Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2021, Vol. 76, No. 5, 770-777

T(H;E| E RO NTO LOG | CA L doi:10.1093/gerona/glaa248

Advance Access publication September 30, 2020
SOCIETY OF AMERICA®

X,

Original Article

Aging Influences the Metabolic and Inflammatory
Phenotype in an Experimental Mouse Model of Acute
Lung Injury

Kevin W. Gibbs, MD,"?* Chia-Chi Chuang Key, PhD,®* Lanazha Belfield,* Jennifer Krall,
MD," Lina Purcell,” Chun Liu," and D. Clark Files, MD'**

'Department of Internal Medicine, Pulmonary, Critical Care, Allergy and Immunologic Diseases, Wake Forest School of Medicine,
Winston-Salem, North Carolina. 2Wake Forest Critical Iliness, Injury, and Recovery Research Center, Wake Forest School of Medicine,
Winston-Salem, North Carolina. *Department of Internal Medicine, Molecular Medicine, Wake Forest School of Medicine Winston-
Salem, North Carolina.

*Address correspondence to: D. Clark Files, MD, Wake Forest School of Medicine, Medical Center Boulevard, Winston Salem, NC 27157. E-mail:
clark.files@wakehealth.edu

Received: April 29, 2020; Editorial Decision Date: September 21, 2020
Decision Editor: Rozalyn M. Anderson, PhD, FGSA

Abstract

Increased age is a risk factor for poor outcomes from respiratory failure and acute respiratory distress syndrome (ARDS). In this study, we
sought to define age-related differences in lung inflammation, muscle injury, and metabolism after intratracheal lipopolysaccharide (IT-LPS)
acute lung injury (ALI) in adult (6 months) and aged (18-20 months) male C57BL/6 mice. We also investigated age-related changes in muscle
fatty acid oxidation (FAO) and the consequences of systemic FAO inhibition with the drug etomoxir. Aged mice had a distinct lung injury
course characterized by prolonged alveolar neutrophilia and lack of response to therapeutic exercise. To assess the metabolic consequences
of ALI, aged and adult mice underwent whole body metabolic phenotyping before and after IT-LPS. Aged mice had prolonged anorexia and
decreased respiratory exchange ratio, indicating increased reliance on FAO. Etomoxir increased mortality in aged but not adult ALI mice,
confirming the importance of FAO on survival from acute severe stress and suggesting that adult mice have increased resilience to FAO
inhibition. Skeletal muscles from aged ALI mice had increased transcription of key fatty acid metabolizing enzymes, CPT-1b, LCAD, MCAD,
FATP1 and UCP3. Additionally, aged mice had increased protein levels of CPT-1b at baseline and after lung injury. Surprisingly, CPT-1b in
isolated skeletal muscle mitochondria had decreased activity in aged mice compared to adults. The distinct phenotype of aged ALI mice has
similar characteristics to the adverse age-related outcomes of ARDS. This model may be useful to examine and augment immunologic and
metabolic abnormalities unique to the critically ill aged population.
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Acute respiratory distress syndrome (ARDS) is a devastating inflam-
matory lung disease characterized by bilateral pulmonary infiltrates,
profound hypoxia, and respiratory failure (1). Direct pulmonary in-
jury and indirect systemic insults such as sepsis can lead to ARDS.
Consequently, this syndrome affects at least 200 000 individuals in
the United States annually and is both a major cause of intensive
care unit (ICU) admission and also a frequent complication of crit-
ical illness (2).

Older patients are particularly vulnerable to develop and die from
ARDS. Patients older than 65 years of age have a 3-fold increase in
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ARDS incidence, increased mortality, prolonged mechanical ventila-
tion, and increased organ failures compared to younger individuals
(2-6). The importance of systemic complications in older individ-
uals is further highlighted by long-term outcome data. Studies of
ARDS survivors have demonstrated that older age is associated with
longer lasting functional impairment after critical illness compared
to younger cohorts (7-9).

Despite the clear clinical importance of aging in ARDS, older
patients are frequently excluded from clinical trials, limiting our
understanding of the clinical factors that mediate these differences
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in outcomes (10). Animal models of lung injury are one method
to further understand age-related disease mechanisms (11,12).
Others have demonstrated in rodent models that aged animals de-
velop more severe early alveolar inflammation and worsened oxi-
dative lung injury (13-15). The intratracheal lipopolysaccharide
(IT-LPS) model is a well-validated method of generating experi-
mental acute lung injury in mice (16). IT-LPS results in robust
and reproducible lung inflammation that allows for analysis of
inflammatory mediators and promoters of injury resolution (17).
Additionally, IT-LPS lung injury in mice induces muscle wasting
which reproduces key features of muscle wasting in patients with
ARDS and sepsis (18,19).

Our group has previously demonstrated that 2 days of exer-
cise following IT-LPS in young-adult (8 weeks old) mice attenu-
ates the lung injury and the skeletal muscle wasting phenotype
(18). We have also shown that aged mice (18-20 months old)
have increased mortality compared to adult mice (6 months
old) and a skeletal muscle phenotype characterized by increased
skeletal muscle lipid droplet accumulation and decreased
muscle long-chain acylcarnitine after lung injury (20). Others
have shown that skeletal muscle from critically ill patients
exhibits mitochondrial dysfunction and impaired lipid oxida-
tion (21-23). Collectively, these previously published data sug-
gest that altered muscle metabolism may underlie the muscle
wasting phenotype in age-related critical illness. Based on this
prior work, we hypothesize that age-related vulnerability to
ALI is in part mediated by inadequate skeletal muscle FAO due
to impaired carnitine palmitoyltransferase-1 (CPT-1) activity,
given that CPT-1 is the rate-limiting step in long-chain mito-
chondrial FAO. Additional objectives of our current study are
to further define the age-related differences in lung and muscle
injury in lung-injured mice with a focus on systemic and muscle
fatty acid metabolism.

Methods

Animals and Acute Lung Injury Model

The Wake Forest School of Medicine Institutional Animal Care and
Use Committee approved all procedures. Six-month (adult) and 18-
to 20-month (aged) old male wild-type C57BL/6 mice (The National
Institute of Health Aging Mouse Colony) were anesthetized with an
intraperitoneal (i.p.) injection of 150 mg/kg ketamine and 13.5 mg/
kg acetylpromazine and the trachea exposed. Escherichia coli lipo-
polysaccharide (O55:B5 1.2880, lot 111M4035V, Sigma-Aldrich)
(ALI mice) at 0.75 pg/g or an equivalent volume of sterile water
(Sham mice) was instilled intratracheally using a 20-gauge catheter
as previously described (19).

Bronchoalveolar Lavage Fluid Analysis

Bronchoalveolar lavage (BAL) was performed after euthanasia by
exposing and cannulating the trachea with a 20-gauge catheter. The
left lung was lavaged with sterile saline for a total volume return
of approximately 1 mL. The recovered fluid was then centrifuged
at 700g for 10 minutes. The cell-free supernatant was collected
and stored at -80 °C. The cell pellet was resuspended in saline and
stained with trypan blue. Total BAL cell count was calculated using
a hemocytometer. BAL cell differential was determined using cyto-
centrifuge preparations (Cytospin 3; Shandon Scientific). Protein
content in the cell-free supernatant was quantified using the Lowry
colorimetric method (24).

Therapeutic Exercise

Mice were exercised in accordance with our previously published
method. Exercise was performed on a 6-lane mouse treadmill
(Columbus Instruments) at 0° incline using a graded protocol for 25
minutes duration twice daily. Speed was increased every 5 minutes
from a starting speed of 5 m/min to a maximal speed of 9 m/min.
Exercise regimens began 24 hours after IT-LPS instillation (day 1)
and continued through day 2. Animals were sacrificed on day 3, 12
hours after the final treadmill exercise (18).

Cytokine ELISA

Plasma granulocyte colony-stimulating factor (G-CSF) was quanti-
fied using a mouse Quantikine ELISA kit (R&D systems) in accord-
ance with manufacturer instructions (18). TNF-a: Plasma and BAL
supernatant were isolated from adult and aged ALI and sham mice
on day 3 or 4 after lung injury. To determine TNF-a protein levels,
a mouse TNF-o Quantikine ELISA kit (R&D systems) was used per
manufacturer instructions (25).

Metabolic Phenotyping

Indirect calorimetry was performed using a 6-chamber open circuit
Oxymax/CLAMS unit (Columbus Instruments). Mice were indi-
vidually housed and acclimatized for 12 hours in metabolic cages
before hourly metabolic parameter recording began. Baseline meas-
urements of respiratory exchange ratio (RER: the ratio of VCO,/
VO,), energy expenditure (kcal/h), oxygen consumption (VO,),
carbon dioxide production (VCO,), activity including x and z move-
ment, and food consumption (g) were recorded hourly for 56 hours
(26). The mice were then removed from the metabolic cages and re-
turned to standard rodent housing for 72 hours. IT-LPS instillation
was subsequently performed as described above. After recovery from
anesthesia, the mice were returned to the metabolic cages and accli-
matized for 12 hours. Hourly measurements of metabolic param-
eters were recorded for 148 hours before the mice were removed
from the metabolic cages and sacrificed. Data from 1 aged animal
were excluded after hour 84 post-LPS due to moribund status and
impending death. Data from 1 adult animal were excluded after
hour 121 due to development of peritonitis.

CPT-1 Inhibition

The non-specific CPT-1 inhibitor, etomoxir (Sigma-Aldrich), was dis-
solved in sterile water. About 15 pg/g body weight in 100 pL total
volume was administered to aged and adult ALI and control mice on
day 0 relative to IT-LPS (27).

Thiobarbituric Acid Reactive Substance Assay

Skeletal muscle lipid peroxidation was measured using a commer-
cial kit (Cayman Chemical) to assay malondialdehyde formation
in accordance with manufacturer instructions (28). Results were
normalized for muscle protein content.

Isolation of Mitochondria From Skeletal Muscle

Mitochondria were isolated from gastrocnemius using previously
described techniques (20). All centrifugation was carried out at 4 °C.
Briefly, the gastrocnemius was dissected and non-muscle tissue was
removed and placed in 500 pL of medium I (100 mM KCL, 5 mM
MGS0,*7H,0, S mM EDTA, 50 mM Tris-HCI, pH 7.4). The fresh
muscle was blotted and weighed then placed in 1 mL of medium II
(medium I and 1mM ATP, pH 7.4). The muscle was subsequently
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minced with scissors and homogenized using a polytron homogen-
izer (3 x 15 seconds). An additional 500 pL of medium II was added
to homogenate then centrifuged for 12,000 rpm for 15 minutes, to
extract the subsarcolemmal mitochondrial fraction (supernatant).
The subsarcolemmal mitochondrial fraction was collected and put
on ice. The pellet was resuspended in 5 mL of medium II + pro-
tease inhibitor (Sigma P5380, 0.025 mL/g) for 5§ minutes to isolate
the intramyofibrillar mitochondria by further tissue digestion. An
additional 15 mL of medium II was added and spun at 4200g for
10 minutes. The pellet was resuspended in 1 mL of medium II and
spun at 12,000 rpm for 15 minutes to extract the intramyofibrillar
(supernatant).
intramyofibrillar mitochondrial fractions were combined and spun
at 14,800 rpm for 15 minutes. The pellet (mitochondrial fraction)

mitochondria  fraction Subsarcolemmal and

was washed with 1 mL of medium II and spun at 14,800 rpm for 15
minutes. The pellet was resuspended in 1 pL of medium IIT (220 mM
sucrose, 70 mM mannitol, 10 mM Tris—=HCI, and 1 mM EDTA, pH
7.4) per milligram of gastrocnemius muscle.

CPT-1 Activity

The protein concentration of isolated muscle mitochondria was
determined by Pierce BCA Protein Assay and adjusted to be equal
between samples (29). The reaction medium was prepared imme-
diately as 117 mM Tris-HCI (pH 7.4), 0.28 mM reduced gluta-
thione, 4.4 mM ATP, 4.4 mM MgCl,, 16.7 mM KCL, 2.2 mM KCN,
40 mg/L rotenone, 0.5% BSA, 300 uM palmitoyl-CoA, and § mM
L-carnitine and kept in a 37 °C water bath. Isolated mitochondria
(10 pL) were then added in the reaction medium (90 pL) con-
taining 1 pCi of L-[Methyl-*H] carnitine hydrochloride (PerkinElmer
NET1181250UC) in the absence or presence of malonyl-CoA (1 pL)
in concentrations of 2, 5, and 10 pM. The reaction was stopped
after 6 minutes by adding ice-cold 1 N HCI (0.5 ml). Palmitoyl-[*H]
carnitine was then extracted by adding water-saturated 7-butanol
(1 mL) and centrifuging at 1000g for 10 minutes. The top butanol
layer containing palmitoyl-[°*H] carnitine was then removed and
washed by adding n-butanol saturated water (2 mL). After centri-
fugation at 1000g for 10 minutes, the top butanol layer containing
palmitoyl-[*H] carnitine was transferred into a scintillation vial for
radioactivity counting. CPT-1 activity was normalized to mitochon-
drial CPT-1 levels determined by western blot.

CPT-1 Western Blot

Muscle was homogenized using previously described techniques
(13). Muscle mitochondria were isolated using the technique de-
scribed above (29). The muscle-specific isotype CPT-1b was detected
using a CPT-1b antibody (Proteintech, catalog number 22170-1-AP).
Porin (Abcam, catalog number ab14734) was used as the house-
keeping protein. Western blot densitometry was carried out using
Image J software.

Real-Time qPCR

Muscle RNA was isolated using the trizol reagent, transcribed into
¢DNA and amplified with the appropriate primers using a one-step
kit (Lo-Rox Bio 78005 Bioline) and a thermo cycler (7500 Fast real-
time PCR system, Applied Biosystems). mRNA was normalized to
GAPDH and mean fold change was calculated using the double delta
CT method. All conditions were normalized relative to adult shams.
TagMan probe-based primers were used in all reactions for the fol-
lowing genes: CPT-1b (Thermofisher, catalog number 4331182),

GAPDH (Applied Biosciences, catalog number 4352339E),

mitochondrial uncoupling protein 3 (UCP3) (Thermofisher, catalog
number 4331182), solute carrier family 27 member 1 (FATP1)
(Thermofisher, catalog number Mm00449511_m1), medium chain
acyl-coenzyme A dehydrogenase (MCAD) (Thermofisher, catalog
number Mm01323360_g1), long-chain acyl-coenzyme A dehydro-
genase (LCAD) (Thermofisher, catalog number Mm00599660_m1),
peroxisome proliferative activated receptor gamma coactivator 1
alpha (PGC-1a) (Thermofisher, catalog number Mm01208835_m1)

Analysis

Analysis of the indirect calorimetry data was performed using
baseline metabolic parameters as covariates to adjust for any dif-
ferences that might exist between aged and adult mice before
IT-LPS. Following lung injury, a repeated measures analysis of vari-
ance (ANOVA) modeled each parameter over the hours followed,
adjusting baseline levels of the outcome measure to assess for differ-
ences between the 2 study groups. This ANOVA models the correl-
ation within and between mice and adjusts appropriately for both
sources of variance. An auto-regressive correlation structure was
used to model these data. Wilcoxon rank sum tests were used to
determine differences between individual day and night cycle meta-
bolic parameters.

To determine differences in inflammatory parameters and lung
physiology, Wilcoxon rank sums were performed comparing the out-
come variable between the 2 groups.

Differences in survival between etomoxir-treated ALI mice,
etomoxir-treated control mice and ALI mice were performed using
the “survival” R package and p values were calculated by the
log-rank test.

Statistical analysis was performed using R software and
Graphpad Prism software. Graphs were generated using the
“ggplot2” R package and Graphpad Prism.

Results

IT-LPS instillation produced robust alveolar inflammation in both
adult and aged mice compared to controls (Figure 1A). At peak
inflammation (day 2), adult ALI mice had higher BAL cell counts;
however, BAL differentials and BAL protein were similar between
age groups. TNFa levels (Figure 1A-D) were similar between the
age groups on day 3 (aged) and day 4 (adult). Aged and adult mice
exhibited distinct lung injury phenotypes. Despite having fewer al-
veolar cells on day 2, older mice had a higher percentage of BAL
neutrophils on day 5 compared to adult mice, indicating pro-
longed acute lung injury and impaired injury resolution (Figure 1C,
p = .014). Exercise further unmasked differences in this phenotype.
Our group has previously demonstrated that therapeutic exercise
in young-adult (8 weeks old) mice attenuated alveolar neutrophilia
via reduction in systemic G-CSF and decreased IL-17 (18). The cur-
rent study recapitulated this response in adult mice: exercise reduced
the alveolar cell count in the adult age group (Figure 1E, p = .006).
Unlike both young-adult and adult mice, aged ALI + exercise mice
had no change in alveolar cell count after exercise, despite comple-
tion of the exercise protocol similarly to younger counterparts. Aged
ALI mice additionally exhibited increased plasma GSCF compared
to exercised adult ALI mice and a trend towards increased G-CSF in
the ALI condition (Figure 1F).

Aged and adult mice also possessed distinct metabolic and
feeding phenotypes after lung injury. Figure 2 shows the hourly
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Figure 1. Comparison of injury and resolution patterns in aged and adult
mice. (A) Aged and adult mice underwent alveolar lavage under sham and
ALI conditions. Adult mice had a significantly higher BAL cell count at peak
inflammation but similar counts at all other time points (group size 4-10 per
time point). (B) BAL protein levels were measured in aged and adult mice.
Protein levels were similar at all time points (group size 3-6 per time point).
(C) Aged mice had prolonged alveolar neutrophilia compared to adult mice.
BAL neutrophil percentage was similar at peak inflammation but increased
in aged mice at day 5 (group size 4-10 per time point). (D) IT-LPS results in
robust systemic and alveolar TNFa production. Aged and adult mice have
similar TNFa levels in both BAL and blood after lung injury (group size 4-6).
(E, F) Aged mice exhibit resistance to exercise. Exercise reduces alveolar cell
count (group size 8-11) and plasma G-CSF (group size 4-5) in adult but not
aged mice after lung injury.

mean RER, food intake (g), and whole-subject energy expend-
iture (kcal/h). After adjusting for baseline variation between age
groups, older animals had a significantly decreased RER after
lung injury (Figure 2A, p = .048), indicating increased reliance
on fatty acid metabolism. Older mice additionally had reduced
hourly food intake (Figure 2B, p = .0003) and had significantly
lower total food consumption on days 2—4 and strong trends on
day 5 and 6 (Supplementary Figure 2A). Our statistical model
also showed a near significant reduction in energy expenditure
in aged animals (Figure 2C, p = .051). The metabolic chamber
data showed substantial periodicity in metabolic parameters
during each day/night cycle. We therefore analyzed individual
dark/light cycles for age-related differences. Comparison be-
tween the age groups revealed that adult mice had a significantly
higher RER at each 12-hour period with the exception of the
preinjury light cycle during which aged mice had a higher RER
(Supplementary Figure 1A, p < .05 baseline light cycle, p < .001
all other cycles). Intragroup comparison showed distinct pat-
terns of substrate utilization after injury: adult mice had an RER
elevated above baseline for each 12-hour period after day 3. In
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Figure 2. Aged and adult mice have distinct metabolic phenotypes after
ALI. (A) Aged and adult mice were metabolically phenotyped before and
after lung injury (n = 6 per group). Aged mice had significantly reduced
(p = .048) RER after ALI compared to younger animals. (B) Aged and adult
mice had similar food intake prior injury. Aged mice had prolonged anorexia
and consumed significantly less food per hour after lung injury (p = .0003).
(C, D). Both groups had decreased energy expenditure after ALl. When
adjusting for baseline variation, differences in energy expenditure did not
achieve statistical significance over the entire course of lung injury (p =.051).
However, significant differences existed over individual light/dark cycles.
Aged mice had higher energy expenditure at baseline, and reduced energy
expenditure on light cycles 2-4 and dark cycles 2-5.

contrast, aged mice had a substantially reduced RER through
night 5. Adult mice had a higher oxygen consumption (VO,)
during each time point. Intragroup analysis showed that whereas
adult mice oxygen consumption returned to preinjury baseline
by night 5, aged mice had a persistently reduced oxygen con-
sumption throughout the duration of the metabolic experiment
(Supplementary Figure 1C and D). A similar pattern was seen
in carbon dioxide production (VCO,). Adult mice had higher
carbon dioxide production at all time points and returned to
their baseline sooner than aged individuals (Supplementary
Figure 1E and F). Older mice had higher whole-subject energy
expenditure at baseline but decreased energy expenditure from
light cycle 2-4 and night cycle 2-5. Adult mice returned to
baseline sooner. Adult mice had increased x-axis movement at
baseline and increased x- and z-axis movement after lung injury
(Supplementary Figure 2E).

Skeletal muscle metabolism is a major determinant of
total body energy expenditure and RER (30). We therefore
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hypothesized that the age-specific metabolic phenotypes we ob-
served were due to differences in skeletal muscle energy utiliza-
tion. Our group has previously demonstrated that aged mice
have both increased intramuscular lipid droplet accumulation
and decreased long-chain acylcarnitines after ALI, suggesting
aberrant fatty acid oxidation (FAO) (20). Others have shown
that intraperitoneal injection of LPS reduces transcription of
FAO enzymatic mediators in young-adult mouse diaphragm
muscle (31). Based on these findings, we examined the effects of
ALI on transcription of key enzymes involved in skeletal muscle
FAO, UCP3 (Figure 3A), CPT-1b (Figure 3B), LCAD (Figure 3C),
FATP1 (Figure 3D), and MCAD (Figure 3E). Aged mice had sig-
nificantly increased mean fold change in UCP3 at baseline and
day 1 and 2 with trends towards increased levels on day 3 and §
compared to adult mice (Figure 3A). To determine if the UCP3

changes were due to free radical generation, we examined skel-
etal muscle lipid peroxidation on day 1, 3, and 10. No differ-
ence was present between the 2 age groups at any time point,
indicating UCP3 transcription due to FAO and not free radical
generation. Aged mice have increased CPT-1b, FATP1, LCAD,
and MCAD transcription at early time points compared to
adults (Figure 3B-E). These data reveal that FAO genes undergo
dynamic increases in transcription in skeletal muscle following
ALIL ANOVA analysis showed significant differences between
age and CPT-1b, UCP3, FATP1, LCAD, and MCAD fold change
after injury. Because CPT-1 is the rate-limiting enzyme in fatty
acid metabolism, we measured CPT-1b protein levels in isolated
mitochondrial fractional lysates and performed CPT-1b activity
assays at day O (baseline) and day 10 in adult and aged mice.
Aged mice had increased CPT-1b protein levels compared to
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Figure 3. Comparison of fatty acid oxidation after ALI. (A-E) Transcription of key mediators of fatty acid oxidation (UCP3, CPT-1b, FATP1, MCAD, LCAD) was
measured in gastrocnemius in aged and adult animals at baseline and after lung injury (group size 3-14 per time point). Transcription varied dynamically with
IT-LPS. Aged mice consistently had higher transcription in early phase (day 1, 2, 3) ALI. (F) Oxidative stress was measured in skeletal muscle at baseline and
after ALI by thiobarbituric acid reactive substance (TBARS) assay. No difference was seen at any time point (group size 5-7 per time point). (G) Mitochondrial
CPT-1b protein expression was measured by western blot at baseline and day 10. Aged mice had increased CPT-1b expression at both baseline and day 10.
Western blot was performed using 2 gels for electrophoresis. Same age baseline and day 10 injury were run on the same gel. (H) and (I) CPT-1b activity and
malonyl inhibition were measured by radioassay at baseline and day 10 time points. Both aged and adult mice had increased CPT-1b activity at day 10 compared
to baseline. Older mice had reduced activity when normalized for CPT-1 protein expression compared to younger animals. (J) Aged and adult mice were treated
with either the CPT-1 inhibitor etomoxir or vehicle under control and ALl conditions. CPT-1 inhibition and ALI increased mortality in aged animals compared to
vehicle or etomoxir alone. Aged ALl + vehicle control mice were sacrificed on day 10. All other conditions were sacrificed on day 7. All animals that survived to
sacrifice showed signs of lung injury recovery.
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adult mice at both time points (Figure 3G), though we found no
change in CPT-1b protein levels following lung injury. CPT-1b
activity was carried out using radiolabeled carnitine. We found
that aged mice had decreased CPT-1b activity (normalized to
CPT-1b protein level) at both baseline (Figure 3H) and 10 days
(Figure 31) after lung injury. The sensitivity of CPT-1b to inhib-
ition by malonyl-CoA was not altered by age or LPS treatment.

To better determine whether mice were dependent on fatty acid
metabolism after lung injury, we treated aged and adult mice with
the FAO inhibitor, etomoxir. Etomoxir-treated aged ALI mice had
increased mortality compared to vehicle-treated aged ALI mice and
etomoxir-treated controls (Figure 3]). Mortality did not reach statis-
tical significance in adult mice.

Discussion

In this study, we uncovered differential age-related immune and
metabolic responses to lung injury using a mouse model of lung
injury-induced muscle wasting. We found that aged mice with ex-
perimental lung injury exhibit an extended acute critical illness
characterized by persistent alveolar neutrophilia, prolonged an-
orexia, increased dependence on fatty acid substrates but less ef-
fective FAO, and a failure to respond to exercise following lung
injury. These differences, some of which are present at baseline
(eg, CPT-1b muscle activity) and others which are brought out
following lung injury/stress (eg, altered systemic metabolism),
are potentially central to the differential age-related responses
to lung injury and muscle weakness observed in older, critically
ill humans.

Our group has previously demonstrated that older mice have
both increased sensitivity to IT-LPS at higher doses and prolonged
skeletal muscle weakness compared to adult mice (20). The current
study establishes that at a reduced dose of 0.75 pg/g body weight,
IT-LPS results in decreased alveolar cellularity at peak injury but pro-
longed alveolar neutrophilia in the older animals (Figure 1A and C).
In human studies, persistent alveolar neutrophilia is associated with
impaired lung injury resolution and increased ARDS mortality (32).
Other researchers have identified increased alveolar neutrophilia in
older animals after lung injury at very early time points (13-15).
Our findings likely reflect model differences (direct lung injury with
a reduced LPS dose) and distinct time points. Additionally, whereas
adult mice have enhanced injury resolution with therapeutic exer-
cise, we show that aged mice have persistent inflammation resistant
to exercise therapy in the setting of elevated G-CSF (18). This sys-
temic response is coupled with a failure of the exercise response to
attenuate lung injury-induced muscle atrophy, seen in young and
adult mice.

Consistent with impaired injury resolution, older mice
have a distinct metabolic phenotype after ALI. Catabolism,
anorexia, and lipolysis are conserved “acute phase” responses
across mammalian species to critical illness (33,34). Whether
these changes are adaptive or maladaptive remain unclear. In
our study, older mice had a significantly prolonged decrease
in RER (Figure 2A) and reduced food intake (Figure 2B) after
lung injury, indicating an increased dependence on lipolysis and
FAO for energy generation (35). These changes suggest pro-
tracted catabolism and impaired resolution of metabolic crit-
ical illness in the older animals. In contrast, the adult animals

have early restoration of oxygen consumption, carbon dioxide
production, energy expenditure, food intake, and a RER above
baseline which reflect a recovered metabolic phenotype (36). We
hypothesized that age-related vulnerability to ALI is in part me-
diated by impaired FAO in older individuals. This study demon-
strates that aged animals have increased transcription of FAO
mediators and prolonged dependence on FAO after lung injury.
Despite the increased reliance on FAO, skeletal muscle from
older animals had a significant decrease in the fatty acid me-
tabolite long-chain acylcarnitines, suggesting that fatty acid me-
tabolism may be uniquely impaired in skeletal muscle in older
individuals with ARDS (20). The current study shows that des-
pite elevated gene transcription of the rate-limiting enzyme in
FAO, CPT-1b and increased CPT-1b protein expression, aged
mice have decreased CPT-1 activity at both baseline and after
lung injury. Decreased skeletal muscle CPT-1 protein levels has
also been found in humans with critical illness (21). Thus, crit-
ical illness may unmask age-dependent impairment in FAO: Our
study shows elevated transcription of key mediators of FAO
(Figure 3A-E) without increased lipid peroxidation (Figure 3F)
in aged animals suggesting that intramuscular lipid content may
exceed mitochondrial capacity for FAO (37). Interestingly, our
finding of increased transcription of FAO mediators in skeletal
muscle from aged mice contrasts with previously published data
of decreased transcription in diaphragm muscle after acute in-
flammation in younger animals (31). Age-related changes in
fatty acid metabolism are intriguing potential pathophysiologic
mechanisms in advanced-aged vulnerability to ARDS and its as-
sociated skeletal muscle dysfunction. Intramuscular lipid accu-
mulation and mitochondrial fatty acid overload (“lipotoxicity”)
has been implicated as a cause of weakness and mitochondrial
dysfunction in obesity (38). Effective fatty acid metabolism may
be essential to preventing muscle dysfunction in critical illness
as a recent study in a mouse model of sepsis demonstrated an as-
sociation between preserved muscle strength and efficient fatty
acid metabolism (39). Furthermore, acylcarnitines play an im-
portant role in resilience to acute stress. One recent study found
that decreased acylcarnitine production worsened outcomes in
older animals exposed to cold stress (40). The increased mor-
tality with etomoxir treatment in our study (Figure 3]) sup-
ports the importance of effective FAO in the response to acute
stress. Additionally, changes in skeletal muscle metabolism may
account for ineffective exercise-mediated injury resolution seen
in the older animals (20). Further investigation is needed to de-
fine this potential mechanism.

In conclusion, the current study demonstrates that the IT-LPS
model successfully reproduces both adverse geriatric outcomes in
ARDS and systemic complications. Importantly, these age-related
differences highlight the heterogeneity of responses seen in pa-
tients with ARDS, some of which may be age-related. These differ-
ences are important to further understand, as older patients may
need different treatments based on these differential immune me-
diated and metabolic responses during critical illnesses, such as
ARDS and sepsis.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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