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Rationale:Mechanical ventilation inducesheterogeneous lung injury
by mitogen-activated protein kinase (MAPK) and nuclear factor-kB.
Mechanisms regulating regional injury and protective effects of
prone positioning are unclear.
Objectives: To determine the key regulators of the lung regional pro-
tective effects of prone positioning in rodent lungs exposed to inju-
rious ventilation.
Methods: Adult rats were ventilated with high (18 ml/kg, positive
end-expiratory pressure [PEEP] 0) or low VT (6 ml/kg; PEEP 3 cm
H2O; 3 h) in supine or prone position. Dorsal–caudal lung mRNA
was analyzedbymicroarray andMAPKphosphatases (MKP)-1 quan-
titativepolymerasechain reaction.MKP-12/2orwild-typemicewere
ventilated with very high (24 ml/kg; PEEP 0) or low VT (6–7 ml/kg;
PEEP3cmH2O).TheMKP-1regulatorPG490-88(MRx-108;0.75mg/kg)
or phosphate-buffered saline was administered preventilation. In-
jury was assessed by lung mechanics, bronchioalveolar lavage cell
counts, protein content, and lung injury scoring. Immunoblotting
for MKP-1, and IkBa and cytokine ELISAs were performed on lung
lysates.
Measurements and Main Results: Prone positioning was protective
against injurious ventilation in rats. Expression profiling demon-
strated MKP-1 20-fold higher in rats ventilated prone rather than
supine and regional reduction in p38 and c-jun N-terminal kinase
activation. MKP-12/2 mice experienced amplified injury. PG490-88
improved static lung compliance and injury scores, reduced bron-
chioalveolar lavage cell counts and cytokine levels, and induced
MKP-1 and IkBa.
Conclusions: Injurious ventilation induces MAPK in an MKP-1–
dependent fashion. Prone positioning is protective and induces
MKP-1. PG490-88 induced MKP-1 and was protective against high
VT in a nuclear factor-kB–dependent manner. MKP-1 is a potential
target for modulating regional effects of injurious ventilation.

Keywords: regionally injurious ventilation; prone position; rodent lung

injury; MKP-1/DUSP-1; triptolide

Mechanical ventilation with high VT can cause ventilator-induced
lung injury (VILI), which can amplify acute lung injury (ALI)
and increase the mortality of acute respiratory distress syndrome
(1). Ventilation-associated lung injury has been attributed to me-
chanical damage of tissues and cells because of overdistention
(volutrauma) or cyclical airspace opening and closing (atelec-
trauma) resulting in the production, release, or activation of cy-
totoxic and inflammatory cascades (biotrauma) (2–6).

Injurious ventilation in the supine position (SPV) is generally
characterized by lung injury that is spatially heterogeneous (7) with
a greater atelectasis and consolidation in dorsal–caudal regions.
This heterogeneity is less pronounced after ventilation in the prone
position (PPV) (8–11) and PPVmay be lung protective inALI and
acute respiratory distress syndrome (12). PPV increases dorsal–
caudal end-inspiratory lung volumes, improves ventilation–perfu-
sion matching, and alters chest-wall mechanics reducing regionally
heterogeneous changes in ventilation (9). Whether molecular
mechanisms are involved in regulating regional differences be-
tween PPV and SPV has not been previously assessed.

The intracellular mitogen-activated protein kinase (MAPK)
and nuclear factor-kB (NF-kB) signaling pathways are key reg-
ulators of inflammation in the development of VILI (13–15).
Therefore, strategies to modulate MAPK activation may have
therapeutic benefit. The MAPK pathways are tonically regulated
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Injurious mechanical ventilation amplifies acute lung injury
in a heterogeneous and regional fashion but the molecular
mechanisms underlying regional lung injury and the pro-
tective effects of prone positioning are unclear.

What This Study Adds to the Field

Regionally injurious ventilation is associated with discrete
differential lung transcriptomic changes. Ventilating in the
prone compared with the supine position abrogates regional
injury by depressing mitogen-activated protein kinase phos-
phatases-1, and mitogen-activated protein kinase phospha-
tases-1deficiencyamplifies injuriousventilation.Pretreatment
with the antiinflammatory PG490-88 (MRx-108, a triptolide-
derivative) is protective by reducing mitogen-activated pro-
tein kinase and nuclear factor-kB–dependent lung cytokine
expression in ventilator-induced lung injury.
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by negative feedback fromMAPK phosphatases (MKP) and dual
specificity phosphatases (DUSP). MKP-1/DUSP-1 is the protyp-
ical regulator of p38 MAPK (p38) and c-jun N-terminal kinase
(JNK) (16–18). The regional effects of PPV on these signal path-
ways have not been previously assessed.

We hypothesized that the stresses and strains that are pro-
duced by injurious ventilation and lead to VILI occur on a re-
gional basis, and that PPV is protective against VILI through
regional dampening of the molecular pathways that regulate
the responses to these stresses and strains. To determine the
key regulators of the lung regional protective effects of PPV
in rodent lungs exposed to injurious ventilation, we assessed
changes in gene expression in a rat model of VILI and found ev-
idence indicating that MKP-1 regulated the inflammatory signal-
ing pathways.We confirmed the central role ofMKP-1 in amurine
model of injurious ventilation usingMKP-1 knock-out (MKP-12/2)
mice. In addition, we characterized the effects of pretreatment
with the MKP-1 regulator, PG490-88, on injurious ventilation
and MKP-1 expression.

METHODS

Animals and In Vivo VILI Models

Experiments were conducted in accordance with protocols approved by
the University of Colorado Institutional Animal Care and Use Commit-

tee. Complete details are in the online supplement.
Rats. Male Harlan Sprague-Dawley rats (340–400 g; Indianapolis,

IN) were anesthetized and a tracheotomy and jugular cannulation

performed before random allocation to one of two ventilation strate-

gies: low VT (LVT; 6 ml/kg actual body weight; respiratory rate [RR],

70–80/ min; positive end-expiratory pressure [PEEP], 3 cm H2O) or

high VT (HVT; 18 ml/kg; RR, 40 breaths/min; PEEP, 0 cmH2O), in either

the prone or supine position (PPV or SPV, respectively) for up to 3 hours.

Nonventilated rats were used as control animals.
Mice. MKP-12/2 mice (Bristol-Myers Squibb, Sunnyvale, CA) (19)

on a C57BL6/129-mixed background were bred and typed (see Table

E1 and Figure E1 in the online supplement) from cryopreserved em-

bryos (Dr. Yusen Liu, Columbus, OH) (20). C57B6/129 (wild-type

[WT], Jackson Laboratories, Bar Harbor, ME) were used as control

animals.

Figure 1. Injurious effects of high VT ventilation andmodulating lung regional effects of ventilation in the prone position in rats. Sprague-Dawley rats (340–
400g; Indianapolis, IN)wereventilated forup to3hourswith lowVT (6ml/kg; respiratory rate, 70–80/m;positiveend-expiratorypressure, 3 cmH2O)orhigh

VT (18ml/kg; respiratory rate, 40 breaths/min; positive end-expiratory pressure, 0 cmH2O). Additionally, animals were ventilated in prone (P) or supine (S)

position (n¼ 3 per condition). Lung mechanics were measured every 30 minutes. (A) Percent change of static respiratory system compliance (Cstat) over
time from baseline, RMANOVA * P, 0.05. (B) Quasistatic pressure–volume curve illustrating lung compliance change from baseline (0 h, blue line) to 2.5

hours (red line) for the four ventilation groups. (C) Hematoxylin and eosin sections of each lung quadrant (VCe¼ ventral–cephalad, VCa¼ ventral–caudal,

DCe¼ dorsal–cephalad, DCa¼ dorsal–caudal) after high VT ventilation in supine (left) and prone (right) position. (D) Semiquantitative lung injury scoring of

DCa quadrant after ventilation. HP ¼ high VT prone; HS ¼ high VT supine; LP ¼ low VT prone; LS ¼ low VT supine; NV ¼ nonventilated. *P, 0.05.
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Male mice (6–8 wk) were ventilated with either very high VT

(VHVT; 24 ml/kg; RR, 100 breaths/min; PEEP, 0 cm H2O) or
LVT (6–7 ml/kg; RR, 150 breaths/min; PEEP, 3 cm H2O) ventila-
tion for 2–3 hours in the supine position. PG490-88 (MRx-108;
0.75 mg/kg generously provided by MyeloRx LLC, Vallejo, CA)
(21) or phosphate buffered saline (PBS) was injected intraperito-
neally in mice 30 minutes before beginning either VHVT or LVT

mechanical ventilation.
On completion of the ventilation protocols, animals were killed and

lung tissue was harvested for analysis.

Histopathology

Inflation-fixed lungs were paraffin-embedded; divided into four regions
(dorsal–cranial, dorsal–caudal, ventral–cranial, and ventral–caudal);
and sectioned in 5-mm slices. Semiquantitative grading of lung injury
on hematoxylin and eosin sections was as previously described (see
online supplement) (22).

RNA Extraction and Microarray Methods

RNAwas isolated from dorsal–caudal lung quadrants (n¼ 3 per condition;
RNeasy kits; Qiagen Inc., Valencia, CA), and prepared using standard pro-
tocols forhybridization to2302.0Affymetrixmicroarrays (SantaClara,CA).

Informatics and Pathway Analyses

Microarray data were analyzed and visualized using PartekGenomics Suite
v 6.5 (Partek, St. Louis, MO). Biologic themes differentially affected by
PPV versus SPV injurious ventilation were identified using a modified
Fisher’s exact test (Ingenuity Pathway Analysis; http://www.ingenuity.com).

Quantitative Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction for MKP-1 was performed using
cDNA transcribed from whole-lung mRNA (iCycler; Biorad, Inc., Her-
cules, CA) using reagent kits and primers (see online supplement).
b-actin was the housekeeping control.

Figure 2. Differential whole-lung mRNA expression in rats dorsal–caudal lung quadrants after high VT ventilation. mRNA from whole lung was

subjected to microarray and resultant differential gene expression levels were analyzed using bioinformatic approaches. (A) Multidimensional scaling

plot. In the principal components analysis (PCA), each experimental sample is represented as a solid shape for which the position in space is determined

by genome-wide transcript levels. The centroid estimate for sample clusters represents mean multidimensional expression for each experimental
condition. Red ¼ nonventilated control, Green ¼ supine, Blue ¼ prone. (B) Hierarchical clustering analysis heatmap generated by Euclidean distance

dissimilarity matrix and average linkage for genes differentially expressed between ventilation in the supine position, prone, and nonventilated lungs.

Genes colored yellow represent an increase above the mean for the gene; genes in blue represent a decrease from the mean; and genes in black

approximate the mean expression across all samples. (C) Significantly overrepresented biologic themes (pathways) differentially affected by prone (P)
versus supine (S) injurious ventilation.2log P for each theme indicated in top axis. (D) Interactome of dual specificity phosphatases (DUSP)-1/mitogen-

activated protein kinase phosphatase-1 (most significantly [20.7-fold] over expressed in P versus S; P , 0.003) indicating the major site of action

(cytoplasomc or nuclear) of their products. Genes in green are expressed at a relatively lower level in P versus S and genes in red at a higher level.
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Cytokine ELISA

Murine-specific immunoreactivekeratinocyte-derived chemokine (KC),mac-
rophage inflammatory protein-2 (MIP-2), and IL-6 concentrations in whole-
lung lysates were quantified using ELISA kits (ElisaTech, Aurora, CO).

Western Blot Analysis

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and immu-
noblotting were performed using whole-lung homogenates essentially
as previously described (22).

TABLE 1. TEN MOST DIFFERENTIALLY UP-REGULATED AND 10 MOST DIFFERENTIALLY DOWN-REGULATED GENES (OF 705) BETWEEN
PRONE AND SUPINE HIGH VT LUNGS BASED ON AVERAGE CHANGE IN EXPRESSION (FOLD CHANGE)

Mean Log2 Expression Prone versus Supine

Affy ID Symbol Nonventilated Prone Supine Fold Δ P Value Gene Name

1387282_at Hspb8 5.4 9.9 5.1 27.3 1.69 3 1022 heat shock protein B8

1368147_at Dusp1 7.9 8.5 4.1 20.7 2.76 3 1022 dual specificity phosphatase 1

1395572_at Dnaja4 5 9.1 5.2 14.9 4.59 3 1022 DnaJ (Hsp40) homolog, subfamily A, member 4

1369584_at Socs3 3.6 7.6 3.8 14.4 4.68 3 1023 suppressor of cytokine signaling 3

1385620_at Hsph1 7.5 13.8 10.2 12.1 7.31 3 1023 heat shock 105 kDa/110 kDa protein 1

1386935_at Nr4a1 9 12.1 8.8 10.2 1.13 3 1022 nuclear receptor subfamily 4, group A, member 1

1368290_at Cyr61 10 11 7.7 9.7 7.02 3 1023 cysteine-rich, angiogenic inducer, 61

1369583_at Jdp2 6.3 8 4.9 8.5 2.94 3 1022 Jun dimerization protein 2

1383302_at Dnajb1 8.2 12.6 9.6 8 7.76 3 1023 DnaJ (Hsp40) homolog, subfamily B, member 1

1394970_at Cars 3.1 6.6 3.8 6.7 3.43 3 1022 cysteinyl-tRNA synthetase

1395848_at LOC683962 6.1 5.1 7.1 24 1.96 3 1022 similar to NIPA-like domain containing 3

1390139_a_at Obsl1 6.7 4.6 6.6 24 2.24 3 1022 obscurin-like 1

1384377_at Ddx28 6.6 4.2 6.3 24 3.27 3 1022 DEAD (Asp-Glu-Ala-Asp) box polypeptide 28

1382066_at R3hdm2 4.9 4.7 6.8 24.3 4.03 3 1022 R3H domain containing 2

1381221_at RGD1311300 7.3 4.5 6.7 24.4 2.48 3 1022 similar to T cell receptor V delta 6

1369412_a_at Slc19a1 4.7 4 6.1 24.4 4.45 3 1022 solute carrier family 19 (folate transporter), member 1

1370382_at RT1-Db1 7.3 6.9 9.2 24.8 3.22 3 1022 RT1 class II, locus Db1

1390931_at Adamts15 10 8.2 10.6 25.3 1.13 3 1022 ADAM metallopeptidase with thrombospondin type 1 motif, 15

1370499_at Klrb1a 8.6 4.8 7.7 27.5 4.16 3 1022 killer cell lectin-like receptor subfamily B, member 1A

1368505_at Rgs4 8.1 5.7 9.8 218.1 2.75 3 1022 regulator of G-protein signaling 4

Figure 3. Mitogen-activated protein kinase phosphatase (MKP)-1 mRNA expression in dorsal–caudal rat lung segments after injurious ventilation. (A)

Dot-plot of MKP-1/dual specificity phosphatases mRNA expression (Log2) in the microarray analyses. Bar indicates mean of expression for each

condition. (B) Relative b-actin normalized, MKP-1 mRNA expression by quantitative polymerase chain reaction (mean 6 SD) in the same lung samples

as A. (C) Western blotting of mitogen-activated protein kinase expression (p38 and JNK) with relative densitometry (mean 6 SD) of phospho-to-total
protein expression. JNK ¼ c-jun N-terminal kinase; NS ¼ significant; NV ¼ nonventilated; P ¼ phosphor; T ¼ total. *P , 0.05, yP , 0.01, zP , 0.001.
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Lung Tissue Immunohistochemistry

Immunohistochemical stains were performed applying a standard
avidin-biotin complex technique on paraffin-embedded lung.

Statistical Analysis for Physiologic and Signaling Studies

Data are presented as means 6 SD for each group. Prism v3.11 (GraphPad,
La Jolla, CA) was used for one-way and repeated-measures analysis of var-
iance (ANOVA) or paired t tests with post hoc analyses (Bonferroni/Dunn)
for comparison of multiple groups. P less than 0.05 was considered significant.

RESULTS

Prone Position Mitigates the Effects of

Injurious Ventilation

After 2.5 hours of ventilation, static respiratory system compliance
(Cstat) fell more in animals receiving HVT than those receiving LVT

(mean6 SD change,232.96 10.8% vs.24.756 10.1%; P ¼ 0.05)
(Figure1A). Similar changeswere seen inpressure–volume (PV)-loop
hysteresis (Figure 1B). No differences were observed with respect
to the change in Cstat in animals ventilated supine versus prone.

Lung injury was more severe in animals ventilated with HVT

compared with LVT, regardless of body position, and was more
severe in animals receiving HVT in the supine compared with
the prone position (Figures 1C and 1D). In dependent and non-
dependent segments, lung injury was more severe in lung seg-
ments from supine ventilated rats than comparable zones from
prone ventilated rats (see Figure E2). Furthermore, lung injury
was less in dorsal–caudal (nondependent) lung quadrant of rats
ventilated prone than in the dorsal–caudal (dependent) quad-
rant in rats ventilated supine (mean [6 SD] lung injury score in
dorsal–caudal quadrants after HVT, supine 7.4 6 0.52 vs. prone
5.65 6 0.53; P , 0.05) (Figures 1C and 1D).

Discrete Transcriptomes Differentiate Prone from Supine

Dorsal–Caudal Lung after HVT

We observed large and consistent differential lung regional gene
transcriptional effects of positioning and injurious ventilation (Fig-
ure 2). A statistically defined set of 705 differentially expressed
transcripts was identified in arrays from lungs of animals receiving
HVT ventilation when prone versus supine (P, 0.05) (see Figure
E3). A consistent pattern of gene expression change was appreci-
ated in principal components analysis (Figure 2A) and in the
cluster analysis dendrogram (Figure 2B). The lung expression in
nonventilated animals and in those ventilated prone clustered
with narrow confidence boundaries, whereas clustering in those
ventilated supine was discrete in multidimensional space but with
more variation.Discrete global expression patterns separated lungs
from animals ventilated supine or prone (median [interquartile
range] percent coefficient of variation supine 7.36%, [3.98–
13.58%] vs. prone 5.63% [2.84–11.06%]; F test P , 0.00001).

The 10 highest and lowest differentially expressed genes based
on average fold change in expression are presented in Table 1 (see
Table E2 for a complete gene list). Biologic themes underlying
these expression patterns were identified based on the overrepre-
sentation of predefined groups of transcripts within the statistically
defined set. The most overrepresented pathways are presented in
Figure 2C (see Table E2 for complete pathway list). Among these,
DUSP-1/MKP-1 was an interacting molecule in five discrete path-
ways (Figure 2D; see Table E2) and DUSP-1/MKP-1 mRNA
expression was increased 20-fold in lungs of animals ventilated
prone versus supine (P ¼ 0.0276) (Figure 3A) suggesting that
MKP-1 was an important and significantly overrepresented
transcript associated with the effect of PPV on regionally injurious
ventilation in dorsal–caudal lung.

Prone Position Regulates Expression of MKP-1 and MAPKs

To confirm the more than 20-fold differential expression in lungs
from animals ventilated prone versus supine we measured the
MKP-1 mRNA expression in dorsal–caudal rat lung (Figure
3B). Consistent with the microarray expression pattern (Figure
3A) MKP-1 expression from HVT animals ventilated supine
was down-regulated compared with lungs from nonventilated
animals. PPV was associated with significantly less down-
regulation than SPV or nonventilated lungs (ANOVA, P ,
0.0001). Additionally, MKP-1 expression was relatively higher in
ventral cephalad and ventral caudal but not dorsal cephalad lung
quadrants from prone ventilated rats versus those ventilated su-
pine (see Figure E4).

To determine the functional effects of position-related re-
gional MKP-1 expression changes we measured activity of the
major MAPK inflammatory signaling pathway proteins. The lev-
els of phosphorylated p38 were increased in the dorsal–caudal
segments of lungs from animals ventilated supine compared with
that from lungs of animals that were not ventilated or those
ventilated prone. (Figure 3C) (p-p38, P , 0.05; p-JNK, P ¼
NS). pERK (p44/42) expression was induced to a comparable
level in HVT prone and HVT supine lungs compared with non-
ventilated controls (data not shown).

Figure 4. Injurious effects of high VT ventilation in mitogen-activated

protein kinase phosphatase (MKP)-12/2 mice. (A) Time course compar-

ison of static lung compliance (Cstat) % changes (mean at each time

point 6 SD) from baseline between wild-type (WT) and MKP-12/2

mice during high VT ventilation. (B) Lung hematoxylin and eosin his-

tology in WT and MKP-12/2 mice after 2 hours of high VT ventilation

demonstrating increased vascular engorgement, alveolar wall edema,
and cellular infiltration. (C) Total bronchoalveolar lavage (BAL) cell

count (mean 6 SD). (D) BAL protein concentration (mean 6 SD).

*P , 0.05, yP , 0.01.
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Mice Deficient in MKP-1 (MKP-12/2) Are More Susceptible

to VILI

To investigate the role ofMKP-1 inVILI, we evaluated the effect
of VHVT in MKP-12/2 and WT mice (n ¼ 4 each). Decreases in
Cstat were greater in MKP-12/2 than WT mice after VHVT

ventilation (mean 6 SD % change, MKP-12/2 220.6 6 3.1%,
WT 26.17 6 13%; P , 0.01) (Figure 4A).

Histologic evidence of lung injury was comparable between WT
and MKP-12/2 mice (Figure 4B, lung injury scores not shown) but
bronchoalveolar lavage cell counts and protein concentrations were
greater in WT than in MKP-12/2 mice (WT 0.9 6 0.52 3 105 vs.
MKP-12/2 1.576 0.93 105 cells/ml;P, 0.05 Figure 4C, and protein
0.276 0.02 vs. 0.526 0.15 mg/ml, P, 0.05 Figure 4D, respectively).

PG490-88 Pretreatment Is Protective against VILI

Cstat % changes at 2 hours from baseline were significantly
higher in animals receiving PBS plus HVt ventilation than
PBS plus LVT or those receiving PG490-88 and either HVT or

LVT (P , 0.001) (Figure 5A). These changes were reflected in
pressure–volume (PV) loop hysteresis (Figure 5B).

Cell counts in the bronchoalveolar lavage fluid were lower in
the PBS plus LVT, PG490-88 plus HVT, and LVT than in the
PBS plus HVT group (P , 0.001) (Figure 5C).

Comparedwith animals thatwerenot ventilated,whole-lungMIP-2
and KC were increased in lungs of animals receiving PBS plus HVT

(P , 0.001) and PG490-88 plus HVT (P , 0.001; n ¼ 3 for each).
Levels were also increased, but less so, in the LVT groups (n ¼ 3 for
each). IL-6 levels were similar in the four groups but MIP-2 and KC
levels trended lower in the PG490-88 plus HVT and PG490-88 plus
LVT groups than in the PBS plus HVT group (Figure 5D). Lung
injury was less in PG490-88 plus HVT and PG490-88 plus LVT groups
compared with PBS plus HVT lungs (Figures 6A–6D) (P , 0.05).

PG490-88 Induces Lung MKP-1 and IkBa Expression in VILI

Consistent with the response to HVT ventilation in rats, whole-
lung MKP-1 expression from mice was 50% lower in lungs
ventilated with VHVT than with HVT (Figure 7A). PG490-88

Figure 5. Effect of PG490-88 (PG) pretreatment on the progression andmagnitude of injurious ventilation in mice. Mice were ventilated with high VT (HVT,

24ml/kg) or low VT (LVT, 7 ml/kg) 30minutes after intraperitoneal 0.75mg/kg PG or phosphate-buffered saline (PBS). (A) Static lung compliance (Cstat) %

change from baseline (mean at each time point6 SD). (B) Quasistatic pressure–volume curves illustrating lung compliance change from baseline (0 h; blue
line) to 2 hours (red line) for the three groups. (C) Dot plot of bronchoalveolar lavage (BAL) total cell counts in PBS-HVT and LVT, PG HVT, and LVT groups

(bar is mean for each group). (D) Whole-lung lysates cytokine levels (MIP-2, KC, and IL-6) in nonventilated (non vent) control, PBS-High VT, and PG-High

and PG-Low VT groups (mean6 SD). *P, 0.05, yP, 0.01, zP, 0.001. KC¼ keratinocyte-derived chemokine; MIP¼macrophage inflammatory protein.
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pretreatment induced higher MKP-1 expression than PBS in
mice subjected to HVT but expression was lower than in
PG490-88 plus LVT. Immunostainable MKP-1 was detectable
in alveolar corner cells and bronchial epithelial cells in lungs
after PG490-88 despite HVT ventilation (Figures 7B and 7C).
HVT induced modest pERK and pP38 activation compared with
LVT but PG490-88 pretreatment did not significantly block
ERK or p38 activation (see Figure E5). However, IkBa ex-
pression was increased in PG490-88 plus HVT compared with
PBS plus HVT animals (see Figure E5) suggesting potential
downstream involvement of NF-kB–dependent pathways in
the protective effect of PG490-88 pretreatment before injuri-
ous ventilation.

DISCUSSION

We have shown that HVT ventilation preferentially affects depen-
dent lung zones relative to nondependent regions; is reduced by
prone positioning; is regulated by MKP-1 and NF-kB–dependent
pathways; and that a triptolide derivative, PG490-88, induces
MKP-1 and protects against VILI through NF-kB.

Our microarray studies of lungs from rats ventilated prone with
HVT demonstrated regional overexpression of MAPK-related
genes relative to expression of when the animals were ventilated
supine. Injurious mechanical ventilation induces differential ex-
pression of a large number of transcripts in the lung many of
which are involved in immunity, inflammation, apoptosis (23)
development, cellular communication, and the cytoskeleton
(24). Themechanosensing and transductionmechanisms bywhich
the physical forces associated with injurious ventilation initiate
intracellular signals include matrix-cytoskeleton interactions
(25) and stretch activated ion channels (26) among others. How-
ever, effective pharmacotherapy targeting these mechanisms has
yet to emerge.

Previous gene expression studies in VILI were potentially
confounded by averaging global lung gene expression and disre-
garding regional effects of injurious ventilation (24, 27, 28). The
novel aspect of the present study is the substantial regional
differential gene expression in response to injurious ventilation,
particularly in the MAPK pathway, measured in dorsal–caudal
lung segments in varying body position.

The three major MAPKs as p38, ERK, and JNK have previ-
ously been implicated in lung injury and the inflammatory re-
sponse to injurious ventilation (13, 14, 29, 30). We previously
reported specific TLR-4/ERK-MAPK dependent inflammation
in a LPS lipid-A ALI model (22). Injurious ventilation, by con-
trast, is associated with an early increase in p-p38 and pERK (13).
Our findings replicate those of Damarla and coworkers (29) who
demonstrated p38 phosphorylation after 4 hours of injurious ven-
tilation. However, there are conflicting data regarding JNK phos-
phoactivation, perhaps related to the VT used for ventilation.
Abdulnour and colleagues (13) reported no significant JNK-
activation in murine lungs after 120 minutes of ventilation with
VT of 20 ml/kg. By contrast, Li and coworkers (30) found signif-
icant JNK activation after 60 minutes of ventilation with VT of
30 ml/kg.

Our rat microarray study elucidated lung regional down-
regulation of MKP-1/DUSP-1 expression in dorsal–caudal lung
segments from animals receiving injurious SPV and significantly
less down-regulation in dorsal–caudal lung after PPV. This effect of
PPV on MKP-1 expression was also apparent in ventral–cephalad
and dorsal–cephalad lung segments but not ventral–caudal lung
segments, possibly as a result of attenuated lung regional protective
effects of PPV against injurious ventilation in that segment.

MKP-1 can act as a biologic damper on theMAPK pathway by
dephosphorylating p-p38 and pJNKMAPkinases (31, 32).MKP-1
is induced by a number of antiinflammatory drugs (33) suggest-
ing the possibility that pharmacotherapy could limit VILI.

MAPK signaling has been implicated in stretch-induced epi-
thelial barrier dysfunction (34) and host immunity (35). The find-
ing that somatic MKP-12/2 amplified the injurious effects of
HVT ventilation is consistent with previous reports showing that
MKP-12/2 mice are hyperresponsive to low-dose LPS toxicity
(36) and to gram-positive cell wall proteins, peptidoglycan, or
lipoteichoic acid (37) with resulting sustained activation of p38
and c-JNK and derepression of serum proinflammatory cytokine
levels, resulting in increased mortality from septic shock (20, 37).
Consistent with our findings, Qian and coworkers (38) dem-
onstrated that MKP-5– (DUSP10) deficient mice developed
significantly more severe ALI in response to intratracheal
LPS in association with enhanced MAPK phosphorylation and
macrophage-derived proinflammatory cytokine production.

Figure 6. Effect of PG490-88 (PG) on murine lung injury
after high and low VT ventilation. Representative sections

from mice after ventilation (A) PBS 1 HVT, (B) PG 1 HVT,

(C) PG 1 LVT. (D) Semiquantitivative lung injury scores

(mean 6 SD) *P , 0.05, yP , 0.01. H&E ¼ hematoxylin
and eosin; PBS ¼ phosphate-buffered saline.
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Our observations were limited to global MKP-1–dependent
effects of injurious ventilation. Whether MKP-1 deficiency reg-
ulates lung regional barrier integrity, surfactant biosynthesis,
and inflammation are focus areas of continued investigation.

Triptolide, a diterpene triepoxide from Tripterygium wilfordii
(Thunder-god vine), inhibits agonist-induced IL-6 and IL-8 ex-
pression in human bronchial epithelial cells in vivo (39) and chlo-
rine gas–induced lung injury in vivo (40) and has been used to
treat cancer, inflammatory and autoimmune diseases, and organ
transplantation rejection. PG490-88 is a 14-succinyl water-soluble
prodrug of PG490 triptolide sodium, is a putative immunoregu-
lator, and prevents bleomycin-induced lung fibrosis (21).

Triptolide is purported to be an effective inhibitor of
agonist-induced MKP-1 expression but the mechanisms of trip-
tolide’s antiinflammatory and antitumor mechanism are con-
troversial (21, 41–43). The magnitude and persistence of the
regulatory effects on MKP-1 expression may be temporal, cell,
and context-specific. Triptolide suppresses LPS-induced expres-
sion of MKP-1 in RAW264.7 (33) and MH-S alveolar macro-
phages lines and primary alveolar macrophages (44) in vitro
resulting in derepression of ERK1/2, p38, and JNK MAPK. No-
tably, triptolide was only an effective inhibitor of LPS-induced
MKP-1 expression in doses higher than 0.5 mM (33, 45). Koo
and coworkers (41) reported that triptolide inhibited growth of
immortalized HT22 hippocampal cells by suppression of MKP-1
expression resulting in persistent ERK1/2 activation. Inexplica-
bly, however, despite significantly reduced MKP-1 expression in
triptolide-treated cells, p-JNK and p-p38 expression was un-
changed compared with control (41). This inconsistency is further
highlighted by data from Koo and coworkers (41) who demon-
strated that triptolide-pretreatment blocked dexamethasone- and
LPS-induced MKP-1 expression, thus enhancing p-JNK and
p-p38 expression in cultured microglial cells.

Consistent with protective effects reported in bleomycin (21)
and chlorine gas–induced lung injury (40), PG490-88 was highly
protective against VILI and was associated with a modest in-
crease in total lung MKP-1 expression even at the dose of 0.75
mg/kg we selected to minimize toxicity.

Because mechanical stimuli mediate the release of inflamma-
tory cytokines by increasing phosphorylation of the cytoplasmic-
sequestering protein IkBa and nuclear translocation of NF-kB
(15), we considered the possibility that PG490-88 may also have

an inhibitory effect on NF-kB–mediated inflammation (46–48)
and VILI (15).

Belperio and coworkers (49) reported that injurious ventila-
tion induced IkBa phosphorylation, enhanced CXC chemokine
expression, and caused VILI. Chiang and coworkers (1) dem-
onstrated that anti–NF-kB antibodies were effective at prevent-
ing lung edema and inflammation in an isolated perfused VILI
model. Consistent with these data, our study demonstrated that
PG490-88 abrogated VILI in mice in association with IkBa
stabilization resulting in reduced lung expression of proinflam-
matory CXC-2 chemokines, MIP-2, and KC.

Figure 8. Model of injurious mechanical ventilatory effects on mitogen-

activated protein kinase phosphatase (MKP)-1, mitogen-activated pro-
tein kinase (MAPK), and nuclear factor (NF)-kB signaling in the lung.

Cyclic injurious ventilation amplifies regional lung cytokine expression,

alveolar barrier injury, and inflammation progressing to ventilator-

induced lung injury (VILI) through suppression of MKP-1, activation
of NF-kB, p38, and JNK. Prone position reduces MAPK-dependent sig-

naling by inducing MKP-1 and possibly IkB kinase. PG490-88 (triptolide)

induces MKP-1 and IkB expression and blocks VILI and lung cytokine

release. JNK ¼ c-jun N-terminal kinase; KC ¼ keratinocyte-derived che-
mokine; MIP ¼ macrophage inflammatory protein.

Figure 7. Effect of PG490-88 (PG)on lungmitogen-activated

protein kinase phosphatase (MKP)-1 expression in wild-
type mice after high (24 ml/kg) or low (7 ml/kg) VT

ventilation. (A) Western blotting of whole-lung lysates

for MKP-1 with tubulin control from phosphate-buffered

saline (PBS) 1 HVT, PG 1 HVT, and PG 1 LVT mice.
Semiquantative densitometry (mean 6 SD) demon-

strates nonsignificant (NS) increase in MKP-1 expression

in PG-treated mice. (B) Immunohistochemical staining of
MKP-1 in alveolar corner cells. (C) Immunohistochemical

staining of MKP-1 in bronchial epithelial cells.
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This study has several limitations. First, our studies may have
overestimated the effects of PPV on VILI. Because of technical
limitations, wemeasured respiratory system compliance as a crude
indicator of global VILI in VHVT ventilated rat. Regional lung
imaging, transpulmonary pressure measurements with functional
partitioning of lung mechanics, and parallel blood gas assess-
ments could potentially have informed the analyses.

Second, the VT used in VHVT ventilation was unphysiologic
and imposed on previously healthy, noninjured rodents. Accord-
ingly, an intermediate VT may have resulted in less pronounced
effects. However, our gene expression data indicating that ef-
fects of injurious ventilation are regionally heterogeneous under-
line the notion that a safe threshold for “lung-protective” VT has
not yet been identified. It is also possible that if imposed as a
“second-hit” after the onset of pneumonia or pulmonary contu-
sion, the lung regional effects of injurious ventilation and body
position may have differed. Furthermore, the relevance of these
observations in humanALI is also unknown. Third, the effects of
injurious ventilation in MKP-1 deletion mice are likely to be
more complex than those we have described and are the focus
of continued study. Lastly, we used a preinjury treatment model
to assess the effects of PG490-88. Studies to determine the effects
of PG490-88 after induction of VILI will be important in further
characterizing the inflammation-regulating effects of this com-
pound. Our study adds to the accumulating evidence derived
from advanced imaging technologies (6) and high-throughput
“omics” approaches (50) indicating that that even VTs consid-
ered to be “lung protective” have the potential to be injurious
even in the absence of a priming pulmonary insult (51).

In conclusion, injurious ventilation increased MAPK activa-
tion and inflammatory cytokine expression through decreased
MKP-1 (see Figure E2) and enhanced NF-kB activation. Prone
positioning is regionally protective with increased expression of
MKP-1 in dorsal–caudal lung and associated reductions in
p38 and JNK activation. PG490-88 is globally protective and
abrogates propagation of VILI in association with inhibition of
NF-kB–dependent MAPK signaling and possibly by MKP-1 reg-
ulation (Figure 8). MKP-1 is an important potential target for
modulating lung regional effects of injurious ventilation.
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