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ACTIVATION OF AMPK TO DIMINISH SEPSIS-INDUCED LUNG INJURY

NATHANIEL B. BONE
BIOMEDICAL SCIENCE
ABSTRACT

Sepsis is the most frequent cause of death of hospitalized patients in modern
ICUs. Severe infection, trauma, hemorrhage, burns, and surgery are significant causes of
multi-organ injury and immune dysfunction that in turn primes for a high risk of second-
ary lung infections. In addition to detrimental inflammation, sepsis is linked to loss of
metabolic plasticity due to mitochondrial dysfunction in immune cells and lung tissue. In
particular, mitochondrial failure in lungs of critically ill septic patients is correlated with
high mortality rates. We proposed that AMP-activated protein kinase (AMPK) activation,
a major bioenergetic sensor and metabolic regulator, is a plausible target to diminish ex-
aggerated immune pro-inflammatory activation, and also promote recovery of bioenerget-
ic homeostasis, thus reducing severity of sepsis and acute lung injury (ALI). This possi-
bility was explored in three subsequent studies that address (1) the effects of
D1dopaminergic signaling on AMPK activity and endotoxin-induced ALI; (2) mechanis-
tic insights into AMPK inactivation in sepsis and ALI, and use of new therapeutic inter-
ventions to recover AMPK activity; and (3) the impact of AMPK-autophagy signaling on
immune cell regulation during ALI and microbial clearance. Our first studies revealed
that the dopamine-D1R axis is linked to AMPK activation which resulted in reduced se-
verity of ALI. We found in our second set of studies that severe sepsis caused phosphory-

lation and inhibition of AMPK by IKKf and GSK3p. Notably, inhibition of GSK3[ de-



creased inhibitory T479-AMPKa phosphorylation while T172-AMPKa activatory phos-
phorylation was increased. This event was associated with preservation of mitochondrial
ETC components, improved bacterial clearance, and diminished sepsis related lung inju-
ry. In our third set of studies, we found that the autophagy-related protein Parkin is di-
minished in LPS treated immune cells and lungs of mice subjected to endotoxin-induced
ALLI. Importantly, AMPK activation was able to activate autophagy through a beclin-1
associated pathway, even in Parkin deficient mice. This resulted in diminished severity of
ALLI. Taken together, these studies provide substantial progress in understanding AMPK-
bioenergetic maintenance of cellular homeostasis. Besides mechanistic insights, our stud-
ies indicate that AMPK activators may possibly be applied as therapies for sepsis and

ARDS.
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INTRODUCTION

Sepsis is a medical condition which has been around for millennia. In the time of
Hippocrates it was described as “by which flesh rots, swamps generate foul airs, and

91

wounds fester””. The most recent Consensus Conference defined sepsis as "a life threat-

ening organ dysfunction caused by a dysregulated host immune response to infection"?.
Despite significant progress in understanding sepsis, this syndrome is the leading cause
of death in hospitalized patients. The United States alone sees upwards of one million
new cases and 200,000 deaths related to sepsis each year. Current treatments for this det-
rimental condition are limited, mostly involving supportive care; antibiotics, oxygen de-
livery, and fluid resuscitation. Clinical trials that attempt to target selective indices of

sepsis (e.g. inflammation, immune function) have been largely unsuccessful, therefore

developing new effective therapeutic approaches is needed®.

Sepsis encompasses a continuum of aberrations in organ function®. Microbial in-
fection is the most common cause of sepsis, although sepsis may also arise from nonin-
fectious/sterile origins, including inflammatory organ disease, ischemia/reperfusion inju-
ry, and trauma and hemorrhage®. Sepsis is non discriminating in terms of age, race, geo-
graphic location, or health status of individuals who develops this life threatening condi-
tion. However, individuals who are very young or very old, individuals with compro-

mised immune systems, those with preexisting injuries or wounds (both sterile and non-



sterile), and individuals with invasive devices have an increased risk of developing sep-

sist: 610,

Sepsis Definition and Diagnosis

Sepsis has a significant social and economic burden with an estimated $20 billion
spent by the US healthcare system and is reportedly increasing'*™**. Diagnosis of severe
sepsis and shock in patients is difficult due to multiple factors that overlap with other

conditions'* *°

. Identification of the infection site and microbial pathogen are also time
consuming. Another important issue is the lack of effective therapeutic interventions for
severe sepsis and shock at the time of hospital admissions. Besides early antibiotic ad-
ministration, vasopressors are used to maintain mean arterial pressure above 65 mmHg.
Many patients require additional support, including fluid resuscitation and oxygen deliv-
ery, in particular when sepsis is associated with ARDS?.

In 1992, American College of Chest Physicians/Society of Critical Care Medicine
Consensus Conference Committee introduced the term “sepsis” and defined sepsis as “a
systemic inflammatory response to infections.” Severe sepsis was then characterized by
sepsis associated with acute organ dysfunction, whereas septic shock is defined by “sep-
sis-induced hypotension, persisting despite adequate fluid resuscitation, along with the
presence of hypoperfusion abnormalities or organ dysfunction®. The Surviving Sepsis
Campaign has implemented specific guidelines and provides updates for sepsis diagnosis

that are solicited among the international community (Tables 1 and 2). In 2014, a task

force comprised of 19 critical care, pulmonary, surgical, and infectious disease specialists



updated the definition and diagnosis of sepsis. Currently, sepsis is defined as “life-
threatening organ dysfunction caused by a dysregulated host response to infection” with
clinical diagnosis including an increase in Sequential Organ Failure Assessment (SOFA)
score of 2 or more points (Table 2). Septic shock is recognized as “a subset of sepsis in
which particularly profound circulatory, cellular, and metabolic abnormalities are asso-
ciated with a greater risk of mortality than sepsis alone™. In regards to metabolic ab-
normalities, increased levels of lactate in circulation is an established predictor of mortal-
ity among septic patients. However, it is important to note that recent clinical trials have
shown that decreased lactate production had negligible or even an adverse impact on sur-
vival from sepsis*” 2. Clinical studies also suggest that lactate clearance may not be use-

ful as a surrogate marker of microcirculatory blood flow*®,

Sepsis must exhibit at least two of the following
e Body temperature above 101°F (38.3°C) or below 96.8°F (36°C)
o Heart rate higher than 90 beats a minute
e Respiratory rate of more than 20 breaths per minute
e Probable or confirmed infection

Severe Sepsis upgraded from sepsis if exhibiting indications of organ dysfunction
e Urine output significantly decreased
e Abrupt change in mental status
e Decrease in platelet count
e Breathing difficulties
e Abnormal heart pumping function
e Abdominal pain

Septic Shock signs and symptoms of other categories
e Cytokine storm
e Extremely low blood pressure
o Nonresponsive to simple fluid replacement

Table 1. Diagnostic criteria for sepsis subcategories



Score

System 0 1 2 3 4
Respiratory Pa0,/FiO, (mmHg) >400 <400 <300 <200 with <100 with
respiratory support _respiratory support
Cardiovascular Blood pressure (mmHg) + MAP >70 MAP <70 MAP <70 MAP <70 MAP <70
Vasopressor (pg/kg/min) dopamine <5 dopamine 5.1-15 or  dopamine 15 or
or dobutamine epinephrine <0.1 or  epinephrine >0.1 or
norepinephrine <0.1  norepinephrine >0.1
Haematolgy  piatelets (x10%/uL) 2150 <150 <100 <50 <20
Gastrointestinal Bilirubin (umol/L) <20 20-32 33-101 102-204 >204
Neurological Glasgow Coma Scale 15 13-14 10-12 6-9 <6
Renal Creatinine (umol/L) or <110 110-170 171-299 300-440 >440
urine output (mL/d) <500 <200

Table 2. Sequential (Sepsis-Related) Organ Failure Assessment Score?
Sepsis and Catecholamines

Catecholamines are naturally produced molecules which act as neurotransmitters
in the nervous system and hormones in other organ systems. Catecholamines are released
into circulation during the early phase of sepsis which is associated with regulation of the
inflammatory response®. However, in established sepsis, maintaining blood pressure fre-
quently requires catecholamine administration, in particular norepinephrine is the first-
line vasopressor. It has been shown that norepinephrine increases mean arterial pressure
(MAP) through vasoconstriction of blood vessels with minimal effect on heart rate,
stroke volume, and cardiac output. Epinephrine is an additional intervention in cases of
limited effect of norepinephrine to maintain MAP. Use of norepinephrine or epinephrine
is relatively safe, however, epinephrine may increase lactate concentrations in circula-
tion?2*. Dopamine is a precursor of norepinephrine and epinephrine. Dopamine is less
frequently used to maintain MAP in septic shock, and is not recommended as a norepi-
nephrine alternative with exception in patients with bradycardia and compromised systol-
ic function. Adverse implications of dopamine administration are related to an increase in
both heart rate and stroke volume and thus risk of tachyarrhythmias. Unlike norepineph-

rine, dopamine has been shown to increase the risk of death in patients?**. It is important

4



to note that dopamine has multiple receptors and a variety of signaling that leads to bene-
ficial or adverse effects in sepsis. Dopamine and norepinephrine both have anti-
inflammatory effects, although activators of the B2 adrenergic axis had no effects in
ARDS patients®>. In contrast, use of D1 receptor agonists show significant protection in
a murine model of sepsis®. It is possible that D1receptor agonists may provide protection
beyond the effects on inflammation, perhaps by modulating metabolic and bioenergetic

homeostasis, which we examined in our studies®.

Sepsis and Immune Dysfunction

During sepsis, dysfunction occurs in multiple systems, including the immune
responses. The innate immune system is responsible for immediate recognition and
response to pathogens and other antigens. This occurs through identification of highly
conserved patterns called pathogen-associated molecular patterns (PAMPS), such as LPS,
peptidoglycan, flagellin, viral RNA, and glycolipids®*®°. PAMPs are recognized by
specific pattern recognition receptors (PRRs) which includes toll-like receptors (TLRS),
retinoic acid inducible gene-1-like (RIG-1) receptors, nucleotide-binding oligomerization
domain-like (NOD) receptors, and C-type lectin receptors®’. In addition to PAMPs,
PRRs also recognize damage-associated molecular patterns (DAMPs) which are
molecules produced by the host in response to cellular damage, such as high-mobility
group box 1 (HMGB1), extracellular DNA, and histones®. PRR activation results in
series of intracellular signaling cascades leading to upregulation of pro-inflammatory

cytokines, chemotactic signals, reactive oxygen species (ROS) intermediates, and iNOS,



the outcome of which is enhanced local immune cell function and recruitment of

circulating innate immune cells to the site of infection or injury®**.

Dysfunction occurs in many immune cell types during sepsis. For example,
neutrophils typically undergo apoptosis within 24 hours following their release from the
bone marrow, however this event is delayed during sepsis*. These circulating neutrophils
also exhibit impaired chemotactic abilities, bacterial clearance, and reduced ROS
production®**. Reports also indicate impaired neutrophil function prior to acquiring
nosocomial infections*. During sepsis, monocytes have a reduced capacity to release
pro-inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin (IL)-1a, IL-
6, and IL-12, following exposure to bacterial compounds and TLR stimulation®®*’. LPS
still has the ability to activate monocytes but activation is shifted towards an anti-
inflammatory phenotype, e.g. IL-1RA and IL-10 production*®*®. Depending on the
magnitude and persistence of this state, patients exhibit increased mortality and

acquisition of hospital acquired infections™.

In order to clear infections and damaged cells/tissue as well as minimize damage
to the surrounding cells and tissue, pro-inflammatory and anti-inflammatory responses
must be delicately balanced. Excessive production of pro-inflammatory mediators may
promote unnecessary tissue damage while disproportionate anti-inflammatory mediators
can lead to the inability for the host to combat subsequent insults®>>°. Both pro- and
anti-inflammatory immune responses are simultaneously activated in the early stages of
sepsis® 3, however these antagonistic pathways do not always balance each other. Hyper
pro-inflammatory cytokine release (i.e. cytokine storm) is a major contributor to deaths

occurring during early sepsis. Two theories exist involving the progression of



inflammation and subsequent patient deaths. One theory outlines the idea that the release
of high levels of pro-inflammatory cytokines by innate immune cells becomes persistent.
The prolonged hyper pro-inflammatory environment results in organ injury which
ultimately contributes to mortality. The second theory proposes that the initial hyper
inflammatory phase (pro-inflammatory dominant) progresses into a prolonged
immunosuppressive phase. In regards to the immunosuppressive phase, immune cells
display a reduced capacity to properly respond to subsequent PAMPs and DAMPs, and

thus contributing to late phase sepsis deaths>*®.

Acute Respiratory Distress Syndrome

Dysregulation of the inflammatory response, such as in sepsis, is a significant
cause of multiple organ injury, including the lungs, where alterations in endothelial, epi-
thelial, and immune cell mechanics are leading to barrier permeability and edema. These
events are directly responsible for the severity of lung injury and death among critically
ill patients. In particular, acute respiratory distress syndrome (ARDS) is characterized by
respiratory complications involving acute inflammatory lung injury associated with im-
pairment of lung mechanics and gas exchange®” *®. Approximately 200,000 individuals
are affected by ARDS every year in the United States®® *°. ARDS can be the result of ei-
ther direct or indirect insults to the lungs with sepsis the most prevalent cause of lung in-
jury and mortality in hospitals®®®°. At the present time, only supportive care is available
to attempt to improve survival, necessitating the development of therapeutic interven-

tions®1%4,



The pathophysiology of ARDS is largely reliant on the exaggerated innate im-
mune response and neutrophil accumulation in the lungs. Severe inflammation is associ-
ated with increased permeability due to endothelial and epithelial barrier dysfunction®”®>
% Besides neutrophils, alveolar macrophages are implicated in acute inflammatory con-
ditions, but also have long lasting effects via adaptive immunity®’. Alveolar macrophages
interact with epithelial cells, lymphocytes, and mesenchymal stem cells through paracrine
signaling to regulate the inflammatory response or lung injury®® ™. Signaling between
inflammatory and effector cells is necessary for regulating the balance between injurious
and protective immune responses. Following stimulation, lung epithelial cells and alveo-
lar macrophages release chemokines to recruit neutrophils and monocytes to sites of in-
fection, a beneficial antimicrobial response; however, robust and lasting inflammatory
responses are associated with collateral tissue damage. Bioactive mediators, including
proteases and cytokines, produced by these cells may potentially induce endothelial and
alveolar epithelial dysfunction. The impact of reactive oxygen species (ROS) in ALl is a
more complex issue. For example, previous studies, including our own, have shown that
H,0, has anti-inflammatory effects on neutrophils and reduced the severity of LPS-
induced ALI™. In turn, superoxide, hydroxyl radicals and reactive nitrogen species are

implicated in lung tissue injury’>".

Alveolar type | epithelial cells comprise up to 90% of the surface of the lungs, in-
cluding the alveolar spaces, and provide a highly permeable barrier for gases, anions, and
fluid exchange. These cells are particularly susceptible to injury, as they are directly ex-
posed to particulates and pathogens from constant exposure to the environment. Follow-

ing injury, immune cells followed by protein-rich edema accumulate in the alveolar spac-



es”” . Mesenchymal cells also infiltrate the alveolar space which can lead to increased
deposition of matrix components fibronectin and type | collagen. This is associated with a
mechanism of repair, but may also lead to development of fibrosis’® ”’. Neutrophils re-
cruited to the lungs release molecules, including elastases, metalloproteases, other proteo-
lytic enzymes, oxidants, reactive nitrogen species, and histones, which cause injury to the
alveolar epithelial cells”®®. Neutrophils also have the ability to deploy neutrophil extra-
cellular nets (NETSs), which are comprised of DNA, to prevent dissemination of patho-
gens. However, excessive NET formation contributes to the severity of ALI, as observed
in sterile inflammatory lung injury inflicted by trauma and hemorrhage®®. In addition to
neutrophils, circulating macrophages are recruited in a cytokine dependent manner,
which can augment lung injury through inflammatory cytokines and release of apoptosis

inducing molecules .

Bioenergetics and Metabolic Reprogramming in Sepsis and ARDS

Dysfunction in bioenergetics is observed during sepsis and is associated with
organ injury and mortality®™®8. The mitochondria serve as the primary site for energy
production in the form of ATP generation. Cells can then utilize the energy released by
hydrolysis of ATP to ADP to fuel many cellular functions including maintenance of ion
pumps, protein synthesis, and carbohydrate and lipid tunover® ®°. A decrease in energy
supply is detrimental to cell survival, especially upon increased energy demands under
stress conditions®™ %2. Thus mechanisms to maintain ATP levels within cells monitor

these changes and adjust catabolic and anabolic processes accordingly.



After glucose enters the cell, it enters the glycolytic pathway where it undergoes a
series of enzymatic reactions to produce pyruvate. This can occur under both aerobic and
anaerobic conditions and produces NADH and a small amount of ATP for the cell. The
pyruvate can then be converted into either lactate or acetyl CoA. Under normal
conditions, the majority of the pyruvate gets converted into acetyl CoA and is shuttled
into the mitochondria where it undergoes further biochemical reactions in the
tricarboxylic acid cycle (Kreb’s cycle) to generate NADH and FADH,. The electron
transport chain utilizes the NADH and FADHj to provide protons for the generation of an
electrochemical gradient across the inner mitochondrial membrane. This gradient is used
by ATP synthase of the electron transport chain to generate ATP. During inflammatory
conditions, cells experience an increase in glycolysis related proteins, in particular in
immune cells, and switch from oxidative phosphorylation to glycolysis for ATP
generation. A significant shift from oxidative phosphorylation toward glycolysis was

found during LPS-TLR4 engagement in macrophages and dendritic cells®**°.

Activated macrophages are typically classified into two phenotypes, M1 and M2.
M1 macrophages are characterized by their increased reliance on glycolysis, phagocytic
ability, and augmented pro-inflammatory cytokines and ROS production, where as M2
macrophages rely heavily on oxidative phosphorylation and elicit anti-inflammatory
functions and tissue repair mechanisms®®. However, it has recently been suggested that
activated macrophage phenotypes are not strictly M1 or M2 but exist in a spectrum with
varying degrees of pro-inflammatory and anti-inflammatory functions®" %.

Metabolic/bioenergetic pathways contribute to development of specific phenotypes. In

order to combat pathogens, classically activated macrophages must produce ROS and

10



other anti-microbial proteins. While NADPH oxidase is known for its contribution in
producing ROS for the respiratory burst, mitochondrially produced ROS, as well as
proteins, have been shown to be instrumental in macrophage function®. In order to
maintain ATP production, the macrophages increase glycolytic flux through HIF-1a-
dependent gene expression’®. Studies have found that preservation of mitochondrial
function is essential for macrophage phagocytic functions as well as neutrophil

chemotaxis and respiratory burst™ 10103,

AMP-activated Protein Kinase

AMP-activated protein kinase (AMPK) is a highly conserved protein kinase, with
orthologues found in almost all eukaryotic cells, which serves as a critical metabolic
sensor and regulator of energy production and preservation at the cellular and whole
organism levels. Functional AMPK is a heterotrimeric protein comprised of the o
catalytic subunit and the B and y regulatory subunits. Each subunit has multiple isoforms
(mammalian al, o2, B1, B2, y1, y2, y3) which are encoded by specific PRKA genes
(PRKAA1L, PRKAA2, PRKAB1, PRKAB2, PRKAGL, PRKAG2, PRKAG3
respectively)'®. The mechanism involved in sensing energy deficiency is coupled with
alterations in cellular AMP and ADP levels'® %, Conditions associated with limited
nutrients and oxygen delivery typically lead to an increase in the AMP to ATP ratio
leading to AMPK stimulation. In particular, binding of AMP and ADP to the AMPKy
subunit induces allosteric activation of AMPK allowing for enhanced phosphorylation of

the AMPKal Thr172 and protection from dephosphorylation, whereas ATP binding

11



reduces Thr172 phosphorylation'®%°, While AMP increases activation of AMPK up to
10 fold, phosphorylation of Thr172 on the AMPK a subunit increases activity by 100-
fold™*°. The primary upstream kinase responsible for Thr172 phosphorylation is liver
kinase B1 (LKB1), however, Ca®*/calmodulin-dependent protein kinase kinase B

(CAMKKS) kinase is also known to phosphorylate Thr172 to a lesser extent'****,

Activation of AMPK is associated with bioenergetic stress, which is typically
connected with nutrient deprivation, ischemia, hypoxia, oxidative stress, and exercise™*
117 pharmacologic agents have also been shown to activate AMPK including AICAR,
metformin, berberine, A-769662, PT1, and 991''®*?*. One of the most essential functions
of AMPK is related to recovery of metabolic homeostasis. This is possible by AMPK’s
ability to interact with downstream signaling components that promote catabolic
processes while decreasing anabolic pathways. AMPK increases expression of genes
responsible for oxidative metabolism, including PGC-1a dependent mitochondrial
biogenesis, and down regulation of glycolytic genes through HIF-1a regulation'®2°. A
specific mechanism is implicated in inhibition of AMPK during sepsis. For example,
AMPK activation is diminished following LPS through direct inhibitory phosphorylation
by AKT, IKKB, or GSK3p****2 Diminished AMPK activity may also result from
modification and inhibition of upstream kinases*®. The initial decrease in AMPK activity
may be beneficial in the early stages of inflammation and infection, however, prolonged
inhibition could lead to problems in cellular bioenergetics and organ damage. Although
inflammatory conditions cause a decrease in AMPK activity, studies have shown that

preserving AMPK function is beneficial to diminish the severity of ALI in animal

models. For example, AMPK activation diminished pro-inflammatory cytokine secretion

12



in LPS stimulated neutrophils and macrophages. Activation of AMPK also reduced the
severity of murine endotoxin-induced ALI****% AMPK activation has been shown to
provide a substantial benefit in experimental sepsis and ALI, however, pharmacological

approaches to activate AMPK are not currently used in clinics.

In this dissertation we explore how AMPK activation through pharmacological
activators affects the severity of lung injury associated with sepsis. We hypothesis that

activation of AMPK will diminish inflammation and thus sepsis-induced lung injury.
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Abstract

Catecholamines, including [3-adrenergic and dopaminergic neurotransmitters,
have an essential role in regulating the “fight or flight” reflex and also affect immune cell
pro-inflammatory action. However, little is known about whether catecholamines prevent
dysfunction of metabolic pathways associated with inflammatory organ injury, including
development of acute lung injury (ALI). We hypothesize that selected catecholamines
may reduce metabolic alterations in LPS-stimulated macrophages and in the lungs of
mice subjected to endotoxin-induced AL, a situation characterized by diminished activi-
ty of AMP-activated protein kinase (AMPK). We found that activation of the dopamine 1
receptor (D1R) with fenoldopam, but not stimulation of adrenergic receptors with norepi-
nephrine, resulted in a robust activation of AMPK in peritoneal macrophages, human
monocytes, or alveolar epithelial cells (AECs). Such AMPK activation was mediated by a
phospholipase C (PLC)—dependent mechanism. Unlike norepinephrine, D1R activation
also prevented Thr172—-AMPK dephosphorylation and kinase inactivation in LPS treated
macrophages. Furthermore, we show that a culture of AECs with either fenoldopam or
the AMPK activator metformin effectively diminished IL-1p—-induced release of adverse
paracrine signaling, which promotes the macrophage pro-inflammatory response. In vivo,
fenoldopam reduced the severity of LPS-induced AL, including development of pulmo-
nary edema, lung permeability, and production of inflammatory cytokines TNF-a, MIP-2,
or KC and HMGBL1. Fenoldopam also prevented AMPK dephosphorylation in the lungs

of LPS treated mice and prevented loss of mitochondrial complexes NDUFB8 (complex
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I) and ATP synthase (complex V). Collectively, these results suggest that dopamine is
coupled to AMPK activation, which provides a substantial anti-inflammatory and bioen-

ergetic advantage and reduces the severity of endotoxin-induced ALLI.
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Introduction

Dopamine, norepinephrine, and epinephrine are the most abundant catechola-
mines. They are produced by enzymatic conversion of tyrosine predominantly in the ad-
renal medulla and central nervous system (1, 2). Besides a regulatory role in the “fight or
flight” reflex, catecholamines are also affecting pro- and anti- inflammatory responses in
immune cells and peripheral tissue, mediated by variety and bioavailability of adrenergic
and dopaminergic receptors (2-4). For example, adrenergic pro- and anti- inflammatory
signaling is dependent on the abundance of o and P receptors (5, 6). Besides adrenergic
signaling, recent studies have underlined the importance of dopaminergic pathways in
moderating inflammatory conditions in experimental models of organ injury (7, 8). The
physiological effects of dopamine are mediated by dopamine receptors that consist of D1-
like (D1, D5) and the D2-like (D2, D3, D4) subtypes. Recently, D1 dopaminergic signal-
ing has been shown to diminish mortality in experimental sepsis, an important predisposi-
tion for development of acute respiratory distress syndrome (ARDS) (8-10). While anti-
inflammatory action can be considered as a major effect of catecholamines, preservation
of immune and peripheral tissue metabolic and bioenergetic homeostasis may have an
equally important impact in organ injury. In particular, metabolic reprogramming and
loss of bioenergetic plasticity of immune cells are related to mitochondrial dysfunction
and contribute to development and likely insufficient resolution from inflammatory con-
ditions (11). Recent studies suggest that the bioenergetic profile is differentially regulated
by a or B -adrenergic receptor signaling pathways in human peripheral blood mononucle-

ar cells (12). However, it is not known whether selective catecholamines affect function
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of major bioenergetic sensors and metabolic regulators, such as AMP-activated protein

kinase (AMPK).

The ability of AMPK to sense energy demand and preserve bioenergetic and re-
dox homeostasis suggests that AMPK is a plausible target in sepsis, hemorrhage, or other
inflammatory conditions associated with development of ARDS (13-15). AMPK is a ser-
ine/threonine protein kinase that consists of the a catalytic subunit and B and y regulatory
subunits. The AMPK o/B/y heterotrimer has a unique mechanism of activation during bi-
oenergetic imbalance that may be triggered by limited access to oxygen and nutrients
(16). The activation process is initiated by binding of AMP and ADP to the y subunit (17-
19) that allows for phosphorylation of the AMPK o subunit by upstream kinases (16, 20,
21). Once activated, AMPK effectively preserves energy expenditure by switching from
anabolic to catabolic metabolism (16). It is important to note that pharmacological
AMPK activators, for example AICAR and metformin, have substantial protective effects
on liver, kidney or heart in murine models of inflammatory organ injury (15, 22-25). Be-
sides anti-inflammatory action, AMPK activation is linked to stimulation of autopha-
gy/mitophagy, mitochondrial biogenesis, and normalization of mitochondrial redox status

(26-29), pathways known to be dysregulated in sepsis and ALI.

Previous studies indicate that a or p adrenergic pathways are implicated in regu-
lating AMPK activity and glucose homeostasis in skeletal muscle cells and adipocytes,
respectively (30, 31). However, the potential impact of catecholamines on AMPK activity
in immune cells and lung epithelial cells during inflammatory conditions remains to be
determined. We hypothesize that activation of AMPK by specific adrenergic and/or do-

paminergic systems may affect the severity of endotoxin-induced ALI.
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Materials and methods

Mice

Male C57BL/6 mice were purchased from the National Cancer Institute-Frederick
(Frederick, MD). Mice 10 to 12 weeks of age were used for experiments. Mice were giv-
en food and water ad libitum and kept on a 12-hours light-dark cycle. All experiments
were conducted in accordance with approved protocols by the University of Alabama at

Birmingham Animal Care and Use Committee.

Reagents and Antibodies

The dopamine D1 receptor agonist fenoldopam, m-3M3FBS, IL-1p and anti-
HMGB1 antibody were purchased from R&D Systems (Minneapolis, MN). Histopaque,
LPS, dopamine, norepinephrine, salbutamol, and phenylephrine were obtained from Sig-
ma-Aldrich (St. Louis, MO). Antibodies for phospho-Thr172-AMPK, total AMPK, and
phospho-Ser79-ACC were obtained from Cell Signaling Technologies (Danvers, MA).
HRP-conjugated B-actin antibody was obtained from Santa Cruz Biotechnologies (Santa
Cruz, CA). Custom antibody mixtures and negative selection columns for mouse neutro-
phil isolation were obtained from Stem Cell Technologies (Vancouver, BC). Dispase,
Anti-Mouse CD 16/32 and Anti-Mouse CD 45 were obtained from BD Bioscience (San
Jose, CA). MACS human CD16 Microbeads was obtained from Miltenyi Biotec Inc.
(Auburn, CA). PLC inhibitor U-73122 was purchased from Cayman Chemical (Ann Ar-

bor, MI). DMEM was obtained from Corning Cellgro (Manassas, VA). RPMI 1640 was
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purchased from Hyclone (Logan, UT). FBS was purchased from Atlanta Biologicals

(Flowery Branch, GA). F12K medium was purchased from Gibco (Grand Island, NY).

Peritoneal Macrophages, Neutrophils and Monocytes Isolation and Culture

Peritoneal macrophages were isolated as previously described (32). Macrophages
were elicited in 10- to 12- week-old mice by intraperitoneal application of Brewer thio-
glycollate. Cells were collected 4 days after thioglycollate injection. Peritoneal macro-
phages were cultured in RPMI 1640 media supplemented with 8% FBS at 37°C. In select
experiments macrophages were incubated with RPMI 1640 media supplemented with
0.5% FBS for 2 hours prior to LPS exposure, as indicated in Figure legends. Bone mar-
row neutrophils were isolated using negative selection method as previously described
(33). Neutrophil purity was consistently greater than 97%, as determined by Wright-
Giemsa-stained cytospin preparations. Neutrophils were cultured in RPMI 1640 medium
containing 8% FBS and treated as indicated in the figure legends. Neutrophil viability
under experimental conditions was determined by Trypan blue staining and was consist-

ently greater than 95%.

Monocyte isolation was processed according to UAB Institutional Review Board-
approved protocols. Monocytes were isolated from blood samples using MACS Mi-
crobeads, selective for CD14+CD16+ cells, and accordingly with the manufacturers rec-
ommended protocol (Miltenyi Biotec, Auburn, CA). Monocytes were cultured in RPMI

1640 media supplemented with 8% FBS at 37°C.
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Mouse Alveolar Lung Epithelial Cell Isolation and Culture

Epithelial cells were isolated as previously described [34]. Lungs were perfused
through the heart using PBS. Dispase was instilled into the lungs through the trachea fol-
lowed by digestion for 60 minutes at room temperature. Lungs were minced, incubated in
DMEM containing DNase I, and then pipetted and passed through sequentially smaller
pore size filters. Epithelial cells were collected from the cell suspension using the nega-
tive selection process and cell suspension plated overnight. Next, non-adherent epithelial
cells were transferred to collagen coated culture plates and cultured in DMEM medium
with 8% FBS. In selected experiments human lung epithelial cell line A549 cells (ATCC)

were cultured and treated in F12K supplemented with 8% FBS.

Cytokine ELISA

ELISA was used to measure cytokine levels in culture media and bronchoalveolar
lavage (BAL) fluids as previously described (33). Levels of TNF-a, MIP-2, and KC were
determined using commercially available ELISA kits (R&D Systems) according to manu-

facturer’s instructions.

Western Blot Analysis

Western Blot analysis was performed as described previously (35). Each experi-
ment was carried out three or more times with cell populations obtained from separate

groups of mice. In selected experiments, BAL fluids (30 pl) were mixed with Laemmli
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sample buffer and boiled for 5 min followed by Western Blot analysis with anti-HMGB1

antibody.

A Mouse Model for Endotoxin-Induced Lung Injury

Lung injury was induced by intratracheal administration of LPS (2 mg/kg, i.t.) as
previously described (22, 33). Characterization of lung injury is by neutrophil infiltration
into the interstitium and airways of the lungs, interstitial edema development, and in-
creased pro-inflammatory cytokine production. Besides mononuclear/neutrophilic infil-
trates, cellular debris and proteinaceous material are present in alveolar space. Alveolar
walls are also thickened, and the septa are edematous. To induce ALI, mice were anesthe-
tized with isoflurane and then suspended by their upper incisors on a 60° incline board.
The tongue was gently extended and LPS or PBS solution deposited into the pharynx fol-
lowed by aspiration to the lungs (36). Fenoldopam (10 mg/kg, previously described (8))
in 0.5 ml of DMSO/saline or control vehicle (DMSO/saline) was injected intraperitone-
ally for 18 and 0.5 hour prior to LPS intratracheal instillation. Mice were euthanized 24
hours after LPS administration. Bronchoalveolar fluids (BALs) were obtained by lav-

aging the lungs three times with 1 ml PBS.

Statistical Analysis

Statistical analysis was performed using 3 or more independent experiments. Mul-

tigroup comparisons were performed using one-way ANOVA with Tukey’s post hoc test.
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Values were normally distributed. Statistical significance was determined by the Stu-
dent’s t-test for comparisons between two groups. A value of p < 0.05 was considered
significant. Analyses were performed on SPSS version 16.0 (IBM, Armonk, NY) for

Windows (Microsoft Corp., Redmond, WA).
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Results

Dopaminergic and Adrenergic Signaling Have Distinct Effects on AMPK Activity in

Macrophages and Neutrophils

In the first set of experiments, Thr172-AMPK phosphorylation (activation) was
determined in murine peritoneal macrophages before and after stimulation of dopaminer-
gic or adrenergic receptors. As shown in Figures 1A and B, exposure to dopamine or
fenoldopam, a potent and highly selective D1R dopaminergic agonist, resulted in a robust
increase in T172-AMPK phosphorylation. While the dopaminergic pathway increased
AMPK activation, inclusion of adrenergic agonist norepinephrine or salbutamol (a 2 ad-
renergic agonist) had little or no effects (Figures 1D and E and Supplemental Figure 1).
Consistent with results obtained from murine macrophages, culture of human monocytes
with fenoldopam also increased T172-AMPK phosphorylation, whereas norepinephrine
had no effects (Figure 1F). Next, we examined if similar mechanisms are operational in
neutrophils. However, we found that AMPK phosphorylation was unaltered in fenoldo-
pam treated neutrophils while norepinephrine caused a substantial T172-AMPK de-
phosphorylation (Supplemental Figure 2). These results suggest that the dopamine/D1R,
but not norepinephrine/adrenergic, signaling pathway was coupled with AMPK activation

in murine macrophages and human monocytes.
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D1R and Phospholipase C Signaling Increases AMPK Activation in Fenoldopam

Treated Macrophages

To determine the specific components of the D1R signaling implicated in AMPK
activation, we examined the effects of adenylyl cyclase/cAMP, protein kinase A (PKA)
and phospholipase C (PLC) in mouse peritoneal macrophages. As shown in Figure 2A,
activation of adenylyl cyclase by forskolin or pretreatment with phosphodiesterase inhibi-
tor IBMX to prevented cAMP degradation, did not activate AMPK. Of note, modest acti-
vation of AMPK was observed after inclusion of PKA inhibitor H-9 (Figure 2A). Next,
we examined the effects of phospholipase C. As shown in Figure 2B, inclusion of PLC
inhibitor U-73122 prevented the ability of fenoldopam to increase AMPK phosphoryla-
tion. In contrast to U-73122, culture cells with PLC activator m-3M3FBS resulted in ac-
tivation of AMPK (Figure 2C). These results indicate that stimulation of D1 dopaminer-
gic signaling and activation of PLC, but not adenylyl cyclase/cAMP or PKA, was impli-
cated in activation of AMPK in peritoneal macrophages. It is important to note that such
a mechanism of AMPK activation by PLC is likely cell population specific, as a recent
study proposed that both cAMP/PKA and PLC may affect AMPK activity in skeletal

muscle cells (37).

Stimulation of D1 Dopaminergic Pathway Prevents T172-AMPK De-Phosphorylation

in LPS Treated Macrophages

Previous studies have shown that inflammatory conditions, including engagement

of LPS/TLR4, are associated with T172-AMPK de-phosphorylation and decreased kinase
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activity in macrophages and other cell populations (22, 25, 38, 39). As shown in Figure 3,
exposure to LPS resulted in a time dependent decrease in T172-AMPK phosphorylation.
Importantly, pre-treatment with fenoldopam diminished such LPS effects (Figures 3A
and B). Of note, AMPK de-phosphorylation was not affected by norepinephrine (Figures
3C and D). These results suggest that selective activation of the D1 dopaminergic path-

way preserved AMPK activity in LPS treated macrophages.

In additional experiments, we confirmed the anti-inflammatory effect of the D1R
signaling pathway. In particular, pre-treatment with D1R agonist fenoldopam reduced
TNF-o and MIP-2 production by LPS-stimulated macrophages (Figure 4). Because anti-
inflammatory effects have been previously linked to cAMP-PKA signaling (40, 41), we
tested if H-9 (PKA inhibitor) moderates fenoldopam action in LPS treated macrophages.
However, PKA inhibitor did not diminish the ability of fenoldopam to reduce TNF-a
production by LPS-stimulated macrophages (Supplemental Figure 3). These findings

suggest that PLC, but not PKA, mediates anti-inflammatory action effects of fenoldopam.

Stimulation of D1R or Direct AMPK Activation Diminished the Adverse Epithelial

Paracrine Signaling On Macrophage Pro-Inflammatory Response

In addition to the effects of dopaminergic signaling in macrophages and neutro-
phils, we examined if D1R stimulation affects AMPK activity in type Il alveolar epitheli-
al cells. Primary mouse alveolar epithelial cells (AECs) were treated with D1R agonist
fenoldopam or AMPK activator metformin. As shown in Figures 5A and B, nearly a 3

fold increase of phosphoT172-AMPK was observed after treatment with fenoldopam for
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4 hours, as compared to untreated (control) cells. Furthermore, we found that activation
of AMPK also diminished the epithelial paracrine signaling which promotes macrophage
pro-inflammatory response (Figures 5C and D). In these experiments, AECs were incu-
bated with metformin (0 or 300 uM) or fenoldopam (0 or 1 uM) for 2 hours followed by
inclusion of IL-1B (0 or 10 ng/ml) for an additional 4 hours. Next, cells were washed to
remove AMPK activators and IL-1p, and then incubated for 24 hours. Conditioned media
were further used to incubate peritoneal macrophages for 24 hours and the amounts of
TNF-a determined by ELISA. These results suggest that AMPK activation in epithelial
cells reduced the effects of paracrine signaling that caused macrophage pro-inflammatory

activation.

Stimulation of D1R Dopaminergic Signaling Diminished the Severity of LPS-Induced

Acute Lung Injury

Fenoldopam (10 mg/kg, i.p.) or vehicle (saline, i.p) was injected for 18 hours, and
then a second dose of fenoldopam or saline was applied 1 hour prior to LPS intratracheal
instillation (2 mg/kg; i.t.). The amount of inflammatory cytokines in BAL fluids, extent
of pulmonary edema and lung permeability, as well as T172-AMPK phosphorylation sta-
tus in lung homogenates were determined 24 hours after exposure to LPS. Representative
images of lung sections (Figure 6A) demonstrate that fenoldopam effectively prevented
LPS-mediated neutrophil accumulation (fenoldopam + LPS group) and overall preserved
lung architecture, as compared to mice treated with LPS alone. Reduced pulmonary ede-

ma and vascular permeability was evidenced by a decrease in wet-to-dry ratios and BAL
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protein content in fenoldopam and LPS mice, as compared to the LPS group (Figure 6B).
Consistent with results obtained from peritoneal macrophages (Figure 4), fenoldopam
also diminished BAL cytokines, including TNF-a, MIP-2, and KC (Figure 7A). High
Mobility Group Box 1 (HMGB1), an important marker and mediator of lung injury, was
significantly increased in BAL fluids of LPS treated mice. Importantly, fenoldopam ef-
fectively prevented such accumulation (Figure 7B and C). These results indicate that D1

dopaminergic agonist fenoldopam reduced the severity of endotoxin-induced ALI.

The D1R Signaling Pathway Preserved AMPK Activity Along With Major Components

of ETC Complexes in Lung Tissue of Mice Subjected to LPS-Induced ALI

The amounts of phospho-T172-AMPK and phospho-S79- acetyl-CoA carbox-
ylase (ACC), an AMPK downstream target, were measured in whole lung homogenates
obtained from vehicle (saline), LPS, or fenoldopam and LPS treated mice. Western Blot
analysis of lung homogenates shows a marked decrease in T172-AMPK and S79-ACC
phosphorylation after intratracheal instillation of LPS, as compared to control (vehicle)
group (Figures 8A and B). Importantly, application of fenoldopam was sufficient to pre-
vent both AMPK and ACC de-phosphorylation in mice treated with LPS. These results
suggest that stimulation of the D1R dopaminergic pathway preserved AMPK activity in

lungs of mice subjected to LPS (Figure 9A).

As shown in Figures 8C and D, a substantial decrease in major components of the
mitochondrial electron transport chain (ETC) complexes occurred in lungs of LPS treated

mice, including NDUFB8 (Complex 1) and ATP synthase alpha subunit (Complex V).
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Importantly, fenoldopam effectively prevented such loss of NDUFB8 and ATP synthase
alpha subunit. These findings are consistent with previous studies that preservation of

mitochondrial structure and function reduces the severity of LPS-induced lung injury (42,

43).

29



Discussion

In this study, we found that dopamine-mediated stimulation of the D1R pathway
is associated with AMPK activation in peritoneal macrophages, monocytes and alveolar
epithelial cells. Activation of the D1R signaling prevented T172-AMPK de-
phosphorylation (inactivation) when fenoldopam was applied prior to LPS exposure. We
also found that fenoldopam-dependent activation of AMPK in AECs diminished IL-1f -
induced adverse paracrine signaling that promoted macrophage pro-inflammatory re-
sponse. Furthermore, our results indicate that administration of fenoldopam effectively
preserved AMPK activity along with major mitochondrial ETC components in lungs of
mice subjected to intratracheal instillation of LPS. Importantly, activation of the D1R-

AMPK signaling axis prior to LPS administration reduced the severity of ALI.

The ability of D1R to preserve AMPK activity is likely an important event to re-
duce exaggerated macrophage pro-inflammatory activation and therefore diminish the
extent of ALI in LPS treated mice. This possibility is supported by recent studies that
demonstrate the effects of AMPK activators metformin or AICAR to diminish LPS-
mediated organ injury, including lung, heart, kidney or liver injury (33, 44-48). Besides
anti-inflammatory effects associated with inhibition of the NF-xB signaling cascade,
AMPK activation may also accelerate endothelial barrier recovery, and decrease lung
permeability, processes known to be dysregulated in sepsis and ARDS (22, 48, 49). In
addition to dopamine and AMPK anti-inflammatory effects, dopamine signaling has also
been implicated in increasing a liquid clearance in lung epithelium (7, 50). Of note, do-

pamine/D1R signaling may also improve lung mechanics due to airway smooth muscle
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relaxation (51). Furthermore, the dopaminergic-vagal axis has been recently shown to

increase survival in a murine model of polymicrobial sepsis (8).

Although dopamine-D1R signaling are linked to the cAMP/PKA anti-
inflammatory signaling cascade (40, 41), we also observed cCAMP/PKA independent, but
PLC-dependent AMPK activation in macrophages (Figure 9A). Given the importance of
AMPK to diminish macrophage pro-inflammatory activation, our results suggest that
both cAMP/PKA and PLC/AMPK pathways may synergistically lower a detrimental in-
flammation in LPS treated mice. Furthermore, the PLC/AMPK pathway may also prevent
bioenergetic dysfunction of immune cells and in the lung tissue of mice subjected to ALI.
It is important to note that while AMPK activation in peritoneal macrophages occurs after
stimulation of D1R-PLC axis, but not adenylyl cyclase/cAMP or PKA, such a mechanism
of AMPK activation is likely cell type specific. For example, both cAMP/PKA and PLC
were implicated in AMPK activation in skeletal muscle cells (37). Despite mechanistic
differences and synergy between dopamine receptors, our findings suggest that AMPK
activation is a plausible target to prevent development of ARDS and possibly other in-

flammatory conditions associated with organ dysfunction.

Our results show a benefit of fenoldopam/D1-AMPK axis, though previous stud-
ies have also demonstrated the importance of D2 receptors in LPS-induced ALI (7). The
exact crosstalk between D1 and D2 receptors, including implication of D2 deficiency on
D1 signaling is not known. Although D1R and D2R have distinct signaling cascades, do-
pamine likely has a beneficial synergistic impact on ALI through utilization of both re-
ceptors. For example, D1R-mediated activation promotes the AMPK-bioenergetic path-

way while engagement of dopamine-D2R diminishes vascular lung permeability (7). Of
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note, recent studies indicate a possible formation of D1R-D2R heteromer receptors and

downstream effects mediated by phospholipase C-mediated calcium signaling (52, 53).

Understanding the relationship between inflammation and metabolism creates an
opportunity to develop effective pharmacological interventions, including the possibility
of repurposing AMPK activators to reduce adverse inflammation in conjunction with
preservation of metabolic homeostasis. Although both D1R and B-adrenergic pathways
have a potent anti-inflammatory effect, D1R signaling may provide an advantage due to
activation of AMPK in immune cells and peripheral lung tissue. In addition to reducing
LPS/TLR4-mediated neutrophil and macrophage pro-inflammatory activation (13, 22,
39), AMPK has much broader implications in regulating cellular bioenergetics and redox
homeostasis in immune cells and lung tissue (16, 54). Given that mitochondrial dysfunc-
tion is associated with unfavorable outcome of sepsis and sepsis-related ARDS (55, 56),
and that AMPK affects mitochondrial quality control (autophagy/mitophagy) and biogen-
esis (26), AMPK activation is likely an important target to diminish the severity of organ
injury (26, 57). Indeed, we found that fenoldopam effectively prevented the decrease of
mitochondrial complex | (NDUFB8) and complex V (ATP synthase a-subunit) in mice
subjected to intratracheal instillation of LPS (Figure 8C and D). This validates recently
published findings that preservation of AMPK activity reduces the extent of mitochondri-
al dysfunction in lungs of septic mice (43), or due to renal injury in a murine model of

diabetes (29).

Mortality rates from ARDS remain high (20-30%) as described in recent studies
(58-61). Despite progress in understanding mechanisms associated with development and

perpetuation of acute lung injury, no pharmacological approach to diminish the severity
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or to improve survival from this condition is available for critically ill patients. Although
selective catecholamines have been shown to prevent lung injury in experimental models,
clinical trials with f-adrenergic agonists provided no benefit to patients with ARDS (62,
63). The exact mechanism related to such limited efficacy of f-adrenergic agonists is not
well understood. It is possible that inflammatory conditions, including hemorrhagic shock
or sepsis are associated with desensitization of adrenergic pathways (64-67). Another
possibility is that -adrenergic signaling alone is not preserving AMPK function in in-
flammatory settings and therefore not preventing metabolic and bioenergetic dysfunction
of immune and stromal cells. In contrast, dopamine appears to have both anti-
inflammatory effects and the capacity to stimulate AMPK activity in macrophages and in
alveolar epithelial cells. It is important to note that further studies should also delineate if

bioavailability of D1R is affected in critically ill patients.

Taken together, our results suggest that engagement of dopamine signaling fol-
lowed by AMPK activation may provide a substantial advantage linked to both AMPK
anti-inflammatory and bioenergetic function. These findings also suggest that activation
of the dopamine-AMPK signaling pathway effectively protects the lungs in a murine

model of endotoxin-induced ALI.
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ACC — acetyl-CoA carboxylase
AEC — alveolar epithelial cell
ALI- acute lung injury
AMPK — AMP-activated protein kinase
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HMGBL1 — high mobility group box 1
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Figure 1. Dopaminergic and adrenergic signaling have distinct effects on AMPK activity
in murine macrophages and human monocytes. Western blot and quantitative analysis
show the amounts of pT172-AMPK, total AMPK, and B-actin in mouse peritoneal mac-
rophages treated dose dependently with dopamine (A), D1R agonist fenoldopam (B), or
norepinephrine (D) for 2 h. Cells were also incubated with fenoldopam (C) (1 uM) or
norepinephrine (E) (1 uM) for the indicated time. (F) Human blood monocytes were
treated with fenoldopam (0 or 1 pM) or norepinephrine (0 or 1 uM) for 2 h followed by
Western blot analysis of pT172—AMPK, total AMPK, and B-actin. Means + sd, n = 3, *P
< 0.05.
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Figure 2. The D1R-PLC signaling axis, but not cAMP—PKA, induces AMPK activation
in peritoneal macrophages. (A) Cells were pre-incubated with forskolin (0 or 10 uM), H-
9 (0 or 10 uM), or a combination of IBMX (100 uM) and forskolin (10 uM) for 60 min.
Next, cells were treated with fenoldopam (0 or 1 uM) for an additional 2 h. pT172—
AMPK, total AMPK, and B-actin are shown. (B) Macrophages were pretreated with PLC
inhibitor U-73122 (0 or 5 uM) for 60 min and then incubated with fenoldopam (1 pM)
for 2 h. (C) Macrophages were treated with PLC activator m-3M3FBS (0 or 5 uM) for 2
h followed by Western blot analysis of AMPK. Means + sd, n = 3, *P < 0.05.
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Figure 3. Engagement of fenoldopam/D1R signaling prevents AMPK dephosphorylation
in LPS treated macrophages. Peritoneal macrophages were cultured with fenoldopam (A
and B) (0 or 1 uM) or norepinephrine (C and D) (0 or 1 uM) for 60 min followed by ex-
posure to LPS (300 ng/ml) for the indicated time. Representative Western blots show the
amounts of pT172-AMPK, total AMPK, and B-actin. Means + sd, n = 3, *P < 0.05 com-
pared with the control (untreated); #P < 0.05 compared with fenoldopam + LPS treatment
for 30 or 60 min with LPS alone (30 or 60 min).
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Figure 4. Activation of the D1 dopaminergic pathway reduces LPS-mediated macro-
phage pro-inflammatory cytokine production. Macrophages obtained from 3 mice were
pretreated with dopaminergic agonist fenoldopam (0 or 1 uM) for 60 min and then treated
with LPS (0, 0.1, 1, or 10 ng/ml) for an additional 4.5 h. The amounts of TNF-a (A) and
MIP-2 (B) cytokines in culture media were determined using ELISA. Means +sd, n = 3
independent experiments, each with 4 biologic replicates. *P < 0.05.
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Figure 5. DIR-AMPK axis diminished the adverse epithelial paracrine signaling that
promotes macrophage pro-inflammatory response. (A and B) Primary type 11 AECs were
incubated with metformin (0 or 300 uM) or fenoldopam (0 or 1 uM) for 4 h followed by
Western blot analysis of phospho-T172-AMPK and total AMPK. Means + sd, n =3, *P <
0.05 compared with the control (untreated). (C and D) AECs were pretreated with met-
formin or fenoldopam for 4 h followed by inclusion of IL-1p (0 or 10 ng/ml) for an addi-
tional 4 h. Cells were then washed, and the medium was collected after incubation for 24
h. Conditioned medium (1:1 normal:conditioned medium) was used to treat peritoneal
macrophages for 24 h followed by TNF-a ELISA. Means =+ sd, n = 3, *P < 0.05 com-
pared with the control (untreated cells).
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Figure 6. Activation of the D1R dopaminergic signaling pathway diminished severity of
LPS-mediated ALI. Mice were first treated with vehicle (control; saline 500 pl, i.p.) or
fenoldopam (10 mg/kg; 500 pl, i.p.) for 18 h and a second dose of saline or fenoldopam
was applied 15 min before i.t. instillation of LPS (saline or 2 mg/kg; 50 ul, i.t.). (A) Rep-
resentative images show H&E-stained lung sections obtained from control mice or mice
treated with fenoldopam, LPS, or a combination of fenoldopam and LPS. Scale bars, 100
pm (10%) or 1000 um (40x). (B) Increase in lung wet-to-dry ratios, number of lung neu-
trophils in BAL fluids, and BAL proteins were obtained 24 h after exposure to LPS alone
or a combination of LPS and fenoldopam. Means + sd, n = 4, *P < 0.05 comparing
fenoldopam + LPS to mice treated with LPS alone.
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Figure 7. The D1R dopaminergic signaling agonist fenoldopam diminished production of
pro-inflammatory cytokines in lungs of mice subjected to LPS-induced ALI. (A) TNF-a,
MIP-2, and KC were measured in BAL fluids obtained from control (saline), LPS, or
fenoldopam and LPS—treated mice (as described in Fig. 6). Means + sd, n =5, *P < 0.05.
Representative Western blot (B) and quantitative analysis (C) show the amounts of
HMGBL1 in BALs obtained from 3 sets of mice: control, LPS alone, or treated with a
combination of fenoldopam and LPS. Means + sd; n = 3; ***P < 0.001.
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Figure 8. The D1R dopaminergic agonist fenoldopam prevented T172-AMPK
dephosphorylation in lungs of mice subjected to LPS-induced ALI. Mice were treated
with LPS or fenoldopam and LPS for 24 h (as described in Fig. 6). Representative West-
ern blots (A) and quantitative analysis (B) show the extent of T172-AMPK and S79-ACC
phosphorylation in 3 sets of lung homogenates. (C and D) The extent of major compo-
nents of ETC complexes was determined in lung homogenates. Means + sd, n = 34

mice/group, *P < 0.05.
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Figure 9. Schematic of D1R signaling in macrophages and lung epithelial cells. (A)
LPS/TLR4 engagement promotes AMPK dephosphorylation and decreased kinase activi-
ty in peritoneal macrophages. (A) In turn, stimulation of dopaminergic D1R signaling
with dopamine or fenoldopam followed by PLC activation prevented LPS-mediated
dephosphorylation of AMPK. (B) Stimulation of D1R with fenoldopam and subsequent
activation of AMPK diminished the adverse paracrine signaling from IL-1p—treated
AECs and, therefore, prevented macrophage pro-inflammatory activation and reduced the
severity of LPS-induced ALI.
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Supplemental Digital Content 1. The effects of salbutamol on AMPK activation in
macrophages. Representative Western blots for treatment with salbutamol showing
Thr172 phosphorylation in response to dose (0, 0.1, 0.3, or 1 uM) in macrophages. Means
+SD (n=3), ** p<0.01.
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Supplemental Digital Content 2. The effects of D1-dopaminergic or f-adrenergic ago-
nists on T172-AMPK phosphorylation and pro-inflammatory cytokine production in
LPS-stimulated neutrophils. (A and B) Bone marrow neutrophils were treated dose de-
pendently with fenoldopam or norepinephrine for 2 hours followed by Western Blot
analysis of pT172-AMPK, AMPK and B-actin. Means £ SD (n = 3), ** p < 0.01.
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Supplemental Digital Content 3. The anti-inflammatory effects of fenoldopam are in-
dependent of the CAMP-PKA pathway. Macrophages were pre-treated with H-9 (0 or 10
uM) for 60 minutes followed by dopaminergic agonist fenoldopam (0 or 1 uM) for an
additional 60 minutes and then treated with LPS (0 or 1 ng/ml) for an additional 4.5
hours. The amounts of TNF-a cytokine in culture media were then determined using
ELISA. Means £ SD, n =4, * p < 0.05.
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CHANGES IN CELLULAR BIOENERGETICS CONTRIBUTES TO THE
SEVERITY OF SEPSIS

In spite of significant progress in understanding the mechanisms taking place dur-
ing sepsis, specific therapeutic interventions for critically ill patients are not available.
Clinical trials aimed at targeting various aspects of sepsis, e.g. LPS/TLR4, TNF, IL-1,
platelet activating factor, coagulation, and immune function, appeared to have modest
effects at best. Currently, only supportive interventions with vasopressors, antibiotics,
and ventilators are used for sepsis or ARDS patients. In the previous chapter we exam-
ined the impact of catecholamines, i.e. norepinephrine and dopamine, on immune cell
bioenergetics. We found that both norepinephrine and dopamine have anti-inflammatory
effects, however, stimulation of the D1R signaling pathway via fenoldopam activates the
bioenergetic regulator AMPK in macrophages and lung tissue and diminishes the severity

of lung injury?® 3% 1%,

The mitochondria are known for their involvement in generating ATP for the cell,
but also produce ROS and metabolic intermediates which can be used by other cellular
processes. Mitochondria consist of an inner (cristae) and outer membrane that allows for
the generation of an electrochemical gradient within the mitochondria which is utilized to
generate ATP. During sepsis, mitochondrial dysfunction (possibly via nitrosylation of
electron transport chain complexes) is followed by bioenergetic reprogramming to glyco-
lytic metabolism® 13814%_ \While this switch is linked to bioenergetic adaptation for the

inflammatory response, a prolonged loss of oxidative phosphorylation has a detrimental
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impact and is correlated with the severity of organ injury and failure. Thus mitochon-
dria/bioenergetic dysfunction has emerged as an essential target in sepsis. One possible
approach to restore mitochondrial function is activation of AMPK signaling, which in-
cludes mitochondrial biogenesis and autophagy. However, our initial studies revealed that
AMPK activity is significantly diminished in LPS treated immune cells and in the lung of
mice subjected to endotoxin-induced ALI. We hypothesize that specific mechanisms in-
volved in AMPK inactivation during sepsis are associated with loss of bioenergetic plas-
ticity of immune and lung parenchyma cells. Identification of inhibitory mechanism(s) is
a crucial step to develop new therapeutic interventions for bioenergetic dysfunction in

sepsis and ARDS.
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Abstract

Alterations in metabolic and bioenergetic homeostasis contribute to sepsis-
mediated organ injury. However, how AMP-activated protein kinase (AMPK), a major
sensor and regulator of energy expenditure and production, affects development of organ
injury and loss of innate capacity during polymicrobial sepsis remains unclear. In the pre-
sent experiments, we found that cross-talk between the AMPK and GSK3 signaling
pathways controls chemotaxis and the ability of neutrophils and macrophages to kill bac-
teria ex vivo. In mice with polymicrobial abdominal sepsis or more severe sepsis induced
by the combination of hemorrhage and intra-abdominal infection, administration of the
AMPK activator metformin or the GSK3p inhibitor SB216763 reduced the severity of
acute lung injury (ALI). Improved survival in metformin treated septic mice was corre-
lated with preservation of mitochondrial complex V (ATP synthase) function and in-
creased amounts of ETC complex 111 and 1V. Although immunosuppression is a conse-
quence of sepsis, metformin effectively increased innate immune capacity to eradicate P.
aeruginosa in the lungs of septic mice. We also found that AMPK activation diminished
accumulation of the immunosuppressive transcriptional factor HIF-1a as well as the de-
velopment of endotoxin tolerance in LPS treated macrophages. Furthermore, AMPK-
dependent preservation of mitochondrial membrane potential also prevented LPS-
mediated dysfunction of neutrophil chemotaxis. These results indicate that AMPK activa-
tion reduces the severity of polymicrobial sepsis-induced lung injury and prevents the
development of sepsis-associated immunosuppression.
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Introduction

Severe infection accompanied initially by an overly exuberant inflammatory re-
sponse and later by immunosuppression is frequently associated with dysfunction of vital
organs and has a direct impact on morbidity and mortality in critically ill patients (1).
Sepsis is the most frequent cause of death in hospitalized patients (2). Sterile inflammato-
ry conditions linked to hemorrhage, trauma or burns worsen organ dysfunction in
polymicrobial sepsis (3,4). Acute respiratory distress syndrome (ARDS) (5,6) frequently
accompanies sepsis, and is associated with higher mortality rates in this setting (7). Effec-
tive pharmacologic interventions are not available for sepsis, a condition that affects
more than a million patients each year in the United States (8). Similarly, there is no

available pharmacologic intervention that improves the outcome from ARDS (9).

Excessive production of inflammatory mediators, including cytokines such as IL-
1B and IL-17, disruption of endothelial and epithelial barriers with increased permeabil-
ity, along with alterations in cellular bioenergetics and immunosuppression appear to
contribute to organ dysfunction and mortality in sepsis (1, 10-12). While innate immune
cells play a central role in host response to infection, exaggerated macrophage and neu-
trophil pro-inflammatory activation is also implicated in increased severity of sepsis-
induced organ injury (13-15). The late or adaptive phase of sepsis is associated with
apoptosis of lymphocytes and with epithelial and endothelial cell dysfunction as well as
with diminished activation of neutrophils, macrophages and other cell populations in-
volved in innate immunity. Such late phase immunosuppression appears to contribute to
enhanced susceptibility to secondary infections that result in increased mortality (16, 17).

Previous experiments have shown that loss of mitochondrial structure and function in
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immune cells is implicated in organ failure in sepsis (18, 19). Of note, the extent of mito-
chondrial dysfunction in the lungs has been shown to correlate with mortality in sepsis
(19, 20). Approaches to prevent mitochondrial dysfunction or to restore mitochondrial

bioenergetics may diminish the severity of sepsis-associated lung injury (21-23).

The ability of the AMP-activated protein kinase (AMPK) to detect metabolic al-
terations and to modulate cellular bioenergetic and redox states appears to contribute to
mortality and organ dysfunction in sepsis as well as to recovery from this life-threatening
condition (24-26). AMPK is a heterotrimer that consists of one catalytic a and two regu-
latory  and y subunits (27). This serine/threonine kinase has a unique mechanism of ac-
tivation that is coupled to increases in energy demand, typically either due to excessive
energy expenditure and/or deficient energy production. Such situations are associated
with increased AMP-to-ATP ratios followed by AMP-dependent binding to the AMPKy
subunit, allosteric domain rearrangement and phosphorylation of T172-AMPKa by up-
stream kinases (28). Both AMP binding and phosphorylation of T172 are required for
optimal AMPK activation. Activated AMPK participates in limiting energy expenditure
while promoting pathways of energy production, including fatty acid oxidation, glycoly-
sis and enhanced oxidative phosphorylation (24). Although enhanced AMPK activation
induced by pharmacologic agents, such as metformin, an important therapeutic approach
to type 2 diabetes, recent studies also show that administration of metformin can retard
aging in experimental models and has been suggested to be associated with an increased
lifespan of diabetic patients (29, 30). In addition to the effects of AMPK activation on
glucose and lipid metabolism, studies, including those from our laboratory, indicate that

activated AMPK has anti-inflammatory effects in TLR4-activated neutrophils and mac-
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rophages, and also diminishes the severity of endotoxin-induced lung injury in preclinical

models (31-33).

Although sepsis is accompanied by alterations in bioenergetics of immune and pa-
renchyma cells, as well as an increase in generation reactive oxygen and nitrogen species
(ROS/RNS), that should result in AMPK activation, activation of AMPK is often not
found in such settings (34-37). More recently, we have shown that the IkB kinase beta
(IKKB)/glycogen synthase kinase beta (GSK3p) signaling axis contributes to preventing
AMPK activation both after TLR4 engagement in neutrophils and macrophages, and in
the lungs of mice subjected to sterile inflammatory conditions, including endotoxemia
(38). However, it is not known whether this mechanism is operational during polymicro-
bial inter-abdominal infection, a clinically relevant issue in sepsis-induced ARDS. Be-
cause polymicrobial sepsis is linked to harmful inflammation and diminished capacity of
the innate system for bacterial eradication, we also determined if AMPK activation con-
tributes to subsequent development of immunosuppression. In particular, we examined
whether AMPK activation affects clearance of P. aeruginosa lung infection following

polymicrobial abdominal sepsis.
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Materials and Methods

Mice

Male C57BL/6 mice were purchased from the National Cancer Institute in Freder-
ick, Maryland. Mice 10 to 12 weeks of age were used for experiments. The mice were
housed in the animal facility at the University of Alabama at Birmingham. All experi-
ments were conducted in accordance with protocols approved by the University of Ala-

bama at Birmingham Institutional Animal Care and Use Committee.

Reagents and Antibodies

The GSK3p inhibitor BIO (6-bromoindirubin-3'-oxime) was purchased from
R&D Systems whereas SB216763 was from Sigma-Aldrich. PS-1145 (IKK1/2 inhibitor),
metformin (AMPK activator), LPS (TLR4 agonist) and brewer thioglycollate medium
were obtained from Sigma-Aldrich. W-peptide (chemoattractant) was purchased from
Phoenix Pharmaceuticals. Antibodies for phospho Thr172-AMPK, phospho Ser485-
AMPK, total AMPK, phospho Ser79-ACC and total ACC were purchased from Cell Sig-
naling Technology. HRP-conjugated (3-actin antibody was from Santa Cruz Biotechnolo-
gy. Anti-phospho-Thr479-AMPK antibody was generated as described previously (39)
and was a gift from Ken Inoki of the University of Michigan. Anti-HMGB1 antibody was
purchased from R&D Systems. Total OXPHOS Rodent WB Antibody Cocktail was ob-
tained from Abcam. Hoechst dye and JC-1 probe were from Life Technologies. sSiRNA to
the AMPKal subunit, scrambled siRNA and Accell medium were purchased from Ther-
mo Scientific/Dharmacon.
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Neutrophil and Peritoneal Macrophage Isolation

Bone marrow neutrophils were purified using a negative selection column
(31,38). In brief, bone marrow cell suspensions were isolated from the femur and tibia of
mice by flushing with RPMI 1640 medium with 5% fetal bovine serum (FBS). The cell
suspension was passed through a glass wool column and collected by washing with phos-
phate buffer solution (PBS) containing 5% FBS. Negative selection to purify neutrophils
was performed by incubation of the cell suspension with biotinylated primary Abs specif-
ic for the cell-surface markers F4/80, cluster of differentiation 4 (CD4), CD45R, CD5 and
TER119 (Stem Cell Technologies) for 15 min at 4°C followed by subsequent incubation
with anti-biotin tetrameric Abs (100 pL; Stem Cell Technologies) for 15 min. The com-
plex of anti-tetrameric antibodies and cells was then incubated with colloidal magnetic
dextran iron particles (60 uL; Stem Cell Technologies) for an additional 15 min at 4°C.
The T cells, B cells, RBCs, monocytes and macrophages were captured in a column sur-
rounded by a magnet, allowing the neutrophils to pass through. Neutrophil purity, as de-

termined by Wright-Giemsa-stained cytospin preparations, was consistently >98%.

Peritoneal macrophages were isolated as described previously (38). Macrophages
were elicited in 10- to 12-wk-old mice by use of Brewer thioglycollate. Cells were col-
lected 4 d after intraperitoneal (IP) injection of thioglycollate, cultured for 3 d ex vivo

and then treated as described in the figure legends.
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Transwell Migration Assay

Bone marrow neutrophils (106 cells/well) were incubated with PS1145 (0 or 10
umol/L), BIO (0 or 5 umol/L), SB216763 (0 or 30 umol/L) or metformin (0 or 500
umol/L) for 2 h followed by exposure to LPS (300 ng/mL) for an additional 60 min.
Transwell migration assay was performed using 24-well cell plate BD Falcon cell culture
inserts (pore size 3 um) (Translucent PET Membrane, BD Biosciences). Briefly, bone
marrow neutrophils (106/mL) were placed into the upper reservoir, and chemotaxis initi-
ated by inclusion of W-peptide (50 nmol/L) in the lower reservoir of transmigration
chamber. Chemotaxis was determined after neutrophils were allowed to migrate for 60
min in RPMI media supplemented with FBS (5%). Cells in capillary structures of trans-
migrating chamber were subjected to Wright-Giemsa-staining followed by image acquisi-
tion using light microscopy. Each condition was tested three or more times using inde-

pendent cell populations.

In Vitro Killing Assay

Neutrophils (5 x 106 cells/mL) cultured in RPMI 1640 (0.5% FBS) were pretreat-
ed with PS1145 (0 or 10 umol/L) or SB216763 (0 or 30 pmol/L) for 60 min or metformin
(0 or 500 umol/L) for 2 h, followed by inclusion of Pseudomonas aeruginosa (PAK; 5 x
107/mL; 1:10 ratio neutrophil/PAK) for an additional 90 min. Similar to neutrophils,
PS1145, SB216763 or metformin treated peritoneal macrophages (5 x 106 cells/mL)
were incubated with PAK (macrophage/PAK; 1:10 ratio) for 90 min. The cell/bacterial

solutions were centrifuged at 375g for 5 min, and then the cell pellets were lysed by add-
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ing 100 pL of Triton-X 100 (0.1%). The lysates were then plated on agar plates with am-
picillin and incubated overnight at 37°C. Colony-forming units (CFUs) were calculated
by counting bacterial colonies grown on agar plates using colony counter software (Bio-
Rad) and expressed as a percentage of colonies obtained from untreated neutrophils or

macrophages.

SiRNA Knockdown of AMPKal

Peritoneal macrophages were incubated with scramble (1 pmol/L) or AMPKal-
specific SIRNA (1 umol/L), as described previously (40). Briefly, cells (5 x 105/well) in
12-well plates were incubated in Accell medium (serum free) containing siRNA (1
umol/L) for AMPKal for 72 h. Cells were then subjected to AMPK Western Blot analy-
sis or exposure to GSK3p inhibitor followed by TNF-a enzyme-linked immunosorbent

assay (ELISA).

Cecal Ligation and Puncture (CLP)-Induced Sepsis

CLP was performed in 10- to 12-wk-old male C57BL/6 mice as described before
(41). Briefly, the cecum was ligated 1.0 cm from the tip of cecum, which was an approx-
imately 50% cecum ligation. A through-and-through puncture was performed with a 21-
gauge needle and then a drop of feces was extruded to the peritoneal cavity. Saline

(0.9%; 500 uL) was then applied into the peritoneal cavity and the abdominal wall inci-
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sion was closed in two layers. The control group of mice (sham) underwent surgery with-

out CLP.

A Mouse Model of Hemorrhage and Resuscitation

Hemorrhage was performed using the previously described method (42).
C57BL/6 male mice were anesthetized by inhalation of isoflurane (5%), and then both
femoral arteries were cannulated with catheters (Braintree Scientific). The systemic arte-
rial pressure line was continuously measured, independently from the hemor-
rhage/resuscitation catheter line. Blood withdrawal was performed for 60 minutes with a
25 + 5 mmHg mean arterial pressure (MAP), typically a resultant of nearly 60% (~800
uL) blood loss. Next, mice were fully resuscitated with Hanks’ Balanced Salt solution
(HBSS; Sigma-Aldrich) for 30 min. CLP procedure was conducted within 24 h, as de-

scribed above.

Application of Metformin or GSK3f Inhibitor SB216763 in Mice Subjected to Sepsis-

Induced Lung Injury

Mice were treated with metformin (100 mg/kg) or control (saline) IP applications
in three doses; 48 h, 24 h and 30 min prior to CLP. In selected experiments, the second
dose of metformin was given before hemorrhage. Mice were given the GSK3f inhibitor
SB216763 (20 mg/kg) dissolved in 500 pL of DMSO/saline (1:40) or control vehicle

(DMSO/saline 1:40) IP three times, that is, 48 h, 24 h and 30 min prior to CLP. Mice
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were euthanized 24 h after CLP, followed by preparation of lung homogenates for West-
ern blot analysis, lung sections for H&E staining and collection of BAL fluids for cyto-
kine ELISA. In particular, BAL fluids were collected by lavaging the lungs three times
with 1 mL of PBS followed by measurement of inflammatory cytokines and protein con-
tent. Independent groups of mice were used to measure wet-to-dry ratios to determine the
extent of pulmonary edema. In particular, after measuring the weight of freshly harvested
(wet) lungs, the lungs were kept in an incubator for 7 d at 80°C. Next, the weight of dry
lungs was measured followed by calculation of wet-to-dry ratio. Independent groups of
mice were used to prepare lung homogenates in RIPA buffer (Sigma-Aldrich) followed

by Western blot analysis of phosphorylated and total amounts of AMPK.

Cytokine ELISA

ELISA was used to measure cytokines in bronchoalveolar lavage (BAL) fluids.
The amounts of tumor necrosis factor alpha (TNF-a)), MIP-2, IL-6 and KC were deter-
mined by using commercially available ELISA kits (R&D Systems) according to the

manufacturer’s instructions and as previously described (38,43).

Macrophage Endotoxin Tolerance Assay

Peritoneal macrophages (3 x 10%/well) were first treated with LPS (0 or 10
ng/mL) for 24 h then media washed three times followed by incubation for an additional

60 min. Next, cells were exposed to a second stimulation with LPS (10 ng/mL) for 4 h. In
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selected experiments, macrophages were also treated with metformin (1 mmol/L),
AICAR (500 pmol/L) or SB216763 (30 umol/L) for 60 min followed by incubation with

LPS (first stimulation) for an additional 24 h.

Measurement of Mitochondrial Membrane Potential (mAP)

Bone marrow neutrophils were seeded 80% (confluent) in a 4-well chambered
coverslip coated with fibronectin (40 pg/mL). The cells were left unaltered or treated
with AICAR (250 pmol/L), metformin (500 pmol/L) or BIO (20 pmol/L) for 60 min fol-
lowed by inclusion of LPS (300 ng/mL) for an additional 60 min. The JC-1 probe (100
ng/mL) and Hoechst (1 pg/mL) were applied 30 min before image acquisition. Microsco-
py was performed using a confocal laser scanning microscope (model LSM 710 confocal
microscope; Carl Zeiss Microlmaging). Quantitative fluorescent intensity (red/green pix-
el intensity) of the images was processed using IPLab Spectrum. In an additional experi-
ment, mitochondrial membrane potential was also measured after mitochondrial depolari-

zation with FCCP (100 nmol/L).

In Vivo Bacterial Killing Assay

Briefly, mice were anesthetized with isoflurane and then suspended by their upper
incisors on a 60° incline board. The tongue was gently extended and wild-type PAK
strain of Pseudomonas aeruginosa (2.5 x 107/mouse) suspension in PBS (50 pL) or PBS

alone (control; 50 uL) was deposited into the pharynx followed by bacterial aspiration
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into the lungs, similar to the method that was described previously (32). Lung homoge-
nates were prepared 4 h after P. aeruginosa instillation and serial dilutions used to deter-
mine CFUs/mL. The number of bacterial colonies grown on agar plates (CFUs) was

measured using colony counter software (Bio-Rad).

Protein Concentration and Cell Counts in BAL Fluid

Briefly, protein concentration in BAL fluid was determined by Bradford method
with Bio-Rad protein assay dye reagent concentrate (Bio-Rad). The numbers of neutro-
phils in BAL fluid were determined after cytospin and Wright-Giemsa staining followed

by image acquisition using light microscopy.

Western Blot Analysis

Western blot analysis was performed as described previously (34,38). Each exper-
iment was carried out three or more times with peritoneal macrophages or lung homoge-
nates obtained from separate groups of mice. In selected experiments, BAL fluids (30 uL)
were mixed with Laemmli sample buffer and boiled for 5 min followed by Western blot

analysis of HMGBL1.
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Statistical Analysis

Multigroup comparisons were performed using one-way analysis of variance
(ANOVA) with Tukey post hoc test. Statistical significance was determined by the Stu-
dent t test for comparisons between two groups. A value of P < 0.05 was considered sig-
nificant. Analyses were performed on SPSS version 16.0 (IBM) for Windows (Mi-

crosoft).
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Results

Participation of AMPK and GSK3p Signaling Pathways in Neutrophil- and Macro-

phage-Dependent Bacterial Killing

We have recently found that in LPS/TLR4 stimulated macrophages had dimin-
ished Thr172-AMPK phosphorylation and increased GSK3B-dependent Thr479-AMPK
inhibitory phosphorylation (Supplementary Figure 1) (38). However, it is not known
whether similar mechanisms are operational during infection, including development of
lung injury due to polymicrobial intra-abdominal infection. Therefore, we investigated if
the clearance of bacteria ex vivo may be affected by AMPK activation, and specifically
examined the role of IKKB/GSK3p signaling pathways in this process. Neutrophils or
peritoneal macrophages were incubated with or without the AMPK activator metformin
(500 umol/L), the IKK1/2 inhibitor PS1145 (10 umol/L) or the GSK3p inhibitor
SB216763 (30 umol/L), and then were cultured with P. aeruginosa (PAK; 5 x 107) for
90 min followed by measuring bacterial survival using CFU assays. As shown in Figures
1A, B and C, inclusion of metformin, IKK1/2 or GSK3p inhibitors had no adverse effects
on neutrophil- or macrophage-dependent killing of bacteria. Indeed, the numbers of
CFUs (an indicator of bacteria survival) were reduced after incubation of the macrophag-
es or neutrophils with metformin or PS1145. Exposure of neutrophils to SB216763 re-
duced the amounts of bacteria, though such treatment was less effective in macrophages
(Figures 1B, C). Both metformin and the AMPK activator AICAR, as well as the GSK3p
inhibitor SB216763, resulted in degradation of NLRP3, a major regulator of cell death,
inflammatory organ injury and production of IL-1p in stimulated macrophages (44).

These results suggest that in spite of the anti-inflammatory effects associated with
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AMPKal activation during sterile inflammatory processes, metformin-enhanced AMPK
activity does not diminish neutrophil- and macrophage-dependent bacterial killing. Of
note, while AMPKal and AMPKa2 subunits are typically found in stromal cells, neutro-

phils and macrophages exclusively express the AMPKal subunit (40).

AMPK Activation by Metformin or through GSK3p Inhibition Decreased the Severity

of Lung Injury following Polymicrobial Sepsis

Given the ability of AMPK to modulate pro-inflammatory activation of macro-
phages and neutrophils, but without adverse effects on bacterial killing, we next exam-
ined if AMPK activation diminishes the severity of lung injury in mice with intra-
abdominal sepsis. Mice were treated with either metformin (100 mg/kg; IP) or SB216763
(20 mg/kg; IP) once a day for 2 d, followed by cecal ligation and puncture (CLP). All
mice subjected to CLP (50% cecum ligation and double puncture) or combined CLP and
metformin survived 24 h. Neutrophil accumulation, increased lung permeability and sig-
nificantly increased amounts of TNF-a, MIP-2, IL-6 and KC were found in bronchoalve-
olar lavages of CLP treated mice (Figure 2). However, pretreatment with the AMPK acti-

vators metformin or SB216763 prevented such adverse effects of CLP (Figures 2A-E).
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AMPK Activation Diminishes the Severity of Lung Injury following Hemorrhage and

Intra-abdominal Sepsis

Because the model of CLP used in our experiments resulted in modestly severe
ALl and a lack of mortality at 24 h, we examined the effects of metformin-induced
AMPK activation in a more severe model of sepsis produced by the combination of hem-
orrhage and CLP (45). In particular, mice were first subjected to hemorrhage (~60% total
blood volume) followed 60 min later by resuscitation with buffered saline. CLP was per-
formed 24 h after hemorrhage. As compared with the lack of mortality 24 h after CLP
alone, hemorrhage and subsequent CLP resulted in a 30% mortality rate (Figure 3B). Pre-
treatment with metformin prevented mortality in hemorrhage/CLP group, and also dimin-
ished the severity of pulmonary edema and increased lung permeability, as determined by
lung wet-to-dry ratios and BAL protein content (Figures 3B, C). Consistent with the anti-
inflammatory effects of AMPK activation, reduced amounts of TNF-a, MIP-2, IL-6 and
KC were found in the BALSs of mice subjected to hemorrhage/CLP and pretreated with
metformin, as compared with control hemorrhage/CLP mice (Figure 3D). Western blot
analysis showed accumulation in BAL fluid of high mobility group box 1 (HMGBL1), an
important marker and mediator of organ injury, in mice subjected to hemorrhage and
CLP, and diminished levels of pulmonary HMGB1 accumulation in metformin-pretreated

mice (Figure 3E).
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AMPK Activation Prevents Dissipation of Mitochondrial ATP Synthase (Complex V)

and Increases the Amounts of ETC Complexes 111 and 1V in the Lungs of Septic Mice

Severe sepsis is associated with mitochondrial dysfunction in critically ill patients
(18). Consistent with this, Western blot analysis of mitochondrial ETCs demonstrated a
substantial decrease in ATP synthase (complex V) in the lungs of mice with sepsis, as
compared with controls (Figures 4A, B). We also observed similar decreases of ATP syn-
thase in the lungs of mice subjected to intratracheal (i.t.) instillation of LPS (2 mg/kg, i.t.)
24 h previously (data not shown). Treatment of mice with metformin partially prevented
sepsis-induced depletion of complex V and also increased the total amounts of ETC

complex Ill and IV (Figures 4A, B).

GSK3p Regulates AMPK Activity in the Lungs of Septic Mice

Western blot analysis showed that phosphorylation of Thr172-AMPK and S79-
ACC (a downstream target of AMPK) was diminished in the lungs of mice with sepsis, as
compared with control animals (Figures 5A, B). In contrast, increased T172-AMPK and
S79-ACC phosphorylation was found when metformin was administered before CLP. Of
note, metformin increased T172-AMPK phosphorylation in mice with sepsis to levels
similar to those found in control groups. In addition to the modest increases in phospho-
T172-AMPK detected in the metformin/sepsis group, increased phosphorylation of S485-
AMPK and T479-AMPK, events associated with inhibition of AMPK activation, were
present in the lungs of septic mice pretreated with metformin (Figures 5A, ,6C).6C).

These results suggest that metformin might interact with a limited pool of AMPK, and
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particularly AMPK that was not affected by IKKf and GSK3 inhibitory phosphorylation
of S485 and T479 in AMPK. To examine this issue, AMPK phosphorylation was deter-
mined in lung homogenates obtained from mice treated with the GSK3p inhibitor
SB216763 before the induction of sepsis. Western blot analysis demonstrated that
SB216763 increased phosphorylation of T172-AMPK and its downstream target S79-
ACC (Figures 5D, E). Of note, exposure to SB216763 resulted in higher levels of phos-
pho T172-AMPK in the lungs of septic mice as compared with that present in controls
(Figures 5D, E). As anticipated, SB216763 diminished GSK3p-mediated T479-AMPK
phosphorylation, but had no effect on IKKB-dependent phosphorylation of S485-AMPK
(Figures 5D, F). These results suggest that metformin activates a specific AMPK pool not

affected by GSK3pB-dependent inhibition in the lungs of septic mice (Figure 5G).

AMPK Activation Prevents Macrophage Reprogramming into an Endotoxin Tolero-

genic Phenotype

Recent studies indicate that pro-inflammatory stimulation, including LPS/TLR4
engagement, is associated with reprogramming of monocytes that results in diminished
responses to second challenge with LPS, a condition known as endotoxin tolerance
(46,47). AMPK activation has been shown to reduce pro-inflammatory cytokine produc-
tion effectively in LPS-stimulated macrophages (38,48,49). However, it is not clear
whether AMPK activation participates in the development of endotoxin tolerance. To ex-
amine this question, macrophages were first pretreated with LPS (0 or 10 ng/mL), LPS

and metformin (1 mmol/L) or LPS and SB216763 (30 umol/L per mL) for 24 h (Figure
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6A). Next, the cells were washed and incubated for an additional 60 min prior to expo-
sure to second dose of LPS (0 or 10 ng/mL). As shown in Figure 6B, robust pro-
inflammatory activation was found in LPS treated macrophages, whereas pre-exposure to
LPS-induced endotoxin tolerance. In contrast, we observed more than a 50% increase of
LPS-stimulated TNF-a production in macrophages that were pretreated with the combi-
nation of LPS and metformin or LPS and SB216763. These results indicate that AMPK

activation inhibits the development of LPS-induced endotoxin tolerance.

AMPK Activation Diminishes HIF-1a Production in Macrophages

Recent studies have shown that enhanced expression of hypoxia-inducible factor
la (HIF-1a) participates in sepsis-induced immunosuppression (50). Thus, we investigat-
ed whether AMPK activation affects HIF-1a accumulation in LPS treated macrophages.
As shown in Figures 6C and D, incubation of macrophages with metformin, AICAR or
the GSK3p inhibitor SB216763 resulted in diminished LPS-induced accumulation of
HIF-10. These results suggest that cross-talk between AMPK and GSK3f may be impli-

cated in regulating development of macrophage immunosuppressive phenotypes.

AMPK and GSK3p Signaling Pathways Participate in Modulating Neutrophil

Chemotaxis

Innate immune activation is the host’s first-line defense against microbial infec-

tion. However, sepsis-induced accumulation of inflammatory mediators and microbial
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products in the circulation has adverse effects on chemotaxis of neutrophils (51,52). Giv-
en the importance of mitochondria in regulating neutrophil chemotaxis (53) we used a
JC-1 probe to measure if LPS affected mitochondrial membrane potential. As shown in
Figures 7A and B, culture neutrophils with LPS resulted in significant mitochondrial
membrane depolarization. Furthermore, inclusion of metformin or GSK3 inhibitor
(B10O) prevented the effects of LPS. Of note, BIO was used because SB216763 produced
substantial fluorescence and interfered with JC-1 fluorescence. Next, we examined if the
AMPK and/or GSK3p signaling axis also participate(s) in modulating neutrophil migra-
tion after LPS/TLR4 engagement. Neutrophils were pretreated with the AMPK activator
metformin (0 or 500 pmol/L), GSK3f inhibitors SB216763 (0 or 30 umol/L) or BIO (0 or
5 umol/L) for 60 min. To establish the effects LPS/nuclear factor kappa B (NF-kB) sig-
naling, cells were also pretreated with IKK1/2 inhibitor PS1145 (0 or 10 pmol/L). Next,
cells were incubated with LPS (0 or 300 ng/mL) for 60 min, washed and then added into
the upper reservoir of transmigration chambers. Neutrophil migration through pore struc-
tures was initiated by inclusion of the chemoattractant W-peptide (50 nmol/L, an equiva-
lent of human IL-8) into the lower reservoir. As shown in Figure 7C, exposure to LPS
nearly completely immobilized neutrophils, whereas pretreatment with metformin,
PS1145, SB216763 or BIO diminished such inhibitory effects of LPS. These results indi-
cate that both AMPK and GSK3p are involved in regulating LPS-dependent mitochon-

drial membrane depolarization and inhibition of neutrophil chemotaxis.
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AMPK Activation Diminished the Onset of Immunosuppression in Mice with Sepsis

P. aeruginosa is frequently associated with sepsis and ventilator-associated sec-
ondary infection, including P. aeruginosa (16,54). Given the ability of AMPK activators
to preserve neutrophil and macrophage function, we examined if metformin improves
immune homeostasis and efficient killing of bacterial in vivo. Mice were treated with two
doses of metformin (100 mg/kg; IP), given 24 h and 30 min prior to i.t. instillation of P.
aeruginosa (PAK; 2.5 x 107). As shown in Figures 8A and B, there was significant de-
crease in CFUs in lung homogenates of PAK infected mice treated with metformin, com-
pared with mice treated with PAK alone. Next, we determined if metformin affects bacte-
rial clearance in the lungs of mice subjected to sepsis. As compared with control mice,
CLP-induced sepsis resulted in a robust increase in CFUs (~10 fold) in lung homoge-
nates. Metformin partially prevented such adverse effects of sepsis (Figures 8C, D). In
additional experiments, we found that metformin also diminished the amounts of bacteria

in samples obtained from peritoneal lavages of CLP mice (Figure 8E).
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Discussion

In this study, we found that cross-talk between AMPK and GSK3f was involved
in regulating lung inflammation and development of lung injury in experimental models
of polymicrobial abdominal sepsis or by the more severe combination of hemorrhage and
abdominal sepsis. The AMPK activator metformin and the GSK3p inhibitor SB216763
prevented the decrease in neutrophil chemotaxis induced by LPS, and also enhanced the
ability of neutrophils and macrophages to kill bacteria. In vivo treatment with metformin
improved survival of mice with polymicrobial abdominal sepsis stabilized mitochondrial
complex V and increased the amounts of mitochondrial complexes Il and IV. Although
activated AMPK diminished production of pro-inflammatory mediators in LPS treated
macrophages, this event was not associated with diminished bacterial killing. Indeed,
metformin or SB216763 effectively prevented development of LPS-induced macrophage
immunosuppressive phenotypes. Similarly, metformin increased bacterial clearance in the

lungs of mice with sepsis.

In spite of increases in AMP-to-ATP ratios and ROS formation, which normally
result in AMPK activation, there was no increase in AMPK activity in the experimental
models of ARDS or in critically ill patients (35-37). Recent studies demonstrated that
interactions between PI3K/AKT and GSK3p as well as between IKKp and GSK3f pro-
moted direct phosphorylation and inactivation of AMPK, thereby suggesting potential
mechanisms for the lack of AMPK activation in preclinical models of sepsis and in pa-
tients with critical illness (38, 39). Such findings are consistent with the ability of GSK3[

inhibitors to diminish monocyte proinflammatory activation and to reduce mortality in
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experimental sepsis, ischemic organ injury and endotoxin-induced lung injury (38, 55,

56).

Previous studies, including results obtained in our laboratory, have shown that
enhanced AMPK activation diminished the severity of lung injury in experimental mod-
els of sterile inflammation, such as after exposure of the lungs to LPS or peptidoglycan
(PGN) (31, 32, 36). Our new data indicate that AMPK activation also decreases pulmo-
nary injury in the setting of polymicrobial sepsis. Of note, despite the inhibitory activity
of AMPK activation on pro-inflammatory cytokine release in the lungs, bacterial clear-
ance was increased in the lungs of septic mice treated with metformin and in mice with P.
aeruginosa pneumonia. It is important to note that while moderate inflammation is neces-
sary to initiate the accumulation of immune cells to sites of infection, diminishing exag-
gerated and deleterious pro-inflammatory activation is not necessarily associated with
loss of innate immune function (1, 8, 17). For example, a recent study has shown that
mice treated with the specific NF-xB inhibitor BMS-345541 had reduced severity of lung
injury following CLP-induced sepsis (57). Similarly, we found that treatment with an
IKK1/2 inhibitor or activation of AMPK by metformin or GSK-3 inhibitors had no ad-
verse effects on bacterial killing by neutrophils or macrophages ex vivo. Of note, activa-
tion of AMPK has been shown to increase phagocytosis in neutrophils and macrophages

(58-61).

Our results show that AMPK activation provided substantial protection against
sepsis-induced lung injury. However, the exact role of AMPK that plays during recovery
of immune and peripheral tissue homeostasis needs to be further examined. A possible

mechanism by which AMPK activation may modulate acute inflammatory responses,
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such as sepsis-induced lung injury, is linked to cellular bioenergetics. Previous studies
have shown that sepsis-mediated organ injury was associated with alterations in mito-
chondrial structure and function (19). Mitochondrial impairment in peripheral tissues and
in immune cells has been correlated with morbidity and mortality associated with sepsis
(18, 62). For example, significant loss of ATP synthase (complex V) has been found in
circulating monocytes in patients with sepsis, and is likely to participate in disrupted im-
mune bioenergetic homeostasis (63). Our results showed that AMPK activation effective-
ly prevented loss of ATP synthase (ETC complex V) in the lungs of septic mice. Of note,
besides direct immunoregulatory action, AMPK activation is also involved in preserva-
tion of epithelial and endothelial bioenergetics and in recovery of lung tissue homeosta-
sis, including restoration of intercellular connections (33, 36). A recent study indicates
that AMPK activation in the brain also diminished LPS-mediated development of sepsis-
ALL, evidence for more diverse mechanism of AMPK action (64). Of note, while AMPK
is an established metabolic sensor and regulator, MKK3 signaling axis has been also

shown to affect mitochondrial function in sepsis/ALI (65).

Diminished macrophage and neutrophil pro-inflammatory activation, as well as T-
cell exhaustion, is characteristic of the immunosuppression described in late sepsis (16,
66). While engagement of TLR4 in macrophages and neutrophils diminishes AMPK ac-
tivity (36, 38), HIF-1a has been shown to promote an immunosuppressive status in mon-
ocytes during human sepsis (50). Our results indicate that AMPK activation prevented
both accumulation of HIF-1a and development of endotoxin tolerance in LPS treated

macrophages. These new findings are similar to the ability of AMPK activation to inhibit
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HIF-1a expression in cancer cells and insulin- and IGF-1-induced expression of HIF-1a

in endothelial cells (67, 68).

Our data suggest that therapeutic interventions that induce AMPK activation may
be beneficial in diminishing organ dysfunction, enhancing bacterial clearance and im-
proving survival in severe polymicrobial sepsis. Although this hypothesis is primarily
supported through the use of metformin as an AMPK activator, similar results were found
using other AMPK activators, including GSK-3p inhibitors, as performed in the present
experiments. Previous studies have suggested that metformin can be used safely in pa-
tients with critical illness, COPD or asthma (48-50). More than 50 million type 2 diabet-
ics are taking metformin daily worldwide, and recently metformin was selected for a clin-
ical trial to evaluate its effect on human longevity (ClinicalTrials.gov NCT02432287)
(69). Given the safety of metformin in many humans with diverse pathophysiologic con-
ditions, and the suggestion that metformin may have beneficial effects in diminishing in-
flammation-associated organ dysfunction, it may be appropriate to consider its use in

clinical trials enrolling severely ill septic patients with organ dysfunction.
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Figure 1. Metformin or IKK1/2 or GSK3 inhibitors affect bacterial killing by
neutrophils or macrophages. (A,B,C) Bone marrow neutrophils or peritoneal
macrophages were treated with metformin (0 or I mmol/L), PS1145 (0 or 10 umol/L) or
SB216763 (0 or 30 umol/L) and then bacterial killing determined after exposure

to P. aeruginosa. (A) Images show agar plates with bacterial colonies, an indicator of
amounts surviving bacteria after coincubation of neutrophils with P. aeruginosa. (B and
C) CFUs were calculated after treatment with (B) neutrophils or (C) macrophages with or
without metformin, PS1145 or SB216763 followed by exposure to P. aeruginosa. Means
+ SD (n = 3), *p < 0.05. (D,E,F) Western blot analysis shows the extent of NLRP3
degradation in peritoneal macrophages treated with (D) metformin (0 or 500 umol/L), (E)
AICAR (0, 0.25 or 0.5 mmol/L) or (F) SB216763 (0 or 30 umol/L) for 8 h. Means + SD
(n=23), *p <0.05.
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Figure 2. The effects of AMPK activator metformin or GSK3p inhibitor SB216763 on

the severity of lung inflammation in mice subjected to CLP-induced sepsis. (A) Images
show lung sections obtained of control or mice treated with metformin or GSK3p inhibi-
tor SB216763 following CLP. Bars: 1,000 um (upper panel) or 100 um (lower panel).
Arrows indicate spaces filled with a mixed mononuclear/neutrophilic infiltrate, cellular
debris and proteinaceous material. Alveolar walls are also thickened, and the septa are
edematous. (B) and (C) show the ability of metformin or SB216763 to diminish the
amount of BAL neutrophils and to reduce lung permeability (BAL proteins). (D and E)
Metformin lowers BAL pro-inflammatory cytokines content, including TNF-a, MIP-2,
KC and IL-6 in mice subjected to CLP and metformin or CLP and SB216763, compared
with control (sham) or mice with CLP alone (means £ SD, n = 6 mice/group, *p < 0.05,
**p <0.01).

91



CLP

bz Aty X ¥
L:?\‘:&:}’ 7 .%:/‘:* f"é‘g
3 }:f"\f“ { ;}x‘ M

W

4
N

B o}
---- hem/CLP | hem/CLP
— metformin + hem/CLP [ metformin + hem/CLP
100 T > 1.2 = 0.8
© Lomoee 2] 'g E
2 beoeee = j=))
s 75 =
5 - 5 08 £
2] 50 i * 2z E
g .% g 0.4
% 2517 @ 04 g *
o o =
0o +——————— g <
= 0
0 4 8 12 16 20 24
Time (hours)
D [J] sham [ hem/CLP [l metformin + hem/CLP
1200 7 1 2000 ¢ o 200 4 5 800 . o L
£ £ 1500 | S 150 = 600 1
> 800 > 5 £
2 L a =)
] o 1000 - o 100 - £ 400 4
s a < o
g 400 = = X
500 - 50 - 200 4
0 4 0 - 0 4 04
E F
Bronchioalveolar lavages 0.
Set1 Set2 - o
hem/CLP - + + - + + o0
metformin - - + - - 4 g 20
[ T
HMGB1 | m— p— -
|- < 10
o

Figure 3. Metformin diminishes the severity of ALI in mice subjected to hemorrhage and
CLP-induced sepsis. (A) Images show lung sections of control (sham), CLP- or hemor-
rhage/CLP- or metformin and hemorrhage/CLP treated mice. Bars: 100 um. Arrows indi-
cate spaces filled with a mixed mononuclear/neutrophilic infiltrate, cellular debris and
proteinaceous material. Alveolar walls are also thickened, and the septa are edematous.
(B) Metformin increased survival rates following hemorrhage and CLP. (C) Decrease of
pulmonary edema and lung permeability was evidenced by measurement of lung wet-to-
dry ratios and BAL proteins in mice treated with metformin and hemorrhage/CLP, as
compared with hemorrhage/CLP group. Panels (D), (E) and (F) show amounts of BAL
TNF-a, MIP-2, KC, IL-6 or HMGBL1 in sham, hemorrhage/CLP- or metformin and hem-
orrhage/CLP treated mice (means = SD (n =5 mice/group), *p < 0.05, **p < 0.01).
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Figure 4. Metformin prevents the loss of mitochondrial ETC complex V and increased
ETC complexes Il and IV in lungs of mice subjected to sepsis-induced ALI. (A) Repre-
sentative Western blots and (B) quantitative data show the amount of ETC complexes 1-
V in control (sham), hemorrhage/CLP- or metformin and hemorrhage/CLP treated mice
(means £ SD, n = 3, *p < 0.05). Comp. I: NDUFB8; Comp. II: 30 kDa FeS complex;
Comp. III: Core protein 2; Comp. IV: subunit I; Comp. V: a subunit.
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tion in lungs of mice subjected to sepsis. Representative Western blots and quantitative
data show the extent of pT172-AMPK, pS485-AMPK, pT479-AMPK and AMPK down-
stream target pS79-ACC in lung homogenates obtained from mice treated with (A,B,C)
metformin or (C,D,E) GSK3 inhibitor SB216763 and then subjected to CLP-induced
sepsis (means = SD, n = 3-5, *p < 0.05, NS = not significant). (G) Cross-talk between
metformin-stimulated pT172-AMPK and inhibitory IKK/GSK3B-induced S485/T479-
AMPK phosphorylation modulates AMPK activity in lung of mice subjected to ab-

dominal sepsis.
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Figure 6. AMPK activation or inhibition of GSK3p diminishes development of endotox-
in tolerance in LPS treated macrophage. (A,B) Macrophages were first incubated with
LPS (0 or 10 ng/mL) for 24 h. Next, cells were washed and treated with a second dose of
LPS (0 or 10 ng/mL) for 4 h followed by measurement of TNF-a in culture media (ELI-
SA). As indicated, cells were also treated with AMPK activators metformin (0 or 500
umol/L) or GSK3p inhibitor SB216763 (0 or 30 umol/L) for 60 min followed by inclu-
sion of LPS (first dose). (C,D,E) AMPK activators or GSK3p inhibition prevented HIF-
la accumulation in LPS treated macrophages. Peritoneal macrophages were treated with
metformin (0 or 1 mmol/L) and LPS (30 ng/mL) for O, 2, 4, 8 h followed by Western blot
analysis of HIF-1a and B-actin. Cells were also treated with AICAR (0 or 300 pmol/L) or
SB216763 (0 or 30 umol/L) and then cultured with LPS for an additional 8 h (means +
SD, n =3, *p <0.05, **p <0.01).
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Figure 7. GSK3p inhibition and AMPK activation prevented mitochondrial membrane
depolarization and chemotaxis dysfunction in LPS treated neutrophils. Bone marrow neu-
trophils were pretreated with metformin (0 or 500 umol/L) or GSK3p inhibitor (BIO; 0 or
20 pmol/L) for 60 min prior to inclusion of LPS (300 mg/mL) for an additional 60 min.
(A) Representative images show JC-1 and nuclei fluorescence in control and treated neu-
trophils. Red-high Ay; green-low Ay; blue-nuclei (Bars; 2 um). (B) Means + SD
red/green pixel intensity, n =5, *p < 0.05, **p < 0.01. (C) Neutrophils were pretreated
with AMPK activator metformin (0 or 500 pmol/L), IKK1/2 inhibitor PS1145 (0 or 10
pumol/L), or GSK3p inhibitors SB216763 (0 or 30 pmol/L) for 120 min followed by incu-
bation with LPS (0 or 300 ng/mL) for an additional 60 min. Quantitative data show the
amount of neutrophils that migrated from upper to lower reservoir of transmigrating
chamber (B) Means + SD (n = 3), **p < 0.01, ***p < 0.001.
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Figure 8. Metformin diminishes sepsis-mediated immunosuppression. Mice were treated
with saline, metformin, CLP or metformin and CLP for 24 h followed by i.t. instillation
of P. aeruginosa (PAK, 2.5 x 10’/mouse) for an additional 4 h. Next, amounts of surviv-
ing bacteria were determined in lung homogenates using CFU assay. (A,C) Representa-
tive images show the amounts of bacterial colonies grown on agar plates, whereas (B,D)
show CFU data obtained from lung homogenates of control, metformin, CLP, or metfor-
min and CLP mice. Panel (E) shows the amounts of bacteria in peritoneal lavages of mice
treated with CLP or a combination of metformin and CLP for 7 d (means + SD n =5,

*p < 0.05).
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Supplementary Figure S1. LPS diminished T172-AMPK and increased phosphorylation
of T479-AMPK. (A, B and C) Peritoneal macrophages were incubated with LPS (300
ng/ml) for 0, 20, 40, 60 or 90 min followed by (A) Western Blot analysis of T172-
AMPK, T479-AMPK and S79-ACC phosphorylation, and total amounts of AMPK and -
actin. (B and C) Quantitative data show an inverse correlation between T172 and T479
phosphorylation of AMPK (means + SD (n = 3), * p < 0.05, ** p <0.01, as compared to
untreated. (D and E) GSK3pB-dependent inhibition of AMPK promoted macrophage pro-
inflammatory activation. (D) Peritoneal macrophages were pretreated with GSK3p inhibi-
tor SB216763 (0, 30, or 50 uM) for 2 h followed by exposure to LPS (0 or 3 ng/ml) for
an additional 4.5 h. The amount of TNF-a in the culture media was measured using ELI-
SA. (E) Unaltered (control) or peritoneal macrophages with siRNA-mediated knockdown
of AMPKal were treated with SB216763 ( 0 or 50 uM) for 2 h. LPS (0 or 3 ng/ml) was
added to the culture media for 4.5 h. The amount of TNF-a was measured in the culture
media. Means + SD, n = 3, ** p < 0.01, *** p < 0.001. (F) Representative Western blots
show the amounts of total AMPK and B-actin in the peritoneal macrophages treated with
scramble (control) or siRNA to AMPKal.
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THE AMPK-AUTOPHAGY AXIS IS CRUCIAL FOR DIMINISHING SEVERITY

OF SEPSIS

Autophagy is an evolutionarily conserved cellular process that promotes mainte-
nance of cellular homeostasis. Autophagy was observed for the first time in the mid-
twentieth century and was followed by the major discovery of autophagy-related genes in
yeast in the 1990s. The 2016 Nobel Prize in Physiology or Medicine was awarded to
Yoshinori Ohsumi who was instrumental to these discoveries. These studies opened

141-143 “includ-

doors for more in-depth research into the functions of autophagy in disease
ing nutrient, energetic, and stress sensing mechanisms that regulate autophagy activity.
Autophagy was initially recognized as a protective mechanism against starvation or stress
through non-selective degradation of cellular components, including misfolded proteins

and dysfunctional organelles. The major mechanism of degradation is supported by for-

mation of specialized phagosomes followed by fusion with the lysosome®*“.

Autophagy encompasses three degradative mechanisms described as macroau-

tophagy, microautophagy, and chaperone-mediated autophagy***

. Macroautophagy in-
volves engulfment of cytoplasmic targets, including protein and organelles. Autophago-
somes then undergo fusion with the lysosome initiating cargo degradation. Macroautoph-
agy includes both nonselective bulk degradation of multiple substrates and selective deg-

radation of specific cellular components such as mitochondria. Autophagy can also occur

through microautophagy where cellular components directly enter the lysosome through
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contact and encapsulation by the lysosomal membrane. Another form autophagy is Chap-
erone-mediated autophagy; protein degradation mediated by a HSC70-dependent target-

ing mechanism. In this setting, the HSC70 containing complex directly delivers its cargo

to the lysosome followed by transfer of unfolded proteins across the lysosome mem-

brane144, 145

In this dissertation, our studies mainly focus on macroautophagy (referred to from
now on as autophagy). Autophagy is essential to maintain cellular homeostasis; however
autophagic flux is known to increase under stress conditions. Autophagy begins with the
formation of the isolation membrane, or phagophore by the beclin-1/\VPS34 complex.
This membrane continues to elongate until the cargo is engulfed through activation of
Atg3 and LC3. The completed autophagosome then migrates to the lysosome where fu-
sion takes place leading to degradation of the contents by acidic lysosomal hydrolases.
These degradation products are then able to be recycled by metabolic and biosynthetic

pathways™*.

Autophagy dysfunction has been implicated in many pathophysiological condi-
tions including pulmonary and cardiovascular diseases, cancer, and neurological disor-
ders**®1* Increased autophagy has been associated with chronic obstructive pulmonary
disease where increased LC3B-I1 and autophagosome formation was observed in patient
lung tissue **°. Dysfunctional autophagy of protein aggregates is evidenced in airway epi-
thelial cells and nasal biopsy specimen from cystic fibrosis patients'>. Defective autoph-

agy has also been noted in idiopathic pulmonary fibrosis*>*.
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Mitochondria provide most of the energy production for the cells and is involved
in multiple other cellular processes, including pro-inflammatory activation, bacterial kill-
ing, and removal of dying cells, necessitating regulation of mitochondrial quality*®2. Mi-
tophagy is a form of selective autophagy of the mitochondria which can occur through
basal constitutive turnover, starvation-induced turnover, and enhanced damaged mito-
chondria degradation. One of the best characterized pathways of mitophagy involves
PINK1 and Parkin. PINK1 is constitutively imported into the mitochondrial membranes
via the TOM and TIM complexes which involves protein cleavage followed by degrada-
tion of PINK1 by mitochondrial proteases, keeping concentrations of PINK1 low in the
mitochondria. In turn, PINK1 is stabilized in depolarized mitochondria followed by re-
cruitment of the E3 ubiquitin ligase Parkin that ubiquitinates outer mitochondrial mem-
brane proteins, including mitofusin-1 and 2 and VDAC***_ It is important to note that
mitophagy can occur through a Parkin-independent pathway but a beclin-1-dependent
mechanism and vice versa®® *’. In addition to mitophagy, Parkin is also involved in xe-
nophagy, including degradation of bacteria, viruses, fungi, and aggrephagy-related neu-
tralization of protein aggregates™® *°. Besides Parkinson’s disease, mutations in Parkin
are associated with development of lung, colon, and brain cancer'®® *®*, Parkin dysfunc-
tion and subsequent reduction in mitophagy are linked to accumulation of dysfunctional
mitochondria along with appearance of protein aggregates. Importantly, Parkinson’s dis-
ease patients show immune dysfunction and worse symptoms during infection'®%. Nota-
bly, more than 60% of idiopathic Parkinson’s disease individuals die due to pneumo-

nial®.
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Recent studies have revealed that autophagy is involved in the host immune re-
sponse and intracellular pathogen elimination, antigen presentation, and turnover of in-
flammatory mediators'®*. Severe sepsis is associated with autophagy dysfunction caused
by prolonged inflammation. Moreover, loss of autophagy will also lead to accumulation
of dysfunctional mitochondria, bioenergetic reprogramming, and altered redox homeosta-
sis. Given the importance of innate immunity in neutralization of microbial infection and
the crucial impact of mitochondria on bioenergetic and redox homeostasis, our studies

explore the influence of Parkin deficiency in sepsis and experimental ALI.
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Abstract

Successful injury and infection resolution by innate immunity is ultimately con-
trolled by autophagy and bioenergetics. Parkin is an ubiquitin ligase implicated in au-
tophagy related processes including mitophagy and microbial eradication. We found loss
of Parkin protein occurs several hours after pro-inflammatory engagement in macrophag-
es and lungs of mice subjected to endotoxin-induced acute lung injury (ALI). We exam-
ined if AMPK activation recovers Parkin and thus reduce severity of ALI. Although
AMPK activators did not recover Parkin, AMPK activation promoted autophagy and im-
proved bacterial clearance in Parkin deficient macrophages. In vivo, the importance of
AMPK activation was determined in a mouse model of endotoxin-induced ALI. Metfor-
min application prior to LPS instillation partially prevented development of inflammation
and decreased the severity of ALI. In summary, these results suggest that Parkin defi-
ciency leads to diminished autophagy along with increased macrophage pro-
inflammatory activation and severity of ALI which can be circumvented through AMPK-

dependent autophagy activation.

104



Background

Acute respiratory distress syndrome (ARDS) is a form of respiratory failure re-
sulting from infection or sterile injury induced inflammation. ARDS is a highly prevalent
form of lung injury affecting about 250,000 people in the United States annually. In spite
of improvements in hospital care, morbidity and mortality from this condition remain
high (1, 2). Only supportive care is currently accessible for critically ill patients, and new
effective therapeutics are crucially needed (3, 4). Besides pro-inflammatory components,
loss of bioenergetic homeostasis, autophagy, and metabolic dysregulation of immune and

parenchyma cells are important issues in sepsis and ARDS (5, 6).

Autophagy is an evolutionarily conserved lysosome-dependent degradation sys-
tem involved in protein and organelle turnover (7). Autophagy preserves cellular homeo-
stasis and appears to be indispensable for the adaptive response to stress, such as nutrient
deprivation or oxidative stress (8). Along with organelle turnover, a major impact of au-
tophagy is also relevant in host immune defense, including intracellular neutralization of
Mycobacterium, Salmonella, and viruses (9). It is suggested that preservation of a
“healthy” mitochondria pool affects bioenergetics and anti-bacterial capacity of immune
cells (10, 11). Moreover, preservation of mitochondrial function is closely associated
with reduced organ injury and recovery from trauma and inflammatory conditions (12).
Impaired autophagy is associated with development of more severe lung, heart, and kid-
ney injury in murine models (13-15). Loss of autophagy also has a significant impact in
the clinical setting, including neurodegenerative disorders, cardiovascular complications,

and exaggerated organ injury due to infections, including development of ARDS (16-20).
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Neutralization of intracellular bacteria and viruses is a multistep process involving
intricate signaling that promotes tagging of selective substrates, assembly of functional
phagosomes, and phagosome-lysosome fusion for substrate degradation. In particular,
specialized E3 ubiquitin ligases are responsible for tagging of microbial surface proteins
with ubiquitin moieties followed by subsequent entrapment by phagosomes (21). Parkin
iIs among the major ubiquitin ligases that promote ubiquitination of microbial proteins
and ensuing phagosome-lysosome dependent degradation (22, 23). Similarly, ubiquitina-
tion of outer mitochondrial membrane proteins targets dysfunctional/depolarized mito-
chondria for autophagy-dependent degradation (24, 25). Mutations that impair Parkin
function are linked to mitochondrial dysfunction and protein aggregation which have
been observed in Parkinson’s disease (PD) (26, 27). In addition to neurological complica-
tions, leukocytes from PD patients show many abnormalities and patients often do not
recover from worsened symptoms after systemic infections (28, 29). Interestingly, Parkin
deficient (PARK2™) mice exhibit poor activation of cardiac mitophagy and limited recov-
ery after acute peritonitis (30). Although PD is associated with reduced recovery from
pneumonia, little is known if Parkin affects development of ARDS. Furthermore, it has
not been determined if Parkin dysfunction could be circumvented by alternative autopha-
gy mechanism(s) that reduce immune dysfunction and thereby improve lung tissue ho-

meostasis.

AMP-activated protein kinase (AMPK) is a key sensor and modulator of cellular
bioenergetics, including key components involved in the autophagy network (31, 32).
When blood flow is restricted and oxygen and nutrient bioavailability is limited, AMPK

activation reduces energy expenditure by limiting anabolic processes while promoting
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energy production via catabolic pathways (33, 34), including ATP production by mito-
chondria (35). Bioenergetic homeostasis is also supported by AMPK-dependent regula-
tion of autophagy (33). AMPK stimulates autophagy indirectly via suppression of mTOR
signaling, and/or directly through autophagic switches, including phosphorylation (acti-
vation) of beclin-1 and ULK1 (36, 37). Recent studies indicate that diminished AMPK
activity has been associated with increased severity of organ injury (38, 39). Although
AMPK is known to elicit anti-inflammatory effects, the exact role of AMPK-autophagy

axis is not well understood in lung disorders.

Our initial results indicate that Parkin dysfunction is associated with LPS treated
macrophages, injury of epithelial cells, and in the lung tissue of mice subjected to endo-
toxin-induced ALI. We have previously shown that these conditions are associated with
AMPK inactivation. We hypothesize that recovery of AMPK function is essential for au-
tophagy activation, potentially via restoring Parkin, and thereby diminishing the severity

of ALI.
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Results

Parkin Depletion Is a Result of Macrophage Pro-Inflammatory Activation and Epithe-

lial Injury in Lungs of Mice Subjected To LPS-Induced ALI

In the first set of experiments, we examined the possibility of Parkin protein turn-
over associated with macrophage pro-inflammatory activation, alveolar epithelial injury,
and in vivo in lungs of mice subjected to endotoxin-induced ALI. Western blot analysis
revealed that exposure to LPS resulted in a time-dependent decrease in the Parkin levels
of stimulated macrophages (Figure 1a). Similarly, the amounts of Parkin were diminished
in alveolar lung epithelial cells that were treated with tunicamycin-induced ER stress.
Notably, ER dysfunction is a relevant situation associated with epithelial injury in exper-
imental models of ALI or patients with ARDS (40, 41). Consistent with results obtained
from macrophages and lung epithelial cells, significant reduction of Parkin protein was
also observed in lung homogenates of mice subjected to intratracheal LPS administration
(Figure 1c). To further explore a possible link between inflammatory conditions impli-
cated in ALI and Parkin dissipation, alveolar epithelial cells were cultured with control
(unstimulated) or media obtained from activated macrophages. We found that Parkin
protein was significantly diminished after treatment with conditioned media, but not after
inclusion of control media (Figure 1d). These results indicate that inflammatory condi-
tions are leading to Parkin dissipation; in particular this occurred several hours after
TLRA4-LPS engagement in macrophages and in lung tissue 24 hours after endotoxin-

induced ALI.
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Parkin Deficiency Augments Macrophage Pro-Inflammatory Activation

To determine the impact of Parkin on immune function, we first measured the
pro-inflammatory response in peritoneal macrophages isolated from wild type
(PARK2™") and Parkin knockout (PARK2™") mice. In particular, cells were treated with
or without LPS followed by detection of pro-inflammatory mediators in culture media
and NLRP3 accumulation in lysates. As compared to their wild type counterparts, Parkin
deficient macrophages had a more robust pro-inflammatory response, including LPS-
induced NLRP3 activation (Figure 1e) and enhanced production of TNF-a and MIP-2
(Figure 1f). These results indicate that Parkin deficiency is associated with enhanced

macrophage pro-inflammatory response.

Parkin Deficient Macrophages Exhibit Impaired Autophagy/Mitophagy

Given that Parkin is involved in mitophagy, we hypothesized that impaired mito-
chondrial redox homeostasis is priming macrophages for a robust pro-inflammatory re-
sponse in Parkin deficient macrophages. This possibility was explored using the fluoro-
genic probe mitoSOX, a mitochondria targeted fluorogenic probe that is specific toward
superoxide detection. Confocal images and quantitative analysis have shown a nearly
25% increase in ROS formation occurred in PARK2” versus PARK2** macrophages
(Figures 2a and b). Further analysis revealed ROS formation in PARK2” macrophages
also exhibited mitochondrial fragmentation, as compared to PARK2™* (Figure 2c). Of
note, accumulation of impaired mitochondria was likely a result of deficient mitophagy in

PARK2™ macrophages. Indeed, results shown in Figures 2d and e indicate that dissipa-
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tion of mitochondrial membrane potential (mAY) induced autophagy in PAR K2 but
not in PARK2"" macrophages. This was evidenced by Western blot analysis of adaptor
protein and autophagy marker LC3B in macrophages treated with mitochondrial mem-
brane uncoupler FCCP. These findings suggest that loss of Parkin and a robust macro-
phage pro-inflammatory response were associated with accumulation of ROS-producing

dysfunctional mitochondria.

AMPK Activation Rescues Autophagy in Parkin Deficient Macrophages

AMPK activation is a key signaling event associated with autophagy initiation.
Therefore we examined if AMPK activation is capable of preventing Parkin dissipation in
LPS treated macrophages. Our results show that despite AMPK activation, the significant
loss of Parkin persisted in LPS treated macrophages (Figure 3a-e). Although AMPK did
not prevent Parkin turnover, our next question was as to whether AMPK activators stimu-
late autophagy despite Parkin deficiency. We tested this possibility using AMPK activa-
tor AICAR (AMP mimetic) in PARK2" macrophages. Western blot analysis revealed
that AMPK activation significantly increased the LC3B2/LC3BL1 ratio in Parkin deficient
cells, in particular within 8 to 24 hours after inclusion of AICAR (Figures 3f and g). To
determine the signaling pathway by which AMPK activates autophagy, PARK2™* and
PARK2™" macrophages were treated with AICAR for 24 hours followed by measuring
phosphorylation of a potential AMPK target beclin-1. We found that AMPK increases
Ser93-beclin-1 phosphorylation (Figures 3h and i), indicative of AMPK-mediated activa-

tion of autophagy, even in Parkin deficient macrophages.
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Besides removal of defective organelles, the Parkin has been implicated in clear-
ance of intracellular bacteria (9). Both PARK2*"* and PARK2™" macrophages exhibited
similar uptake of fluorescently tagged E. coli. However, further analysis confirmed that
PARK2" macrophages had an impaired ability to kill bacteria (Figure 3k). Because
AMPK activation promoted autophagy, even in the absence of Parkin (Figure 3f), we
tested if AMPK stimulates bacterial killing in PARK2" macrophages. As shown in Figure
3k, pretreatment with AICAR resulted in a significant increase in P. aeruginosa clearance
ex vivo by PARK2” macrophages. These results suggest that AMPK activation was able

to bypass Parkin-related deficiency of autophagy and effectively increased bacterial kill-

ing.

AMPK Activation Increases Mitochondrial Quality Control and Mitochondrial Bioen-

ergetics

Defective autophagy is likely affecting mitochondrial quality control in Parkin de-
ficient cells. We found basal and ATP-link oxygen consumption rates were significantly

+/+

decreased in PARK2”~ macrophages, as compared to PARK2** macrophages (Figures 4a-
c). Notably, PARK2"" macrophages also showed reduced non-mitochondrial OCR (Figure
4g), these results suggest an overall diminished bioenergetic capacity in PARK2”" macro-
phages. Additional experiments indicate only a negligible impact of AICAR on basal and
ATP-link OCR (Figures a-c). However, AMPK activation greatly improved the quality of

mitochondria in Parkin deficient cells, as evidenced by increased maximal and reserve

capacity (Figures 4a, e-f). Mitochondrial dynamics is also dependent on biogenesis. We
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found, AMPK activation effectively stimulated expression of major components in elec-
tron transport chain complexes I-1V, and ATP-synthase alpha subunit (Complex V) (Fig-
ures 4h and i). These results suggest that despite Parkin deficiency, AMPK improved mi-

tochondrial quality by activating autophagy and biogenesis.

Parkin Deficiency Increases the Severity of LPS-Induced Lung Injury

Given that Parkin deficiency is associated with mitochondrial dysfunction and ex-
aggerated pro-inflammatory activation of immune cells, we hypothesized that PARK2"
mice may development more severe ALI. To test this possibility, PARK2** and PARK2™"
mice were subjected to intratracheal instillation of saline (control) or LPS (2 mg/kg) for
24 hours. Both PARK2** and PARK2”" mice show indices of lung injury after LPS ad-
ministration. However, PARK2™" mice exhibit more enhanced neutrophil flux, more ex-
tensive thickened septa, and accumulation of cellular debris in alveoli, compared to wild
type mice (Figures 5a and €). PARK2” mice also exhibit significant increases in edema
(wet-to-dry ratio) along with enhanced lung permeability (BAL fluid protein concentra-
tions), as compared to wild type counterparts (Figures, b-d). Consistent with results ob-
tained from LPS treated PARK2" peritoneal macrophages (Figure 1), intratracheal instil-
lation of LPS also triggered more robust production of pro-inflammatory cytokines TNF-
a, MIP-2, and IL-6 in lungs (BALs) of PARK2™ versus PARK2™* mice (Figures 5f-h).
Notably, Parkin deficient mice exhibit a greater accumulation of damage associated mo-

lecular pattern proteins (DAMPS), including in HMGB1 and histone H3 in BAL fluids
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(Figures 5i and j). These results indicate that Parkin deficient mice had increased suscep-

tibility to endotoxin-induced ALL.

Metformin Reduces the Severity of LPS-Induced ALI in PARK2" Mice

We next examined whether AMPK activator metformin affects the severity of
ALI in LPS treated PARK2”" mice. Mice were treated to saline (control; i.p.) or metfor-
min (90 mg/kg; i.p.) followed by intratracheal instillation of LPS (2 mg/kg) or saline. As
shown in Figure 6, pretreatment with metformin significantly diminished LPS-induced
lung injury, as evidenced by reduced permeability (BAL protein levels), a lower extent of
neutrophil accumulation in the lungs, and reduced BAL fluid cytokines, including TNF-a
and MIP-2, as compared to mice that received LPS alone. These findings indicate that

AMPK activation prevented development of ALI despite Parkin deficiency.

Mpyeloid AMPKaI™ Mice Exhibit Diminished Clearance of Bacteria in the Lungs

To further determine the importance of AMPK activation, we developed myeloid
specific AMPKal1™ mice. These mice are deficient in AMPKal in their monocytes, mac-
rophages, neutrophils, basophils, eosinophils, erythrocytes, dendritic cells, and platelets.
We used these mice to investigate in vivo bacterial clearance in the lungs and found that
the myeloid AMPKa1”" mice had significantly more P. aeruginosa remaining in the

lungs (Figure 7).
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Discussion

In the present study, we found an interesting correlation between inflammatory
conditions implicated in ALI and dissipation of Parkin, a major ubiquitin ligase involved
in regulating autophagy. Besides a time dependent decrease of Parkin protein in LPS
treated macrophages, reduced Parkin levels were associated with alveolar epithelial cell
injury and was also observed in lungs of mice subjected to endotoxin-induced ALI.
PARK2" mice were prone to develop a more robust macrophage pro-inflammatory re-
sponse, while autophagy-dependent neutralization of intracellular bacteria was defective.
Parkin has cellular substrates across multiple pathways (42), and our results suggest that
mitochondrial dysfunction is priming Parkin deficient macrophages for an exaggerated
pro-inflammatory response. In order to stimulate autophagy, we examined the effects of
AMPK activators in PARK2” mice. Interestingly, AMPK activation did not prevent Par-
kin dissipation. However, AMPK stimulated autophagy-dependent neutralization of P.
aeruginosa and improve mitochondrial function in PARK2" macrophages. Finally,

AMPK activators effectively reduced the severity of LPS-induced ALI in PARK2” mice.

The Parkin-autophagy axis plays a crucial role in regulating innate immune re-
sponses, as autophagy is directly involved in intracellular removal of phagocytosed bacte-
ria (43-45). Autophagy can also indirectly affect the immune response, in particular via
mitochondrial quality control. Mitochondria are essential bioenergetic hubs, but also
serve as a signaling platform for many cellular processes, including pro-inflammatory
activation, bacterial Killing, and phagocytic clearance of dying cells (46). Our results are
consistent with previous studies that loss of autophagy and increased mitochondrial ROS

formation are implicated in inflammasome activation. In turn, autophagy activation has
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been shown to reduce inflammation due to downregulation of NLRP3-dependent mito-
chondrial ROS generation and mitochondrial DNA release (47-49). Preservation of a
“healthy” mitochondria pool and biogenesis has recently been implicated in increased
macrophage and neutrophil antimicrobial activity (50). Similarly, preservation or recov-
ery of mitochondrial function was beneficial in models of sepsis and ALI (12, 39). These
findings are clinically relevant, as mitochondrial dysfunction in lungs of critically ill pa-
tients is correlated with the severity of injury and mortality (5, 6, 51). In this setting, the
increased inflammatory burden and inability to eradicate bacteria is likely related to Par-
kin dissipation followed by reduction in autophagy and accumulation of dysfunctional

mitochondria.

Recent studies suggest that Parkin may affect immune function, including sensi-
tivity to pro-inflammatory activation that was observed in monocytes isolated from PD
patients (9, 52, 53). Defects in the Parkin pathway have also been implicated in lung can-
cer (54, 55), pulmonary fibrosis (56), COPD (57), and possibly sepsis-induced lung inju-
ry (58). By measuring Parkin in immune cells and lung homogenates, we provide evi-
dence for enhanced turnover of Parkin that occurs during inflammatory conditions. It is
possible that along with bacterial clearance and inflammatory lung injury, Parkin also
contributes to macrophage dependent neutralization of apoptotic cells and cellular debris
(19, 59, 60). In particular, enhanced efferocytosis has been associated with reduced sever-
ity of sterile inflammatory conditions and development of ALI. Overall, our results re-
vealed that (i) Parkin deficiency is characterized by reduced autophagic bacterial killing,
(i) loss of Parkin-autophagy axis leads to accumulation of dysfunctional mitochondria

and ROS —mediated priming for macrophage pro-inflammatory activation, and (iii) exag-
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gerated pro-inflammatory activation of immune cells in Parkin deficient mice is associat-
ed with development of severe ALI. These findings establish a strong link between the
Parkin-autophagy axis and immune bioenergetics, pro-inflammatory activation and bacte-

rial killing.

Given that Parkin-dependent autophagy is a perishable signaling, we examined if
activation AMPK can rescue autophagy even in Parkin deficient macrophages and lungs
of mice subjected to ALI. We tested this possibility using AMPK activators metformin
and AICAR, both well-established in cultured cells and in vivo models of ALI. First, we
provided evidence that AMPK activation promoted autophagy and bacterial killing in
Parkin deficient macrophages. Secondly, application of metformin diminished LPS-
induced development of ALI in PARK2”" mice. A possible mechanism by which AMPK
promoted autophagy is linked to phosphorylation of ULK1, beclin-1, and inhibition of
mTOR. Notably, beclin-1 has been previously shown to activate autophagy in Parkin in-
dependent fashion (61), and our results suggest that this is a relevant mechanism by
which AMPK bypasses Parkin deficiency. Our findings are likely impactful when con-
sidering a few studies that suggest a benefit of AMPK activation in PD patients (62-64).
Idiopathic PD is characterized by worsen symptoms due to infection, and a nearly 60%
mortality rate is associated with aspiration pneumonia (65). Thus, AMPK activation is

likely a relevant therapeutic target to reduce indices of lung injury.

Our findings suggest that AMPK activators, including metformin could be repur-
posed for treatment of ARDS and sepsis. Metformin is an FDA approved drug typically
prescribed to type Il diabetics. Recent clinical studies revealed that use of metformin pri-

or to sepsis-related hospitalization had better outcomes (66). Taken together, our studies
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suggest that AMPK activation has a substantial benefit due to reduced inflammatory con-
ditions and enhanced bacterial killing. Moreover, AMPK also improves mitochondrial
bioenergetics, thus it is expected that AMPK activation will improve immune cells and

lung tissue homeostasis.
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Materials and Methods
Mice

Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
PARK2"" were originally purchased from The Jackson Laboratory and bred in facilities at
the University of Alabama at Birmingham. Mice 10 to 12 weeks of age were used for ex-
periments. Mice were given food and water ad libitum and kept on a 12-hours light-dark
cycle. All experiments were conducted in accordance with approved protocols by the

University of Alabama at Birmingham Institutional Animal Care and Use Committee.

Antibodies

The following antibodies were used: Anti-HMGB1 (R&D Systems, MAB1690), phos-
pho-Thr172-AMPK (Cell Signaling Technology, 2531), AMPKal (Cell Signaling Tech-
nology, 2532), phospho-Ser93-beclin-1 (Cell Signaling Technology, 14717) phospho-
Ser79-Acetyl CoA Carboxylase (Cell Signaling Technology, 3661), LC3B (Cell Signal-
ing Technology, 2775), Histone H3 (Santa Cruz Biotechnology, sc-8654-R), Parkin (San-
ta Cruz Biotechnology, sc-32282), and HRP-conjugated B-actin antibody (Santa Cruz Bi-

otechnology, sc-47778).

Peritoneal Macrophage Isolation and Culture

Peritoneal macrophages were isolated as previously described (67). Macrophages were

elicited in 10- to 12- week-old mice by intraperitoneal application of Brewer thioglycol-
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late (Sigma-Aldrich, B2551). Cells were collected 4 days after thioglycollate injection.
Peritoneal macrophages were cultured in RPMI 1640 media (GE Health, SH30027) sup-
plemented with 8% FBS (Atlanta Biologicals, S11150) at 37°C. In select experiments
macrophages were incubated with RPMI 1640 media supplemented with 0.5% FBS for 2
hours prior to LPS (Sigma-Aldrich, Cat # L2630) exposure, as indicated in Figure leg-
ends. For experiments where cytokines were measured, macrophages were left in culture

for 3-4 days prior to experimentation.

Alveolar epithelial cell culture

L2, alveolar cell line, cells were cultured in F-12K (Gibco, 21127022) supplemented with

8% FBS (Atlanta Biologicals, S11150) at 37°C.

Paracrine signaling

Macrophages were stimulated with LPS (300 ng/ml) for 24 hours and conditioned culture
media was collected. Alveolar epithelial cells were then incubated with macrophage con-

ditioned media for 24 hours.

Bacterial Uptake and Killing

Bacterial uptake was determined by culturing macrophages with metformin (0 or 500

uM) for 2 hours followed by incubation with E. coli for 20 minutes. PARK2™* and
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PARK2" macrophages were cultured with AICAR (0 or 500 pM) for 1 hour followed by
incubation with P. aeruginosa (10 fold) for an additional 1 hour. The surviving bacteria
were cultured overnight on agar plates and CFUs counted for bacterial killing determina-

tion. Bacteria to macrophages was 10:1.

Measurement of Cellular Bioenergetics

The bioenergetics of macrophages was determined using the XF96 analyzer from Sea-
horse Bioscience, which measures O, consumption and proton production (pH) in intact
cells. The O, consumption rate (OCR) is correlated with oxidative phosphorylation, and
proton production (extracellular acidification rate) can be related to glycolysis. Measure-
ments were performed using macrophages (1 x 10°) that were plated on XF96 plates, af-
ter which they were treated with AICAR (150 uM) for 48 hours. The plate was then
washed with XF assay buffer (DMEM, 5% FBS supplemented with 5.5 mm, D-glucose, 4
mm |-glutamine, and 1 mm pyruvate (pH 7.4)) and incubated in XF buffer for 30-60 min
before the assay. After the assay, the cells were lysed with radioimmune precipitation as-
say (RIPA) buffer, and protein concentration was determined by Bradford assay. All re-

sults were corrected to protein levels in individual wells.

Cytokine ELISA

ELISA was used to measure cytokine levels in culture media and bronchoalveolar lavage

(BAL) fluids as previously described (67). Levels of TNF-a (R&D Systems, DY410),
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MIP-2 (R&D Systems, DY452), and IL-6 (R&D Systems, DY406) were determined us-

ing ELISA Kits according to manufacturer’s instructions.

Western Blot Analysis

Western Blot analysis was performed as described previously (67). Each experiment was
carried out two or more times with cell populations obtained from separate groups of
mice. In selected experiments, BAL fluids (30 pl) were mixed with Laemmli sample
buffer (BostonBioProducts, BP-111NR) and boiled for 5 min followed by Western Blot

analysis with anti-HMGB1 antibody.

A Mouse Model for Endotoxin-Induced Lung Injury

Lung injury was induced by intratracheal administration of LPS (2 mg/kg in 50 pl of
PBS) (Sigma-Aldrich, L2630) as previously described (68, 69). Characterization of lung
injury is by neutrophil infiltration in to the interstitium and airways of the lungs, intersti-
tial edema development, and increased proinflammatory cytokine production. Briefly,
mice were anesthetized with isoflurane and then suspended by their upper incisors on a
60° incline board. The tongue was gently extended and LPS or PBS solution deposited
into the pharynx followed by aspiration into the lungs. Metformin (Sigma, D150959)
(100 mg/kg) in 0.5 ml of saline or control vehicle (saline) was injected intraperitoneally
for 3 consecutive days with the third dose immediately prior to LPS intratracheal instilla-

tion. Mice were euthanized 24 hours after LPS administration. Bronchoalveolar fluids
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(BALSs) were obtained by lavaging the lungs three times with 1 ml PBS. In experiments
where metformin was utilized, mice received 100 mg/kg (i.p.) 24 hours and 30 minutes

prior to LPS administration.

Statistical Analysis

Multigroup comparisons were performed using one-way ANOVA with Tukey’s post hoc
test. Values were normally distributed. Statistical significance was determined by the
Student’s t-test for comparisons between two groups. A value of p < 0.05 was considered
significant. Analyses were performed on SPSS version 16.0 (IBM, Armonk, NY) for

Windows (Microsoft Corp., Redmond, WA).
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Figure 1. Inflammatory conditions are associated with dissipation of Parkin protein.
Western blot analysis of Parkin protein in lysates of (a) LPS treated (1 uM) macrophag-
es, (b) tunicamycin (10 pg/ml, 24 h) treated epithelial cells, and (c) in lung homogenates
obtained from mice subjected to LPS-induced ALI (n = 3). (d) Conditioned media ob-
tained from activated macrophages caused Parkin dissipation in alveolar epithelial cells
(n=3). (e) PARK2"* and PARK2" macrophages were cultured with LPS (0 or 300
ng/ml) for 24 hours followed by Western blot analysis of NLRP3 and B-actin (n = 3). (f-
g) The amounts of TNF-a and MIP-2 cytokines were measured in culture media of
PARK2*™* and PARK2" macrophages. Cells were treated with LPS for 4.5 hours (n = 4).
Means + SD, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Mitophagy impairment and mitochondrial ROS formation are associated with
Parkin deficiency. (a) Representative images, including 2-D and 3-D image profiles
show the extent of mitoSOX fluorescence in PARK2*"* and PARK2"" macrophages. Panel
(b) shows mitoSOX fluorescent intensity (fold untreated PARK2*'*). Means + SD, n = 4,
*p < 0.05). (c) Mitochondrial network in PARK2*"* and PARK2" macrophages was vis-
ualized using mito-Tracker Green dye. (d-e) Mitophagy activation was examined in
PARK2*™* and PARK2" macrophages treated with uncoupler FCCP (500 nM) followed
by WB analysis of LC3B2/LC3B1. Means £ SD, n=3, * p <0.05.
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Figure 3. AMPK activation promotes autophagy despite Parkin deficiency. (a) Wild
type macrophages were treated with AICAR for 2 hours prior to LPS exposure. The
amounts of Parkin and B-actin is shown (n = 3). (b-c) PARK2™* and PARK2” macro-
phages were treated with AICAR for 2 hours and Western blot analysis of pT172-AMPK
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and B-actin was performed (n = 3). (d-e) Western blot analysis of pT172-AMPK,

AMPK, pS79-ACC, and B-actin in PARK2" macrophages treated with metformin (0-500
uM) for 4 hours (n = 3). (f-g) LC3B2/1 ratio (activation) in PARK2” macrophages treat-
ed with or without AICAR for indicated time (n = 3). (h-i) PARK2** and PARK2™""
macrophages were cultured with AICAR (0 or 500 uM) for 24 hours and then phospho-
S93-beclin-1 determined in cell lysates (n = 3). (j) Representative images show bacterial
uptake (fluorescein-tagged E. coli) in control and metformin treated PARK2” macro-
phages. Blue -nuclei; green -E. coli; red -Phalloidin. (k). P. aeruginosa viability (CFU)
was determined in PARK2™* and PARK2"~ macrophages pre-treated with AICAR (0 or

500 uM). Means = SD, n =3, * p < 0.05.
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Figure 4. AMPK activation increased mitochondrial maximal OCR, reserve capacity
and promoted biogenesis in Parkin deficient macrophages. (a-g) PARK2*"* and PARK2’
" macrophages were incubated with or without AICAR for 24 hours followed by measure
of oxygen consumption rate (n = 5). Representative OCR profile and indices of mito-
chondrial functions are shown. (h-i) PARK2" macrophages were cultured with AICAR
(0 or 500 uM) for 72 hours followed by analysis of major components of mitochondrial
electron transport chain subunits: complex I: NDUFBS8, complex Il: FeS comp. I, com-
plex I1I: core protein 2, complex I1V: subunit I, and complex V: alpha subunit. Means +
SD,n=4,*p<0.05.

133



a Park2 ++ Park2--

control LPS control LPS

5 s 3 o - . & ~ L 9

?‘} 1
b c d e f
Park2 +I+ -I-
1.6 * *
Parkin | 1.2

N
o
o

o
K

Increasein
wet-to-dry ratio
o
«©
BAL proteins
(mg/ml)
BAL neutrophils
(105/ml)
TNF-a (pmol/ml)

B-actin [ s

o

. * 25 300 1500 b
_ 2
15 1000
1 100 5 500
- 05
0 0 0
*%

g h l J
~ 800 - __ 800 20 i _cf 150 2
<=E, 600 % 600 E% 15 g% 100
g w § 0o g% 10 E%
g 200 © 200 %g 5 EE 50
= T o E 5
Park2 *l+ -I- +/+ -/- Park2 *l+ -I- */+ -
O] Park2++ W Park2-- HMGB1 IZI histone 3 E
control LPS control LPS

Figure 5. Parkin deficient mice have increased severity of LPS-induced acute lung inju-
ry. PARK2*"* and PARK2" mice were subjected with intratracheal instillation of saline
(control, i.t.) or LPS (2 mg/kg, i.t.) for 24 h. Panel (a) shows representative images (10
x) of lung sections (H&E staining) obtained from control or mice treated with LPS. Bar
100 uM. (b) Western blot shows the extent of Parkin protein in PARK2"* and PARK2™"
mouse lungs. (c) Increase in lung wet-to-dry ratios, (d) BAL proteins, and (e) number
of lung neutrophils in BAL fluids were obtained 24 hours after exposure to LPS (n = 5).
(F) TNF-a, (g) MIP-2, and (h) IL-6 was measured in BAL fluids of control and LPS
treated Park*’* or PARK2” mice (n = 5). Representative Western blots and quantitative
data show the amount of inflammatory mediators (i) HMGB1 and (j) histone H3 in
BALs of PARK2*"* and PARK2" mice. BALs were collected 24 hours after exposure to
saline or LPS (n =3). Means £ SD, * p <0.05, ** p <0.01, *** p < 0.001 compared to
controls.
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Figure 6. Metformin reduced severity of acute lung injury PARK2" mice. (a) Repre-
sentative images (40x) show lung sections (H&E staining). Arrows indicate spaces filled
with a mixed mononuclear/neutrophilic infiltrate, cellular debris and proteinaceous mate-
rial. Alveolar walls are also thickened, and the septa are edematous. Quantitative data
show (b) protein concentration, (c) number of BAL neutrophils, and the extent of BAL
(d) TNF-o and (e) MIP-2, in PARK2” mice 24 hours after saline or LPS administration
(n =3). Means + SD, * p < 0.05 compared to controls. (f) Inflammation leads to de-
creased levels of Parkin protein. The deficiency of Parkin protein is associated with bio-
energetic dysfunction, impaired autophagy and bacterial killing, oxidative stress, and
worse organ injury. Activation of AMPK by metformin or AICAR improves mitochon-
drial bioenergetics, promotes autophagy and bacterial clearance, and diminishes organ

injury.
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Figure 7. AMPK deficiency in myeloid cells results in impaired bacterial clearance. Wild
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instillation of P. aeruginosa (PAK, 2.5 x 10’/mouse) for 4 hours. Next, amounts of sur-
viving bacteria were determined in lung homogenates using CFU assay (n = 5). Means +
SD, * p <0.05.
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CONCLUSION

Sepsis is a multifactorial condition that has an enormous impact on the immune
system and organ tissue homeostasis. Monocytes, macrophages, and neutrophils are
essential components of the innate response to infection, but are also activated during
injury. Immune activation is specifically designed to neutralize pathogens and apoptotic
cells that allows for subsequent resolution and tissue repair. However, severe sepsis is
linked to macrophage and monocyte dysfunction, uncontrolled microbial growth and
dissemination, and ultimately multi-organ failure. In particular, macrophages exhibit
sepsis-related dysfunction of autophagy, as evidenced by a reduced ability to clear
intracellular bacteria. This deficiency also affects bioenergetic recovery due to
accumulation of dysfunctional mitochondria. Recent studies suggest that autophagy is

implicated in morbidity and mortality among critically ill patients'®®

. Another previous
observation has shown that loss of mitochondrial oxidative phosphorylation in immune
and lung parenchyma cells is also correlated with mortality in sepsis and ARDS. In
particular, pioneer studies conducted by Dr. Mervyn Singer have shown a significant
correlation between the extent of mitochondrial dysfunction in lungs and mortality due to
sepsis®” ¥, For these reasons, autophagy (mitophagy), mitochondrial bioenergetics, and
metabolic switches emerge as crucial therapeutic targets for sepsis and ARDS. It is

important to note that anti-inflammatory approaches alone appear to have negligible

effects in many clinical trials. Thus, we investigated the potential mechanism(s) by which
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AMPK activation affects immune and parenchymal cell metabolism/bioenergetics to

potentially diminish the severity of sepsis-induced lung injury.

Summary of studies
Study #1

It has been recently suggested that the central and peripheral nervous system, in
particular activation of dopaminergic signaling, may provide a substantial benefit in
experimental sepsis®®. Because relatively little is known about how catecholamines affect
bioenergetics, we examined a possible impact of dopaminergic signaling on AMPK
activation and related mitochondrial function in immune and lung parenchyma cells
during endotoxin-induced ALI. Our results showed:

e Both dopamine and norepinephrine produce anti-inflammatory effects, however
dopamine, specifically D1R signaling, may also be advantageous due to
modulation of metabolic regulator AMPK.

e DI1R mediated increase of AMPK activity prevented LPS-induced pT172-AMPK
dephosphorylation (inactivation) in macrophages.

e The D1R-AMPK axis controls epithelial pro-inflammatory paracrine signaling
influencing macrophage activation.

e The D1R- AMPK signaling axis diminished development of lung injury in a mouse

model of endotoxin-induced ALI.
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Study #2
In order to better understand how preservation of bioenergetics affects sepsis-
induced lung injury, we investigated the role of AMPK regulation during polymicrobial
sepsis. Our therapeutic strategy included (i) AMPK activation by pharmacological stimuli
with metformin and (ii) AMPK activation due to blocking inhibitory phosphorylation by
GSK3p. Our studies show:
e AMPK activation in macrophages that acquire immunotolerance preserves the
ability of these cells to respond to secondary stimulation with PAMPs.
e AMPK activation diminished mortality in a murine model of polymicrobial sepsis.
o Metformin or inhibition of GSK3p increased the ability of neutrophils and
macrophages to eradicate bacteria both ex vivo and in vivo.
o Stimulation of AMPK by metformin or prevention of GSK3p dependent inhibition
of AMPK effectively diminished development of lung injury in a mouse model of
intra-abdominal microbial sepsis.

Study #3.

Mitochondrial dysfunction, pro-inflammatory cytokine production, and impaired
bacterial clearance are major issues in sepsis. Autophagy activation is an essential
degradative mechanism that may diminish many of these indices. Our initial study shows
that Parkin, a major E3 ubiquitin ligase involved in autophagy, is diminished in immune
cells and lung tissue in experimental models of ALI. We hypothesized that AMPK

activation will promote recovery of Parkin and improve autophagy. We have shown that:

e Parkin deficiency is characterized by increased inflammatory cytokine production

and decreased macrophage autophagy.
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e AMPK activation does not rescue Parkin protein levels.

e AMPK activation promotes autophagy in the absence of Parkin through a beclin-
1 related pathway to reduce hyper pro-inflammatory cytokine release, remove
dysfunctional mitochondria, and enhance bacterial clearance while diminishing
lung injury.

A graphical summary of our findings is provided in Figure 1.
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Figure 1. AMPK activation is a crucial target in sepsis and ALI. Selective pharmacologi-
cal agents were identified to activate AMPK, including fenoldopam, metformin,
SB216737, and AICAR. AMPK activation improved autophagy related to bacterial
clearance, removal of defective mitochondrial (mitophagy), and decreased pro-
inflammatory cytokine release. AMPK activation also reduced metabolic reprogramming
associated with HIF-1a accumulation and glycolytic flux. These events diminished the
severity of sepsis and ALI.

In summary, activation of AMPK by pharmacological means during sepsis may

provide a useful treatment to reduce sepsis severity and development of ALI.
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AMPK in the context of bacterial killing and development of ARDS

Despite many clinical trials having occurred over the years, effective therapeutic
interventions are not available for sepsis, ARDS, and post-injury complications. Most
potential therapeutic approaches target various inflammatory mediators, such as IL-1p or
TNFa, but have been largely unsuccessful. We are first to instead target the bioenergetic
pathway through AMPK activation. Severe sepsis and shock are frequently associated
with dysfunction in immune and parenchyma cells. We have shown that AMPK activa-
tion is an important target in sepsis because AMPK activation (1) diminishes pro-
inflammatory mediators in both macrophages and animal models; (2) increases clearance
of bacteria in the lungs of septic mice and increased bacterial killing through alternative
activation of xenophagy, which is defective in Parkin deficient mice; (3) reduces the se-
verity of sepsis-induced AL, including Parkin deficient mice subjected to LPS-induced
ALLI; and (4) preserves mitochondrial oxidative phosphorylation through reduction of
macrophage metabolic reprogramming and preservation of mitochondrial electron

transport chain complexes.

From a translational standpoint, activation of AMPK by pharmacological agents
in sepsis patients may likely improve immune cell dependent autophagic clearance of
bacteria and lessen inflammation and subsequent lung injury. FDA approved drugs which
can activate AMPK already exist, including metformin, used to improve insulin sensitivi-
ty in Type Il diabetics, and fenoldopam, used to diminish acute kidney injury. These

drugs could potentially be repurposed and utilized in humans as a therapeutic to increase
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bacterial killing and diminish inflammatory mediators during sepsis and thereby reduce
lung injury. If either of these drugs is successful in clinical trials, they may pave the way

for development of new therapeutics for sepsis.

Limitations

The studies included within this dissertation consist primarily of prophylactic
activation of AMPK to reduce the severity of ALI and sepsis. This approach provides
useful insight into mechanisms of AMPK regulation and development of ALI/sepsis. A
major limitation is that many patients are admitted to ICUs with existing infections and
injury. To further establish the therapeutic potential of AMPK activators, it is necessary
to determine if AMPK activation is beneficial during establish sepsis and ARDS, as well

as potentially reducing post-sepsis complications.

A substantial limitation of our studies is use of mouse models. Many studies
criticize this approach and point out differences in receptor bioavailability and protein
expression that affect the severity of immune cell pro-inflammatory activation, as
compared to critically ill patients. Furthermore, many clinical trials fail even though pre-

clinical models indicate there to be a benefit.

Concerns have arisen about the use of AMPK activator metformin due to a
presumed elevation of serum lactate levels in sepsis and ARDS* % This notion is
supported by studies that linked use of metformin to inhibition of ETC complex 1. This
mechanism was also suggested to induce bioenergetic imbalance and thus AMPK
activation*® 1"°. Because of potential mitochondrial function inhibition which will affect
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lactate flux, metformin is currently not use in clinical sepsis. However, more recent
studies revealed that the mechanism of AMPK activation by metformin is dependent on
activation of a lysosomal signaling cascade, and only high non physiological
concentrations of metformin are inhibiting activity of ETC complex I'™" 2, Notably, two
recent clinical studies have shown that lowering lactate had negligible therapeutic
impact'” ", In turn, a cohort study published in 2016 has found that metformin use prior

to sepsis provides ~30% reduction in mortality rates*’.

Another issue is related to a relatively limited pool of AMPK available for
activation during sepsis. In particular, we found that a significant amount of AMPK is
inactivated due to phosphorylation of AMPKa subunit by GSK3B'". It is crucial to
determine if efficacy of AMPK activators, such as metformin, are increased when used in

combination of GSK3p inhibitors.
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The following spplication was approved by the University of Alabama at Birmingham Institutiona] Animal
Care and Use Committes (IACUC) on 14-5ep-2016.

Protocol Pz Zmijevski, Jarostaw

Tithe: AMIPK Activation and Aoute Lung Injury

Sponsor: Mational Heart, Lung, and Blood Institute MIH/DHHS

Lnirnal Project Nurmber | APN]- 1ACUC-09508

This institution has an Animal Welfare Sssurance on file with the Office of Laboratory Animal 'Welfare

{OLAW). = registered 2z 2 Research Fadility with the USDA, and is acoredited by the Assodztion for
Azsezsment and Accreditation of Laboratory Animal Care International [AAALAC).

Instiutional Anlmal Care and Uss Commiftes JACUC) | Malling Address:
CH19 Sulta 402 | CH19 Sulte 403
533 19th Street South | 1530 3rd Ave S
{205) 034-7682 |  BiMmingham, AL 35294-D0D
I

FAX {205) 034-1138
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