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Obesity is a major risk factor for lung disease development. However, little is known about the impact of
chronic high-fat and high-fructose (HFHF) dieteinduced obesity on lung inflammation and subsequent
pulmonary fibrosis. Herein we hypothesized that dedicator of cytokinesis 2 (DOCK2) promotes a
proinflammatory phenotype of lung fibroblasts (LFs) to elicit lung injury and fibrosis in chronic HFHF
dieteinduced obesity. An HFHF diet for 20 weeks induced lung inflammation and profibrotic changes in
wild-type C57BL/6 mice. CD68 and monocyte chemoattractant protein-1 (MCP-1) expression were
notably increased in the lungs of wild-type mice fed an HFHF diet. An HFHF diet further increased lung
DOCK2 expression that co-localized with fibroblast-specific protein 1, suggesting a role of DOCK2 in
regulating proinflammatory phenotype of LFs. Importantly, DOCK2 knockout protected mice from lung
inflammation and fibrosis induced by a HFHF diet. In primary human LFs, tumor necrosis factor-a (TNF-
a) and IL-1b induced DOCK2 expression concurrent with MCP-1, IL-6, and matrix metallopeptidase 2.
DOCK2 knockdown suppressed TNF-aeinduced expression of these molecules and activation of phos-
phatidylinositol 3-kinase/AKT and NF-kB signaling pathways, suggesting a mechanism of DOCK2-
mediated proinflammatory and profibrotic changes in human LFs. Taken together, these findings
reveal a previously unrecognized role of DOCK2 in regulating proinflammatory phenotype of LFs,
potentiation of lung inflammation, and pulmonary fibrosis in chronic HFHF dietecaused obesity.
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Obesity is a major heath issue worldwide, and its incidence
has almost tripled globally since 1975.1 In the United States,
an estimated one-third of adults are affected by obesity.2

Obesity, especially when severe (class II and III obesity,
BMI 35 to 49.9 kg/m2),3,4 has been linked to poor outcomes
in acute and chronic respiratory illnesses, including acute
respiratory distress syndrome, asthma, chronic obstructive
pulmonary disease, obstructive sleep apnea, and idiopathic
pulmonary fibrosis.5e9

Obesity affects the respiratory system mainly through a
combination of mass loading and hormonal, metabolic, in-
flammatory, and dietary factors.5,10e12 In obesity, adipo-
cytes and macrophages in the adipose tissue generate
proinflammatory cytokines such as tumor necrosis factor-a
stigative Pathology. Published by Elsevier Inc
(TNF-a) and IL-6 and release them into the blood, conse-
quently inducing systemic inflammation.13e15 The increased
levels of serum proinflammatory factors associated with
obesity correlate with the severity of chronic conditions.15,16
. All rights reserved.
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DOCK2 in Lung Injury Induced by HFHF
In animal models, diet-induced obesity and metabolic dis-
orders vary in severity depending on the fat content and fat
composition of the diet, as well as feeding duration.10,17 For
example, of the mice on 1, 3, and 6 months of a high-fat
diet, only the mice on the 6-month diet had diet-induced
obesity which impaired diaphragm motion, and induced
restrained, low-amplitude contractions.10 A high-fat diet
supplemented with high fructose has also been reported to
adversely affect the ability of the liver to handle excess
lipids, leading to more severe obesity.18,19 The high-fat and
high-fructose (HFHF) diet model better mimics the diet in
developed countries, and results in high rates of obesity.20,21

A recent report showed that mice fed with control food
supplemented with 43.7% fat and 10% fructose for 16
weeks displayed increased pulmonary oxidative stress, lung
neutrophilic accumulation/activation, and collagen depos-
tion.22 However, little is known about the impact of obesity
(especially severe obesity) caused by a chronic HFHF diet
on the development of pulmonary inflammation and fibrotic
repair.

Lung structural components, especially lung fibroblasts
(LFs), play a key role in modulating inflammation/repair
after lung injury23e26 and contribute to lung diseases,
including idiopathic pulmonary fibrosis, asthma, and
chronic obstructive pulmonary disease.25,27,28 LFs are not
terminally differentiated and have a broad biosynthetic
repertoire.26,29 During the progression of lung injury, LFs
can sense microenvironmental changes and be activated to
release chemokines and cytokines [eg, monocyte chemo-
attractant protein-1 (MCP-1), IL-6, and IL-1b], which
contribute to the inflammatory process.29e31 LFs also
regulate pulmonary remodeling by modulating extracellular
matrix production and reabsorption that largely depend on
matrix metalloproteinases (MMPs), particularly MMP2.32,33

However, the role of LFs in lung inflammation/injury linked
with chronic HFHF dietecaused obesity has not previously
been explored.

Dedicator of cytokinesis 2 (DOCK2), initially found to be
expressed in lymphocytes and macrophages, plays critical
roles in chemotaxis by neutrophils, lymphocytes, and plas-
macytoid dendritic cells.34e39 Our group found that DOCK2
regulates the smooth muscle cell phenotype during vascular
remodeling.40 In addition, DOCK2 knockout (DOCK2�/�)
attenuates high-fat dieteinduced obesity with reduced
proinflammatory cytokine expression in adipose tissue and
peripheral circulation.13 The role of DOCK2 in pulmonary
injury and fibrotic repair associated with chronic HFHF
dietecaused obesity has likewise not, to our knowledge,
been previously explored.

The current study highlights the novel finding that a
chronic HFHF diet induces lung inflammation and profi-
brotic changes in mice. DOCK2 deficiency dramatically
attenuated chronic HFHF dieteinduced obesity and lung
inflammatory and profibrotic injury. The in vitro data show
that DOCK2 is also induced by TNF-a and IL-1b and
required for their proinflammatory signaling in primary
The American Journal of Pathology - ajp.amjpathol.org
human LFs (HLFs). These findings collectively show that
DOCK2 is a novel regulator of the proinflammatory
phenotype of LFs and contributes to the development of
lung inflammation/injury in obesity caused by a chronic
HFHF diet.

Materials and Methods

Animals and Diets

All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of the University of
Georgia. Male and female C57BL/6 wild-type (WT) mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME). DOCK2�/� mice were generated on the C57BL/6
background as reported previously.13,34,40 The WT and
DOCK2�/� mice (8 to 12 weeks old) were maintained on a
12 hours’ light/12 hours’ dark cycle with free access to feed
and water. Four groups of mice (n Z 6 to 8 per group) were
treated as follows: WT mice fed a chow diet, WT mice fed
an HFHF diet, DOCK2�/� mice fed a chow diet, and
DOCK2�/� mice fed an HFHF diet. The mice were exam-
ined after 20 weeks. Specifically, mice were given regular
water and standard chow (25% protein, 62% carbohydrate,
and 13% fat; 3.07 kcal/g; 5053, LabDiet, St. Louis, MO)13

or a high-fat diet (20% protein, 40% carbohydrate, and 40%
fat; 4.5 kcal/g; D12108C, Research Diets, New Brunswick,
NJ)13 plus high fructose (30% fructose, w/v; catalog
#F0127, Sigma-Aldrich, St. Louis, MO)19,41 in water for the
duration of the study. To assess the intermediate effects, WT
and DOCK2�/� mice were also examined after 10 weeks’
treatment (n Z 5) with either regular water and standard
chow or the HFHF diet as described earlier. Animals were
then euthanized, and lung tissues were collected and fixed in
4% paraformaldehyde for histologic examination and
immunofluorescence staining analyses.

Reagents

Recombinant human TNF-a and IL-1b were purchased
from R&D Systems (Minneapolis, MN). Oxidized low-
density lipoprotein was purchased from Alfa Aesar (Ward
Hill, MA). Actinomycin D was purchased from LC Labo-
ratories (Woburn, MA). LY294002 and pyrrolidine dithio-
carbamate were purchased from Sigma-Aldrich (St. Louis,
MO). Primary antibodies against DOCK2, MMP-2, fibro-
blast-specific protein 1 (FSP1), a-tubulin, actin, and glyc-
eraldehyde-3-phosphate dehydrogenase were purchased
from Sigma-Aldrich. Primary antibodies against AT (Pro-
tein kinase B, or AK strain transforming), phosphor-AKT
(p-AKT), NF-kB, and p-NF-kB p65 were purchased from
Cell Signaling Technology (Danvers, MA). Anti-CD68
antibody was purchased from Bio-Rad (Hercules, CA).
AntieIL-6 antibody was purchased from Santa Cruz
Biotechnology (Dallas, TX). AntieMCP-1 antibody was
purchased from Abcam (Cambridge, MA). Antie4-
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hydroxynonenal antibody was purchased from Alpha
Diagnostic International (San Antonio, TX). Antiecollagen
1A1 antibody (catalog #1310-08) was purchased from
SouthernBiotech (Birmingham, AL). Secondary
fluorescence-labeled antibodies, including anti-Rabbit IgG-
Alexa 488, anti-Rat IgG-Alexa 488, and anti-mouse IgG-
Texas Red, were purchased from Invitrogen (Carlsbad, CA).

Cell Culture

Two lines of primary HLFs isolated from histologically
normal nonfibrotic lung (denoted as HLFs#1 and HLFs#2)
were provided by the University of Michigan (Ann Arbor,
MI) under a Material Transfer Agreement. These cells were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, L-glutamine, and an-
tibiotics (penicillin/streptomycin) in a humidified hood with
5% carbon dioxide, as previously described.42 Cell starva-
tion was performed by using Dulbecco’s modified Eagle’s
medium with L-glutamine and antibiotics without fetal
bovine serum.

Lung Histologic Examination

Formaldehyde-fixed lung tissues were dehydrated,
embedded in paraffin, and then cut at 5 mm thickness for
further staining, as previously reported.40,42 Hematoxylin
and eosin and Masson’s trichrome staining were performed
according to the guide of the staining kits purchased from
American MasterTech Scientific (Lodi, CA).

Immunofluorescence Staining and
Immunohistochemical Staining

Immunofluorescence was conducted as previously re-
ported40,43,44 to detect CD68, MCP-1, DOCK2, and FSP1 in
formaldehyde-fixed, paraffin-embedded lung tissues.
Diluted primary antibodies were incubated with slides at
4�C overnight. Secondary anti-mouse, anti-rabbit, or anti-rat
antibody conjugated with Texas Red or fluorescein iso-
thiocyanate was used to stain these molecules. Fluorescent
images were taken with a Ni-U microscope (Nikon, Tokyo,
Japan).

For immunohistochemical staining of collagen, the
formaldehyde-fixed, paraffin-embedded lung slides were
processed following routine procedures, including de-
waxing in xylene, rehydration, and antigen retrieval, and
quenching endogenous peroxidase activity with 3%
hydrogen peroxide in methanol. The slides were then
blocked with 3% bovine serum albumin, followed by in-
cubation with primary antiecollagen 1A1 antibody (catalog
#1310-08, SouthernBiotech) overnight at 4�C. After
washing with phosphate-buffered saline with 0.1% Tween-
20 three times, the slides were then incubated with sec-
ondary streptavidinehorseradish peroxidase (016 to 030-
084; Jackson ImmunoResearch, West Grove, PA) for 1 hour
228
at room temperature. 3,30-Diaminobenzidine (DAB) staining
was subsequently performed according to the manufac-
turer’s guide.

Western Blotting

The procedure was described as previously reported.44e46

Whole-cell lysates were collected from serum-starved pri-
mary HLFs after treatment, as indicated in respective experi-
ments. Radioimmunoprecipitation assay buffer with protease
inhibitor cocktail and phosphatase inhibitor (Thermo Fisher
Scientific, Waltham, MA) was used to lyse the cells. Dena-
tured proteins were separated by SDS-PAGE gel and detected
by using an enhanced chemiluminescence kit.

Quantitative PCR Analysis

Total RNA extraction from cultured cells was performed by
using the TRIzol reagent according to the manufacturer’s
guide.47,48 The purified total RNA (1 mg) was then reversely
transcribed to cDNA as a template for quantitative PCR
(qPCR) analysis using the iScript Kit (Bio-Rad). qPCR was
performed in a Bio-Rad CFX96 real-time PCR machine
using SYBR Green master mix (Bio-Rad). Each sample was
amplified in triplicate. DOCK2 primers: forward 50-TGC
TGAAGTGGCGTATGAAG-30 and reverse 50-AATTTC
CGGTCTGCAATGAG-30. GAPDH was used as the inter-
nal control and the primers: forward 50-TGCACCACCA
ACTGCTTA-30 and reverse 50-GGATGCAGGGATGATG
TTC-3’.46

Statistical Analysis

All statistical analyses were performed by using GraphPad
Prism 8 (GraphPad Software, La Jolla, CA). Data were
evaluated with a two-tailed, unpaired t-test or compared by
one-way analysis of variance followed by the Fisher’s least
significant difference test. Data are expressed as
means � SD. P < 0.05 was considered statistically
significant.

Results

A Chronic HFHF Diet Causes Obesity and Lung
Inflammation/Injury and Increases DOCK2 Expression
in LFs of WT Mice

Chronic HFHF consumption has been linked with human
obesity characterized by low-grade systemic inflamma-
tion.16,18 In the current study, significant gain in body
weight was observed in WT mice fed an HFHF diet for 20
weeks compared with a normal chow diet (43.3 � 5.4 g
versus 27.7 � 4.1 g; P < 0.05) (Figure 1A). Hematoxylin
and eosin staining revealed that, in contrast to the chow diet,
the chronic HFHF diet induced alveolar and interstitial
ajp.amjpathol.org - The American Journal of Pathology
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inflammation in the lung (Figure 1B). In addition, the
chronic HFHF diet caused increased collagen deposition
and expression in the lung compared with the chow diet, as
shown by Masson’s trichrome staining and Western blotting
on lung lysates (Figure 1, C and D). An inflammatory
response was also indicated as macrophage infiltration was
observed in the chronic HFHF diet group and shown by
increased expression of the macrophage marker CD68
(Figure 1E). MCP-1, a key chemokine in attracting macro-
phages to the site of inflammation,49 was likewise enhanced
in the HFHF diet group (Figure 1F). Oxidative stress has
been reported to be closely related to lung inflammation and
fibrosis.50,51 In the current experiment, expression of an
oxidative stress marker, 4-hydroxynonenal, was observed in
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the lung tissues of mice fed an HFHF diet. The results show
that HFHF treatment for 20 weeks dramatically increased
the expression of 4-hydroxynonenal (Supplemental
Figure S1), suggesting that HFHF induces oxidative stress
in the lung parenchyma. These data suggest that a chronic
HFHF diet induces lung inflammation and profibrotic
changes in WT mice. Importantly, immunofluorescence
staining showed that DOCK2 was dramatically induced in
the lungs of WT mice fed an HFHF diet. Furthermore,
DOCK2 expression largely co-localized with that of the
fibroblast marker FSP152 (Figure 2), suggesting that
DOCK2 may be involved in the proinflammatory phenotype
of LFs to promote lung inflammation/injury in obesity
caused by a chronic HFHF diet.
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Figure 1 Chronic high-fat and high-fructose
(HFHF) diet-induced lung inflammation/injury in
wild-type (WT) C57BL/6 mice. A: Body weight of WT
C57BL/6 mice fed with normal chow or an HFHF
diet for 20 weeks. B and C: Representative hema-
toxylin and eosin staining (B) and Masson’s stain-
ing (C) of lung tissues from WT mice fed a chow
diet or an HFHF diet for 20 weeks. D: Lung tissues
from WT mice fed a chow diet or an HFHF diet for 20
weeks were collected. Two representative samples
for each group were loaded to detect collagen (Col-
1) protein expression by Western blotting. Actin is
a loading control. E and F: Immunofluorescence
(IF) shows increased CD68 (green) (E) and mono-
cyte chemoattractant protein-1 (MCP-1) (red) (F)
expression in lung tissues from WT mice fed with
chow or HFHF diet for 20 weeks. DAPI stained the
nuclei (blue). The black boxes indicate the areas
enlarged for view. Quantification of expression
levels in E and F from 5 fields per slide per mouse
and 3 mice per group. n Z 6 to 8 (A). *P < 0.05
versus WT chow diet group. Scale bar Z 100 mm.
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DOCK2�/� Mice Are Protected from Body Weight Gain
and Lung Inflammation/Injury Induced by a Chronic
HFHF Diet

DOCK2 deficiency has been reported to attenuate high-fat
dieteinduced obesity.13 There was no significant difference
in body weight between WT and DOCK2�/� mice fed a
chow diet. DOCK2 deficiency instead attenuated the gain in
body weight caused by the high-fat diet.13 In this study,
hematoxylin and eosin staining and Masson’s staining data
show similar lung parenchyma between the WT and
DOCK2�/� mice fed a chow diet (Supplemental Figure S2).
Moreover, the chronic HFHF diet did not significantly
induce body weight gain in DOCK2�/� mice compared with
those fed a chow diet (26.5 � 5.0 g versus 25.5 � 3.4 g;
P Z 0.456) (Figure 3A). DOCK2�/� mice were also pro-
tected from chronic HFHF dieteinduced lung inflammation,
as indicated by hematoxylin and eosin staining (Figure 3B).
DOCK2�/� mouse lungs also exhibited a reduction in
HFHF dieteinduced collagen production, as indicated by
Masson’s staining (Figure 3C), Western blotting
(Figure 3D), and immunohistochemical staining
(Supplemental Figure S3). HFHF dieteinduced macrophage
infiltration (CD68 stain) in the lung was also significantly
reduced in DOCK2�/� mice compared with that in WT
control mice (Figure 3E). Accordingly, HFHF dieteinduced
MCP-1 expression was also significantly decreased in
DOCK2�/� mice (Figure 3F). Taken together, these find-
ings indicate that DOCK2 deficiency attenuates the lung
inflammation and fibrotic repair associated with a chronic
HFHF diet. To evaluate the interim effects of an HFHF diet,
WT and DOCK2�/� mice were fed chow and an HFHF diet
for 10 weeks. The results show that the HFHF diet for 10
weeks induced inflammatory infiltration in the lungs of WT
mice but not in DOCK2�/� mice (Supplemental Figure S4).
Figure 2 Dedicator of cytokinesis 2 (DOCK2) expression. DOCK2 was induced a
type mice fed a chronic high-fat and high-fructose (HFHF) diet. Immunofluoresc
localization with FSP1 (red) in lung tissues of wild-type mice fed a chow diet
boxes indicate the areas enlarged for view. Scale bar Z 100 mm.
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In contrast, no obvious collagen deposition was found in the
WT mice or DOCK2�/� mice fed the HFHF diet for 10
weeks (Supplemental Figure S5). The data suggest that
progressive inflammatory alteration and fibrosis occur in the
lung due to an HFHF diet.
DOCK2 Is Induced in Primary HLFs by TNF-a and IL-1b

TNF-a is a well-known and potent inducer of diverse
chemokines, including MCP-1, by different cell types such
as vascular endothelial cells, adipocytes, and fibro-
blasts.49,53,54 To characterize the expression of DOCK2 in
LFs, serum-starved primary HLFs were treated with TNF-
a at different concentrations (0, 5, and 10 ng/mL) for 24
hours. Although the basal level of DOCK2 was low in
primary HLFs, TNF-a significantly increased its expres-
sion in a dose-dependent manner (Figure 4). As expected,
TNF-a also induced expression of MCP-1, IL-6, and
MMP2 (Figure 4). IL-1b, a mechanistically different
proinflammatory cytokine, was used to confirm the role of
proinflammatory mediators in the induction of DOCK2 in
primary HLFs. IL-1b increased DOCK2 expression con-
current with MCP-1, IL-6, and MMP2 (Supplemental
Figure S6) in primary HLFs. Because 10 ng/mL of
TNF-a maximally induced expression of DOCK2 and
proinflammatory LF phenotypeerelated molecules, this
dose was selected for time course experiments. The data
show that TNF-a significantly induced DOCK2 expression
by 8 hours and the highest level reached at 24 hours in
primary HLFs (Figure 5). Oxidized low-density lipopro-
tein is known to be closely related to the effects of diet-
induced injury.55e57 DOCK2 was also induced by
oxidized low-density lipoprotein in HLFs along with the
induction of MCP-1, IL-6, and MMP2 (Supplemental
Figure S7).
nd co-localizes with fibroblast-specific protein 1 (FSP1) in the lungs of wild-
ence staining showed notably increased DOCK2 (green) expression and co-
or an HFHF diet for 20 weeks. DAPI stained the nuclei (blue). The white
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Figure 3 Dedicator of cytokinesis 2 (DOCK2)
deficiency protects mice from chronic high-fat and
high-fructose (HFHF) dieteinduced lung inflamma-
tion/injury. A: Body weight of DOCK2 knockout
(DOCK2�/�) mice fed a normal chow diet or an HFHF
diet for 20 weeks. B and C: Representative hematox-
ylin and eosin staining (B) and Masson’s staining (C)
of lung tissues from wild-type (WT) or DOCK2�/� mice
fed an HFHF diet for 20 weeks. D: Lung tissues from
WT or DOCK2�/� mice fed an HFHF diet for 20 weeks
were collected. Two representative samples for each
group were loaded to detect collagen (Col-1) protein
expression by Western blotting. Actin is a loading
control. E and F: Immunofluorescence (IF) shows
increased CD68 (green, E) and monocyte chemo-
attractant protein-1 (MCP-1) (red, F) expression in
lung tissues from WT or DOCK2�/� mice fed an HFHF
diet for 20 weeks. DAPI stained the nuclei (blue). The
black boxes indicate the areas enlarged for view.
Quantification of expression levels in E and F from 5
fields per slide per mouse and 3 mice per group. nZ 6
to 8 (A). *P < 0.05 versus WT HFHF diet group. Scale
bar Z 100 mm.

DOCK2 in Lung Injury Induced by HFHF
DOCK2 Is Required for the Phenotypic Modulation of
Proinflammatory LFs

Next, the role of DOCK2 in a TNF-aeinduced proin-
flammatory phenotypic change in LFs was explored. Pri-
mary HLFs were transduced with adenovirus control (Ad-
shCtrl) or DOCK2 shRNA. Cells were then treated with
TNF-a (10 ng/mL) for 24 hours to detect the expression of
MCP-1, IL-6, and MMP2. TNF-a treatment increased
MCP-1, IL-6, and MMP2 expression in the Ad-shCtrl
groups in primary HLFs (Figure 6, A and B). Conversely,
DOCK2 knockdown attenuated TNF-aemediated induction
of MCP-1, IL-6, and MMP2 (Figure 6, A and B). DOCK2
siRNA was next used to verify the role of DOCK2 in TNF-
aeinduced LF proinflammatory phenotypic change. HLFs
were transduced with control siRNA or DOCK2 siRNA
followed by TNF-a treatment. DOCK2 siRNA treatment
The American Journal of Pathology - ajp.amjpathol.org
significantly blocked TNF-aemediated increases in
DOCK2 expression in HLFs (Figure 6, C and D). Further-
more, TNF-aeinduced MCP-1 expression was significantly
reduced in DOCK2-downregulated HLFs compared with
control siRNA cells (Figure 6, C and D). These data
strongly support the inference that DOCK2 is required for
LF proinflammatory phenotypic modulation.

Transcriptional Regulation of DOCK2 by TNF-a in LFs

DOCK2 mRNA expression in TNF-aetreated (0, 5, and 10
ng/mL) HLFs was tested by using qPCR analyses. TNF-a
treatment induced DOCK2 mRNA expression dose depen-
dently in primary HLFs (Figure 7A and Supplemental
Figure S8A). Time course analyses showed that DOCK2
mRNA was induced by TNF-a and peaked between 12 and
24 hours (Figure 7B and Supplemental Figure S8B).
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Figure 4 Dedicator of cytokinesis 2 (DOCK2) is induced in a dose-dependent manner in human lung fibroblasts (HLFs) treated with tumor necrosis factor-a
(TNF-a). A and C: Primary HLFs#1 (A) or HLFs#2 (C) were induced by TNF-a with 0, 5, and 10 ng/mL for 24 hours to detect DOCK2, monocyte chemoattractant
protein-1 (MCP-1), IL-6, and matrix metalloproteinase 2 (MMP2) expression by Western blotting. a-Tubulin is a loading control. B and D: Quantification of
protein expression as shown in A (B) and C (D). n Z 3. *P < 0.05 versus vehicle group (0 ng/mL).
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Moreover, pretreatment of cells with the transcription inhib-
itor actinomycin D (1 mg/mL) suppressed TNF-aemediated
induction of DOCK2 mRNA and protein levels in HLFs
(Figure 7, C and D and Supplemental Figure S8, C and D).
The results indicate that DOCK2 induction by TNF-a occurs
at the transcriptional level.

DOCK2 Mediates LF Proinflammatory Phenotype
through PI3K/AKT and NF-kB Pathways

Multiple pathways have been implicated in TNF-aeinduced
proinflammatory responses, including phosphatidylinositol
3-kinase (PI3K)/AKT and NF-kB.54,58,59 To determine if
PI3K/AKT and/or NF-kB pathways are involved in TNF-
aeinduced proinflammatory phenotypic modulation, HLFs
were pretreated with LY294002 (PI3K/AKT inhibitor, 1 mg/
mL) or pyrrolidine dithiocarbamate (NF-kB inhibitor, 1 mg/
mL) for 30 minutes, followed by TNF-a treatment. MCP-1
expression was used as a reporter for these analyses. Both
LY294002 and pyrrolidine dithiocarbamate successfully
blocked TNF-aeinduced MCP-1 expression (Figure 8,
AeD), suggesting that the PI3K/AKT and NF-kB pathways
are involved in TNF-aeinduced LF proinflammatory
phenotypic modulation.

Next, the role of DOCK2 in TNF-aeinduced activation
of PI3K/AKT and/or NF-kB signaling pathways was
determined. Primary HLFs were infected with Ad-shCtrl or
Ad-shDOCK2 and treated with TNF-a for various times to
detect phosphorylation and total PI3K/AKT and NF-kB.
TNF-a rapidly induced phosphorylation of AKT and NF-kB
p65 (Figure 8E) in Ad-shCtrletransduced HLFs.
Conversely, DOCK2 knockdown blocked TNF-aeinduced
232
phosphorylation of AKT and NF-kB p65 in the primary
HLFs (Figure 8), indicating that DOCK2 mediates the
TNF-aeinduced LF proinflammatory phenotype via acti-
vation of PI3K/AKT and NF-kB signaling pathways.
Discussion

This study shows, for the first time, that DOCK2 is a novel
regulator of the proinflammatory phenotype of LFs, which
may contribute to the development of lung inflammation/
injury in chronic HFHF dietecaused obesity. DOCK2
deficiency was found to inhibit pulmonary inflammation/
injury induced by a chronic HFHF diet. DOCK2 expression
was increased especially in the LFs of WT mice fed a
chronic HFHF diet. DOCK2 knockdown attenuated TNF-
aeinduced MCP-1, IL-6, and MMP2 expression in primary
HLFs, suggesting that it can regulate the severity of a
chronic HFHF dieteassociated lung inflammation/injury
and that decreased expression of DOCK2 by LFs contrib-
utes to the response.
Obesity has been identified as a major risk factor for the

development of lung diseases, including acute respiratory
distress symptom, asthma, chronic obstructive pulmonary
disease, and idiopathic pulmonary fibrosis.5,6 A high-fat diet
has been widely used to generate obese rodent models to
explore metabolic derangements.13,17 However, the fat
content and fat composition of the diet, as well as the
feeding period, may significantly affect the outcome.
Several reports link lung injury to experimental obesity
induced by long-term high fat alone or in combination with
high fructose,10,22 consistent with the current findings.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Dedicator of cytokinesis 2 (DOCK2) is induced in a time-dependent manner in human lung fibroblasts (HLFs) treated with tumor necrosis factor-a
(TNF-a). A and B: Primary HLFs#1 (A) or HLFs#2 (B) were treated with TNF-a (10 ng/mL) for various times (0, 2, 4, 8, 12, and 24 hours) and assessed for
DOCK2, monocyte chemoattractant protein-1 (MCP-1), IL-6, matrix metalloproteinase 2 (MMP2), and a-tubulin expression by Western blotting. C and D:
Quantification of protein expression as shown in A (C) or B (D). n Z 3. *P < 0.05 versus vehicle group (0 hours).

DOCK2 in Lung Injury Induced by HFHF
Herein, this study shows that pulmonary inflammation/
injury occurs in WT mice with chronic HFHF diet-induced
obesity. There was significant body weight gain in WT mice
fed an HFHF diet for 20 weeks compared with those fed a
chow diet (Figure 1A). In contrast to the chow diet group,
the chronic HFHF diet caused lung inflammatory changes
and increased lung collagen expression in WT mice
(Figure 1, BeD), indicative of organization of the pulmo-
nary injury. Macrophage infiltration (indicated by CD68
expression) was found to be induced by a chronic HFHF
diet in WT mice (Figure 1E), consistent with a prior
report.60 MCP-1 is one of the important chemokines for
monocytes attraction that is inducible by TNF-a. A chronic
HFHF diet indeed dramatically induced MCP-1 expression
in the lung tissue of WT mice (Figure 1F). In addition,
increased expression of the oxidative stress maker 4-
hydroxynonenal was observed in the lungs of WT mice
fed an HFHF diet (Supplemental Figure S1). These findings
suggest that lung inflammation and subsequent fibrosis
occur in WT mice with chronic HFHF diet-induced obesity.

Although a few prior reports have linked acute lung
injury with a high-fat diet,10,22 our understanding of the
underlying mechanism remains obscure. This study high-
lights a critical role of DOCK2 in mediating lung inflam-
mation/injury associated with chronic HFHF dietecaused
The American Journal of Pathology - ajp.amjpathol.org
obesity. DOCK2 was dramatically induced in the lungs of
WT mice fed a chronic HFHF diet, which largely co-
localized with that of the fibroblast marker FSP1
(Figure 2). This finding suggests that DOCK2 can mediate a
proinflammatory phenotype in LFs, contributing to lung
inflammation and fibrosis associated with a chronic HFHF
diet. Importantly, the data showed that DOCK2�/� inhibited
the expression of CD68 and MCP-1 in the lung tissues of
mice fed a chronic HFHF diet. This finding indicates that
DOCK2 may regulate MCP-1 to induce macrophage infil-
tration in the lungs of these mice (Figure 3, BeF). In
addition, DOCK2 deficiency attenuated lung inflammatory
infiltration over a 10-week period of the HFHF diet
(Supplemental Figure S4).

To our knowledge, this study is the first to report the
critical role of DOCK2 in regulating lung inflammation
induced by a chronic HFHF diet. Whether a chronic HFHF
diet impairs lung function and the extent to which DOCK2
plays a role in mediating such effects require further
investigation. DOCK2�/� suppresses obesity induced by a
high-fat diet in WT C57BL/6 mice.13 In the current study,
DOCK2�/� mice fed a high-fat diet exhibited increased
mRNA and protein expression of metabolic genes related to
b-oxidation, lipolysis, and thermogenesis (eg, PPAR-a,
HSL, PGC1a) in adipose tissues with greater energy
233
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Figure 6 Dedicator of cytokinesis 2 (DOCK2) knockdown blocks the proinflammatory phenotype of human lung fibroblasts (HLFs) treated with
tumor necrosis factor-a (TNF-a). A: Primary HLFs were infected with adenovirus scramble (Ad-shCtrl) or DOCK2 shRNA (Ad-shDOCK2) and treated with TNF-a
(10 ng/mL) for 24 hours to detect DOCK2, monocyte chemoattractant protein-1 (MCP-1), IL-6, matrix metalloproteinase 2 (MMP2), and a-tubulin expression
by Western blotting. B: Quantification of protein expression shown in A. C: Primary HLFs were transfected with control siRNA (siCtrl) or DOCK siRNA (siDOCK2)
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expenditure. Compared with WT mice fed a high-fat diet,
DOCK2�/� mice fed a high-fat diet exhibited significantly
increased brown adipose tissue content and brown adipose
tissue marker gene expression (PGC1a, UCP1, and
PRDM16), which are closely related to energy expenditure.
Similarly, DOCK2�/� mice fed HFHF exhibited signifi-
cantly lower body weight gain compared with WT coun-
terparts (Figure 3A); this occurs likely due to the increased
energy expenditure in adipose tissue as previously
reported.13

Lung fibroblasts play a critical role in secretion of MCP-
1, TNF-a, IL-1, and IL-6 in the process of lung inflamma-
tion/injury.23e25 However, little is known about the role of
LFs in the pulmonary inflammation/injury associated with
chronic HFHF dietecaused obesity. Increased DOCK2
expression was observed in the lungs of WT mice, partic-
ularly in the LFs of mice fed a chronic HFHF diet
(Figure 2). Primary HLFs were therefore used to delineate
the mechanism by which DOCK2 contributes to this
response. A high-fat diet is known to induce adipose tissue
inflammation, releasing TNF-a, IL-6, and other critical cy-
tokines responsible for the systemic proinflammatory
state.13,16 In addition, TNF-a has been shown to mediate
lung injury associated with a high-fat diet.61,62 TNF-a was
therefore used to treat primary HLFs to explore the regu-
lation of the proinflammatory phenotype of LFs. The data
showed that TNF-a induced DOCK2 expression in a dose-
234
and time-dependent manner in primary HLFs (Figures 4 and
5). DOCK2 was also found to be induced by IL-1b dose
dependently in primary HLFs (Supplemental Figure S6).
Furthermore, TNF-a and IL-1b increased DOCK2 expres-
sion along with the induction of MCP-1, IL-6, and MMP2 in
primary HLFs (Figures 4 and 5 and Supplemental
Figure S6). Therefore, DOCK2 expression can be induced
by TNF-a and IL-1b in HLFs.
Oxidized low-density lipoprotein is known to contribute

to high-fat dieteinduced lung injury and thus was used to
treat HLFs. The data show that oxidized low-density lipo-
protein also induces DOCK2 expression along with that of
MCP-1, IL-6, and MMP2 in HLFs (Supplemental
Figure S7). Importantly, DOCK2 knockdown by adeno-
virus shRNA or siRNA blocked TNF-aeinduced MCP-1,
IL-6, and MMP2 expression in primary HLFs (Figure 6).
These data suggest that DOCK2 is required for the proin-
flammatory phenotypic change in LFs, which is an impor-
tant process for lung injury. DOCK2 deficiency was
previously reported to attenuate adipose tissue and systemic
inflammation,13 which may contribute to lung injury indi-
rectly. Therefore, DOCK may contribute to lung injury
through direct effects on LF phenotypic regulation and
indirectly through influencing body weight gain induced by
HFHF diet.
Tissue fibrosis is a pathologic condition linked with

chronic inflammatory diseases.63,64 For the first time, we
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Dedicator of cytokinesis 2 (DOCK2) attenuates tumor necrosis
factor-a (TNF-a)einduced lung fibroblast proinflammatory phenotypic
changes through phosphatidylinositol 3-kinase/AKT and NF-kB pathways. A
and B: Primary human lung fibroblasts (HLFs) were pretreated with
LY294002 (1 mg/mL) (A) or pyrrolidine dithiocarbamate (PDTC) (1 mg/mL)
(B) for 30 minutes, followed by TNF-a treatment to detect monocyte
chemoattractant protein-1 (MCP-1) and a-tubulin expression. C and D:
Quantification of protein expression shown in A (C) and B (D). E: Primary
HLFs were infected with adenovirus scramble (Ad-shCtrl) or DOCK2 shRNA
(Ad-shDOCK2) and treated with TNF-a for various times to detect phosphor
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(GAPDH) was used as a loading control. n Z 3. *P < 0.05 versus vehicle-
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DOCK2 in Lung Injury Induced by HFHF
found that DOCK2 is induced by an HFHF diet and
DOCK2�/� significantly attenuates HFHF diet-induced lung
fibrosis, as shown by collagen deposition (Figure 1, C and
D, Figure 3, C and D, and Supplemental Figure S3). These
findings implicate DOCK2 in both lung injury and subse-
quent parenchymal lung fibrosis caused by a chronic HFHF
diet. The role of DOCK2 in mediating lung fibrosis is an
interesting direction that is under active investigation in our
group.

TNF-a induced DOCK2 expression at the mRNA level,
which can be blocked by a transcriptional inhibitor, acti-
nomycin D, in primary HLFs (Figure 7 and Supplemental
Figure S8). Thus, DOCK2 was induced by TNF-a at the
transcriptional level in primary HLFs. To decipher the
mechanism by which DOCK2 is induced in TNF-aetreated
LFs, the involvement of two of the most affected inflam-
matory signaling pathways downstream of TNF-a was
tested (ie, the PI3K/AKT and NF-kB pathways). The results
show that blockage of these two pathways with specific
inhibitors abolished the effects of TNF-aeinduced MCP-1
expression in primary HLFs (Figure 8, AeD). Further-
more, DOCK2 knockdown attenuated the phosphorylation
of PI3K/AKT and NF-kB p65 in primary HLFs (Figure 8E),
suggesting that DOCK2 mediates the TNF-aeinduced
proinflammatory phenotypic change in LFs with the
participation of PI3K/AKT and NF-kB pathways.
The American Journal of Pathology - ajp.amjpathol.org
A recent paper reported that DOCK2 mediates
endotoxemia-induced acute lung injury through promoting
macrophage activation.65 In addition to regulating a proin-
flammatory phenotype of LFs, DOCK2 may affect the
activation and function of macrophages to contribute to lung
inflammation/injury in chronic HFHF dietecaused obesity.
Comprehensive examination of that possibility is beyond
the scope of the current study. However, this study is the
first to show that lung inflammation/injury associated with a
chronic HFHF diet involves induction of DOCK2 and
that DOCK2�/� mice were significantly protected from
HFHF-induced organizing lung injury. A previous study
reported that a high-fat diet induced progressive adipose
tissue expansion into the diaphragm and impaired its
contractility over a 6-month duration.10 It remains an
interesting and open question whether DOCK2 is involved
in HFHF-associated adverse effects on the skeletal muscles.
In addition to HFHF, other methods, mainly involving
235
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genetic manipulation, can induce obesity in mice. Whether
DOCK2 is implicated in lung injury associated with those
methods inducing obesity is an interesting field of study that
warrants further investigation.

Taken together, the findings from this study show a novel
mechanistic role for DOCK2 in modulating proin-
flammatory phenotype of LFs, which may contribute to
pulmonary inflammation/injury development in chronic
HFHF dietecaused obesity. Attenuation of fibrotic repair
was also found. These pivotal roles of DOCK2 raise the
possibility that targeting of DOCK2 may improve lung
injury associated with chronic HFHF dietecaused obesity.
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