in the plasma correlated inversely with the
severity of ALI, reconfirming both lung PMN recruitment and
circulating PMN level increases in ALI that were partially consistent
with other reports [13]. These results indicate that ISOF attenuated ALI
Fig. 6. Inhibitive effects of isoforskolin (ISOF) on endotoxin (LPS) stimulated proinflam
monophosphate (cAMP) levels in human mononuclear leukocyte (MNL). MNL from human
followed by stimulation of LPS (2 μg/mL) except vehicle group. TNF-α production (1.5 h afte
cell supernatants were evaluated by radio immunoassay (RIA) method. Prostaglandin E1 (PGE
in the cell supernatants were evaluated by ELISA and RIA kits, respectively. For cAMP assa
evaluated by RIA kits. Panels (A) TNF-α; (B) IL-1β; (C) IL-6; (D) IL-8; (E) PGE1;(F) 6-keto-PG
analysis of variance or Kruskal–Wallis one-way analysis of variance on ranks followed by S
not only by decreasing PMNmigration and sequestration into the lung
but also by lowering the number of circulating PMN. An increase in
pulmonary arterial pressure is a characteristic of many models of ALI,
including that caused by LPS [2,39]. In rats, MPAP was increased and
ISOF attenuated this response. cAMP is an important vasodilator in
both the pulmonary and the systemic circulatory systems [40], and
treatment with dibutyryl cAMP was reported to offset the effects of
LPS on pulmonary artery pressure or pulmonary vascular resistance
[10,16,17]. Plasma cAMP and 6-keto-PGF1α levels were increased in
rats pretreated with ISOF, which may be related to MPAP decrease. In
matory cytokine release, arachidonic acid (AA) metabolites and cyclic adenosine
umbilical venous blood were pre-incubated with vehicle, or ISOF or DEX for 30 min,

r LPS challenge) and IL-1β, IL-6, and IL-8 production (24 h post-LPS stimulation) in the
1, 24 h post-LPS stimulation) and prostacyclin (6-keto-PGF1α, 3 h post-LPS stimulation)
y, 3 h after LPS stimulation, the cell samples were sonicated for 1 min and cAMP was
F1α; and (G) cAMP. Results are expressed as Mean±S.D., n=6, compared by one-way
tudent–Newman–Keuls test, vs LPS control, *Pb0.05, **Pb0.01.
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Table 1
Isoforskolin (ISOF) inhibits human neutrophil (PMN) chemotaxis induced by
formylmethionyl leucyl phenylalanine (fMLP).

Groups Conc. (μM) fMLP(μM) n PMN counts/five fields

Medium – – 7 48.1±3.7**
Vehicle – 10 7 157.6±22.9
DEX 50 10 8 108.6±9.2**
ISOF 50 10 8 152.1±12.8

100 10 8 115.1±13.2**
200 10 8 107.0±17.2**

PMN from human umbilical venous blood were pre-incubated in vehicle or 50, 100 and
200 μM ISOF or 50 μM DEX (positive control), and then exposed to medium buffer or
10 μM fMLP for 2 h at 37 °C in a transwell chamber. The number of PMN that had
migrated to the lower side of the filter was counted in five random fields using a 100×
objective. Experiments were performed in 7–8 wells for variable and means
determined. The results are expressed as Mean±S.D., compared by one-way analysis
of variance or the Student–Newman–Keuls test, vs vehicle control, **Pb0.01.
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our study, arterial pressurewas notmonitored, and further studies are
needed to support the speculation that ISOF depresses pulmonary
artery pressure during a low dose range without affecting systemic
pressure. DEX showed more potential anti-inflammatory effect than
ISOF at the same dose (5 mg/kg) in rat, but less effect on cAMP and
6-keto-PGF1α levels.

In mice, we have examined the exogenous administration of ISOF
as a potential therapy for endotoxic shock. Our preliminary experi-
ments found that the dose range of 2.5–5.0 mg/kg ISOF was effective
and tolerated well in mice, and the protective effect is more potent
than DEX at the same doses. Pretreatment with 5 mg/kg ISOF saved
100% of the mice from lethal endotoxic shock. ISOFmay be considered
a potential therapeutic modality against sepsis-induced acute respi-
ratory distress.

To clarify the mechanism of ISOF protective effects on ALI, in vitro
humanMNL and PMN, LPS-stimulated proinflammatory cytokines, AA
metabolites and fMLP induced chemotaxis of PMNwere assayed. MNL
and PMN were chosen because they are main effector cells of ALI and
can be obtained by simple isolation. ISOF significantly suppressed
LPS-induced proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-8
production, up-regulated PGE1 and prostacyclin 6-keto-PGF1α release,
Fig. 7. Isoforskolin (ISOF) inhibits human neutrophil (PMN) chemotaxis (A) and increases
blood were pre-incubated in vehicle or 50, 100 and 200 μM ISOF or 50 μM DEX (positive con
chamber. The chemotactic index (CI) is calculated as the ratio between the number ofmigrate
with vehicle, or 25, 50, and 100 μM ISOF or 100 μM Vitamin C (VC, positive control) for 30 m
post-LPS stimulation) in the cell supernatants was evaluated by biochemistry kit. Results a
Student–Newman–Keuls test, vs vehicle or LPS control, *Pb0.05, **Pb0.01.
inhibited PMN chemotaxis and increased SOD activity. These findings
are consistent with other reports demonstrating in vitro LPS
stimulation of proinflammatory cytokine secretion [41–43] and
suggest that suppression by ISOFmight be amainmechanismwhereby
ISOF elicits its salutary effects. Especially, ISOF showed a strong
inhibitive effect on IL-1β in MNL. DEX inhibited TNF-α and IL-8 more
strongly than ISOF, but with less effect on cAMP and 6-keto-PGF1α
levels which is in coincident with the results from ALI rats, and this
suggesting that the mechanism of DEX and ISOF protection in ALI are
involved in different signals.

Combining with the results from situ perfused lungs and rat
models, we demonstrated that ISOF increased cAMP in MNL, in lung
tissues and in rat plasma. Although in vivo LPS-induced ALI was
attenuated by the cAMP elevating agents pentoxifylline and dibutyryl
cAMP, in vitro LPS exposure in contrast caused cAMP elevation [44,45].
Many reports have demonstrated that the activation of mononuclear
cells by LPS binding receptors resulted in complex cAMP signaling and
it is involved in a different signaling with other cAMP elevated
reagents [46,47]. Although LPS and ISOF shared the same second
messenger, the downstream pathway and the corresponding conse-
quence may not be the same. Moreover, our findings in MNL
demonstrated LPS-stimulated intracellular cAMP production, but in
the situ perfused lungs LPS caused reduction of cAMP. We speculate
that cAMP changes caused by LPS in MNL and lung organs may be
involved in the variety and complexity of cells and responses to LPS in
the lungs, and the cAMP reduction by LPS in lung tissue may be a
systemic result caused by various cells in lung including macrophage,
epithelial and endothelial cells.

Secondmessenger cAMP is degraded bymultiple phosphodiesterases
and potentially synthesized by AC isoforms [48]. Traditionally, this signal
transduction cascade has been targeted by pharmacological inhibitors of
phosphodiesterases. Although the beneficial effects of phosphodiesterase
inhibitor on ALI have been widely investigated [12–15], less is known
about the roles of AC activators, related AC isoforms and cAMP-protein
kinaseApathway.AC isoforms1 to9 aredifferentially expressed in tissues
and constitute an interesting drug target. It is interesting to note that
although all nine AC isoforms share cAMP as their sole product and cAMP
has awide variety of physiological effects, eachAC isoformcorresponds to
superoxide dismutase (SOD) activity (B). Panel A: PMN from human umbilical venous
trol), and then exposed to medium buffer or 10 μM fMLP for 2 h at 37 °C in a transwell
d PMN cells in the presence or in the absence of fMLP. Panel B: PMNwere pre-incubated
in, followed by stimulation of LPS (2 μg/mL) except vehicle group. SOD activity (1.5 h
re expressed as Mean±S.D., n=8, compared by one-way analysis of variance or the
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a certain physiological role [48]. ACs 1 to 8 are activated by the diterpene
FSK and ISOF was reported to activate AC isoforms 1, 2 and 5 [7]. LPS
attenuatedmRNA levels of several AC isoforms in liver, lung, heart, spleen
andkidney in an animalmodel of endotoxemia, and inmacrophages from
liver and lung [49]. Thus, AC isoforms linked to ALI might serve as
potential targets of ALI drug development; it is conceivable that selective
AC activators stimulating specific AC isoforms involved in ALI could be
valuable drugs for the treatment of ALI.

In conclusion, pretreatments with ISOF prevent LPS-induced ALI
development in several models, which involving reductions of
inflammatory response, proinflammatory cytokines production, vascu-
lar and alveolar permeability. We speculate that ISOF may be beneficial
in ALI prevention and therapeutics.
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