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Microvascular injury and increased vascular leakage are prominent
features of radiation-induced lung injury (RILI), and often follow
cancer-associated thoracic irradiation. Our previous studies demon-
strated that polymorphismsin the gene (MIF) encoding macrophage
migratory inhibition factor (MIF), a multifunctional pleiotropic cyto-
kine, confer susceptibility to acute inflammatory lung injury and in-
creased vascular permeability, particularly in senescent mice. In this
study, we exposed wild-type and genetically engineered mif ~/~ mice
to 20 Gy single-fraction thoracic radiation to investigate the age-
related role of MIF in murine RILI (mice were aged 8 wk, 8 mo, or 16
mo). Relative to 8-week-old mice, decreased MIF was observed in
bronchoalveolar lavage fluid and lung tissue of 8- to 16-month-old
wild-type mice. In addition, radiated 8- to 16-month-old mif ~/~ mice
exhibited significantly decreased bronchoalveolar lavage fluid total
antioxidant concentrations with progressive age-related decreases
in the nuclear expression of NF-E2-related factor-2 (Nrf2), a transcrip-
tion factor involved in antioxidant gene up-regulation in response to
reactive oxygen species. This was accompanied by decreases in both
protein concentrations (NQO1, GCLC, and heme oxygenase-1) and
mRNA concentrations (Gpx1, Prdx1, and Txn1) of Nrf2-influenced
antioxidant gene targets. In addition, MIF-silenced (short, interfering
RNA) human lung endothelial cells failed to express Nrf2 after oxida-
tive (H,0,) challenge, an effect reversed by recombinant MIF admin-
istration. However, treatment with an antioxidant (glutathione re-
duced ester), but not an Nrf2 substrate (N-acetyl cysteine), protected
aged mif ~/~ mice from RILI. These findings implicate an important role
for MIF in radiation-induced changes in lung-cell antioxidant concentra-
tions via Nrf2, and suggest that MIF may contribute to age-related sus-
ceptibility to thoracic radiation.
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Radiation-induced lung injury (RILI) is a dose-dependent ad-
verse consequence of the total body or partial irradiation that
is routinely used to treat a variety of malignancies (1). Although
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RILI develops in 20-30% of patients undergoing radiotherapy
for thoracic-associated malignancies (1), factors influencing
the likelihood of a patient to develop RILI remain largely
unknown. The role of genetic susceptibility factors and single-
nucleotide polymorphisms associated with the development of
RILI is well documented (2, 3). However, few reliable predictor
markers are available, as based on clinical and dosimetric
parameters for the development of RILI (2, 3). Improved bio-
markers and therapeutic targets are needed to tailor personalized
therapeutic strategies successfully that decrease the morbidity
and mortality associated with RILI. One potential target in-
volves the gene encoding the macrophage migration inhibition
factor (MIF), a protein we previously showed to be associated
with susceptibility to acute inflammatory lung injury and in-
creased vascular permeability (4). We previously identified poly-
morphisms in the MIF gene linked to acute lung injury and
sepsis (5), and others have reported the association of MIF
with a variety of other lung diseases, including sarcoidosis
(6), asthma (7), and pulmonary fibrosis (8).

MIF is a multifunction pleiotropic cytokine with a variety of
biological functions, including the regulation of cytokine secre-
tion, the counterregulation of glucocorticoids in inflammation,
the inhibition of oxidative stress—induced cell death, the migra-
tion and proliferation of fibroblasts in wound-healing and repair
(9), and the activation of both the mitogen-activated protein
kinase pathway and the Jun-activation domain-binding pro-
tein—-1 (Jab-1) pathway (10-12). However, the ubiquitous ex-
pression of MIF implies that it has biological functions
independent of those related to immune responses. Intracellular
MIF concentrations are elevated in oxidative stress, which in
turn modulates cellular glutathione reduced ester (GSH; an
antioxidant) concentrations by altering the cellular GSH/GSSG
balance. In this regard, MIF has been documented to protect
cells from oxidative stress—induced cell death (13-15). Likewise,
genetic variation in the expression of MIF, which is encoded in
a functionally polymorphic locus (16, 17), is associated with
variable responsiveness of the human heart to ischemia (18, 19).

Oxidative stress is a major factor in the initiation and perpetua-
tion of RILI (20-22). Our previous expression-profiling data from
radiated mouse lungs demonstrated significant deregulation of the
redox-sensitive transcription factor NF-E2-related factor—2 (Nrf2)
in RILI (23), a key protein in orchestrating cellular antioxidant
defenses and maintaining redox homeostasis. Nrf2 is activated by
the disruption of basal ubiquitin-dependent Nrf2 degradation by
the 26S proteasome, leading to nuclear Nrf2 accumulation and gene
induction (24). Activators of the Nrf2 pathway restore redox ho-
meostasis by increasing the antioxidant response element (ARE)/
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electrophilic response element-mediated expression of Phase II
antioxidant enzymes. Age-related susceptibility to disease may be
attributed to stress-induced vascular reactive oxygen species (ROS)
production and impaired antioxidant function. Aged animals not
only demonstrate significantly elevated vascular ROS production in
response to stress compared with younger animals, but also exhibit
decreased Nrf2 concentrations (25-27). We have observed that
MIF-deficient aged mice are more susceptible to ventilator-
induced lung injury, a form of oxidative stress—induced injury, con-
sistent with a role for MIF in oxidant/antioxidant lung homeostasis
(unpublished data). Moreover, reduced endogenous MIF expres-
sion is evident in the hearts of aged mice, contributing to increased
susceptibility to ischemic injury (28). In addition to its cytokine
function, MIF regulates the antioxidant system in animals by bind-
ing and activating transcription factors such as Nrf2 and AP-1 (29).

In this study, we hypothesized that MIF plays a key role in reg-
ulating RILI by modulating antioxidant defenses in the lungs of
senescent mice. We speculated that age-related alterations in
MIF expression contribute to impaired Nrf2-mediated antioxidant
function and increased RILI susceptibility. To test our hypothesis,
we used a previously characterized murine model of RILI (23),
and assessed injury severity and MIF expression levels in lung
tissues and in bronchoalveolar lavage (BAL) fluid obtained from
wild-type (WT) mice of variable ages. To assess the involvement
of MIF-regulated, Nrf2-driven antioxidant genes in the develop-
ment of RILI in aged mif '~ mice, we measured antioxidant
concentrations in BAL fluid as well as the expression levels of
antioxidant proteins and genes from lung homogenates. Nrf2
protein expression was evaluated in the nuclear extract isolated
from radiated lung homogenates of WT and mif '~ mice of
increasing age. In addition, we silenced MIF in human pulmonary
arterial endothelial cells (ECs) challenged with H,O, to induce
oxidative stress, and then evaluated Nrf2 expression levels
relative to MIF expression levels. In separate experiments, MIF-
silenced cells subjected to oxidative stress injury were subsequently
treated with recombinant MIF (rMIF), and Nrf2 expression
levels were assessed. Finally, we treated aged mif '~ mice
with the antioxidants GSH and N-acetyl cysteine (NAC) be-
fore RILI challenge, and evaluated lung injuries. Our findings
implicate an important role for MIF in radiation-induced changes
in lung cell antioxidant concentrations, and suggest that MIF may
contribute to age-related susceptibility to the untoward effects of
thoracic radiation.

MATERIALS AND METHODS

Animals and Reagents

All experiments and animal care procedures were approved by the An-
imal Care and Use Committee of the University of Illinois at Chicago.
Female C57BL/6 (20-25 g) mice, aged 8-10 weeks, were purchased
from Jackson Laboratory (Bar Harbor, ME), and mif ~'~ mice in the
pure C57BL/6 background (30) were inbred according to approved
University protocols.

Model of RILI and Antioxidant Administration

Female mif ~'~ mice, aged 8 weeks, 8 months, and 16 months, as well as
age-typed and type-matched control mice (C57BL/6), were subjected
to thoracic radiation (20 Gy), as described previously (23). A separate
group of mif '~ and WT aged mice (16 mo old) were treated with 100
mg/kg NAC or 15 nM/kg GSH, both purchased from Sigma-Aldrich
(St. Louis, MO), via intraperitoneal injection three times a week, be-
ginning 1 hour after irradiation and continuing for 4 weeks after irra-
diation. Mice were then killed, and lung vascular leakage and
inflammation were assessed via BAL fluid protein concentrations and
cell counts at 4 to 6 weeks, as previously described (31). Lungs were
harvested and stored at —80°C for protein and mRNA analysis.

Lung Histology

To characterize histological alterations, lungs from each experimental
group were inflated to 30 cm H,O with 10% formalin for histological
evaluation by hematoxylin-and-eosin staining.

Total Antioxidant Status

The total antioxidant capacity in freshly collected BAL fluid was per-
formed using a commercial kit (Cayman’s Antioxidant Assay Kit; Cay-
man Chemicals, Ann Arbor, MI), using the protocol supplied by the
manufacturer.

MIF Quantification in BAL and Plasma

The concentration of MIF in BAL fluid was measured by an ELISA
(MIF ELISA Kit; Wuhan EIAab Science Co., Ltd., China), following
the instructions from the manufacturer.

Western Blotting of MIF, Nrf2, and Antioxidant Proteins
in Lung Homogenate

Lung tissue was homogenized using a tissue homogenizer (Tissue Rup-
tor; Qiagen, Valencia, CA) with RIPA buffer (Cell Signaling Technol-
ogy, Inc., MA) containing protease and phosphatase inhibitors.
Lysates were used for Western blotting, performed according to stan-
dard protocols.

Nuclear Extraction and Nrf2 Expression in Lung

Nuclei were isolated from lung cells using a Nuclear Extraction Kit
(Pierce, Rockford, IL), following the manufacturer’s instructions.
Nrf2 expression was then analyzed using a Western blotting technique.

Assessment of Gene Expression by Real-Time RT-PCR

Total RNA was extracted from frozen lungs with a combined protocol
using TRIzol reagent (Invitrogen, Carlsbad, CA) and an RNeasy kit
(Qiagen), and RT-PCR analysis was performed as we have previously
described (32). Detailed methods of the RT-PCR analysis are included
in the online supplement.

MIF Small, Interfering RNA Transfection and Induction
of ROS in ECs

Human pulmonary-artery ECs were grown as previously described (33).
Cells were transfected with MIF small, interfering RNA (siRNA), and
silencing efficacy was assessed by Western blotting with subsequent
experimentation 72 hours after siRNA transfection. For ROS genera-
tion, cells were treated with HO, (500 nM) for 2 hours. Total protein
was extracted, and Western blotting was performed according to pre-
viously described protocols (34). Our protocol is detailed in the online
supplement.

rMIF-Induced Nrf2 Salvage in MIF-Silenced ECs

MIF siRNA-transfected human pulmonary artery ECs were supple-
mented with 100 ng/ml rMIF, 72 hours after transfection. For ROS
generation, ECs were treated with H,O,, 24 hours after rMIF supple-
mentation, as described previously. Total protein was extracted, and
Western blotting was performed according to previously described
protocols (34).

Statistical Analysis

Two-way ANOVA was used to compare the means of data from two or
more experimental groups. If significant differences were present pre-
viously ANOVA (P < 0.05), a least significant differences test was
performed post hoc. Subsequently, differences between groups were
considered statistically significant when P values were less than 0.05.
Results are expressed as means = SEs.
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Figure 1. Migration inhibition factor knockout (mif ~/~) mice demonstrate
(RILI). mif ~'~ and wild-type (WT) control (Ctrl) mice, aged 8 weeks, 8 months, and 16 months, received single-dose 20 Gy radiation to the thorax, and
bronchoalveolar lavage (BAL) fluid was collected 6 weeks afterward. Compared with control mice, RiLI-challenged 8-week-old WT and mif ~/~ mice
exhibited a significant increase in BAL protein and total cell counts. However, no difference was evident between irradiated (IR) WT and mif =/~ mice (A
and B). Notably, 8-month-old and 16-month-old mif ~/~ mice demonstrated significant increases in BAL fluid protein and cell counts, compared with
irradiated WT mice (C-G, n = 8/group). *P < 0.05, compared with respective uninjured control mice. P < 0.05, compared with respective irradiated
control mice. Notably, macrophages represented the dominant cell type (> 75%) in both groups of aged (16-mo-old) mice, although a significant
increase was evident in the percentage of BAL neutrophils (15-20%), and lymphocytes (Lympho) (10%) in aged mif ~/~ mice after radiation, compared
with irradiated, aged WT animals. (H) Weight change during the period of 6 weeks after radiation. Weight gain in both control, nonirradiated groups
were comparable, whereas aged mif '~ mice exhibited significant weight loss after radiation, compared with aged WT mice. W, weeks.
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Figure 2. Histological evaluation of irradiated lung tissue
from 16-month-old WT and mif =/~ mice. Radiation sig-
nificantly induced increased inflammatory cell influx in

MIF-/-, Ctrl

RESULTS

mif ~/~ Mice Demonstrate Age-Dependent Increases
in RILI Susceptibility

Using a well-characterized preclinical model of RILI (22), female
C57BL/6 (WT) and mif '~ mice of three different age groups
(8 wk of age, young adults; 8 and 16 mo of age, aged adults) were
exposed to a single dose of whole thoracic radiation (20 Gy) to
assess age-dependent RILI susceptibility in terms of BAL fluid
protein (vascular leakage) and inflammatory cell influx (inflam-
mation). Radiation induced significant increases in the concen-
trations of protein and total cells in the BAL fluid of WT and
mif ~'~ mice (aged 8 wk) compared with respective nonradiated
control mice. Notably, no difference was discernible in the re-
sponse to RILI between young (8-wk-old) WT and young (8-wk-
old) mif '~ mice when assessed 6 weeks after radiation (Figures
1A-1D). However, aged (16-mo-old) WT mice did exhibit signif-
icant changes in injury levels compared with young (8-wk-old)
WT mice after radiation, with significant increase in BAL cell
count, implicating age as a potential contributing factor in RILI
susceptibility. In contrast, aged (8 and 16 mo of age) mif ~'~ mice
demonstrated significant RILI susceptibility, proportional to age,
characterized by increased lung vascular leakage, inflammation, and
percent body weight loss, compared with age-matched, irradiated
WT mice (Figures 1E-1H). Moreover, BAL fluid from irradiated
aged mif '~ mice demonstrated increased neutrophils compared
with age-matched, radiated WT mice (Figure 1G). These observa-
tions were confirmed by a histologic evaluation of lung sections,
which demonstrated significant age-dependent increases in in-
jury with a marked inflammatory cell influx in radiated
mif ~'~ mice 6 weeks after radiation, compared with age-matched
WT radiated control mice (Figure 2).

Reductions in MIF Expression Contribute to Age-Related
RILI Susceptibility

These data indicate RILI susceptibility in mif '~ mice, suggestive
of a protective regulatory role of MIF in response to ionizing
radiation. To link MIF expression with age-dependent susceptibil-
ity, we next determined whether MIF expression is down-regulated
in senescent mice by examining the expression levels of MIF in
8-week-old and 16-month-old mouse lungs. Western blot analysis
of MIF protein expression in the lungs of nonradiated WT mice

hematoxylin-stained lungs from aged mif ~/~ mice, com-
pared with their irradiated age-matched WT control mice,
6 weeks after radiation.

revealed markedly decreased concentrations of protein in 16-
month-old compared with 8-week-old mice (Figure 3A), support-
ing our hypothesis that an age-associated reduction in MIF
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Figure 3. MIF deficiency in senescence contributes to age-related RILI
susceptibility. (A) Representative Western blotting and densitometry
graph from lung homogenates of RILI-challenged mice (20 Gy) dem-
onstrates decreased MIF expression in aged WT mice under control
conditions. Densitometry analysis of the Western blotting confirmed
decreased MIF expression in aged lungs. (B) Age-dependent decrease
in MIF concentrations in BAL fluid of WT 8-month-old and 16-month-
old mice, compared with 8-week-old mice (n = 5/group). *P < 0.05,
compared with control mice. *P < 0.05, compared with 8-wk-old
mif '~ mice. mos, months; wks, weeks.
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Figure 4. Age-dependent alterations in cellular antioxidant concentrations in WT and mif ~/~ mice. Nonradiated mif '~ mice demonstrated an age-
dependent decrease of antioxidant concentrations in BAL fluid compared with WT age-matched control mice, whereas nonradiated 16-month-old
mif =/~ mice exhibited significantly reduced antioxidant concentrations in BAL fluid compared with age-matched WT mice. Radiation resulted in
significantly reduced concentrations of antioxidants in the BAL fluid of both WT and mif ~/~ mice after 6 weeks, compared with nonradiated mice
(n=10/group). *P < 0.05, compared with 8-week-old WT uninjured control mice. *P < 0.05, compared with respective 8-week-old mif ~/~ control

mice. **P < 0.05, compared with irradiated 8-week-old WT mice.

expression is an important factor in RILI susceptibility and path-
ogenesis. However, in radiated WT mice, MIF protein expression
was significantly elevated across all age groups, consistent with the
protective role of MIF in RILI. We further quantified secreted
MIF in BAL fluid in all age groups of WT control and irradiated
mice (Figure 3B). Our data indicate an age-dependent decrease in
MIF release in mouse lungs, even under control conditions,
whereas exposure to ionizing radiation did not change MIF con-
centrations in the BAL fluid from the 16-month-old group, com-
pared with 16-month-old WT control mice.

Age-Dependent Alterations in Cellular Antioxidant Activity
Levels in Lungs of WT and mif /~ Mice

Our previous genome-wide expression profiling study of RILI-
challenged lung tissue identified the Nrf2 signaling pathway as
one of five canonical pathways significantly dysregulated in RILI
(23), with the up-regulated gene expression of both Nrf2 and
MIF, suggesting the involvement of MIF in oxidative stress—
mediated Nrf2 signaling in the pathogenesis of RILI. To vali-
date the involvement of MIF in oxidant-antioxidant function in
the pathogenesis of RILI, we next evaluated total cellular anti-
oxidant activity levels in the BAL fluid of WT and mif =/~ mice
across all age groups at 6 weeks after radiation, along with
control mice. Total antioxidant activity levels followed an age-
dependent pattern of decrease in WT and mif '~ mice. How-
ever, MIF deletion drastically decreased antioxidant activity in
all age groups, with radiation significantly down-regulating an-
tioxidant activity levels in the BAL fluid of WT and mif '~
mice in an age-dependent manner (Figure 4). Moreover, the
radiation-induced reduction in antioxidant activity in BAL fluid
was significantly attenuated in 8-month-old and 16-month-old
mif ~'~ mice, compared with their radiated WT control mice.

Nrf2 Expression Is Regulated by MIF

The transcription factor Nrf2 is activated by increased ROS con-
centrations that lead to Nrf2 translocation to the nucleus, the bind-
ing of ARESs, and the transcription of antioxidant defense enzymes.
Thus, to determine whether changes in antioxidant activity in
mif '~ aged mice are attributable to impaired Nrf2 activation

and nuclear translocation, we analyzed Nrf2 nuclear protein ex-
pression in the lung homogenates of WT and mif '~ mice at
baseline and 6 weeks after exposure to radiation. Figure 5A illus-
trates an age-related decrease in lung nuclear Nrf2 expression in
16-month-old WT mice and mif '~ mice. MIF deletion contrib-
utes to further reductions in Nrf2 after exposure to radiation.

MIF Silencing Reduces Nuclear Nrf2 Expression in Human
Pulmonary Arterial Endothelial Cells

Under conditions of oxidative stress, Nrf2 activators disrupt the
basal ubiquitin-dependent degradation of Nrf2 by the 26S protea-
some, leading to nuclear Nrf2 accumulation and the induction of
antioxidant genes. To evaluate the involvement of MIF in regulat-
ing Nrf2 translocation and accumulation in the nucleus, human lung
ECs were challenged with H,O,, which resulted in the effective
up-regulation of Nrf2 and MIF protein expression at 2 hours after
challenge, compared with unchallenged cells. In contrast, MIF-
silenced ECs (siRNA) produced a complete attenuation of
H,0,-mediated Nrf2 up-regulated expression. However, Nrf2 ex-
pression levels were partly restored when rMIF was added to MIF-
silenced ECs before challenge with H,O, (Figures 5B and 5C).

Antioxidants Protect Aged mif /~ Mice from RILI

To confirm the role of MIF in the pathogenesis of RILI via Nrf2-
mediated antioxidant regulation, we treated aged (16-mo-old)
mif ~'~ and WT mice with the antioxidants GSH or NAC. Both
NAC and GSH protected WT mice from RILI, as evidenced by
decreased BAL fluid protein concentrations and total cell counts
compared with RILI-challenged control mice. Interestingly, GSH
supplementation also attenuated RILI in aged mif ~'~ mice, but
NAC, a precursor of GSH and an Nrf2 substrate, was not pro-
tective in these animals (Figures 6A-6C).

MIF Regulated Nrf2-Dependent Antioxidant Genes
and Proteins in Aged Mouse Lungs

To determine whether age-related and MIF-regulated Nrf2 dysreg-
ulation impairs the ability of lungs to mount an effective antioxi-
dant response to oxidative stress, aged (16-mo-old) WT as well as
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mif '~ mice were analyzed for the expression of Nrf2-induced
antioxidant proteins, such as NQO1, HO-1, and GCLC (Figures
7A and 7B). Aged mif ~'~ mice lungs displayed significantly re-
duced antioxidant protein expression at baseline, compared with
respective age-matched WT mouse lungs, confirming the interac-
tion between MIF and the Nrf2 antioxidant system. Similarly,
quantitative real-time RT-PCR was used to analyze the mRNA
expression of additional known Nrf2 targets in aged mouse lungs,
and revealed a significantly increased lung gene expression of
Gpxnl, Prdx1, and Trxnl (Figures 7C-7E) in irradiated WT mice
compared with WT control mice. In contrast, aged mif ~'~ mice
demonstrated a decreased mRNA expression of these genes, con-
firming the dysregulation of antioxidant defense genes in mice
expressing MIF.

DISCUSSION

RILI is a dose-limiting and potentially fatal toxicity of thoracic
radiotherapy. Although research efforts have identified several

siMIF + rMIF

plausible mechanisms responsible for the pathogenesis of RILI,
few viable therapeutic options exist, and none have proven to be
consistently effective. Aging is one of the major factors associ-
ated with RILI susceptibility, and an elucidation of the mecha-
nisms associated with the age-related deterioration of protective
responses to RILI may serve as potential preventive and thera-
peutic options. In the present study, we demonstrated for the first
time that MIF, a cytokine which we previously identified as im-
portant in acute inflammatory lung injury (4), is markedly re-
duced in aged mouse lungs, and that the differential expression
of MIF in lung tissue modulates RILI via Nrf2 activation and
regulation of the antioxidant pathway.

Our data support the conclusion that in aged, wild-type mice,
MIF expression is significantly reduced as measured in lung tis-
sue, BAL fluid, and plasma. This decreased MIF expression in
aged mice lungs is associated with dysregulated Nrf2 expression
and the resultant antioxidant activities and production, as con-
firmed in mif ~'~ mice. However, we presume that radiation-
induced cellular oxidative stress up-regulates MIF expression in
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Figure 6. Effect of antioxidant treatment
on RILI in mif =/~ mice. Irradiated (20 Gy),
aged (16-mo-old) mif '~ and WT mice
were treated with the antioxidants glutathi-
one ester (GSH, 15 nM/kg) or N-acetyl cys-
teine (NAC, 100 mg/kg), starting 1 hour
after irradiation via intraperitoneal injec-
tion, three times per week, for 4 weeks.
RILI was attenuated in mif /= mice pre-
treated with GSH, although NAC pretreat-
ment was not protective, as assessed by
BAL fluid cell counts (A) and total protein
concentrations (B), as well as inflammatory
changes evident on lung histology (G, n =
5/group). *P < 0.05, compared with re-
spective uninjured control mice. *P <
0.05, compared with respective irradiated
control mice.

lungs as a compensatory mechanism to protect lungs from RILI.
Despite the presence of significant oxidative stress from radi-
ation, mif '~ mice failed to demonstrate Nrf2 activation, validat-
ing the hypothesis that RILI susceptibility in aged mif '~ mice is
attributable in part to decreased Nrf2 activation and an associated
decrease in Nrf2-mediated gene expression. Moreover, the treat-
ment of aged mif '~ mice with NAC, an antioxidant and a sub-
strate for Nrf2, did not affect RILI susceptibility, whereas
treatment with GSH, another antioxidant, was protective against
RILI. These data strongly implicate a key role for MIF in age-
related susceptibility to RILI.

MIF is a multifunction pleiotropic cytokine with variety of bio-
logical functions, and is a contributor to the symptoms of sepsis-
induced acute lung injury, inflammatory bowel disease, asthma,
fibrosis, and other diseases (35). MIF inhibition offers a potential
therapeutic strategy in treating inflammatory disease. However, in
our experiments, MIF deletion not only failed to protect mice from
RILI, but dramatically exacerbated injury while pointing to altered
MIF function unique to oxidative stress management in senes-
cence. Because disease severity involves a complex interplay be-
tween environmental and genetic factors, the polymorphisms in
MIF that regulate MIF expression may be relevant to the suscep-
tibility of specific populations, including the elderly, in ROS-
intensive disorders such as RILI and ischemic heart injury (18).

Epithelial and endothelial injury and barrier dysfunction may
be precipitated by increased levels of the oxidative and nitrosative
stress induced by direct ionizing radiation (36, 37). Nrf2 is a cel-
lular sensor of radiation-induced oxidative stress (38). Consistent

with the increased ROS and RNS observed in our preclinical
model, the Nrf2 pathways were prominently deregulated in
microarray analyses of lungs from RILI-challenged mice (23).
Stress-activated transcription factors, such as Nrf2, play an im-
portant role in regulating the aging process by orchestrating the
transcriptional response of cells to oxidative stress (25, 39). Pre-
vious studies suggest that the genetic depletion of Nrf2 also
affects the aging process in mice, increasing age-related cancer
morbidity and abrogating the anticancer effects of caloric restric-
tion (40). Recent studies have demonstrated that Nrf2-driven
pathways are functional in endothelial cells and confer important
antioxidative, anti-inflammatory, and antiapoptotic effects (22,
26, 41, 42)

In 8-week-old mice, activated Nrf2 translocates to the nucleus in
response to ROS, where binding to ARE occurs with the activation
of transcription of Phase II and antioxidant defense enzymes,
including NQO1 (a key plasma membrane redox component),
HO-1, and +y-glutamylcysteine synthetase (the rate-limiting en-
zyme for glutathione synthesis). Aged animals demonstrate signif-
icantly increased vascular ROS production upon stress compared
with younger animals, contributing to the majority of age-related
increases in morbidity and mortality. Although the functioning of
the antioxidant system is vital in attenuating increased vascular
oxidative stress, accumulating evidence demonstrates an age-
related decline in cellular glutathione (GSH) concentrations, at-
tributable to diminished Nrf2 activation (43) and an impaired
(Nrf2)—driven antioxidant defense mechanism (25-27). Con-
versely, endogenous MIF expression is reduced in aged hearts,
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Figure 7. Validation of MIF influence on Nrf2-regulated antioxidant gene expression. (A and B) Western blots and densitometric analyses are shown
of Nrf2-mediated antioxidant protein (NQO1, HO-1, and GCLC) expression levels in lungs of aged (16-mo-old) WT mice and mif '~ mice
(representative blots, n = 3/group). *P < 0.05, compared with WT control mice. (C-E) Quantitative real time RT-PCR was used to measure mRNA
expression of Gpxn1, Prdx1, and Txn1 in aged (16-mo-old) WT and mif /= mice at baseline and after irradiation (n = 3/group). *P < 0.05,
compared with respective uninjured control mice. *P < 0.05, mif /= compared with WT mice.

and this cardiac MIF down-regulation results in an impairment of mif ~'~ mice compared with their WT control mice. Our findings

ischemic AMPK activation, leading to intolerance of the aged suggest that aging is associated with a down-regulation of MIF
heart to ischemic injury (28). Our Western blotting analysis of expression and vascular Nrf2 expression at the protein level, con-
nuclear extracts from the lungs of aged mice supports the trans- tributing to the decline in antioxidant concentrations detected in

location of impaired Nrf2 to the nucleus, especially in aged BAL fluid from aged mice. Previous studies indicate that age-
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related oxidative stress promotes vascular inflammation in aged
animals by activating the redox-sensitive transcription factor NF-
kB (44). Our present study provides evidence that the loss of MIF
during aging impairs the ability to mount an effective Nrf2-
dependent antioxidant defense in response to lung oxidative
stress in vivo. As a result, radiation significantly induces more
oxidative stress in the lungs of aged mif '~ mice than in those
of WT or 8-week-old knockout mice. MIF treatment rescued
cardiomyocytes from nitric oxide—induced cell death while inducing
ARE-regulated glutathione S-transferase Ya subunit and HO-1
gene expression in vitro (45), suggesting that MIF, apart from
other pleotropic functions, acts as a regulator of the Nrf2-
mediated antioxidant system. Consistent with this notion, the
screening of cardioprotective drugs revealed that BTZO-1, an
activator of the ARE, bound selectively to MIF, and that a re-
duction in cellular MIF concentrations suppressed the BITZO-
1-mediated antioxidant protection of cardiomyocytes (46).

Our data suggest that the MIF regulation of Nrf2 occurs via
direct binding to Nrf2 or via a binding partner, which together
would activate Nrf2-mediated antioxidant responses under condi-
tions of oxidative stress (45). MIF interacts with the JAB1/CSNS5
signalosome and regulates cellular activities (29), and CSNS5 in
turn has been implicated in the functions of MIF (29). CSNS is
required for the down-regulation of genes regulated by Nrf2, in
which context it is associated with the neddylation of Cul3,
which is essential for the Cul3/Keapl-mediated degradation of
Nrf2. CSNS5 functions to maintain the stability of Cul3/Keapl,
which serves as an E3 complex to degrade NRF2 (47, 48). Con-
sistent with this, CSN5-deficient mice demonstrate an increased
expression of antioxidant genes (HO-1) and lower mortality.
Moreover, MIF also binds to JAB1/CSNS intracellularly, impli-
cating this as a potential mechanism of Nrf2 activation via the
inhibition of CSNS.

In conclusion, our data implicate reduced macrophage migra-
tory inhibition factor gene (MIF) and protein expression in con-
ferring the susceptibility of aging mice to radiation lung injury.
The mechanism of the involvement of this multifunctional pleio-
tropic cytokine and oxidoreductase appears to involve the dys-
regulation of Nrf2 and antioxidant activities and concentrations.
These findings suggest that reduced MIF may contribute to age-
related susceptibility to inflammatory disorders, and may offer a
potential therapeutic strategy to reduce the untoward effects of
thoracic radiation.

Author disclosures are available with the text of this article at www.atsjournals.org.
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