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Abstract

Liver injury instigates a proinflammatory response in tissue-resident macrophages, called Kupffer
cells (KCs), resulting in the recruitment of monocytes and neutrophils. The high energy demand
required for a rapid proinflammatory response in macrophages like KCs is achieved through
metabolic reprogramming. This is supported by increased glycolysis. On the other hand, injury
resolution requires hepatic macrophages to undergo an anti-inflammatory polarization, which
relies on oxidative phosphorylation (OXPHOS). In addition to shifts in mechanisms of adenosine
triphosphate (ATP) production, lipid metabolic reprogramming supplies metabolic intermediates
and lipids for membrane remodeling and the production of inflammatory mediators. AMP-
activated protein kinase (AMPK) is a master metabolic regulator that influences the metabolic
reprogramming of macrophages. While AMPK activation promotes an anti-inflammatory
polarization, disruption of activity exacerbates proinflammatory signaling. For this thesis work,
we addressed whether macrophage AMPK is protective against liver injury by altering
immunometabolism. Specifically, we investigated this question in the context of chronic (non-
alcoholic steatohepatitis (NASH)) and acute (acetaminophen (APAP) overdose) liver injury.
While APAP overdose is a robust and directly translational model of acute injury, models of
NASH-induced hepatic fibrosis rely on nutrient-deficient diets like the choline-deficient high-fat
diet (CDAHFD) or genetic manipulation. Despite the utility of these models, they seldom mirror
the pathogenesis of human NASH, with diets like CDAHFD being completely dissociated from
metabolic syndrome. Moreover, models are required to address the divergence between male and
female mice. Recently, there has been a shift towards addressing other variables that drive
inflammation and metabolism. At room temperature (RT) (22 °C), mice experience cold stress

that alters various biological functions. Cold stress drives brown adipose tissue (BAT) activation
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and upregulates corticosterone production and immunosuppression, all processes that blunt NASH
progression. Giles et al. (2016) demonstrated that housing mice at thermoneutrality (Tn) (30 °C)
exacerbated metabolic-dysfunction associated fatty liver disease (MAFLD) progression toward
NASH in both male and female mice. Since then, we and others have implemented Tn housing
with different dietary interventions and mice strains. We determined that 16-week Western diet
(WD) feeding of male and female mice at 29 °C was insufficient to drive hepatic fibrosis, however
alterations in glucose tolerance and elevated liver injury enzymes as well as profibrotic gene
expression in male mice may indicate that a longer timeline is necessary (24 weeks).

Given that our Ty NASH model did not produce hepatic fibrosis, we implemented the CDAHFD
to investigate macrophage AMPK in chronic liver injury. Male and female AMPK Flox (Prkaal
f1/f1/Prkaa?2 f1/f1) and MacKO (Flox-LysM-Cre+) mice were fed CDAHFD for 8 weeks. In this
time frame, CDAHFD produces a lean euglycemic phenotype with hepatic steatosis, inflammation,
and fibrosis, to which AMPK MacKO had no influence. Moreover, intervention with a low dose
of metformin had no effect, contrary to the reduction in hepatic steatosis observed in HFD-fed
mice. Although macrophage AMPK is dispensable in the CDAHFD model of chronic liver injury,
acute liver injury needed to be addressed. We found that priming with systemic activation of a
direct AMPK activator MK-8722 did not influence hepatic injury and necrosis in our model of
APAP-induced liver injury (AILI). Moreover, deletion of hepatocellular AMPK (Flox-Alb-Cre+)
or AMPK MacKO did not influence injury at 24 hours post overdose. Despite the lack of effect
of systemic AMPK activation, we were interested in a nanoparticle-based targeting of direct
AMPK activator MK-8722 (NP-MK&8722) delivery. We determined that PLGA-PEG nanoparticles
(NPs) accumulated in hepatic macrophages as early as 2 hours post-injection, but NP-MK8722 did

not alter hepatic necrosis, injury, or immune infiltration.
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Overall, my thesis work has advanced our knowledge of the effects of housing temperatures on
NASH pathogenesis. Moreover, we are the first to address the effects of macrophage AMPK
signaling in NASH and AILI. This is especially true for assessing how AMPK deficiency and

targeted activation influences KC immunometabolism during injury.
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Chapter 1: General Introduction

1.1 Liver physiology

1.1.1 Function of the liver as a metabolic hub

The liver regulates a wide range of physiological processes, from metabolism, immunity,
detoxification, and blood volume regulation. The liver maintains systemic glucose homeostasis by
storing glycogen during feeding and upregulating gluconeogenesis during fasting. Bile production
and lipoprotein synthesis by the liver also allow for excess lipid secretion into the duodenum and
storage in adipose tissue, respectively!?. Finally, the liver is the major site for amino acid

processing and management of nitrogenous waste through urea metabolism?.

1.1.2 Hierarchical structure of the liver

The hepatic lobule is defined as the functional unit of the liver (Figure 1.1)*. Each corner of this
hexagonal structure is demarcated by a portal triad composed of the portal vein, hepatic artery, and
bile duct*. Around the central vein is an array of hepatocytes segmented into three zones®. Zonation
is defined by the primary hepatocellular function of that zone that is influenced by the proximity
to oxygenated blood and nutrients derived from the periportal region®®. Zone I is composed of
highly regenerative hepatocytes that perform oxidative processes like fatty acid oxidation (FAO)
and gluconeogenesis®*!°. Zone III hepatocytes are pericentral and involved in glycolysis, glycogen

production and lipogenesis, while zone II is an intermediate region'!.



1.1.3 Non-parenchymal populations

Hepatocytes and cholangiocytes make up the hepatic parenchyma. However, a significant
proportion of the liver is composed of non-parenchymal cells (NPCs)'?. Like hepatocytes, hepatic
stellate cells (HSCs), liver sinusoidal endothelial cells (LSECs) and KCs have an embryological

113. HSCs are a dynamic population of pericytes that reside

origin and are capable of self-renewa
in the space of Disse (Figure 1.1)°. HSCs are responsible for retinol storage in their quiescent state
and extracellular matrix remodeling when activated during liver injury'*. LSECs lack a basement
membrane and contain fenestrations that form the permeable lining of hepatic sinusoids!>!”. KCs
are hepatic resident macrophages that occupy the sinusoidal lumen'®(Figure 1.1)°. KCs recognize
and phagocytose inflammatory antigens released into portal circulation but also maintain the

tolerogenic nature of the liver in the presence of harmless gut-derived molecules!®2>.
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Figure 1.1. The anatomy and zonation of the hepatic lobule. The portal triad consists of the
portal artery, portal vein, and bile duct. Bile secreted from hepatocytes flows from the central vein
through the bile canaliculi and into the bile duct. Blood rich in nutrients and oxygen runs through
the sinusoids and drains into the central vein, creating a spatially defined gradient. This gradient
of nutrients and oxygen, in turn, determines the primary function of different hepatocellular zones.
NPCs that support liver function are KCs present in the sinusoids, LSECs that make up the
sinusoids and HSCs that reside in the space of Disse. Reproduced image used with permission
from Springer Nature from “Spatial heterogeneity in mammalian liver”, Ben-Moshe & Itzkovitz

(2019)*; permission conveyed through Copyright Clearance Center, Inc. under license:
5632791270020.

1.2 Liver injury and inflammation

1.2.1 Acute vs. chronic liver injury

Acute liver injury is clinically diagnosed by a 2-3 fold increase in circulating liver enzymes such

as alanine transaminase (ALT), jaundice and coagulopathy?*. The most common insults include



drug overdose (APAP), supplements and acute viral hepatitis. Immense hepatocellular death
occurs, followed by an intense immune response. In severe cases, injury can cause life-threatening
acute liver failure (ALF), requiring an organ transplant?>®, Chronic liver injury such as fatty liver
disease (alcoholic or metabolic) or viral hepatitis, is characterized by continuous low-grade
inflammation and ongoing hepatocellular death?’. While collagen is an important component of
the extracellular matrix, chronic liver injury induces the deposition of excess collagen, known as
fibrosis, as a wound-healing response?®%. Persistent inflammation can exacerbate fibrosis to the
point of cirrhosis or hepatocellular carcinoma (HCC), leading to death by hepatic decompensation

or non-hepatic malignancies, respectively>’.

The onset of sterile inflammation (non-viral) induced by acute and chronic liver injury share
common mechanisms. Danger-associated molecular patterns (DAMPs) released from dying
hepatocytes trigger the activation of KCs via toll-like receptors (TLR). Binding to these pattern
recognition receptors results in the assembly and activation of the NOD-like receptor pyrin domain
containing 3 (NLRP3) inflammasome for the secretion of interleukin-1 (IL-1B) and IL-18 and
induces cell death (pyroptosis)*!. The release of proinflammatory cytokines initiates the innate
immune response to the site of injury by amplifying KC activation. Activated KCs can secrete
additional proinflammatory cytokines such as tumour necrosis factor (TNF), which induces
hepatocellular apoptosis and production of adhesion molecules (vascular cell adhesion molecule
1; VCAMI1) by LSECs. KCs (as well as hepatocytes and HSCs) also recruit circulating monocytes
through various chemokines, including chemokine ligand 2 (CCL2), that eventually adhere to the
sinusoidal wall through VCAMI1. Neutrophils infiltrate the hepatic environment by sensing

DAMPs and KC-mediated recruitment (CXCL1, CXCL2 and CXCLS8) for the production of
4



reactive oxygen species (ROS) and reactive nitrogen species as well as proinflammatory cytokines

that, in turn, activate KCs?%32734,

In contrast, the chronicity of the injury influences the hepatic immune system and crosstalk with
the rest of the tissue. Infiltrating proinflammatory monocytes that aggravate the
necroinflammatory phase of acute liver injury differentiate in pro-restorative macrophages and aid
KCs in the clearance of cell debris and hepatocyte regeneration®*(Figure 1.2)%°. Persistent
inflammation observed during chronic liver injury leads to the transdifferentiation of HSCs to
fibrogenic myofibroblasts. This activation is mediated directly by hepatic DAMPS and
macrophage-dependent signaling, especially profibrogenic mediator transforming growth factor
beta (TGFB)*"°. Myofibroblasts upregulate the production of extracellular collagen, smooth
muscle actin-o and connective tissue growth factors, including inhibitors of matrix degradation’®.
If the balance between fibrinolysis and fibrogenesis is tipped towards the latter, functional
parenchyma is replaced by an extracellular matrix. This marks a turning point in wound healing,
where fibrosis is no longer maintaining organ integrity, but the transition to cirrhosis is defined by

impaired liver function and a point of no return*® (Figure 1.2)°.
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Figure 1.2. The mechanisms of hepatic repair following acute or repeated injury. In response
to acute injury, the liver is capable of regenerating, thereby returning to normal steady state. During
repeated or chronic injury, fibrosis occurs as a wound-healing mechanism. If the source of damage
is removed, then fibrinolysis and injury resolution takes place. Persistent damage, however, may
exacerbate fibrosis to the point of cirrhosis, making a recovery highly unlikely. Adapted image
used with permission of American Society for Clinical Investigation from “The balancing act of
the liver: tissue regeneration versus fibrosis”, Cordero-Espinoza and Huch, 128(1), 2018¢;
permission conveyed through Copyright Clearance Center, Inc. under license: 1398453-1.

1.2.2 Acetaminophen overdose

APAP or N-acetyl-para-aminophenol is a commonly used safe analgesic. However, overdose
accounts for almost 50% of ALF cases*®*!. Especially at risk are individuals with chronic liver
disease (acute-on-chronic liver injury), making them susceptible to AILI even at the recommended

dosages*>*.

A large proportion of APAP is metabolized in the liver and converted to non-toxic
glucuronosylated or sulfated metabolites as well as excreted in the urine*** (Figure 1.3)*..
Toxicity lies in the conversion of APAP to N-acetyl-p-benzoquinone (NAPQI) by cytochrome

P450 (CYP450)*. At therapeutic doses, hepatic glutathione (GSH) scavenges NAPQI; however,
6



excess APAP results in GSH depletion and NAPQI accumulation. The current clinical intervention
for AILI is N-acetylcysteine (NAC), a precursor of GSH, aimed to buffer NAPQI-induced toxicity
in the face of GSH depletion. While effective early on, NAC requires high doses due to its low
bioavailability. This can introduce a series of side effects, including allergic reactions and, in rare
cases, death. Moreover, once the therapeutic window of NAC is missed, a liver transplant remains

as the only viable treatment plan*®.

NAPQI highly reacts with protein sulthydryl groups to form APAP adducts. In comparison with
its isomer N-acetyl-meta-aminophenol, which does not cause liver injury, it was determined that
mitochondrial APAP adducts explain the initial events that ultimately induce hepatic necrosis®’.
NAPQI directly binds and interferes with the function of several mitochondrial proteins.
Disruption of the electron transport chain via binding to complex I and II results in the formation
of superoxide radicals and blocked ATP synthesis. Superoxides interact with NO to yield
peroxynitrite, which accumulates as a result of APAP-induced GSH depletion. Nitration of
mitochondrial proteins by peroxynitrite interferes with the antioxidant capacity through proteins
like mitochondrial superoxide dismutase 2. Nitrosative stress also leads to c-jun N-terminal kinase
(JNK) phosphorylation, which further amplifies oxidative stress. INK-mediated BCL2 associated-
X protein and glycogen synthase kinase-3f translocation results in mitochondrial permeability
transition pore opening. Nuclear localization of endonuclease G and apoptosis-inducing factor
induces DNA fragmentation and programmed necrosis through receptor-interacting serine-
threonine kinase (RIPK) 1 and 3 activation. All these events culminate in the release of hepatic

DAMPs*048,



As described in section 1.2.1., KCs are activated by various hepatic DAMPS, including high
mobility box protein 1 (HMGBI1), nuclear DNA fragments, mitochondrial DNA, and ATP.
Specifically, during ALF, 51.5% of KCs are activated, representing the main phagocytes during
injury onset*. Many reports have investigated the protective effects of stimulating KC
proliferation and survival in the early stages of AILI®2. On the other hand, liposome or
clodronate-mediated depletion of KCs aggravates injury because of the reduction in cytokines like
IL-10 that induces hepatocyte regeneration near the site of injury>>>. Despite all this promising

evidence, other studies have demonstrated the complete opposite effect>*>.

Neutrophils also become activated in response to hepatic DAMPs and are the first innate immune
population to infiltrate the liver and migrate toward the site of injury®¢. In murine models of AILI,
neutrophils are most prominent 6- and 24 hours post overdose, followed by a steady decline
thereafter’’. Like the AILI research on KCs, the role of neutrophils in APAP-induced necrosis
remains unclear’®>?. One study reported that antibody-mediated neutrophil depletion or blocking
of neutrophil extracellular traps by enzymatic hydrolysis drastically reduced HMGBI1 levels and
hepatocellular necrosis®®. Others have also observed a protective effect of neutrophil depletion
against AILI. Despite these striking results, several studies have reported that manipulation of
neutrophil recruitment and function did not alter APAP-induced injury, and AILI is mainly driven
by intracellular signaling in hepatocytes®!. It is important to note, however, that neutrophils
promote ~ ROS-mediated  conversion ~ of  proinflammatory  (Ly6CMCX3CR1Y)
monocytes/macrophages to pro-resolving macrophages (Ly6C°CX3;CR1M) during the recovery

phase of AILI (beyond 24 hours), highlighting the dichotomy of ROS during injury and recovery®.



Circulating CCR2"Ly6C™ monocytes (CD14""CD16" for humans) are also recruited 12-24 hours
post overdose and promote injury through the secretion of proinflammatory cytokines and
ROS05463.64 A fter 48-72 hours of AILI, these proinflammatory monocytes differentiate into pro-
resolving Ly6C'® macrophages, a process facilitated by neutrophils®**. While Ly6C" monocytes
promote neutrophil survival, their pro-resolving descendants are responsible for neutrophil
clearance. Importantly, macrophages have a pro-phagocytic phenotype that drives liver repair and
hepatocyte regeneration®>%. The effects of phagocytosis in the recovery phase of AILI were
clearly shown in the persistent injury of mice deficient in a phagocytic receptor Mer tyrosine

kinase®7-%8,
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Figure 1.3. APAP hepatic metabolism. Approximately 90% of APAP is metabolized by hepatic
glucuronidation and sulfation, with just 2% excretion in the urine. The remaining APAP is
metabolized by CYP450 into the toxic metabolite NAPQI. When APAP is taken at therapeutic
doses, hepatic GSH can scavenge NAPQI and convert it to non-toxic derivatives (cysteine
conjugates and mercapturic acid). During overdose, this process is saturated, resulting in the
depletion of GSH and accumulation of NAPQI that drives necrosis. Reproduced image used is
Copyright © 2016 The Second Affiliated Hospital of Chongqging Medical University from
“Acetaminophen-Induced Hepatotoxicity: a Comprehensive Update” Yoon et al. (2016)*';
permission conveyed through Creative Commons Attribution-Noncommercial 4.0 Unported
License. (Creative Commons — Attribution-NonCommercial 4.0 International — CC BY-NC 4.0)

1.2.3 Metabolic-dysfunction associated liver disease.

The term non-alcoholic fatty liver disease (NAFLD) was first coined by Ludwig in the 1980s as a
fatty liver disease in the absence of alcohol abuse®. However, a new nomenclature is being
adopted to highlight the positive determinants of the pathology’®’!. MAFLD is the accumulation

of lipids (>5%) in the liver, denoted as simple hepatic steatosis. It is characterized as the hepatic
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manifestation of metabolic syndrome, driven by obesity and insulin resistance (IR) and is an
independent risk factor for the development of cardiovascular disease’'. By 2030, it is projected
that approximately 30% of the population will be afflicted by this chronic liver disease’>. While
hepatic steatosis is considered benign and reversible, the transition to NASH is pathological >,
The primary histological marker of MAFLD is macrovesicular steatosis, while NASH is also
characterized by hepatocellular ballooning and injury, as well as inflammation and the presence of
Mallory Denk bodies and apoptotic bodies’®. NASH can also display varying degrees of fibrosis.
The scaling for hepatic fibrosis ranges from FO, histologically defined as no fibrosis, to F4,
classified as cirrhosis’’. While the main causes of death in patients are cardiovascular disease and
non-hepatic malignancies stemming from HCC, hepatic decompensation supersedes all causes of

NASH-related mortality once cirrhosis is established*’.

Healthy liver lipid metabolism consists of a balance between lipid uptake and synthesis as well as
oxidation and secretion and minimal local lipid stores. In the fed state, gut-derived chylomicron
remnants are taken up by the liver, and lipids undergo FAO or very low-density lipoprotein
(VLDL)-mediated delivery to peripheral tissues. Carbohydrates also promote de novo lipogenesis
(DNL) through insulin- and glucose-mediated transcriptional upregulation. In the fasted state,
adipose tissue immobilizes free fatty acids (FFAs) to the liver through lipolysis. Lipid storage
consists of triglycerides (TG) and cholesterol esters (CE) packaged into lipid droplets’®. As
previously mentioned, simple hepatic steatosis occurs when these stores exceed 5% of the tissue.
Expansion of adipose tissue during obesity and insulin-resistant adipocytes increase lipolysis and
flux of FFAs and glycerol to the liver’>’%_ IR also drives hyperinsulinemia and hyperglycemia,

which activates liver X receptor (LXR)-mediated upregulation of sterol regulatory element binding
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protein (SREBP)Ic as well as activation of carbohydrate response element-binding protein, both
master transcription factors that promote DNL3"*°_ As a consequence of DNL, FA intermediate
malonyl-CoA inhibits carnitine palmitoyltransferase-1, reducing the rate of FAO, which is
compounded by FA-induced mitochondrial oxidative stress. Chronic activation of SREBPIlc
suppresses the expression of the main hepatic insulin signaling molecule, insulin receptor substrate
2, driving hepatic IR and exacerbating steatosis®®®3. Hepatic IR is worsened by the accumulation
of lipotoxic intermediates of TG synthesis, such as diacylglycerol, resulting in the inhibition of
insulin-signaling mediators phosphatidylinositol 3 and Akt*”®. In addition to the interplay
between obesity, IR and hepatic steatosis, high dietary intake of certain FAs (saturated) and

carbohydrates themselves contributes to lipid droplets and DNL, respectively®® 2.

The progression of MAFLD to NASH was first described as a two-hit hypothesis where the
“first hit” encompasses IR-driven steatosis (MAFLD), and “the second hit” describes the
mechanisms that drive hepatocellular death and inflammation (NASH)?*. Over the past decade,
“multi-hit” and “multi-parallel hit” hypotheses have been proposed to capture the complexity and
dynamics of the “perfect storm” of NASH, starting with lipotoxicity®**°. Lipotoxicity occurs when
the influx of FFAs exceeds the liver’s ability to convert to neutral lipids®®. On the same note,
individuals that can buffer the accumulation of the lipotoxic species have been speculated to be
“good fat storers” able to stave off the development of NASH?’. Lipotoxic species include FFAs
(saturated ex. palmitate), diacylglycerol and ceramides®®. Free cholesterol (FC) is also a major
contributor to NASH development. Accumulation of FC stems from high dietary intake and

dysregulated endogenous metabolism. Handling of hepatic cholesterol occurs in various ways:

excretion via VLDL or efflux into nascent high-density lipoproteins, excretion through bile and

12



incorporation into bile acid synthesis, or storage as CE”. In human NAFLD livers, decreased
expression of ATP-binding cassette sub-family G member 8 (transporter responsible for
cholesterol efflux to bile) and increased expression of neutral CE hydrolase (enzyme responsible
for CE hydrolysis) have been reported!'®’. Several studies have also observed elevated activity of
SREBP2, along with increased expression of its cholesterol synthetic gene targets and activity of
the rate-limiting enzyme of cholesterol synthesis, 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGCR)!?!. Despite the elevated activity of SREBP2, expression of the SREBP2
target low-density lipoprotein (LDL) receptor is decreased in human NAFLD, which would

100

indicate decreased LDL uptake *". However, an alternative scavenger receptor, CD36, is increased,

thereby exacerbating cholesterol uptake via oxidized LDL!2,

The main targets of hepatocellular lipotoxicity are the endoplasmic reticulum (ER) and
mitochondria. Cholesterol synthesis occurs at the ER, enzymatically and transcriptionally
controlled by proteins such as HMGCR and SREBP2, respectively!'®. Sarco/endoplasmic
reticulum Ca?>"ATPase (SERCA) is responsible for the maintenance of ER Ca?’ concentrations
necessary for proper protein folding. FC accumulation at the ER alters the ratio between FC:
phospholipids thereby increasing ER membrane rigidity and impairing SERCA function'™. As a
consequence of Ca®" depletion, unfolded protein response is activated. While unfolded protein
response acts as a protective mechanism against ER stress, chronic activation induces the NLRP3
inflammasome and cell death. FFAs, particularly saturated FAs like palmitate and stearate, can
also induce ER stress. However, it remains unclear how this occurs'®~!7. In comparison to the
ER, mitochondria contain very low levels of cholesterol'®. Increased flux of cholesterol to

mitochondria has been attributed to increased mRNA levels of steroidogenic acute regulatory
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protein during NASH!!. Like at the ER, increased mitochondrial FC increases membrane rigidity,
affecting the function of ATP synthase!?*"'!!. Mitochondrial-reduced GSH is also depleted due to
the sensitivity of the 2-oxoglutarate carrier to increased membrane cholesterol. As previously
mentioned, depletion of this antioxidant enables the production of mitochondrial ROS!'?. GSH
protects against the peroxidation of cardiolipin, a unique mitochondrial phospholipid whose
structure controls mitochondrial membrane permeability!®®. FFA overload at the mitochondria also
induces oxidative stress due to increased flux through FAO. Electron leakage occurs, and
superoxide and hydrogen peroxide formation initiate lipid peroxidation, including the formation

12 All these events culminate in

of highly reactive aldehydes like 4-hydroxy-2-nonena
hepatocellular apoptosis and necrosis via JNKI activation, resulting in the release of hepatic

DAMPs.

As described in section 1.2.1. and 1.2.2., KCs are activated by hepatic DAMPs, including HMGB1.
However, extrahepatic signalling is also a potent driver of NASH inflammation. Diets high in
fructose alter the gut microbiome, causing dysbiosis and increasing intestinal permeability®®. This
leads to a high influx of gut-derived pathogen-associated molecular patterns like

113

lipopolysaccharide (LPS) that infiltrate the liver and exacerbate inflammation *°. Moreover, the

crosstalk between the liver and adipose tissues amplifies lipolysis, and adipose tissue-derived

leptin sensitizes KCs to endotoxins and activates the profibrogenic responses of HSCs!!#!13,

As with AILIL neutrophils are some of the first responders to liver injury; however, in chronic low-

grade inflammation, neutrophil production of ROS, cytokines and proteases exacerbates the
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disease. While neutrophil depletion or disintegration of neutrophil extracellular traps limits

inflammation, these effects are lost as NASH progresses''®.

The hepatic macrophage pool is drastically increased during NASH, with studies constantly
uncovering the diversity and plasticity of this population under different pathological conditions.
Two subsets of KCs have been described in HFD-fed mice — a major fraction of KC1 (CD206"
ESAM) and a minor fraction of KC2 (CD206" ESAM") that have a higher CD36 expression and
is metabolically primed (even at steady state) to manage lipid processing and induce oxidative
stress'!’. It has been shown in more aggressive models of NASH that the capacity of self-renewal
of KCs in chronic liver injury is impaired, resulting in an immunological void that must be
replaced!'®. In models of NASH and experimental depletion of KCs, monocytes differentiate into
monocyte-derived KCs (MoKCs) in response to HSC- and LSEC-derived signaling!'8!2!, This
subset of macrophages localizes to sinusoids to occupy the KC niche and share the same
lipotoxicity gene signature as KCs. However, MoKCs do not express embryonic markers like T-
cell immunoglobulin and mucin domain containing 4 (TIMD4) surface expression, have higher

TG stores and have a more proinflammatory phenotype!''®

. Moreover, transcriptional analysis
indicates that MoKCs are unable to execute certain KC accessory functions, such as
erythrophagocytosis. Recruited temporary macrophages (RTMs) are another subset present during
NASH and distinct from KCs. The terms lipid-associated macrophages (LAMs) or scar-associated
macrophages (SAMs) were coined to describe this population'?>'2%. Characteristic markers
include high expression levels of surface receptors such as CD9, Trem2 and Gpnmb, but no

expression of embryonic marker TIMD4 or KC-specific markers like CLEC4F or VSIG4.

Functionally, these macrophages form hepatic crown-like structures (HCLSs) around fibrotic
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regions, a histological feature that distinguishes MAFLD from NASH. Interestingly, NASH-

induced transcriptional changes are observed even in the bone marrow'?’.

1.2.4 Models of Liver Injury

Preclinical models such as rodents allow for the phenocopying of human health and disease. To
counteract disease pathology, mouse models are used to determine the mode of action, safety, and
efficacy of therapeutic agents. While there has been a concerted effort for the development of
culturing systems such as organoids, mouse models are still superior. Spheroids and liver-on-a-
chip are unable to capture the heterogeneity and spatial organization of the liver under different
pathological conditions, nor the crosstalk with other organ systems. Moreover, the
pharmacodynamics and pharmacokinetics of human therapies can only be approximated when

128

studying a whole multicellular organism “°. As quoted from George E.P. Box, ‘All models are

wrong, but some are useful’'?’.

Mouse models of acute liver injury are either surgical, pharmacological, or immunogenic. Surgical
models are based on reducing or cutting off blood supply (ischemia) or hepatic resection!3%!3!,
Pharmacological agents typically induce hepatocellular death by depletion, binding, or
modification of different molecules. Given the translational application of APAP overdose, it is
one of the most common experimental models of acute liver injury. One of the limitations of this
model is the susceptibility and, therefore, utility of male over female mice. This is partly explained

by the faster recovery of GSH levels and the protective role of estrogen in females'*?. Carbon

tetrachloride (CCls) is another agent that is commonly used to induce hepatic fibrosis when
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administered repeatedly'?®. A single higher dose of CCls, on the other hand, induces acute liver
injury. Conversion of CCl4 to a trichloromethyl radical by CYP450, which binds non-specifically
to several macromolecules (proteins, lipids, and nucleic acids). The trichloromethyl radical can
also be oxidized to create trichloromethylperoxy radical, a molecule responsible for lipid

130 D-galactosamine, an important component of glycoproteins, induces cell death by

peroxidation
depleting uridine, a component necessary for RNA and glycogen synthesis. In combination with
LPS, D-galactosamine induces a robust immune-mediated liver injury. Finally, immunogenic
models include forms of autoimmunity or viral hepatitis, induction of apoptosis (antibody-

mediated) or direct immune-mediated injury (LPS)".

NASH models are determined by their ability to phenocopy human disease outcomes, unlike AILI,
which is defined exclusively by the initial insult. Given the diversity of NASH models, we will
exclusively focus on this type of chronic liver injury. Mouse models of NASH are dietary, genetic,

129 While useful and reproducible, these

or toxin-based, requiring different experimental timelines
models display a combination of macro- and microsteatosis, unlike human NASH (macrosteatosis
only) (Figure 1.4)'%. The WD is a classic diet that closely represents, as appropriately named, the
unhealthy dietary regime of Western countries'®. Despite the various formulations, WD
constitutes a high-fat (saturated and unsaturated) and high-carbohydrate diet (fructose, sucrose)
with some percentage of cholesterol. This diet induces metabolic syndrome, hepatic steatosis,
inflammation, and some degree of fibrosis within a 24+ week timeline'?’. To avoid ketogenesis,
fat concentrations are maintained within 40-45%"3*. Fructose, in comparison to glucose, has a

greater inflammatory capacity and deleterious effects on the gut microbiome. Moreover, fructose

can also be administered in drinking water, given that liquid fructose has been demonstrated to
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exacerbate hepatic steatosis and fibrosis®. Despite the different formulations of fats and
carbohydrates, the amount of cholesterol remains one of the most important considerations.
Cholesterol concentrations typically range from 0.1-2%. To overcome the lower absorption and
metabolism of cholesterol in mice compared to humans, researchers typically opt for 1-2%
cholesterol, a dose that produces hepatic fibrosis within 24+ weeks. For humans, this dietary intake
of cholesterol is unrealistic and not reflective of NASH pathogenesis'®. In contrast, lower doses
(0.1%) seldom produce hepatic fibrosis despite this being a supra-physiological concentration for

mice'**1%8, To address this issue, toxins (like CCls) are used alongside WD-feeding'?’.
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Figure 1.4. Histological differences between human and mouse MAFLD/NASH. While the
development of human NASH takes years of unhealthy habits, dietary mouse models like the WD
and CDAHFD phenocopy human NASH in a matter of weeks. Human NASH presents
histologically with macrosteatosis (black arrow), hepatocellular ballooning (short black arrow) and
clusters of inflammatory cells (black dashed areas). Mouse models display all these features, but
unlike humans, mice have both microseatosis (red dashed area) and macrosteatosis (black dashed
area): H&E-stained liver sections, scale 200 um. Reproduced image used with permission from
Springer Nature from “A researcher’s guide to preclinical mouse NASH models”, Gallage et al.
(2022)'¥;  permission conveyed through Copyright Clearance Center, Inc. under
license:5632800235222.

A sharp contrast to the overnutrition of the WD is the choline-deficient dietary models. The
methionine-choline deficient (MCD) diet is a reproducible model of NASH that displays hepatic

fibrosis within 4-6 weeks'?’.

The principal of choline deficiency is the lack of the
phosphatidylcholine necessary for VLDL production. While choline deficiency impairs lipid

export, methionine deficiency induces adipose lipolysis for hepatic uptake. Finally, choline and

methionine are necessary for FAO. While the MCD diet is a robust inducer of hepatic steatosis
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and NASH, the dramatic mobilization of FAs from adipose tissue results in dramatic weight loss.
In combination with improved insulin sensitivity, MCD represents an intrahepatic model of NASH
completely disassociated from metabolic syndrome!#®!4!, A less aggressive dietary alternative is
the CDAHFD, which has a higher fat content (45%) and sufficient methionine. Supplementation
of high-fat results in mild weight gain and IR, and in combination with choline deficiency, NASH
is observed after 4 weeks and fibrosis (F2) after 8 weeks'*?. Moreover, Wei et al. (2020) found
that there was a fat dose dependence in the degree of fibrosis, where 60% fat CDAHFD-feeding
of C57BL/6J mice was the most fibrogenic. Interestingly, high-fat supplementation in the MCD
diet did not alter the progressive weight loss nor exacerbate fibrosis in fibrosis-prone

BALB/cAnNCrl strain'#2.

Genetic predisposition is an important factor in the pathogenesis of NASH, such as rs738409
polymorphism in the patatin-like phospholipase domain-containing protein 3 gene'®. In the same
fashion, modifications in mouse genetics have been utilized to drive NASH pathogenesis. In recent
years, a mouse strain derived from an isogenic cross between C57BL/6J and 129S1/Svlm mimics
human NASH and metabolic syndrome when fed a 0.1% cholesterol WD with pericellular fibrosis
in 16 weeks. This serendipitous discovery termed the diet-induced animal model of NAFLD
(DIAMOND); however, it did not exhibit glucose intolerance and spontaneously developed HCC
within 12 months of WD-feeding!**. Moreover, investigation with other transgenic mice presents
a serious challenge, given that most genetic modifications are on a pure C57BL/6J background.
Another great example of strain influence on NASH is a comparison of substrains of C57BL/6
mice. Whereas the BL/6J stain develops a more pronounced degree of CCls-induced oxidative

stress and fibrosis, its BL/6N counterpart is more susceptible to high fat-induced liver injury'*,
20



These phenotypic differences were attributed to the genetic drift that occurred during the
generation of either strain. Finally, a genetic model that closely mimics human NASH is the
Foz/Foz mouse. A mutation in the Alstrom syndrome I gene drives a hyperphagic phenotype in
this transgenic model that fully displays all features of metabolic syndrome and NASH, including

fibrosis after 24 weeks of HFD-feeding with 0.2% cholesterol.

In addition to repeated CCls injections, the STAM model of diabetes-induced NASH is generated
by early injections of streptozotocin and pancreatic beta cell toxicity!*. The STAM model is
uncoupled from obesity or type II diabetes. Hepatoxin diethylnitrosamine, in combination with
WD, induces NASH and HCC, while incorporation of an HFD fast tracks simple steatosis to liver

cancer.

Another variable that is currently being explored is the effects of housing temperature. Barrier
facilities, for economic reasons and the comfort of the staff, are typically set to 22-23°C, also
referred to as RT. For rodents, RT induces chronic cold stress, which has a myriad of physiological
implications. The large surface area: volume ratio of mice makes them vulnerable to minor
differences in temperature, resulting in drastic means of thermoregulation. Humans are
approximately 3000 times the size of mice, and therefore, thermoregulation is focused on heat

dissipation!4®

. Mice require mechanisms of heat generation and preservation to counteract
increased heat loss. Methods of heat conservation include vasoconstriction, piloerection (muscle
contraction causing the fur to erect) and huddling. In addition to heat conservation, the thermic

effect of food also contributes to the maintenance of core temperature. When these methods are

insufficient, mice expend energy through cold-induced thermogenesis. Cold-induced
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thermogenesis accounts for approximately a third of energy expenditure and is classified as either

shivering or non-shivering thermogenesis through BAT activation'*’

. Because of increased energy
demand, chronic cold stress also results in immunosuppression, at least in part due to elevated
immunosuppressive corticosterone production. Increased B-adrenergic receptor activity during

cold stress suppresses the production of proinflammatory cytokines in myeloid cells, which can

have profound effects on NASH-induced chronic low-grade inflammation'#,

Given the implications of cold stress on energy expenditure and immunosuppression, researchers
have explored the effect Tn housing has on NASH progression. When ambient temperature falls
within the Tn zone, the basal metabolic rate of an organism is sufficient to maintain core
temperature'*S. For mice, while this ambient temperature is currently under debate, it falls within
a range of 28-30 °C. As previously mentioned, dietary models of hepatic fibrosis require high
cholesterol, nutrient deficiency, genetic manipulation, or additional toxins. Overnutrition or
“metabolically faithful” dietary models, like 0.1% cholesterol WD or HFD-feeding, seldom
produce fibrosis. To address this limitation, Giles ef al. (2016) housed male and female mice at 30
°C during HFD-feeding!*. First, in response to LPS challenge, Tn-housed mice had elevated levels
of serum TNF (and IL-6), a response that was blunted by exogenous corticosterone. Importantly,
when fed an HFD, Tn-housed male C57BL/6J mice had a higher degree of hepatic steatosis and
NAFLD severity score, as well as increased gene expression of chemokines (macrophage
infiltration) and elevated levels of serum ALT. Although there were no histological indications of
hepatic fibrosis, gene expression indicated induction of profibrotic programs. These changes also
held for AKR mouse strain that only displayed hepatic fibrosis at 30 °C. Antibiotics and

adrenalectomy demonstrated that gut dysbiosis and corticosterone played key roles in the Tn-
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driven exacerbation of NAFLD progression. Most importantly, it was determined that Tn housing
removed the sex-dependent protection of female mice, an effect that is widely observed across
NASH mouse models but not as drastically observed in humans. Since then, we and others have
explored the implementation of TN housing across different diets, including the WD and mouse

149-152 " Overall, given the relevance of Tx in the daily lives of humans, Tx housing in

strains
combination with a ‘metabolically faithful” dietary model (0.1-0.2% cholesterol WD-feeding) may

serve as a translationally relevant mouse model of NASH-induced hepatic fibrosis.

1.3 AMP-activated protein Kinase

1.3.1 AMPK structure and function

In the 1970s, protein phosphorylation was emerging as an important posttranslational modification
of enzymatic activity. In line with these observations was the work of KH Kim and David Gibson,
who reported the phosphorylation-dependent inhibition of acetyl-CoA carboxylase (ACC) and
HMGCR, regulatory enzymes of fatty acid and cholesterol synthesis, respectively!'3!%,
Specifically, early studies observed that the HMGCR and ACC kinases were regulated by the
“adenylate energy charge”, a concept proposed by Daniel Atkinson years prior'>>!*¢, This concept
states that these kinases are allosterically controlled by ratios of [ATP]: [AMP]/[ADP], resulting
in the coupling of energy and metabolic homeostasis'>”!>®, Throughout a couple of years, AMPK
was discovered as the common regulator of both HMGCR and ACC and, in short, is responsible

for promoting catabolic pathways while suppressing anabolic ones (details below about murine

AMPK signaling, unless stated otherwise)!>%!1¢,
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Since the initial purification in 1994, the structure of AMPK has been characterized'¢!~'®*, AMPK
is a heterotrimeric complex consisting of an o-catalytic subunit and Py-regulatory subunits!64-1¢7,
Various isoforms of mammalian AMPK exist, arising from multiple genes (al/2 and B1/2
isoforms) and gene duplications (y1/2/3 isoforms). AMPK isoforms have the potential to form 12
unique heterotrimeric complexes, some with empirical evidence of cell-type specificity!®®. The
AMPK al and o2 subunits (550 residues) share a conserved NH»-terminal catalytic domain but
diverge at the -COOH terminus'®. This catalytic module consists of an amino-terminal kinase
domain (a-KD) followed by the autoinhibitory domain (a-AID) that interacts with o-KD,
positioning it in a less active conformation (Figure 1.5)!%>17%!7! ' Immediately following the a-
AID is an o-linker connecting the catalytic and regulatory module of the o subunit, the C-terminal
domain (a-CTD)!">!73, At the core of the regulatory module is the p C-terminal region (B-CTR)
that cross-links the a-CTD to the y subunit. The  subunit also exerts regulatory function on the
kinase activity via its carbohydrate-binding module (B-CBM), which contains the site for glycogen
binding and the allosteric drug and metabolite (ADaM) site, a cleft between B-CBM and N-lobe
of the a-KD!"*, AMPK B1 and B2 (270 residues) are highly conserved apart from the first 65
residues of the N-terminus that allow for regulation of kinase activity through myristoylation'¢’.
Finally, the y subunits vary greatly in length, only sharing the last 300 residues of the C-terminus
that contain 4 cystathione-pB-synthase (CBS) repeats. These CBS repeats are arranged in pairs
(CBS1:CBS2 and CBS3:CBS4) for binding of adenosine nucleotides. Specifically, while CBSI1 is

thought to bind to ATP or ADP permanently, the binding AMP to CBS4 enhances the affinity of

CBS3 to AMP despite significantly higher levels of ATP and ADP!7>-178,
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Canonical activation of murine AMPK is centred on the phosphorylation and inhibition of
dephosphorylation of threonine-172 (T172) present in the a-KD (T183 in human al) and AMP-
dependent allosteric activation. Liver kinase B1 (LKB1) is an upstream kinase of AMPK,
responsible for phosphorylation of T172!7-18! The key event of regulation occurs when AMP-
binding to CBS3 pulls the catalytic and regulatory modules together through interaction with the
a-linker, thereby shielding T172 from dephosphorylation by phosphatases like protein phosphatase
2182 On the other hand, displacement of AMP by ATP induces a massive rotation of the catalytic
module away from the regulatory module!’*!83-13% In addition to dephosphorylation, Akt kinase
and protein kinase A phosphorylate serine-186 in rats (serine-496 in humans) of the ST loops
(serine/threonine rich sequences) of a-CTD. This phosphorylation event, specific to AMPKal,
inhibits T172 phosphorylation and AMPK activation'8*!¥318  Finally, mammalian target of
rapamycin complex 1 (mTORC1) was recently discovered to directly inhibit AMPK via
phosphorylation of serine-347 on ol and serine-345 on 02, resulting in decreased T172

phosphorylation specifically on AMPKo2!'37:188,

In 1995, the first AMP/ADP-independent mechanism of AMPK activation was revealed.
Ca?"/Calmodulin -dependent serine—threonine protein kinase (CAMKK), specifically CAMKK2,
was shown to activate AMPK in a Ca®’-dependent manner'®*'2. In turn, AMPK limits
intracellular Ca>* and depletion of ER stores by directly inhibiting stromal interaction molecule 1,
an ER Ca?" sensor'®®. Another upstream kinase of AMPK is TGFp-activated kinase 1, highlighted
as an important activator of AMPK during lysosomal damage and TNF-related apoptosis-inducing
signaling'®*1%. Finally, the ADaM site is stabilized by autophosphorylation or unc-51-like

autophagy-activating like kinase 1 (ULK1)-mediated phosphorylation of serine-108 (S108) on the
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B-CBM of the B1 isoform!*”!% It is the phosphorylation of S108 that sensitizes AMPKP1 to

ADaM site pharmacological activators independent of T172. Moreover, while several compounds

199-201

have been developed for ADaM allosteric activation , only recently were CoA esters of long-

chain FAs determined to be the natural ligands of this site in Bl-containing AMPK
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Figure 1.5. Structure of AMPK. A) Domain structures of AMPK a, B and y subunits. B)
Heterotrimeric structure of human alB2ylin the active conformation; AMP bound to CBS3 and
phosphorylated T172 protected by the interaction between the catalytic and regulatory module. C)
Inactive confirmation of AMPK heterotrimer; ATP analogue (ATP-y-S) bound to CBS3 and T172
accessible for dephosphorylation. 3D structure drawn using Pymol 2.5.2 and PDB file 4RER.
Reproduced image used with permission from Springer Nature from “New insights into activation
and function of the AMPK”, Steinberg & Hardie (2023)'"'; permission conveyed through
Copyright Clearance Center, Inc. under license:5632800512605.
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AMPK activity is also spatially regulated in a manner that is both dependent and independent of
cellular AMP/ATP?®. Zong et al. (2019) expanded on previous work that reported on
compartmentalization of different pools of AMPK?%. The yeast orthologue of AMPKa, sucrose
non-fermenting 1 protein, had long been recognized as a glucose starvation-activated kinase, and
mammalian AMPK was found to be no exception®?2%, Although AMPK is not capable of directly
sensing glucose, it is low levels of the glycolysis intermediate fructose-1,6-bisphosphate (FBP)
that ultimately activates AMPK?"’. FBP is a substrate for aldolase, and its absence enables the
interaction of aldolase to the v-ATPase-Ragulator complex that then binds to AXIN1-LKB1 at the
lysosome. In combination with lysosomal localization of myristoylated AMPK, this complex
brings LKB1 and AMPK together, leading to AMPK activation’*. Conversely, high glucose
disrupts the LKB1 complex. While glucose starvation alone can exclusively activate lysosomal
AMPK, the degree of energy stress also influences AMPK and LKB1 dependency on AXINI.
During exposure to moderate levels of AMP, cytosolic and lysosomal AMPK still require AXIN1
for association of AMPK and LKB1. However, during severe nutrient starvation, high levels of
AMP induce the conformational change in AMPK that allows for phosphorylation of T172
independent of AXIN1. Zong et al. (2019) noted that glucose starvation mediated lysosomal
AMPK phosphorylation of autophagy-related targets. While moderate AMP levels induce
phosphorylation of cytosolic and lysosomal targets (anabolic processes), mitochondrial targets of
AMPK were exclusively phosphorylated under high AMP levels (catabolic processes) (Figure
1.6)*%. Interestingly, pharmacological activation of AMPK by biguanide metformin also displays
spatial regulation in a dose-dependent manner. For a long time, it has been recognized that

metformin activates AMPK by increasing cellular AMP through complex I inhibition. At lower
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doses, however, metformin mediates lysosomal activation of AMPK through direct binding to

PEN22%,

Since the identification of AMPK as the common inhibitor of ACC and HMGCR, over 130
phosphorylation sites have been identified across more than 100 downstream targets!’!. The
recognition motif derived from variant peptides and proteins known to be phosphorylated by
AMPK and used for prediction of novel sites is as follows: at position 0 is the serine or threonine
to be phosphorylated; at position -4, -3 and ideally -6 are basic residues and positions -5 and +4

are hydrophobic residues?®2!!,

Amongst its most well-known targets are regulators of FA and cholesterol metabolism. As
previously stated, AMPK inhibits ACC, to which there are two isoforms, ACC1 (S79) and ACC2
(S212)*2. As it relates to localization, ACC2 is found at the mitochondria, where the production
of malonyl-CoA inhibits FAO through carnitine palmitoyl transferase I. Interestingly, when
cellular AMP levels are induced by severe nutrient starvation, AMPK inhibits ACC2, thereby
inducing FAO for energy supply. Meanwhile, ACCl is cytosolic and AMPK-mediated inhibition
of ACC1 during glucose starvation impedes further depletion of glucose through incorporation

into FA synthesis?™

. Moreover, although AMPK exerts transcriptional control of FA synthesis
through direct inhibition of SREBP1c (S372 in humans) and SREBP1c¢ retention through insulin-
induced gene 1 (human at T222)?!*2!4  SREBPlc overexpression demonstrated that ACCI
phosphorylation is the primary mechanism of AMPK-mediated FA synthesis inhibition?!®. Finally,
as previously mentioned, AMPK directly phosphorylates HMGCR (S871), the rate-limiting

enzyme of cholesterol synthesis, with some indications of SREBP2 targeting as well?!31°,
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The dynamics between AMPK and mTORCI1 have been described as the yin-yang of metabolism.
As previously described, mTORCI inhibits AMPKa. However, this regulation is bidirectional.
AMPK inhibits mMTORC1 complex activity by phosphorylation of the Regulator associated protein
of mTOR subunit as well as activation upstream regulator tuberous sclerosis complex 2, thereby
blocking mTORC1 phosphorylation of ribosomal proteins (S6K1 and 4EBP1)*!718, Recently,
another AMPK mediator of mTORCI inhibition was discovered. Inhibition of GAP activity
towards Rags 2 by AMPK during glucose starvation and its role in amino acid sensing provides a
mechanistic link for mTORC1’s ability to sense both nutrients®'®. In addition to AMPK-mTORC1
inhibitory effects on protein synthesis, lysosomal AMPK promotes autophagy through mTORCI1
inhibition????!, AMPK also regulates autophagy by inhibiting and stabilizing ULK1 against
caspase-mediated degradation. This ensures control over abrupt autophagy during energy stress
while maintaining the autophagy components required for cellular homeostasis®*2. Lysosomal
biogenesis may also be affected by mTORCI1 or AMPK direct phosphorylation and activation of
transcription factor E3, a master transcription factor for autophagy and lysosomal activity??3224,
Mitophagy (autophagy specific for degradation of mitochondria) is also facilitated by AMPK
phosphorylation of mitochondrial fission factor??*22°, In turn, AMPK transcriptionally stimulates
mitochondrial biogenesis through peroxisome proliferator-activated receptor gamma coactivator

1-a for the maintenance of mitochondrial function and long-term energy homeostasis??’.
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Figure 1.6. Hierarchical activation of AMPK during increasing nutrient starvation and
compartmentalized signaling. Glucose deprivation in the presence of sufficient ATP triggers
activation of AMPK at the lysosomal through the interaction of LKB1 and AXIN1 (complexed
with FBP-sensitive aldolase and other lysosomal proteins). Activation of lysosomal AMPK (1)
leads to targeting of lysosomal and cytosolic targets. During moderate AMP levels, cytosolic
AMPK (2) is still dependent on AXIN1 for LKBI activation and downstream phosphorylation of
cytosolic targets. Severe starvation results in high AMP levels that allow for LKB1 activation of
cytosolic (3) and mitochondrial AMPK (4) independent of AXIN1 and phosphorylation of targets
in those compartments. All pools of AMPK (1-4) target TSC2. Reproduced image used with
permission from Springer Nature from “Hierarchical activation of compartmentalized pools of
AMPK depends on severity of nutrient or energy stress”, Zong et al. (2019)***: permission
conveyed through Copyright Clearance Center, Inc. under license: 5632800837723.

1.3.2 AMPK signaling and macrophage immunometabolism.

One of the first observations of the connection between inflammation and metabolism was
observed by Hotamisligil et al. (1993), who reported the production of TNFa in the adipose tissue
of obese and diabetic mice??®. These observations and many since have demonstrated the
relationship between metabolic syndrome and inflammation. However, despite the lack of

appreciation of its influence on inflammation, the metabolism of macrophages themselves has been
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studied as early as the 1960s**°. Macrophages display unique metabolic signatures that support
different polarization and activation states. At the same time, the microenvironment of the tissue
where they reside greatly shapes intracellular metabolism. One classic example of metabolic
plasticity is the Warburg effect. First described as a driver of oncogenic signaling, the Warburg
effect refers to the significant upregulation of aerobic glycolysis?*’. Specifically, aerobic glycolysis
supports the energy demand required for macrophage proinflammatory polarization (previously
referred to as M1). Although glycolysis lacks the efficiency of the tricarboxylic acid (TCA) cycle,
it is a rapid means of ATP production. Conversely, anti-inflammatory or pro-resolving
macrophages (previously referred to as M2) display higher rates of OXPHOS?!. In addition to
meeting energy demands, several metabolic intermediates are integrated into inflammatory
signaling. After stimulation with proinflammatory mediators, the TCA cycle is disrupted. Two
breaks are induced to supply excess citrate and succinate, which support anabolism and

232 At the same time, cis-aconitate is diverted from the TCA cycle for

inflammation, respectively
the production of antimicrobial metabolite, itaconate?**>-23¢, Itaconate, in turn, blocks the activity
of succinate dehydrogenase, resulting in the accumulation of succinate and mitochondrial ROS.

Overall, these disruptions to the TCA cycle reinforce the reliance on proinflammatory

macrophages in glycolysis, while anti-inflammatory macrophages depend on OXPHOS.

Glycolysis also feeds acetyl-CoA into the TCA cycle for downstream FA synthesis. LPS
stimulation leads to drastic lipid remodeling alongside an increased synthesis of eicosanoids,
sphingolipids, and sterols?*’. On the contrary, anti-inflammatory macrophages use FAO as an
energy source; however, whether FAO is vital for polarization is still under debate. Although

cholesterol can not be catabolized for the production of ATP, upregulated synthesis of many
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intermediate metabolites and cholesterol itself support inflammatory signaling?*®. Interestingly,
increased flux through the mevalonate pathway furthers the anti-viral response through ER
cholesterol sensing and activation of stimulator of interferon genes and type I interferon
response?*®. Cholesterol is an important component of lipid rafts and alters membrane fluidity,
thereby modulating the receptor function and downstream signaling?*’. Intermediates like farnesyl
pyrophosphate and geranylgeranyl pyrophosphate support protein prenylation and GTPase

241 Moreover, mevalonate has been implicated in epigenetic reprogramming for trained

signaling
immunity?*?. Temporally, TLR4-mTOR activates SREBP2, while the cholesterol derivative 25-
hydroxycholesterol inhibits SREBP2 nuclear localization and activates LXR-mediated anti-
inflammatory response**’. Recently, it was identified that SCAP-SREBP2 associates with the
NLRP3 inflammasome and mediates its activation during SREBP2 translocation from the ER to

the Golgi***. Finally, SREBP2 perpetuates inflammation during prolonged TNF exposure, thereby

inducing not only cholesterol synthesis but also expression of proinflammatory genes>**.

Seminal work of the early 2000s provided strong evidence for the role of AMPK in macrophage
immunometabolism. In vitro studies showed that deletion of AMPKal (macrophages do not
express AMPKa2) or expression of dominant negative AMPKal (DN-AMPKal) exacerbates
LPS-induced production of proinflammatory cytokines (IL-6, TNF) while suppressing anti-
inflammatory signaling (IL-10)?*¢. Conversely, stimulation of primary macrophages with IL-10 or
TGFB induces AMPK phosphorylation®*S, while LPS and FFA (palmitate, stearate, oleate)
suppress AMPK activity?*’. AMPK activation with AICAR or expression of constitutively active
AMPKal (CA-AMPKal) suppresses nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-xB) activity through the increased deacetylase activity of sirtuin 1. Moreover, the
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expression of DN-AMPKal increases the degradation of IkB, resulting in the nuclear localization
of NF-xB, while AICAR treatment has the opposite effect®*®. AMPK activity has also been
implicated in the inhibition of the proinflammatory activity of glycogen synthase kinase  (GSK3-
B) through enhancement of Akt phosphorylation, which also relieves GSK3-B-mediated inhibition
of cyclic AMP responsive element binding protein for the expression of IL-10?4?*. The AMPK-
mTOR-pS6K pathway reduces protein synthesis of inducible NO synthase and production of NO
for proinflammatory response to endotoxic shock as well as chronic inflammation®°. In addition
to AICAR, metformin blunts monocyte-to-macrophage differentiation and proinflammatory
cytokine production through signal transducer and activator of transcription 3 inhibition?*!. The
effects of metformin were also systematically investigated, and a distinction was made between
its effect on acute and chronic LPS exposure. While chronic metformin treatment blocks ROS
production, during acute inflammation, metformin dampens not only ///b expression but a select
set of LPS-response genes through AMPK signaling®>. Finally, macrophage AMPK deficiency
results in increased expression of enzymes related to itaconate synthesis, amongst several other

metabolites?>>.

Macrophage AMPK signaling has a wide range of physiological implications, including reducing
inflammation during rheumatoid arthritis and sodium-sulphate-induced colitis?®****>, AMPK
signaling mediates glucocorticoid induction of pro-resolving macrophage polarization, where
myeloid AMPKal deletion impaired skeletal muscle repair and resolution of acute lung
inflammation®*. On the same note, phagocytosis-driven skewing of macrophages from
proinflammatory to pro-resolving during muscle regeneration requires myeloid AMPK

signaling®’. In another model of AMPK deletion, bone marrow transplantation of AMPK 1
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knockout (KO) cells into wildtype (WT) mice (hematopoietic deletion of AMPK) promotes
adipose tissue and liver inflammation during HFD-feeding, as well as increased hepatic
macrophage infiltration and IR?*®. During acute liver injury, myeloid AMPK was found to
phosphorylate and inhibit RIPK1 activity, thereby reducing inflammation and hepatocellular
apoptosis®>®. Finally, primarily attributed to the diversity of mouse models, we and others observed

diverging evidence of the importance of myeloid AMPK signaling in atherosclerosis*6?-268,

1.4 AMPK signaling in the liver.

1.4.1 Disruption of hepatocellular AMPK signaling

Several studies have modulated hepatocyte AMPK primarily for the investigation of its role in
MAFLD. Whole-body KO of AMPKp1 shows a 90% reduction of hepatic AMPKal and o2
activity due to the exclusive expression of B1 in the mouse liver with no compensatory expression
of AMPKP2%%. This effective KO of hepatocellular AMPK displayed elevated expression of
gluconeogenic enzymes as well as increased rates of FA synthesis and reduced FAO in isolated
hepatocytes. In vivo, HFD-feeding had the opposite effect that was attributed to reduced food
intake and circulating levels of IL-6, which drove the improved IR and reduced hepatic steatosis
in 1 KO mice*®. Although this whole body p1 KO mice displayed reduced hepatic steatosis,
ACCI1 (serine-to-alanine mutation at S79, S79A) and ACC2 (S212A) double knockin (DKI) mice
confirmed that disruption of the AMPK-ACC pathway was responsible for the elevated DNL and
impaired FAO during NAFLD and exacerbated IR?!2. Regarding the input of AMPK in hepatic
cholesterol metabolism, HMGCR KI mice (S871A) fed a high carbohydrate diet displayed

dysfunctional hepatic lipid and glucose homeostasis?!®. Specifically, we noted that not only did
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HMGCR KI mice have increased flux through the mevalonate pathway, as well as increased
hepatic and serum cholesterol, but also elevated TG accumulation. This link between cholesterol
and TG metabolism was mechanistically explained by the activation of liver LXRa mediated by

oxysterols, which in turn activates SREBP1¢?”°

. While gain-of-function KI models clearly show
the physiological implications of specific AMPK signaling pathways on MAFLD progression,
these KI mutations were present in all tissues. Meanwhile, HFD-fed mice harbouring a hepatocyte-
specific deletion of AMPKal and 02 (AMPK hepDKO) had similar hepatic TG and cholesterol
levels and rates of DNL when compared to the Flox control mice?!>. This phenotype is likely due
to the downregulation of hepatic AMPK activity as a consequence of lipid accumulation and
decreased sirtuin-LKB1 activity?’!. Moreover, compared to ACC DKI, which exhibited

hyperglycemia, AMPK hepDKO mice are normoglycemic, even in the inducible KO models

(adenovirus-associated delivery of liver-specific Cre recombinase)?*!-21%.

1.4.2 Activation of hepatocellular AMPK signaling

While models of AMPK signaling (KO and KI models) saw differing responses to overnutrition,
the effects of hepatic AMPK activation are relatively consistent. Small molecule agents that
allosterically activate AMPK through the ADaM site have shown to be effective, including
promise in phase II clinical trials*’?. These compounds robustly reduce serum and hepatic lipid

content and synthesis in various MAFLD animal models and primary hepatocytes?°*-216-273274 yith

some compounds reported to reduce gluconeogenesis and improve glucose tolerance??’2+273,

Moreover, it was found that despite overexpression of nuclear SREBPIc, small molecule A-

769662 reduces DNL and promotes FAO through ACC inhibition, with synergistic effects with
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215 On the other hand, metformin alone has been shown

indirect activators AICAR and metformin
to activate AMPK2%-276 and reduce hepatic DNL, gluconeogenesis and IR, while some reports
state that the latter effect is independent of LKB1-AMPK?”. In addition to systemic
pharmacological activation, three different liver-specific gain-of-function models of AMPK were
developed. First, Woods et al. (2017) determined that mutation of aspartic acid residue 316 to
alanine (D316A) of y1 subunit causes complete dissociation of AMP from CBS4?”’. This
modification, in turn, shields AMPK from T172 dephosphorylation, resulting in a 7-fold increase
in basal activity. Interestingly, the D316A mutation highly protected mice from hepatic steatosis,
who, when fed a high-fructose diet, showed similar hepatic TG levels to chow-fed WT mice. In
primary hepatocyte culture, this mutation translated to a robust reduction in DNL as well as basal
and glucagon-induced glucose output (which was reflected in the expression of gluconeogenic
genes). In contrast to pharmacological activators, D316A gain-of-function did not upregulate
FAO. First reported in 1998 was a truncated AMPKal construct (amino acids 1-312) consisting
solely of a-KD, resulting in a significant increase in basal activity!’>. The other two studies
generated models for the inducible expression (doxycycline or liver-restricted adenovirus
expression) of hepatocyte CA-AMPK (mentioned in section 1.3.2.)?"%2”, Consistent with some of
the effects of D316A mutation, liver-specific CA-AMPK activity reduced hepatic steatosis (TG
and cholesterol) through increased FAO and reduced DNL in chow and HFD-fed mice. Moreover,
doxycycline-induced expression of liver-specific CA-AMPK not only improved glucose
homeostasis and reduced hepatic steatosis and adiposity after 8 weeks of HFD but also proved to
be beneficial as early as 4 weeks and following 4 weeks of HFD-feeding. Finally, transcriptome

analysis revealed that AMPK inhibits HFD-induced liver inflammation and fibrosis.
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1.4.3 Hepatocellular AMPK signaling during NASH and hepatic fibrosis.

In comparison to the literature on MAFLD progression, only a handful of studies have assessed
the role of AMPK in the context of NASH; regarding the development of hepatic fibrosis, small
molecule activators again proved to be protective. Whole liver transcriptome analysis had reduced
expression of extracellular matrix genes with PF-06409577 treatment, including those for
expression of different types of collagen®’>. In an STAM NASH model, MK-8722 and ACC
inhibitor MK-4074 showed reductions in hepatic TG content as well as histological evidence of
reduced hepatic fibrosis?*°. Moreover, it was through ACC inhibition that the authors reported a
reduction in the profibrogenic cytokine TGFp. Finally, chronic PXL770 treatment showed dose-
dependent protection against different markers of NASH, including hepatocellular ballooning,
immune infiltration, and steatosis. Lower expression of profibrogenic genes for expression of
proteins such as TGFP and TIMP1 were also observed, in addition to a dramatic reduction in the

levels of hepatic smooth muscle actin-a, a marker of HSC activation?’.

In a recent report utilizing a CDAHFD model of NASH, it was found once again that AMPKal
and a2 deletion did not influence hepatic steatosis. However, when assessing liver injury and
hepatic fibrosis, AMPK hepDKO mice have elevated serum levels of ALT/AST, increased
fibrosis, and hepatocellular death. It was found that behind the exacerbated NASH phenotype was
the increased cleavage of proapoptotic Caspase-6. Moreover, activation of hepatocellular AMPK
with A-769662 was protective against the effects of Caspase-6 cleavage and activation. AMPK
motif analysis and in vitro kinase assay revealed that AMPKal and AMPKo2 directly

phosphorylate Caspase-6 at serine 257, thereby inhibiting its pro-apoptotic function?®!. This
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hepatocyte-specific phenotype on fibrosis was not observed in a whole-body KO of AMPKal and
CCls-induced hepatic fibrosis. However, activation of AMPK in primary HSC inhibits

fibrogenesis in vitro**.

1.5 Rationale, hypothesis, and objectives

Macrophage polarization is characterized by a spectrum ranging from pro-inflammatory to anti-
inflammatory phenotypes. Pro-inflammatory macrophages are considered the classical activation
state, whereas anti-inflammatory macrophages are regarded as alternative activation, critical for
inflammation resolution and wound healing. The high energy demand required for a rapid
proinflammatory response is achieved through metabolic reprogramming. Specifically, pro-
inflammatory macrophages meet this demand through increased glycolysis, while anti-
inflammatory macrophage polarization enhances FAO and OXPHOS. In addition to shifts in
mechanisms of ATP production, the pro-inflammatory phenotype requires lipid metabolic
reprogramming. FA and cholesterol synthesis are upregulated to supply metabolic intermediates
and lipids for membrane remodeling and the production of inflammatory mediators. An important
regulator of macrophage metabolic reprogramming is AMPK. AMPK, through its ability to sense
high [AMP][ADP]/[ATP] as well as different nutrient levels like glucose, couples energy
homeostasis to metabolism. Amongst some of AMPK’s best-characterized functions are the
suppression of FA and cholesterol synthesis by inhibition of ACC and HMGCR, respectively.
AMPK is also a strong promoter of FAO. To date, macrophage AMPK has been implicated in
several inflammatory contexts, including atherosclerosis, skeletal muscle regeneration, obesity,

and hepatic inflammation driven by HFD-feeding.
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Tissue-resident macrophages, called KCs, amongst other hepatic immune cells, are responsible for
maintaining immunosuppressive tolerance of harmless antigens derived from the portal vein. In
contrast to homeostasis, liver injury instigates acute KC activation in response to DAMPs released
from necrotic hepatocytes. While monocytes and neutrophils are more predominant during AILI,
different macrophage subsets arise during chronic injury. MAFLD (and progression to NASH)
represents a prevalent class of chronic liver injury, expected to affect 30% of adults by 2030. With
the advent of new specific markers for different macrophage subsets, there is evidence that KCs
may die off, and activated macrophages are derived from recruited monocytes. In the NASH
environment, two populations of bone marrow-derived macrophages (BMDMs) arise, RTMs and
MoKCs. In a recent report of a mouse model of NASH, RTMs were further characterized as LAMs,
which occupy fibrotic regions of the hepatic lobule and form HCLSs. While recent studies have
revealed the heterogeneity of hepatic macrophage populations, there are many unanswered
questions regarding the metabolic reprogramming that drives inflammation and whether these

processes are influenced by AMPK signaling.

Regarding hepatocyte metabolism, AMPK has been demonstrated to have a protective effect
against MAFLD in various genetic models. Recently, this protective effect has been extended to
NASH-induced hepatocellular death through direct inhibition of Caspase 6. Given the therapeutic
potential of AMPK in various tissues, there has been a concerted effort for the development and
repurposing of a wide range of pharmacological activators. Metformin, best known for its
antidiabetic effects, is effective at reducing hepatic steatosis in HFD-fed mice via activation of
AMPK. A synthetic direct activator of AMPK, A-769662, reduced hepatic necrosis in AILI and

hepatic steatosis in MAFLD. Although these studies represent a small percentage of those
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demonstrating the effects of AMPK activation, there is still much to be explored. Interesting
avenues include the effects of pharmacological activation during more advanced stages of chronic
liver injury, such as NASH-induced hepatic fibrosis. Moreover, considering the complexity of the
hepatic environment under different types of injury, targeting specific hepatic populations such as

macrophages warrants investigation.

While AILI is a robust, reproducible, and directly translational model of acute injury, models of
NASH-induced hepatic fibrosis rely on nutrient-deficient diets like the CDAHFD and genetic
manipulation that drives the obesity phenotype observed in 0b/ob mice. Despite the utility of these
models, they seldom mirror the pathogenesis of human NASH, with diets like CDAHFD being
completely dissociated from metabolic syndrome. Moreover, these models are required to address
the divergence between male and female mice. In recent years, there has been a shift towards
addressing other variables that drive inflammation and metabolism. At RT (22 °C) of barrier
facilities, mice experience cold stress that alters various biological functions. Cold stress drives
BAT activation and upregulates corticosterone production and immunosuppression, all processes
that blunt NASH progression. Giles et al. (2016) demonstrated that housing mice at Tn (30 °C)

exacerbated MAFLD progression toward NASH in both male and female mice.

Given the implication of cold stress-induced corticosterone signaling of energy expenditure and
inflammation, we hypothesized that TN housing could accelerate NASH progression toward
hepatic fibrosis.

We addressed this hypothesis with the following aim.
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Chapter 2. Determine the effects of Tn-housing on NASH progression of male and female mice at
0.2% WD for 16 weeks.
Publication title: Thermoneutral housing does not accelerate metabolic dysfunction-associated

fatty liver disease in male or female C57Bl/6J mice fed a Western diet.

Given the importance of AMPK in macrophage immunometabolism and the effects of hepatic
activation on liver injury, we hypothesized that macrophage AMPK signaling would be protective
against chronic and acute liver injury. We addressed this hypothesis with the following aims.
Chapter 3. Determine the importance of macrophage AMPK in CDAHFD-fed male and female
mice.

Running title: Myeloid AMPK signaling is dispensable for, and low-dose metformin does not
improve diet-induced NASH in male and female mice.

Chapter 4. Determine the importance of hepatic AMPK in APAP-induced necrosis and
inflammation.

Running title: Macrophage and hepatocyte AMPK signaling do not influence acetaminophen-

induced liver injury.
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Chapter 2: Thermoneutral housing does not accelerate metabolic dysfunction-associated

fatty liver disease in male or female C57Bl/6J mice fed a Western diet

2.1 Preface: This chapter has been published as a research article'*.
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Morgan D. Fullerton* '*? (2023). Thermoneutral housing does not accelerate metabolic
dysfunction-associated fatty liver disease in male or female C57Bl/6J mice fed a Western diet.
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2.2 Abstract

MAFLD represents a growing cause of mortality and morbidity and encompasses a spectrum of
liver pathologies. While dozens of preclinical models have been developed to recapitulate stages
of MAFLD, few achieve fibrosis using an experimental design that mimics human pathogenesis.
We sought to clarify whether the combination of Tn housing and consumption of a classical WD
would accelerate the onset and progression of MAFLD. Male and female C57B1/6J mice were fed
a nutrient-matched low-fat control or WD for 16 weeks. Mice were housed with littermates at
either standard temperature (Ts; 22 °C) or Tn-like conditions (Tn; ~29 °C). Male but not female
mice housed at Tn and fed a WD were significantly heavier than Ts-housed control animals. WD-
fed mice housed under T conditions had lower levels of circulating glucose compared to Ts mice;
however, there were select but minimal differences in other circulating markers. While WD-fed
Tn males had higher liver enzymes and higher liver TG levels, no differences in markers of liver
injury or hepatic lipid accumulation were observed in females. Housing temperature had little
effect on histopathological scoring of MAFLD progression in males; however, while female mice
retained a level of protection, WD-Tn conditions trended toward a worsened hepatic phenotype,
which was associated with higher macrophage transcript expression and content. Our results
indicate that interventions coupling Tn housing and WD-induced MAFLD should be longer than

16 weeks to accelerate hepatic steatosis and increase inflammation in both sexes of mice.
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News and Noteworthy

Mouse models leading to accelerated fatty liver onset will be a useful translational tool. Here, we
show that coupling Tn-like housing and WD feeding in mice for 16 weeks does not lead to
significant disease progression in either sex. However, the molecular phenotype indicates priming

of immune-related and fibrotic pathways.

2.3 Introduction

MAFLD’! is the hepatic manifestation of obesity and metabolic syndrome. MAFLD is one of the
largest global causes of chronic liver disease (with an unsettlingly high prevalence in children?%¢-
288) and is expected to affect over a third of adults by 2030”2, MAFLD encompasses a continuum
of liver pathologies that begins with benign steatosis in hepatocytes. In certain at-risk individuals,
lipotoxic species can accumulate, leading to the onset of inflammation (NASH) and fibrosis.
Severe cases of NASH lead to hepatic cirrhosis or HCC?*°?°!. Despite the identification of
metabolic, fibrotic and inflammatory pathways for therapeutic targeting, there are currently no
approved drugs to treat or halt the progression of NASH, although clinical trials are ongoing?®>.
Currently, only the early stages of benign steatosis are considered reversible with lifestyle changes

and weight loss.

Critical to the effort to combat this chronic liver condition are the preclinical models used to

interrogate potential targets. Rodent models of MAFLD typically involve dietary intervention

and/or genetic manipulation!?%-284285

. Dietary models include deficiency of choline and
methionine, first introduced in the 1930s, and excess dietary fat being one of the most consistently

altered components?®*. Genetic alterations consist of various naturally occurring human disease
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variants or mutations that alter metabolism, such as leptin receptor mutations in obesogenic ob/ob
mice. While these models achieve the phenotype of various MAFLD stages, the mechanisms by

which the NASH-induced fibrosis is achieved are not always translationally relevant>*,

While diet and genetics have been at the forefront of controllable variables in mouse models,
housing temperature has presented a new consideration. Conventional housing at 21-22°C induces
cold stress in mice, unlike the human population who, when clothed, are comfortable within this
range?®. This results in immunosuppression and BAT-mediated thermogenesis in mice, two
mechanisms that highly blunt NASH progression®’’. In recent years, numerous groups have
highlighted the impact of housing temperature on different disease contexts. The progression
toward fatty liver disease was exacerbated in HFD-fed male and female mice housed at 30°C!43
and C57Bl1/6 mice fed a typical WD developed hypercholesterolemia and early atherosclerosis,
although markers of fatty liver were not described*®’. Mice housed at ~30°C or Tn-like conditions,
accumulated more fat mass due to lower BAT-mediated energy expenditure. Further, lower levels
of corticosterone, an immunosuppressive stress hormone, exacerbated hepatic inflammation.
Lastly, since female mice are more resistant to NASH development, the exacerbated phenotype
observed at Tn-like conditions highlights the importance of housing temperature!*®. This potential
paradigm shift presents an opportunity to investigate key drivers of fatty liver progression that
could better mimic human pathophysiology but also calls into question whether past mechanistic

insights hold true.

Mice fed a WD high in fat, sucrose and supplemented with a high dose of cholesterol, progress

toward NASH after long periods (greater than 24 weeks)**® 3%, Accelerating this progression
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usually requires the addition of supraphysiological concentrations of cholesterol (>0.2%), fructose
and/or extreme dietary, chemical, or genetic manipulations (i.e., choline/methionine-deficient
diets, CCls injections or various genetic models) to achieve hepatic fibrosis?***’!. Here, we sought
to address whether feeding a WD high in fat, sucrose, and 0.2% cholesterol in conjunction with
Tn housing could accelerate the progression toward NASH-induced fibrosis in C57B1/6J male and
female mice. While both sexes gained significantly more weight when fed a WD, only male mice
housed under Tx conditions gained significantly more weight compared to those at ambient RT
(Ts). There were select differences in the hepatic lipid levels and markers of hepatic injury in male
mice, and we observed an increase in the expression of certain macrophage and extracellular
related transcripts in both sexes. However, no histological differences in hepatic steatosis, collagen
deposition or overall pathological scoring were seen between WD-fed Tn and Ts mice. Finally,
sex-specific and sex-independent effects were observed on markers of glucose homeostasis and

insulin tolerance.

2.4 Materials and Methods

Mice: C57Bl/6] mice were obtained from Jackson Laboratory (000664) and bred at the University
of Ottawa for 6 generations prior to the initiation of this study, while housed at 22 °C. Male and
female mice (12-15 weeks old) were acclimated for 2 weeks at either 22°C or 29°C in static cages.
Mice were co-housed with littermates in groups of 2-5 mice. Once acclimated, mice were fed a
0.2% cholesterol high fat (41% Kcal) WD (Research diets — D12079B) or a macronutrient-
matched low-fat (10% Kcal) control diet (Research diets — D14020502) for 16 weeks. Mice were

fasted for 4 hours prior to the tissue harvest, where the food was removed at the beginning of the
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light cycle. All animal protocols were approved by the uOttawa Animal Care Committee

(BMIe3744).

Non-terminal parameters: During week 15 of dietary intervention, mice underwent the following

noninvasive procedures. Body composition was determined by ECHO MRI prior to the
intraperitoneal glucose tolerance test (GTT). For the GTT, food was removed at 7 am and 4 h-
fasted mice were injected with D-glucose (1.5 mg/kg i.p., made up in saline). For the insulin
tolerance tests (ITT), food was removed at 7 am and 4 h-fasted mice were injected with insulin
(0.8 U/kg i.p., made up in saline; NovoRapid ®). Glucometer measurements for both tests were
taken at baseline, 20-, 40-, 60-, 90- and 120 minutes post-injection. The above-mentioned tests
were performed at 22°C to avoid the acute effects of temperature on glucose clearance’*?. GTT
and ITT were performed two days apart. For determination of intestinal permeability, mice were
fasted for 6 hours, starting at 7 am, followed by oral gavage of 150 uL of 80 mg/mL FITC-dextran
(Sigma, 4 kDa). Blood was collected via tail vein at baseline and 1-hour post-gavage. Serum was
collected via centrifugation, and fluorescence was measured by spectrophotometry (excitation 485
nM, emission 530 nM). Baseline serum readings were subtracted from 1-hour serum readings of

each biological replicate. All samples were carefully protected from light.

Serum and liver biochemical analysis: Terminal blood was collected via cardiac puncture of the

left ventricle and placed on ice. Once clotted, serum was collected by centrifugation. Circulating
insulin was determined by ELISA (Mouse High-sensitive Plus Mouse Insulin ELISA Kit
(#32393)— Toronto BioScience Inc). Serum ALT, AST, ALP, TG, cholesterol, LDL and HDL were

measured using the Beckman Coulter AU480 clinical chemistry analyzer in combination with
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appropriate reagents, calibrators and quality control materials. These readouts were performed by
the Pathology core at the Toronto Centre for Phenogenomics. Liver was snap frozen in liquid
nitrogen and chipped on dry ice for Bligh and Dyer lipid extraction’® and BCA protein
quantification. Total liver cholesterol and TG were determined with colorimetric assay kits (L-
Type TG M — Fujifilm Wako, Infinity Cholesterol Liquid Stable Reagent — Thermo Fisher) and

normalized to total protein content.

Transcript expression: Liver was snap-frozen in liquid nitrogen and chipped on dry ice. Frozen

livers were homogenized in TriPure Isolation Reagent. Once equalized, RNA samples underwent
reverse transcription (All-in-one RT Master Mix — ABM). qPCR was performed with BrightGreen
Express reagent (ABM) and ran on the CFX384 Real-Time PCR system for 40 cycles. Relative
transcript expression was calculated using the delta-delta Ct method***, where genes of interest
were normalized against the average Ct values of both Actb and Tbp, and shown relative to liver
samples from male mice housed at Ts and fed a WD. Primer sequences can be found in Table

S1.1.

Histology: Following cardiac perfusion, liver tissue was fixed in 30 mL of 10% neutral buffered
formalin. After 24 hours of fixation, samples were placed in 70% ethanol and sent for processing
at the University of Ottawa Louis Pelletier Histology Core Facility. Samples were paraffin-
embedded, microtome sectioned and stained with H&E, Masson’s Trichrome and Picrosirius red.
Slides were scanned at 20X magnification on the Axio Scan Z1 Slide Scanner. NAFLD score was
qualitatively and blindly determined from H&E-stained whole-section slides by a third-party

pathologist. The micro- and macrovesicular steatosis area was quantified with Image] by
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converting an ROI into a binary image followed by Watershed separation of lipid droplets.
Particles were analyzed and vascular regions were excluded by circularity or manually. The cutoff
between the two droplet sizes was 17.1e> pm?. Picrosirius red quantification was quantified from
ROIs selected from the whole section slides using a trained pixel classifier on QuPath. From each
section, 2-4 ROIs were selected to exclude large vascular regions that would skew the

quantification.

Immunofluorescence: Paraffin-embedded sections were deparaffinized using a Leica ST5010

Autostainer XL, followed by heat-induced epitope retrieval with citric acid (pH 6.0). After
blocking with donkey serum, slides were stained with F4/80 (1:75, Thermo Fisher - MA1-91124)
and CLECA4F (1:200, R&D Systems— AF2784) overnight at 4°C. The next day, sections were
stained with secondary antibodies donkey anti-rat IgG Alexa Fluor Plus 647 (1:500, Thermo Fisher
— A48272) and donkey anti-goat IgG Alexa Fluor 555 (1:500, Thermo Fisher — A21432) for 45
minutes at RT. Finally, sections were stained with DAPI (1:2000, Thermo Fisher — 62248) and
mounted with Anti-Fade Fluorescence Mounting Medium (Abcam — ab104135). Once cured, the
images were acquired on a Zeiss Axiolmager Z1 epifluorescence microscope with a 20x or 63x
oil immersion objective. For macrophage content quantification, QuPath was used to detect cells

with an F4/80" stain at 20x magnification.

Statistics: GraphPad Prism software was used for all statistical analyses. Two-way ANOVA was
performed to compare between CD- and WD-fed mice housed under T or Ts conditions, where a
Sidak multiple comparisons test was performed to determine significant differences between house

temperature/within dietary treatment (Figures 1, 2, 3 and S1), and between housing
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temperature/within sex (Figure 4 and S2), except comparisons in figure 1A/B, O/P and Q/P, for
which a repeated measures Two-way ANOV A was used with a Tukey’s multiple comparisons test.
Statistical outliers were identified in Figure 2E, Figure 4B and Figure S2A-B by the ROUT method
with a Q value of 1% and are identified where applicable in the figure legends where each value
represents the number of outliers identified and removed in the order of groups as they appear in

the particular figure.

2.5 Results

Tn housing and WD feeding affect body weight, glucose tolerance and insulin sensitivity differently

in_male and female mice. To evaluate the effectiveness of Tx housing on the progression of

MAFLD, we used male and female C57B1/6J mice and began WD or control diet (CD) feeding at
~12 weeks of age. We acclimated Tn-housed mice for 2 weeks prior to initiating the diet. Over the
course of the 16-week intervention, WD-Tn males gained significantly more weight compared to
their WD-Ts counterparts (Figure 2.1A). No differences were observed in males fed a CD at either
housing temperature. Moreover, there were no differences in the percentage of lean or fat mass
between WD-fed groups. No changes between housing temperature were observed in females with
respect to weight gain or percentage lean and fat mass (Figure 2.1B). Following 16 weeks of
dietary intervention, 4 h-fasted blood glucose levels were consistently higher in WD-fed male and
female mice compared to CD. Interestingly, when observing the effects of housing temperature in
WD-fed mice, blood glucose levels were lower in male and female mice kept at Tn (Figure 2.1C
and F). Basal insulin levels were higher with WD feeding compared to CD, and there were no
significant temperature-dependent differences between any of the groups in either sex (Figure

2.1D and G). While similar patterns were observed with circulating levels of TG, total cholesterol
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and HDL-cholesterol, LDL-cholesterol was significantly higher in WD-Tx females (Figure 2.1E
and 2.1H-N). Finally, due to the important role of the gut microbiome in MAFLD pathology, we
assessed intestinal permeability to interrogate whether there may be increased hepatic exposure to
pro-inflammatory intestinal microbial products. There were no differences between WD-fed mice
housed at Ts or Tn conditions in circulating levels of a fluorescently conjugated dextran substrate

that was delivered via oral gavage (Figure S2.1A).

To assess the physiological response to glucose, we performed an intraperitoneal glucose and
insulin tolerance test after 15 weeks of CD or WD feeding. No temperature-dependent differences
were observed in CD-fed mice. However, male but not female WD-Tx mice appeared significantly
more glucose tolerant compared to their Ts counterparts (Figure 2.10 and 2.1P). There were no
differences in insulin sensitivity between housing temperatures in either CD or WD-fed mice

(Figure 2.1Q and 2.1R).

Circulating liver enzymes and lipids are elevated in WD-Tn males. The induction of hepatic

steatosis and progression along the continuum to a NASH-like phenotype is typically associated
with a decrease in liver function. As a proxy measure of liver injury, we determined the circulating
levels of ALT, aspartate transaminase (AST), alkaline phosphatase (ALP) and total bilirubin
(TBIL). As expected, WD feeding raised ALT, AST and ALP levels and simultaneously reduced
TBIL. Both ALT and AST levels were significantly elevated in WD-Tx males, with no other
differences in circulating markers when compared to WD-Ts mice (Figure 2.2A-B). The weight
of the liver, both absolute and relative to body weight, was higher in WD-fed mice relative to CD,

independent of housing condition (Figure 2.2C). Similar results were observed in female mice,
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though to a lesser extent (Figure 2.2D). Total liver TG but not total cholesterol was increased in

WD-Tn males (Figure 2.2E), and there were no differences in female levels (Figure 2.2E and F).

Tn housing and WD feeding do not render mice more susceptible to NASH progression,

independent of sex. We next sought to qualitatively score the level of steatosis, hepatic ballooning,

inflammation, and fibrosis as indicators of the progression toward NASH. Blinded assessment of
H&E-stained histological sections showed that WD-fed male mice had significantly worsened
progression toward NASH; however, contrary to our hypothesis and despite WD-Tn males gaining
more weight, this was independent of housing temperature (Figure 2.3A, B and S2.1B).
Moreover, female WD-Tn mice remained protected from NASH induction compared to males
(Figure 2.3), though compared to WD-Ts, female WD-Tn mice tended to have higher NAFLD
activity scores (Figure 2.3B). There were also no differences in the frequency of micro- or
macrovesicular steatosis between WD-fed groups (Figure 2.3C). To assess the development of
fibrosis, Masson’s trichrome and Picrosirius red staining revealed minimal collagen staining

beyond the vascular regions in any of the WD-fed mice (Figures 2.3D-E and S2.1C).

Tn housing and WD feeding increase macrophage markers in the liver. To further validate and

characterize the effect of WD feeding under different housing conditions, we determined the
relative transcript levels of fibrotic, macrophage, cytokine and chemokine markers in the livers of
male and female mice. Male, but not female, WD-Tx livers had significantly higher levels of
Col3al transcript compared to WD-Ts mice. However, no significant differences in Collal or
Colla2 were observed. Female, but not male, WD-Tx livers had significantly higher levels of

Acta2 and Timpl transcript compared to WD-Ts mice (Figure 2.4A). There were no differences
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in the transcript levels of cytokine or chemokine markers (Figure S2.2A). WD-Tx females had
significantly increased levels of Emrl and Cd9 transcript; however, there were no differences in
the expression of other LAMs subset markers '2>!24126 (Trem2, Gpnmb) (Figure 2.4B). In keeping
with this, we determined that there was a trend toward increased macrophage content in the livers
of WD-Tx mice detected by F4/80" staining (Figure 2.4C and D), with no difference in HCLSs
but an increased macrophage aggregates in female WD-Txy livers (Figure 2.4E-G). Finally, to
follow up on the temperature-dependent differences in glucose metabolism, we observed no
change in the expression of genes involved in gluconeogenesis (Pepck, Gopc, Pgcla) (Figure

S2.2B).

2.6 Discussion

Preclinical models have provided the foundation upon which much of our mechanistic
understanding of fatty liver progression rests. Given the vast number of genetic and
dietary/environmental instigators in mice, we sought to couple WD feeding with Tn housing
conditions to potentially accelerate the onset and increase female susceptibility to diet-induced
NASH. Contrary to our initial hypothesis, when C57B1/6J mice were housed at Tn conditions and
fed a WD for 16 weeks, there were only select differences in markers of NASH-induced fibrosis
progression or severity in either sex. Moreover, while female mice remained mainly protected

against diet-induced hepatic dysfunction, we observed partial susceptibility in females.

When exposed to a diet high in fat (60% kcal from fat) and housed at T, singly housed mice of
both sexes experienced a significant induction of immune-mediated hepatic dysfunction'*®. This

high-fat condition led to an increase in intestinal permeability and a microbe/TLR4/Thl7-
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dependent response in male C57BI1/6 mice, independent of changes in body weight or adiposity.
In our study, male mice housed under Tx conditions and fed a WD were heavier than those housed

17, Despite this,

at Ts, which is consistent with previous reports using a similar Tn-WD protoco
there were no changes in intestinal permeability or markers of hepatic inflammation. In
comparison to CD-fed male mice, WD-feeding augmented the transcript levels of markers of
inflammation; however, there were no changes due to housing temperature. Given the vast
permutations of experimental conditions in the literature, it is extremely difficult to compare
between studies. Recently, a NASH diet containing 40% kcal fat, 20% fructose and 0.02%
cholesterol was coupled with Tx-like housing for 24 weeks to induce fibrosis!*2. Prior to this, many
studies had used various dietary combinations containing high levels of fat and sugar (either as
sucrose or fructose) and up to 2% cholesterol for up to 1 year!38:301302:305-307 T our knowledge,
the most similar design that used a WD at 30°C, which included 0.3% cholesterol as compared to
0.2% in our study, demonstrated increased susceptibility of male C57B1/6J mice to atherosclerosis

t>°7. Given that these mice are normally resistant to the initiation and

following 24 weeks of die
progression of atherogenesis, these observations were attributed to increased inflammatory tone

and elevated circulating cholesterol levels. No specific indicators of NASH progression were

included.

There is a critical need to understand potential differences between how male and female mice

progress toward fatty liver and NASH. While it is well known that female C57Bl/6 mice are more

308310 we sought to directly compare the

resistant to many of the effects of diet-induced obesity
responses of male and female mice to Tn housing and WD feeding. Interestingly, Tx housing did

not instigate further weight gain when paired with WD feeding in female mice, unlike their male
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counterparts. However, there was a clear induction of weight gain in female mice fed a WD,
independent of housing temperature and as reported previously**. Total and LDL-cholesterol rose
significantly in WD-fed males, whereas in females, levels were not different compared to CD, but
significantly increased LDL-cholesterol in response to Tn when fed a WD. There were few
unexpected differences in hepatic lipid levels and markers of liver health, with WD feeding
augmenting levels in both sexes as previously reported'*®. The increase in male WD-Ty levels of
ALT and AST may have been driven by the increased adiposity. Despite this, there were no
significant changes in NASH scoring between housing temperatures when comparing within
biological sex. However, while female WD-Tn and WD-Ts were not statistically different, WD-
Tn females tended to have more severe scoring, had significantly higher expression of
macrophage-specific markers (Emrl and Cd9 transcript and F4/80" cells) as well as significantly
more macrophage aggregates in the liver. Increased susceptibility of fibrosis under WD-Tn was
only observed at the transcriptional level (Co/3al for males and Acta2/Timpl for females), with
no overt increased collagen deposition compared to CD-fed mice at either housing temperature.
These observations were all independent of differential effects on total weight, unlike male mice.
These results suggest strongly that while 16 weeks of WD-Tn conditions were not sufficient,
divergence may occur soon after this time point. Recent studies have delineated multiple
macrophage subsets in the hepatic MAFLD environment, including bone marrow-derived LAMs,
defined in part by Cd9 expression. Interestingly, while our manuscript was under consideration, a
study was published that clearly demonstrates an increased inflammatory tone in livers of multiple

mouse models of fatty liver housed under TN conditions'°.
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Prior studies using a range of high fat-containing diets have demonstrated that glucose tolerance

tends to improve in male mice housed at Tn conditions®*?3%

, although female data remains
unavailable. Male WD-Tn were significantly more glucose tolerant compared to male mice housed
at Ts, while there were no differences between housing temperatures in females. Interestingly,
while markers of liver lipid metabolism and inflammation were indistinguishable between WD-Ts
and WD-Tn mice, blood glucose levels after 4 h of fasting were significantly lower in both Tn-
housed male and female mice. Serum insulin levels were also not different, and there were no
significant changes in the transcript expression of gluconeogenic genes in the liver, although these
measures were increased by WD feeding, independent of temperature. When C57Bl/6J mice were
fed a diet high in fat (60% kcal from fat) and housed at Tx conditions for 12 weeks, there were no

differences in glycemia or markers of glucose and insulin tolerance*®?. However, whether WD

feeding and Tn housing indeed impair hepatic or peripheral insulin action requires further study.

There remain important considerations when interpreting our results, which first and foremost
sought to use housing temperature as an external variable to augment fatty liver progression. We
housed mice at approximately 29°C (28.5-29.5°C) and designated this as a Tn-like

148,150,152,297

temperature , as opposed to 30°C or higher. Currently, there are discussions about the

t*!1. Moreover, the strain of the

exact temperature of T, including whether this is a range or a poin
mouse must be considered®*>*!2. Given the diversity of approaches, comparisons between Tn
studies become challenging. Additionally, while cages were placed at either Ts or Tn conditions,
mice were not singly housed. Despite the effect of huddling on elevating body temperature, mice

are still considered cold-stressed when co-housed at 22°C. Moreover, as most fatty liver/NASH

studies co-house littermates, we used this experimental paradigm to test our hypothesis. Co-
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housing was also meant to minimize the social anxiety that affects singly housed mice and to
enable reciprocal fecal microbiota transfer between mice (coprophagy)®!*3!4. It would have been
informative to track food intake and markers of energy expenditure, as has been done
previously**!*13_ In male mice, Tx housing and WD feeding increased body weight, which may
have stemmed from altered energy expenditure. However, this difference was inconsequential in
the progression of hepatic steatosis and most markers of NASH. Moreover, while female mice
tended to show higher severity on the NASH score, this occurred without changes in weight.
Additionally, the importance of protein sources to the progression of diet-induced dysfunction has
recently been highlighted®!®. Since our diet was strictly casein, better modeling of human

consumption would be beneficial.

We also identified aspects of glucose homeostasis that were affected by WD feeding and Tn
housing. It would be helpful to know whether glucose-stimulated insulin levels were altered in
WD-Tn males to explain the increased rates of glucose clearance during the GTT. Moreover,
whether these effects hold true after oral dosing of glucose or if performed under continuing Tn or
Ts conditions (i.e., GTT and ITT assessments took place at Ts independent of housing condition)
is also a question that remains unanswered. Mice began treatment at ~14 weeks of age, which is
both older than conventionally seen but well short of modeling aged mice. Future study designs
interrogating the relationship between diet-induced NASH progression, and Tn housing will do

151317 in a longitudinal fashion. Finally,

well to assess differences between sex, age and strain
though 16 weeks was insufficient for Tn housing to completely exacerbate WD-induced

progression toward NASH, we cannot rule out the potential for altered hepatic and/or circulating

immune populations as well as transcriptional responses that may differentially prime the hepatic
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H307,318

metabolic and immune landscape for progression toward NAS , which are supported by the

increased expression and content of macrophage markers in WD-Tx mice.

Tn housing has the potential to validate and clarify molecular and metabolic mechanisms that
underpin normal and pathophysiology. Our study revealed that WD feeding coupled with Tn
housing does not significantly exacerbate the progression of hepatic fibrosis and NASH-like
pathologies. However, we present evidence that WD-Tn conditions for 16 weeks appear close to
a potential “tipping point” and may serve well to tease out subtle genotype or drug effects of future
work. Moving forward, studies that integrate a longer treatment time, the potential inclusion of
dietary cholesterol (which is known to proportionally instigate hepatic fibrosis and stellate cell
activation in mice), as well as fructose supplementation (to exacerbate lipogenesis) in conjunction
with Tn housing will be necessary to provide a clearer translational model for interrogating

mechanisms and testing potential therapies.
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Figure 2.1. T~ housing and WD feeding have select effects in male and female mice. A/B) Male and female body weights, as well
as the percentage of fat and lean mass for all groups, respectively. Mice were fasted for 4 h, and blood was collected for serum
determination of (for male and female mice, respectively) C/F) blood glucose, D/G) insulin, E/H) TG, I/L) total cholesterol, J/M) HDL-
cholesterol, K/N) LDL-cholesterol. O/P) Male and female IPGTT of WD-fed mice in response to 1.5 g/kg glucose. Q/R) Male and
female ITT of WD-fed mice in response to 0.8 U/kg insulin, where the area under the curve is displayed. Data in A/B representing body
weight, O/P indicating GTT and Q/R indicating ITT curves are shown as mean + SEM and were analyzed by a Two-way repeated
measures ANOVA with Tukey’s test for multiple comparisons, where * and ** represent p<0.05 and p<0.01, respectively. Data shown
in C-N were analyzed by 2-way ANOVA with a Siddk multiple comparisons test to determine significant differences within the diet and
between housing temperatures. In C-R, lines between two groups indicate p-values calculated by multiple comparisons test and the text
underneath the graphs indicates overall group effects (p-values) as calculated by two-way ANOVA. CD groups were comprised of 6-9
mice, whereas WD groups were comprised of 11-14 mice.
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Figure 2.2. T~ housing and WD feeding do not alter liver enzyme or lipid levels. Serum determination of A) male and B) female
ALT, AST, ALP activity and TBIL. C/D) Male and female liver weight in grams and as a percentage of the final body weight. E/F)
Male and female liver TG and cholesterol levels. Data were analyzed by Two-way ANOVA with a Sidak multiple comparisons test to
determine significant differences within the diet and between housing temperatures. Lines between two groups indicate p-values
calculated by multiple comparisons test and the text underneath the graphs indicates overall group effects (p-values) as calculated by
two-way ANOVA. CD groups were comprised of 6-9 mice (one liver from the female CD-Ts group was lost during the tissue harvest,
leaving n=5 for that group for E and F), whereas WD groups were comprised of 11-14 mice. Outliers were as follows for E (0,1,0,0).
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Figure 2.3. Tn housing does not exacerbate progression toward NASH beyond that observed with WD feeding. A) Representative H&E-stained images of the liver (scale bar is 100 um). B) NAFLD activity score
representing histological scoring of steatosis, ballooning and inflammation. C) Micro- (<17.1¢*> pm?) and macrovesicular (>17.1¢*> pm?) steatosis area as a percentage of the region of interest (ROI) for WD-fed males and
females. D) Quantification of picrosirius red staining of total collagen as a percentage of ROI. E) Representative Picrosirius red stained images (scale bar is 100 pm). Data were analyzed by Two-way ANOVA with a Sidak
multiple comparisons test to determine significant differences within the diet and between housing temperatures. In B and D, the text underneath the graphs indicates overall group effects (p-values) as calculated by two-way
ANOVA. CD groups were comprised of 6-9 mice (one sample from the CD-TS female group was omitted due to sectioning error, leaving n=5 for this group in D), whereas WD groups were comprised of 11-14 mice.
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Figure 2.4. WD feeding changes select hepatic fibrosis transcripts and increases liver macrophage markers of WD-T~ mice.
Hepatic mRNA transcript levels from WD-fed male and female mice. A) markers of extracellular matrix (ECM)-regulating transcripts
(Collal, Colla2, Col3al, Acta2, Timpl, Mmp?2), B) macrophage transcript markers (Emrl, Cd9, Gpnmb, Trem?2). C) Representative
immunofluorescence images of a WD-fed liver stained with DAPI, F4/80 and Clec4F. Quantification of D) F4/80" cells/field of view
(FOV), E) HCLSs per field of view and F) hepatic macrophage aggregates/field of view for WD-fed liver sections. G) A representative
image of HCLS staining. Transcript expression was normalized to the average expression of ActB and Thp and shown relative to male
WD-Ts mice. Data were analyzed by Two-way ANOVA with a Siddk multiple comparisons test to determine significant differences
within sex and between housing temperatures. In A, B, and D-F, lines between two groups indicate p-values calculated by multiple
comparisons test and the text underneath the graphs indicates overall group effects (p-values) as calculated by two-way ANOVA. Male
and female WD groups were comprised of 6-14 mice (A and B). A subset of male and female mice was analyzed in D-F. Outliers were
as follows for B: Cd9 (0,2,0,0), Gpnmb (0,2,0,0), EmrI (1,1,0,0), Trem2 (0,1,0,0).
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Supplemental Figure 2.1. Tn housing and WD feeding effects on gut permeability and hepatic fibrosis. A) Male and female
intestinal permeability assessment of WD-fed mice fluorescence of FITC-dextran in serum. B) Male and female hepatocyte ballooning,
steatosis and inflammation scores are shown individually and derived from Figure 3B. C) Representative Masson’s Trichrome-stained
images of the liver of male and female mice (scale bar is 100 pm). Data were analyzed by 2-way ANOVA with a Sidak multiple
comparisons test to determine significant differences within sex and between housing temperatures (A). Data were analyzed by Two-
way ANOVA with a Siddk multiple comparisons test to determine significant differences within diet and between housing temperatures
(B). Data in A, male and female WD groups were comprised of 4-6 mice. Data in B, male and female CD groups were comprised of 6-
7 mice, whereas male and female WD groups were comprised of 11-14 mice.
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Supplemental Figure 2.2. Tn housing and WD feeding have little effect on liver inflammatory and gluconeogenic transcript
expression. Hepatic mRNA transcript levels from WD-fed male and female mice. A) chemokine transcripts (Ccl2, Ccr2), cytokine
transcripts (7gfbl1, 116, 111b, Tnf), and B) gluconeogenic transcripts (Pepck, G6pc, Pgcla). Transcript expression was normalized to the
average expression of ActB and Thp and shown relative to male Ts-WD-fed mice. Data were analyzed by Two-way ANOVA with a
Sidak multiple comparisons test to determine significant differences within sex and between housing temperatures. Lines between two
groups indicate p-values calculated by multiple comparisons test and the text underneath the graphs indicates overall group effects (p-
values) as calculated by two-way ANOVA. Male and female WD groups were comprised of 6-14 mice. Outliers were as follows for A;
Ccl2 (0,0,0,1) Cer2 (0,1,0,2), Tgfb1 (0,1,2,0), Tnf(1,0,0,0), B; Pepck (0,1,0,0), G6pc (0,1,0,0), Pgcla (0,1,0,0).
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Table S2.1. Primer sequences

Gene Forward primer Reverse primer
Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Tbp GCTCTGGAATTGTACCGCAG CTGGCTCATAGCTCTTGGCTC
Emrl GCATCATGGCATACCTGTTC GAGCTAAGGTCAGTCTTCCT
Trem2 | CTGGAACCGTCACCATCACTC CGAAACTCGATGACTCCTCGG
Cd9 TGCTGGGATTGTTCTTCGGG GCTTTGAGTGTTTCCCGCTG
Gpnm | GAGCACAACCAATTACGTGGCT GGTGATATTGGAACCCACCAGA
b
Collal | GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Colla2 | GTAACTTCGTGCCTAGCAACA CCTTTGTCAGAATACTGAGCAGC
Col3al | TCTGGAAGCCAGAACCATGT AATGGGATCTCTGGGTTGGG
Acta2 | GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
Timpl | TCTTGGTTCCCTGGCGTACTCT GTGAGTGTCACTCTCCAGTTTGC
Mmp2 | CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
116 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
I11b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
Tgfbl | CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
Cer2 ATCCACGGCATACTATCAACATC | CAAGGCTCACCATCATCGTAG
Ccl2 TTAAAAACCTGGATCGGAACCA | GCATTAGCTTCAGATTTACGGGT
A
Pepck | GTGCTGGAGTGGATGTTCGG CTGGCTGATTCTCTGTTTCAGG
G6pc | ACTGTGGGCATCAATCTCCTC CGGGACAGACAGACGTTCAGC
Pgcla | ATACCGCAAAGAGCACGAGAAG | CTCAAGAGCAGCGAAAGCGTCACA
G
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3.2 Abstract

Metabolic programming underpins the inflammatory processes of immune cells. In the context of
chronic liver disease, liver macrophage activation and response to hepatocellular damage is
dependent on profound metabolic changes. Here, we sought to identify the role of an important
metabolic regulator, AMPK, specifically within myeloid cells during the progression of NASH
and whether treatment with low-dose metformin, a first-line therapy for diabetes and activator of
AMPK, would be effective against disease progression. Male and female Flox control and MacKO
mice were fed a low-fat control or a choline-deficient, amino acid defined 45% Kcal HFD
(CDAHFD) for 8 weeks, where metformin was introduced in the drinking water (50 mg/kg/day)
at 4 weeks. In male mice, CDAHFD-feeding induced a NASH-like phenotype; however, disruption
of myeloid AMPK signaling did not affect markers of hepatic steatosis or fibrosis. While
metformin treatment lowered random-fed blood glucose levels, there was no effect of metformin
treatment on any index of NASH investigated. Upon CDAHFD-feeding, female mice developed
hepatic steatosis and fibrosis, though to a lesser extent than males; however, no differences were
observed between Flox and MacKO groups, with or without metformin. These results suggest that
basal AMPK signaling in myeloid cells, both liver-resident and infiltrating, are dispensable during

CDAHFD-induced NASH progression in male and female mice.

3.3 Introduction

MAFLD captures a spectrum of diseases from simple steatosis through to NASH’!. A
manifestation of metabolic syndrome with causal ties to obesity and diabetes, the incidence of
MAFLD is projected to affect over 30% of adults by 20307>. While simple steatosis is considered

relatively benign, lipotoxic species can accumulate in a subset of individuals, resulting in
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hepatocellular death and the onset of inflammation and fibrosis (i.e., NASH). In response to
hepatic damage signals, liver-residential macrophages called KCs secret signals that recruit
monocytes as well as other immune mediators. KCs also mediate the activation of HSCs for the
production of collagen, facilitating fibrogenesis’>?°2. In recent years, the nuanced complexities of
the heterogeneity of the hepatic macrophage landscape have become clearer’'®. With the
identification of specific macrophage subsets, many unanswered questions remain as to the
plasticity of these immune populations, their activation state, and their associated metabolic

programming and crosstalk.

Metabolic programming in response to nutrient and energy availability underpins the function of
all cells. AMPK is a heterotrimeric serine/threonine kinase that signals to promote catabolic
pathways and suppresses anabolic programs. In the context of metabolic dysfunction, there is
extensive evidence of the protective effect of hepatocyte AMPK in both gain- and loss-of-function
models?!2215277278 In recent years, with the use of in vivo models of point mutations that
specifically interrogate single targets, we and others have begun to dissect the role of various
AMPK signaling axes?'?2!®, With an appreciation for the role of hepatocyte-specific AMPK and
an understanding of the beneficial effects of activating AMPK in the liver niche, the contribution

of the immune compartment in the onset and progression of MAFLD and NASH remains unclear.

In recent years, there have been concerted efforts to generate clinically relevant pharmacological
activators of AMPK and to repurpose/use existing drugs to combat various chronic metabolic

disorders, including MAFLD and NASH!9%:212:213215.273.320321 © Bioyanide metformin, which

remains one of the most widely prescribed drugs worldwide, has long been a first-line defence in
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the treatment of IR and type 2 diabetes and activates AMPK signaling in the liver. While
preclinical models have illuminated several potential mechanisms driving several of the beneficial
effects of metformin®’®, dose, route of administration, and physiological readout are the main
considerations. In the context of NASH progression, there is some clinical evidence that metformin

administration is associated with improved prognosis®*?>?°.

The liver exists as a hierarchical structured organ where spatial cellular orientation provides
specialized function®?. Understanding of how metabolic programs within these cellular
compartments affect and are affected by steatosis and NASH continues to grow. Without AMPK
signaling in the hematopoietic compartment during diet-induced obesity, a generalized pro-
inflammatory program led to hepatic IR in the absence of worsened steatosis?>®. However, this
approach failed to capture the importance of AMPK signaling in the context of liver-resident and
infiltrating macrophages during disease onset and progression®!'?, and few studies have specifically
interrogated AMPK signaling, regardless of cell type, in the context of steatosis progression toward
NASH?73?7 Few preclinical models fully capture the translational aspects of human NASH.
However, to circumvent the severity and complications that accompany a traditional MCD, a diet
that is deficient for choline and with restricted levels of methionine in conjunction with high-fat
content, CDAHFD has been demonstrated to augment progression to NASH?*?®. Using this and
other dietary models, hepatocyte-specific AMPK has been shown to act directly on Caspase-6 to
reduce its activity and suppress NASH-induced hepatocellular damage?®!. Given the role of

myeloid AMPK signaling in modulating macrophage polarization in the context of adipose tissue

256,257 263,264,267,268

inflammation®*8, skeletal muscle regeneration and atherosclerosis , we sought to

clarify if AMPK signaling in resident and infiltrating liver macrophages was protective against
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diet-induced NASH. In male and female mice, CDAHFD induced significant fibrosis and
worsened circulating levels of liver injury markers. However, these parameters were unaffected
by the disruption of myeloid AMPK activity as well as systemic treatment with a clinically relevant

dosing regime of metformin.

3.4 Material and Methods

Mice: All mice used in this study were on a C57Bl/6J background. Mice were fed a standard chow
(Teklad Global 18% Protein Rodent Chow Diet T.2018.15 — Envigo/Inotivco) prior to dietary
intervention and housed in a barrier facility with a 12-light/12-hour dark cycle (7 pm-7 am dark).
Generation of Prkaal™ and Prkaa2V™ mice have been previously described?!>*?’. Double
Prkaal/2V" mice (referred to as Flox) were crossed with hemizygous Lysozyme M Cre **° (LysM-
Cre) positive mice (referred to as MacKO). Flox (Cre negative) and MacKO (Cre positive) male
and female mice (11-13 weeks old) were fed a macronutrient complete low-fat control diet (L-
amino acid diet with 10 kcal% fat with normal methionine and choline or low-fat diet (LFD)—
Research diets A06071322) or a choline-deficient, methionine-defined high fat (L-amino acid diet
with 45 kcal% fat with 0.1% methionine and no added choline or CDAHFD — Research diets
A06071309) for 8 weeks. Metformin (Sigma — cat. 317240) was administered in the drinking water
4 weeks into the dietary intervention at a dose of 50 mg/kg/day and replaced every 3 days (water
intake was measured over 24 h, and metformin stocks were diluted appropriately). Random blood
glucose was measured with a glucometer prior to the tissue harvest. All animal protocols were

approved by the uOttawa Animal Care Committee (BMIe3744).
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Serum _and liver lysates assay: Terminal blood was collected via cardiac puncture of the left

ventricle and placed on ice. Serum was collected from clotted blood by centrifugation. Serum ALT,
AST, ALP, TBIL, TG, total cholesterol, as well as HDL- and LDL-cholesterol were measured
using the Beckman Coulter AU480 clinical chemistry analyzer at the Pathology core at the Toronto
Centre for Phenogenomics. Liver was snap-frozen in liquid nitrogen and chipped on dry ice for
analysis. Liver lipids were extracted using a Bligh and Dyer lipid extraction®®, and total protein
was quantified using a bicinchoninic acid assay as per the manufacturer’s instructions (Fisher—Cat.
PI-23225). Liver cholesterol and TG were quantified from the lipid fraction with colorimetric kits
(L-Type TG M — Fujifilm Wako, Infinity Cholesterol Liquid Stable Reagent — Thermo 163 Fisher)

followed by normalization to total protein level in the liver.

Histology: Intact livers were perfused with PBS via the left ventricle and fixed in 30 mL of 10%
neutral buffered formalin for 24 hours. Following fixation, samples were transferred to 70%
ethanol and processed at the University of Ottawa Louis Pelletier Histology Core Facility. Samples
were paraffin-embedded, microtome sectioned and stained with H&E, Masson’s Trichrome and
Picrosirius Red. Quantification of total collagen was determined by whole-section Picrosirius red
staining using a trained pixel classifier from QuPath®*!. From each section, 2-4 ROIs were selected

to exclude large, vascularized regions that would skew quantification.

Transcript expression. PBS-perfused snap frozen livers were chipped on dry ice and homogenized

in TriPure Isolation Reagent for RNA extraction (Sigma — cat. 11667165001) as per the
manufacturer’s instructions. RNA was analyzed for 260/280 purity (~2.0), equalized and reverse

transcribed (All-in-one RT Master Mix — ABM). Real-time qPCR was performed with BlasTaq
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Probe 2X qPCR Master Mix and run on Qiagen Rotor-Gene Q 2plex HRM instrument. Relative

d**, where the average Ct of

transcript expression was determined using the delta-delta Ct metho
the gene of interest was normalized to that of Acth and Hprt and shown relative to mice fed the

LFD. Primer sequences are available in Table S1.

Flow cytometry: Remaining PBS-perfused livers were gently minced in 10 mL digest buffer

composed of complete DMEM (Wisent — 3190005-CL with 10% FBS, 1% penicillin-
streptomycin) with 0.5 mg/mL collagenase IV (Millipore Sigma — C5138) and 50 U/mL DNase [
(Millipore Sigma — 1010459001). Once all tissues were collected, liver digests were allowed to
warm to 37 °C for 5 minutes, followed by shaking incubation for 20 minutes at 200 rpm. Following
the incubation, liver digests were diluted with 25 mL of cold complete DMEM and passed through
a 100 uM cell strainer. Hepatic immune cells were enriched by a series of 50 x g centrifugation
for depletion of hepatocytes®*?. Finally, immune cells were pelleted at 500 x g centrifugation for 5
minutes and collected for the following stain on ice; 30 minutes 1:250 Fc receptor block and 1:500
Live/dead blue, 20 minutes primary antibody stain (1:400 CD45.2-PerCP-Cy5.5, 1:100 F4/80-
BV711, 1:600 CD11b- APC-eFluor 780, 1:400 TIM4-Alexa Fluor 647, 1:200 VSIG4-PE), and 15
minutes fixation with 4% paraformaldehyde. All samples were acquired on the Cytek® Aurora 5L

UV-V-B-YG-R with preset optimized voltages.

Statistics: GraphPad Prism software (version 9.5.1) was used for all statistical analysis. Two-way
ANOVA was performed for intra-sex comparisons between LFD, CDAHFD or CDAHFD+Met,
where a Tukey’s Multiple comparisons test was used to interrogate genotype differences within

treatment. Statistical outliers were identified by the ROUT method with a Q value of 1%.
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3.5 Results

Deletion of myeloid AMPK and systemic metformin do not influence hepatic or circulating lipids.

The protective effect of hepatocyte AMPK against MAFLD progression has been demonstrated in
genetic and pharmacological studies'’!**. To investigate the significance of AMPK in all bone
marrow-derived and tissue-resident myeloid cells, we used male and female Flox and MacKO
mice and induced NASH over the course of 8 weeks using a CDAHFD, which is known to produce

hepatic steatosis, inflammation and F2 fibrosis'*?

. Moreover, we also sought to determine whether
a low but clinically relevant dosing regime of metformin could mitigate NASH progression in this
model and subsequently, whether myeloid-specific AMPK signaling was involved. As expected,
compared to LFD-fed mice, CDAHFD-fed males maintained their body weight (Figure S3.1A).
In contrast, CDAHFD-fed females gained weight similar to LFD controls (Figure S3.1B). There
were no differences in weight among male mice, whereas female MacKO mice were heavier than
control Flox mice after 8 weeks of CDAHFD feeding (Figure 3.1A and G). Numerous models of
MAFLD/NASH, including a version of CDAHFD, have observed reduced AMPK activity in the
liver homogenate?!>28!, To address this general suppression, we reactivated AMPK by introducing
metformin at a dose of 50 mg/kg/day administered in the drinking water in the latter 4 weeks of
the study. Intervention with metformin did not affect body weight in any group (Figure 3.1A and
G) but lowered random blood glucose in euglycemic CDAHFD-fed male mice independent of
genotype (Figure 3.1B); however, this effect was not reproduced in females (Figure 3.1H).
Although the CDAHFD model does not induce obesity or hyperglycemia, liver weight, as a proxy
for hepatic steatosis, was increased in both males and females independent of myeloid AMPK or

metformin treatment (Figure 3.1C and I). This was corroborated by the hepatic macro- and micro-

vesicular steatosis observed in both male and female mice, albeit to a larger degree in males
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(Figure 3.1D and J). Moreover, while levels were significantly induced by the CDAHFD, there
were no differences in total hepatic cholesterol and TG content between genotypes or with
metformin treatment (Figure 3.1E and K). One of the mechanisms by which CDAHFD expedites
NASH progression is the disruption of lipoprotein production and secretion, as choline is critical

for this pathway>?8

. As expected, compared to control-fed mice, CDAHFD-fed mice had lower
circulating total and LDL- and HDL-cholesterol (Figure 3.1F and L), while there were no
differences in circulating levels of TG across all groups. Overall, neither deletion of myeloid

AMPK nor systemic metformin treatment influenced markers of hepatic steatosis or the circulating

lipid profile.

Hepatic fibrosis and markers of liver injury are unchanged by myeloid AMPK disruption or

metformin treatment. As expected, feeding mice a CDAHFD for 8 weeks resulted in hepatic
fibrosis as measured by Picrosirius red and Masson’s Trichrome staining, though primarily in male
mice (Figure 3.2A and G and S3.1). Quantification of total collagen (Picrosirius red) revealed that
myeloid AMPK activity did not influence the degree of hepatic fibrosis in male or female mice at
this point in the diet (Figure 3.2B and H). At the transcriptional level, there were also no
differences in the expression of collagen peptide transcripts (Col3al, Collal) or markers of
hepatic stellate cell activation (Acta?2) (Figure 3.2C-E and I-K). Moreover, there were no effects
of systemic metformin treatment on markers of hepatic fibrosis. The circulating levels of markers
that indicate liver injury were generally increased in response to the CDAHFD, again with a more
profound effect observed in males compared to females. There were no changes attributable to

myeloid AMPK or metformin treatment (Figure 3.2F and L).
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Deletion of myeloid AMPK or metformin_ treatment does not affect markers of hepatic

inflammation. Although myeloid AMPK signaling and systemic metformin treatment were
insufficient to modulate hepatic steatosis and fibrosis, we were interested in potential differences
in markers of macrophage infiltration and inflammatory signaling. In the setting of NASH, bone
marrow-derived monocytes differentiate into different macrophage subsets, including Trem2"
LAMs that can form HCLSs!?%!2+126_ In agreement with this, we observed increased transcript
expression of Emrl and Trem2 in CDAHFD males (Figure 3.3A), while only Trem2 expression
was increased in female mice (Figure 3.3D). This is suggestive of high macrophage content in the
liver derived from infiltrating monocytes, though it was unaffected by the presence of myeloid
AMPK or systemic metformin. Moreover, there was an augmented expression of monocyte
chemokine Cc/2, which may signify higher monocyte infiltration in CDAHFD-fed males (Figure
3.3B). Finally, we observed a robust increase in the expression of 7nfa in CDAHFD-fed males,
though not 7//b. However, none of these transcriptional responses were influenced by myeloid
AMPK or systemic metformin treatment (Figure 3.3C). In line with our previous observations,
the transcriptional response in CDAHFD-fed females was less drastic compared to males and

showed no dependence on myeloid AMPK signaling (Figure 3.3D-F).

3.6 Discussion
There is extensive evidence of the protective effects of activating hepatocyte-specific or

hepatocellular AMPK activity in various dietary models of MAFLD!7!3%

. Recently, our
understanding of this role was extended to include limiting cell death through the inhibition of

Caspase 6°%!. While many studies focused on the role of AMPK in hepatocytes specifically or in

the overall liver environment, few have assessed the importance of AMPK signaling within the
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hepatic immune compartment. Deletion of the AMPK PB1 subunit from the hematopoietic
compartment worsens liver inflammation and increases hepatic immune infiltration in male mice
fed an HFD?*. In contrast, LysM-mediated deletion of the AMPKal subunit was shown to
diminish monocyte recruitment and macrophage infiltration under high-fat feeding conditions,
which was accompanied by worsened steatosis and IR in a mix of male and female mice?®®. KCs
are key players in the initiation of inflammation, immune infiltration as well as communication
with damaged hepatocytes and activation of HSCs?!®. However, NASH macrophage populations
are more heterogeneous than the simple distinction made between tissue-resident and infiltrating
macrophages. KCs can be segmented by their expression of ESAM and NASH-induced expression
of CD36, which plays an important role in liver oxidative stress'!”. Infiltrating macrophages that
arise during NASH can also be subdivided into LAMs and macrophages that repopulate the KC
niche (MoK Cs)!?2124126_Given the complex heterogeneity of hepatic macrophages during NASH,
we sought to address AMPK expressed in all macrophages present in the NASH hepatic

environment.

There are continuing efforts to develop a translationally relevant mouse model to mirror human
NASH. We and others have characterized the effect of various dietary interventions coupled with
thermoneutral housing (~29 °C) to promote the progression toward hepatic fibrosis!**1>!. With
and without the effect of T, greater than 16 weeks were necessary. To accelerate fibrogenesis, we
chose to introduce a CDAHFD, which produces F2 fibrosis after 8 weeks. As expected, we
observed decreased lipoprotein secretion when compared to LFD-fed mice. This effect is mainly
mediated by choline deficiency, which results in a high degree of steatosis in combination with a

high fat content'#*>. Moreover, in contrast to an MCD, the mice do not experience weight loss or a
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change in blood glucose. Importantly, our results confirm that female C57B1/6] mice remain
sensitive to a degree of NASH induction; however, this was not observed to the same extent as in
male mice. Our data suggest that removing AMPK signaling in myeloid cells has little
consequence on the degree of steatosis, inflammation or fibrosis in male or female mice. This
aligns with previous work that showed that whole-body deletion of AMPKal in female mice failed
to affect CCls-induced hepatic fibrosis?®>. However, it is important to consider that these
observations may be specific to the strain of mice (C57BI1/6J), dietary intervention (CDAHFD)
and timing (8 weeks) used in this study. We were able to confirm KC depletion and replacement
by MoKCs (Supplemental Figure S3.3); therefore, we cannot rule out the potential importance

of AMPK signaling in KCs at earlier stages of this NASH model''®.

Our goal was to assess the importance of AMPK in liver macrophages during NASH progression.
To target AMPK signaling specifically, we chose to use the LysM promoter for the expression of
Cre. Our model makes use of a double deletion of both catalytic subunits of AMPK (Prkaal and

334 we reasoned that

Prkaa?2). While the ol subunit is predominantly expressed in immune subsets
dual deletion would ensure complete disruption of AMPK signaling in LysM-expressing cells. To
this end, monocytes and differentiated macrophages represent the majority of cells that undergo
LysM-mediated recombination and AMPKal/a2 deletion; however, we cannot rule out the

potential targeting of granulocytes such as neutrophils®*

. Neutrophils not only contribute to
fibrogenesis indirectly, but infiltration of this population also significantly contributes to the
production of inflammatory cytokines*®. Therefore, AMPK deletion in granulocytes may play a

confounding role in our interpretation of the effect of macrophage AMPK-mediated inflammation

and crosstalk in NASH. Despite these caveats, LysM-mediated recombination has been shown to

78



be high for both KCs and MoK Cs**®. However, Cre recombination efficiency may not be equal
amongst different macrophage subsets within the hepatic environment, both under normal
conditions and NASH?**°. We have previously validated the deletion of AMPK signaling in
thioglycolate-induced peritoneal macrophages, which represent recently differentiated monocytes
and residential peritoneal macrophages 2°7?*’. However, there may be residual AMPK expression
in infiltrating macrophage subsets such as LAMs, a macrophage population that forms HCLSs, a

key histological feature of NASH!2%124126,

Numerous studies have reported reduced liver AMPK activity (representing the liver environment,
not just hepatocytes) in various dietary models of MAFLD and NASH?!>28!, We chose to introduce
the systemic delivery of metformin for the reactivation of AMPK. Metformin represents the
historical first-line defence in the treatment of type 2 diabetes (among other chronic conditions)
and has a storied history, given the initial observations that it activates AMPK?’%37 While the
AMPK-activating and therapeutic mechanisms of AMPK remain to be fully understood (or
demonstrated clinically in certain contexts), preclinical studies have shown consistent reductions
in hepatic steatosis in HFD-fed mice through AMPK-dependent and independent mechanisms?7®.
However, its efficacy in preventing/ameliorating the progression of NASH is less clear. Given the
importance of appropriate dose and delivery of metformin in preclinical studies, and since renal
expression of organic cation transporters is known to be down-regulated by choline deficiency?*®
(potentially increasing local and circulating levels of metformin), we chose continuous oral
delivery of a low dose of metformin in the drinking water. While it was recently reported that low-
dose metformin activates lysosomal AMPK via the PEN2-ATP6API1 axis, thereby reducing

hepatic steatosis in an HFD model?®, we observed no difference in hepatic lipids in the CDAHFD-
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fed mice. Interestingly, metformin intervention after 4 weeks of NASH progression also had no
impact on markers of fibrosis or liver injury in the CDAHFD model. It remains possible that the
localized dose of metformin delivered to the liver (all cell types) was insufficient for the activation
of liver macrophage AMPK, and metformin is not able to attenuate markers of NASH progression
in the CDAHFD model, which has been demonstrated previously at a higher dose in MCD-fed
mice***3*!, Moreover, the expression of transporters responsible for metformin uptake in immune
cells is unknown, and failure to activate AMPK in T cells in vivo has been observed**?. It may also
be plausible that preventative treatment (at the onset of dietary intervention) may target a larger

population of KCs prior to their NASH-induced depletion'!®,

To our knowledge, this is the first investigation into the role of myeloid-specific AMPK signaling
during the onset and progression of NASH and chronic low-grade inflammation in the liver. We
recognize that characterization of the hepatic macrophage populations between LFD and
CDAHFD, as well as with and without AMPK signaling, would have added to our overall
understanding as we cannot rule out the potential that frequencies of resident KCs and infiltrating
MoKCs macrophages may be different. We also acknowledge that there may be effects of hepatic
macrophage AMPK signaling that are not captured here that would be observed under a different
experimental paradigm. The use of a KC-specific Cre system (Clec4f) would restrict the deletion
of AMPK to resident KCs and MoKCs that experience an induction of Clec4f expression'?!.
However, given the NASH-induced death and disappearance of embryonically derived KC!'¥,
future studies warrant longitudinal analysis of KC metabolism and activation under a NASH-
induced diet, as there may be key differences during the onset and progression with this model.

Finally, earlier intervention with a specific and direct AMPK activator like PXL770%7*, whether
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delivered systemically or packaged for cell-specific delivery or constitutive/inducible genetic
activation, may also prime KCs prior to the release of hepatic DAMPs that appear upon the onset

of NASH induction.

AMPK signaling governs several metabolic pathways across cell types and circumstances.
Macrophage AMPK maintains physiological homeostasis by regulating lipid metabolism and
inflammatory signaling. However, when fed a CDAHFD, myeloid AMPK does not impact NASH
progression in male or female mice, and low-dose metformin treatment failed to improve markers
of hepatic fibrosis and inflammation. While endogenous signaling may be dispensable, whether
AMPK signaling can be leveraged to reprogram resident and infiltrating macrophages to improve

NASH prognosis remains to be tested but may represent an additive therapeutic benefit.
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3.7 Figures
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Figure 3.1. Myeloid AMPK signaling and metformin intervention does not influence hepatic steatosis or circulating lipids. A/G)
Final body weights of male and female control Flox and MacKO mice on a LFD, CDAHFD or CDAHFD + 50 mg/kg/d metformin,
B/H) random blood glucose at week 8 of male and female control (Flox) and MacKO mice C/I) liver weight (g) and liver weight
expressed as a percentage of body weight (%) D/J) representative H&E-stained liver sections (20x magnification, 100 uM scale bar),
E/K) hepatic cholesterol and TG normalized to total protein F/L) serum total cholesterol, total TG, LDL-cholesterol and HDL-
cholesterol. Data were analyzed by Two-way ANOVA with Tukey’s test for multiple comparisons where *,** *** and **** represent
p<0.05,p<0.01, p<0.001 and p<0.0001, respectively. LFD groups comprised 3-5 mice, and CDAHFD groups comprised 5-11 mice.
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Figure 3.2. Myeloid AMPK signaling and metformin intervention does not influence hepatic fibrosis or circulating liver enzymes.
A/G) Representative Picrosirius Red-stained liver sections (20x magnification, 100 uM scale bar) of male and female control Flox and
MacKO mice on a LFD, CDAHFD or CDAHFD + 50 mg/kg/d metformin, B/H) total collagen quantification of Picrosirius red, C-E/I-
K) Hepatic mRNA transcript levels of markers of extracellular matrix-regulating transcripts (Col3al, Collal, Acta?2), F/L) serum levels
of liver injury markers (ALT, AST, ALP and TBIL). Transcript expression was normalized to the average expression of Actb and Hprt
and shown relative to LFD-fed Flox mice. Data were analyzed by Two-way ANOV A with Tukey’s test for multiple comparisons where
* % and **** represent p<0.05, p<0.01 and p<0.0001, respectively. LFD groups comprised 3-5 mice, and CDAHFD groups comprised
5-11 mice.
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Figure 3.3. Myeloid AMPK signaling and metformin intervention do not affect markers of hepatic inflammation. A/D) Hepatic mRNA transcript levels of macrophages markers (Emrl, Trem2) from male and female
control Flox and MacKO mice on a LFD, CDAHFD or CDAHFD + 50 mg/kg/d metformin, B/E) the marker of monocyte recruitment (Cc/2) and C/F) inflammatory cytokines (7nf, 111b). Transcript expression was normalized
to the average expression of Actb and Hprt and shown relative to LFD-fed Flox mice. Data were analyzed by Two-way ANOVA with Tukey’s test for multiple comparisons where *, **  *** **¥* represent p<0.05, p<0.01,
p<0.001 and p<0.0001, respectively. LFD groups comprised 5 mice, and CDAHFD groups comprised 5-11 mice.
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mice on a LFD, CDAHFD or CDAHFD + 50 mg/kg/d metformin.
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Table S3.1. — Primer sequences

Gene | Forward primer Reverse primer

Col3al | TCTGGAAGCCAGAACCATGT AATGGGATCTCTGGGTTGGG
Collal | GCTCCTCTTAGGGGCCACT CACGTCTCACCATTGGGG
Acta2 | GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
Emrl | GCATCATGGCATACCTGTTC GAGCTAAGGTCAGTCTTCCT
Trem2 | CTGGAACCGTCACCATCACTC CGAAACTCGATGACTCCTCGG
Ccl2 TTAAAAACCTGGATCGGAACCAA | GCATTAGCTTCAGATTTACGGGT
Tnf CCCTCACACTCAGATCATCTTCT | GCTACGACGTGGGCTACAG

I11b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
Actb GGCTGTATTCCCCTCCATGG CCAGTTGGTAACAATGCCATGT
Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
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Chapter 4: Macrophage and hepatocyte AMPK signaling do not influence acetaminophen-

induced liver injury.
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4.2 Abstract

Drug-induced liver injury from APAP overdose represents the leading cause of ALF in developed
nations. To date, the antioxidant NAC is the sole first-line treatment for APAP overdose; however,
it is only effective at the early stages of poisoning. In the liver, toxicity drives oxidative stress and
mitochondrial dysfunction that leads to hepatocellular necrosis. Resident macrophages (KCs)
respond to hepatic damage and initiate an inflammatory cascade of events, including the
recruitment of monocytes and neutrophils. Given the central importance of metabolic programs in
regulating the hepatic immune environment/responses, we sought to uncover the role of AMPK in
AILI. We first aimed to assess whether systemic activation of AMPK with MK-8722 could
influence the damage and immune activation seen during APAP overdose. Secondly, we spatially
interrogated the importance of AMPK in hepatocytes (deletion mediated by Alb-CreERT2) or
myeloid cells (deletion driven by LysM-Cre). Finally, while myeloid AMPK deletion had minimal
effect on hepatic necrosis or circulating markers of liver injury, we next aimed to specifically target
resident macrophages with NPs encapsulated with MK-8722. While we were able to specifically
target KCs as early as 2 hours, activation of hepatic macrophage AMPK did not alter necrosis or
immune infiltration. Overall, these results suggest hepatic AMPK signaling does not influence

AILL

4.3 Introduction

APAP is a widely used over-the-counter analgesic drug and a leading cause of acute liver injury
when overdosed*®*'. Those who suffer from chronic liver diseases like MAFLD are considered
especially vulnerable (even taking the recommended doses)***’. The majority of APAP is

metabolized by hepatic glucuronidation and sulfation or excreted in the urine*'*. The remaining
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APAP is converted to NAPQI via CYP450 in the liver®>. This highly toxic metabolite is very
quickly scavenged by GSH; however, during overdose, NAPQI can accumulate, leading to hepatic
necrosis. Currently, NAC, a precursor of GSH, is the only clinically used treatment; however, this
antioxidant is not without limitations and side effects. This treatment is only effective during the
early stages of injury and only effective at high doses due to its low bioavailability. Adverse effects
of NAC include allergic reactions, bronchospasm and potentially full liver failure resulting in
death. Moreover, if the therapeutic window is missed, liver transplantation is the only viable

option*®.

Hepatic necrosis is the culmination of several types of cellular stress. The accumulation of NAPQI
leads to the formation of APAP adducts via interactions with protein sulfhydryl groups*’. NAPQI
induces mitochondrial oxidative stress and mitochondrial permeability transition pore opening and
subsequent DNA fragmentation, resulting in hepatocellular necrosis and a massive release of
DAMPs. Hepatic DAMPs, such as nuclear and mitochondrial DNA, HMGBI1 and ATP, are
recognized by residential macrophages called KCs through TLRs*>3*344 K Cs and other hepatic
immune populations secrete proinflammatory cytokines for the recruitment of monocytes and
neutrophils. While many studies have investigated the roles of myeloid populations using selective
depletion or neutralizing antibodies, their relative importance seems to be dependent on the stage

344

of injury>**. Overall, immune-mediated signaling that aggravates cellular injury early is necessary

for the clearance of cell debris and hepatic regeneration during the resolution stage.

AMPK is serine/threonine kinase and a master metabolic regulator. Through its ability to sense

energy nucleotides and nutrients, AMPK suppresses anabolic and upregulates catabolic pathways
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in response to low cellular ATP and nutrient deprivation!”!. It has been established that AMPK
modulates aspects of macrophage polarization and metabolism?**2°!. Briefly, macrophage AMPK
activity is suppressed by proinflammatory stimuli like LPS?**®. This aligns with the drastic increase
of proinflammatory mediators when AMPK signaling is abolished. On the other hand, activation
of AMPK skews macrophages toward an anti-inflammatory phenotype?®%>’. In the setting of acute
injury, myeloid AMPK deficiency impaired both lung and skeletal muscle repair and regeneration
through the proinflammatory skewing of macrophages*>%?%’. Recently, in a model of liver ischemia
and reperfusion, AMPK was found to blunt hepatic necroptosis and inflammation through
phosphorylation and inhibition of RIPK1%*. In addition to acute injury models, a vast body of
literature demonstrates the importance of macrophage AMPK signaling during chronic low-grade

inflammation of atherosclerosis, obesity and fatty liver disease!”!333.

In response to APAP overdose, AMPK activity is suppressed. The use of a broad-spectrum
inhibitor of protein kinase C suggested that protein kinase C activation may be at least in part

345, However, AMPK activation with metformin and a wide range

responsible for this suppression
of polyphenols (amongst other compounds) have proven to be beneficial against APAP-induced
necrosis>**3%2, Moreover, A-769662, which is one of the first discovered allosteric and direct
activators of AMPK, when delivered as a priming dose, was shown to attenuate hepatic necrosis 6

hours post-APAP overdose®™

. AMPK activation resulted in increased ATP production through
glycolysis, thereby compensating for ATP depletion that occurs during APAP-induced

mitochondrial stress.
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The beneficial effect of AMPK signaling on APAP-induced injury was observed early in the
cellular response, and questions remain as to the effect of AMPK during peak injury. To address
this knowledge gap, we used systemic and targeted delivery of a second-generation allosteric
AMPK activator in combination with models of hepatic and myeloid-specific AMPK deletion.
Both basal AMPK in the hepatocellular and myeloid compartments did not affect AILI or the
hepatic immune populations. Systemic activation of direct pan-AMPK activator MK-8722' | as

well as NP-mediated targeting of KC AMPK, were equally ineffective against AILI.

4.4 Material and Methods

Mice: All mice used in this study were male mice on C57Bl/6J background and 7-13 weeks old at
the time of APAP injection. All mice were fed a standard chow (Teklad Global 18% Protein
Rodent Chow Diet T.2018.15 — Envigo/Inotivco) and housed in a barrier facility with a 12-
light/12-hour dark cycle (7 pm-7 am dark). C57Bl/6J mice were obtained from Jackson Laboratory
(000664) and subsequently maintained at the University of Ottawa. Generation of Prkaal™" and
Prkaa2V™ mice have been previously described?!>*?°. For deletion of AMPK in myeloid cells,
double Prkaal/2"" mice (referred to as Flox) were crossed with mice that were hemizygous for
Cre recombinase under the control of the Lysozyme M promoter** (LysM-Cre and referred to as
MacKO). For hepatocyte-specific AMPK deletion, double Prkaal/2"" mice were crossed to
Albumin Cre-ERT2 (Alb-Cre) positive mice (referred to as HepKO)*!'>. HepKO (including Flox
controls) received 1 mg of tamoxifen (in 10% ethanol and 90% sunflower oil) via i.p. injection for
5 consecutive days and left to recover for two weeks prior to experiments. MacKO and associated
Flox control mice that were directly compared to HepKO also received tamoxifen. All animal

protocols were approved by the uOttawa Animal Care Committee (BMIe3742).
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Mild AILI and AMPK Activation: Overdose was achieved by fasting for 12 hours (3 hours after the

start of the dark cycle — 10 pm to 10 am) to normalize hepatic GSH across biological replicates>*.
The following day, mice were injected with 300 mg/kg 1.p. of APAP (15 mg/mL in sterile 0.9%
saline kept at 25°C), and food was replaced. Mice were monitored for clinical endpoints for 8
hours post-injection. The AMPK activator, MK-8722, was provided by Merck. Systemic
administration of 10 mg/kg MK-8722 (0.25% methylcellulose, 5% Tween80, 0.02% SDS in sterile
water'®?) was delivered i.p., 1 hour prior to APAP injection. Targeted administration of MK8722
(3 mg/kg packaged in PLGA-PEG NP or empty NP and resuspended in saline) was delivered via
the tail vein directly after injection of APAP. All cohorts injected with PLGA-PEG NP received

the same amount of polymer between empty NPs and NP-MK§8722.

Generation of PLGA-PEG NPs: All NPs were synthesized via the nanoprecipitation method*>.

NP-MK&8722: PLGA 10K -PEG 5K solution was prepared in acetonitrile at 10 mg/mL
concentration. MK-8722 solution was prepared at Img/mL concentration in acetonitrile. For NP
development, desired amounts of PLGA-PEG and MK-8722 solutions are mixed at a 10:1 w/w
ratio and added dropwise to nuclease-free (or DI ) stirring water while maintaining a 10:1 v/v ratio
of water to organic solvent. NPs were stirred at room temperature for 4-5 hours and filtered
sequentially through sterile 0.45 uM syringe filters. The NPs were collected and purified by
centrifugation using microsep advance centrifugal devices (Pall, MWCO 100kDa). The
concentrated NPs were washed twice with deionized water and resuspended in H,O or PBS.
Empty-NPs: NPs without MK-8722 were prepared similarly by replacing the MK-8722 solution

with acetonitrile. NP-Alexa Fluor A50: Alexa 750-conjugated PLGA polymer solutions were
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prepared in acetonitrile at 10mg/ml. For Alexa-750-NPs, a 1-2:10 w/w ratio of Alexa Fluor 750-
PLGA and PLGA-PEG solutions were mixed and added dropwise to water (10:1 v/v ratio of water
to organic solvent) and stirred in the dark for 4-5 hours. The NPs were concentrated and purified
by centrifugation using microsep advance centrifugal devices (Pall, MWCO 100 kDa). The
concentrated NPs were washed twice with deionized water and resuspended in H>O or PBS. Size
measurements of all NPs were performed using ZetaView based on the nanoparticle tracking
analysis technique®*°. To measure their sizes, 10-20 pL of concentrated NPs were diluted in 10-20
mL of water or PBS. MK-8722 concentrations in the NPs were measured by HPLC. For this, a
calibration curve was prepared by using different concentrations of MK-8722 in (1:1 acetonitrile:
H>0) in HPLC. MK-8722 was eluted using the C18 column with acetonitrile: Ho O mobile phage
with a gradient. For MK-8722 concentration in the NPs, 80-100 uL of NPs were dissolved in 1:1
acetonitrile: H 2O and vortexed for 30-40 mins to break down the NPs before injecting them for

HPLC.

Histology: Intact livers were perfused with PBS via the left ventricle and fixed in 30 mL of 10%
neutral buffered formalin for 24 hours. Following fixation, samples were transferred to 70%
ethanol and processed at the University of Ottawa Louis Pelletier Histology Core Facility. Samples
were paraffin-embedded, microtome sectioned and stained with H&E. Quantification of necrosis

was determined by whole-section H&E staining and expressed as % necrotic area using QuPath3!.

Serum_and liver lysates assay: Terminal blood was collected via cardiac puncture of the left

ventricle and placed on ice. Serum was collected from clotted blood by centrifugation. The

perfused liver was snap-frozen in liquid nitrogen and chipped on dry ice for analysis. Serum ALT,
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AST and ALP were measured using the Beckman Coulter AU480 clinical chemistry analyzer at

the Pathology core at the Toronto Centre for Phenogenomics.

Flow cytometry analysis: The remaining perfused liver (after collection for histology and snap-

frozen samples) was weighed for cell count normalization. Tissues were gently minced in 10 mL
digest buffer composed of complete DMEM (Wisent — 3190005-CL with 10% FBS, 1% penicillin-
streptomycin) with 0.5 mg/mL collagenase IV (Millipore Sigma — C5138) and 50 U/mL DNase [
(Millipore Sigma — 1010459001) and submerged in ice. Following 5 minutes of warming at 37 °C,
liver digests were incubated and shaken at 200 rpm for 20 minutes. Following the incubation,
digests were submerged in ice and digest buffer was diluted with 10 mL of cold complete DMEM.
In the 4 °C room, digested livers were passed and plunged through a 100 um cell strainer with an
additional 15 mL of cold complete DMEM. Initial enrichment of hepatic NPCs was achieved via
50 x g centrifugation for 5 minutes, and collection of the supernatant and pelleted hepatocytes was
discarded. NPCs were then pelleted at 500 x g centrifugation for 5 minutes and resuspended in 5
mL of 28% Opti-Prep (16.8% iodixanol, Fisher — NC1339550) prepared in 1% FBS and 5 mM
EDTA (gradient solution). Gradients were prepared with 2 mL of basal DMEM overlay and gentle
layering of resuspended NPCs using a Pasteur pipette placed at the bottom of the 15 mL conical
tube**’. Gradients were then centrifuged at 1500 x g for 25 minutes with the deceleration brake
removed. NPCs were collected between both phases and washed with PBS prior to staining for
flow. Blood was collected with 10 pL of 0.5 M EDTA and kept on ice until ready until the end of
the tissue harvest. Blood was diluted in 9 mL of RBC lysis buffer and incubated for 10 minutes at
RT then placed on ice. Blood leukocytes were pelleted at 500 x g centrifugation and resuspended

in 1% FBS PBS, followed by flow staining (see Table S4.1). All samples were acquired on the
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Cytek® Aurora 5L UV-V-B-YG-R with preset optimized voltages. For the localization of NP-
A750, we repeated the same protocol apart from the tissue digestion. To ensure hepatocyte
viability, mice were first perfused through the vena cava with a HEPEs buffer containing EDTA
(pH 7.4) followed by another HEPEs buffer (pH 7.6 with CaCly) with 0.5 mg/mL collagenase IV

(Millipore Sigma — C5138).

Statistics: GraphPad Prism software (version 9.5.1) was used for all statistical analysis. Data from

Figure 4.1 was analyzed by one-way ANOVA with Dunnett’s test for multiple comparisons of
Flox vs. MacKO or HepKO. Data from Figure 4.2 and S4.3 was analyzed by unpaired two-tailed
t-test. Data from Figure 4.4, S4.1 and S4.2 were analyzed by two-way ANOVA with comparisons
where a Tukey’s Multiple comparisons test. Statistical outliers were identified by the ROUT

method with a Q value of 1%.

4.5 Results

Basal hepatocellular and macrophage AMPK do not influence APAP-induced necrosis and

immune _infiltration. There exists an extensive body of literature on the implications of

hepatocellular AMPK deficiency and activation'’!**3, Mostly in the context of lipid homeostasis,
AMPK activation reduces hepatic steatosis. In the realm of NASH-induced hepatocellular death,
AMPK phosphorylates and inhibits pro-apoptotic Caspase-62%!. Recently, it was found that hepatic
AMPK also modulates acute metabolic stress-induced apoptosis and inflammation through
inhibition of RIPK1%°. To address whether AMPK regulation of different hepatic compartments
could affect APAP-induced injury, we examined APAP overdose in male Flox, MacKO or

HepDKO mice. Following 24 hours of APAP overdose, there was clear evidence of hepatic
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necrosis as indicated by the absence of hematoxylin stain (DNA fragmentation), immune

infiltration and coagulation (Figure 4.1A)*>*

. Quantification of % necrotic area showed that
AMPK deficiency in either the myeloid cells or hepatocytes had no effect, a result that was
corroborated with the quantification of circulating liver enzymes (Figure 4.1B). Moreover, when
assessing the resolution phase of AILI (48 h), macrophage AMPK signaling seemed to play no
role (Figure S4.1A, B). Although hepatic AMPK signaling was insufficient to influence liver
injury, we were interested in whether AMPK deficiency could influence the immune response
elicited by APAP overdose. As expected, in response to the release of hepatic DAMPs, there was
significant immune infiltration (compared to saline—hashed line) of primarily monocytes and
neutrophils, populations that also predominated in the blood (Figure 4.1C, D). Regarding the
residential macrophage population, we observed an increase in the total number of KCs (Figure
4.1C). In contrast to the reported literature**®, within this timeframe, this is most likely due to

localized proliferation. Despite the striking immune response, we observed no differences in

immune infiltration or KC population number between genotypes.

Systemic AMPK activation does not protect against hepatic necrosis. Several studies have reported
the protective effect of indirect activators of AMPK, including a variety of polyphenols and
metformin3#6-348351:352 T our knowledge, the only allosteric activator tested has been A-769662.
Specifically, following a 6-hour overdose, A-769662 pretreatment replenished cellular ATP,
thereby protecting against hepatic necrosis®>>. To expand on the findings of Hwang et al. (2015)
and address the crosstalk of dying hepatocytes with the immune system, we assessed AMPK
activation following 24-hour overdose. Similar to A-769662 dosing, WT mice were pretreated

with a direct allosteric activator MK-8722 (10 mg/kg) 1 hour prior to APAP overdose. Following
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24 hours of injury, hepatic necrosis and serum liver enzymes were quantified, and we concluded

that systemic priming of AMPK did not ameliorate AILI (Figure 4.2A-C).

PLGA-PEG NPs target hepatic macrophages. Given that systemic delivery of MK-8722 did not

alter APAP-induced injury, we questioned whether targeting hepatic macrophages could accelerate
liver repair. NPs have been gaining traction as an efficient and modular drug delivery system.
PLGA-PEG NPs serve as an inert vehicle for the packaging of different compounds®3-%°,
Moreover, while the target of specific tissues and tumours may be challenging, NPs typically
accumulate in the liver’®®3¢!, To validate that our PLGA-PEG NPs were localized to the liver, we
injected NP-A750 through the tail vein and assessed fluorescence. As expected, intra-vital imaging
showed that NPs accumulate in the liver as early as 2 hours with evidence of localization to the
kidneys. Importantly, fluorescence is still detected exclusively in the liver 24 hours later (Figure
4.3A). Size distribution measured by the ZetaView confirmed that the PLGA-PEG NPs were

362 Given the localization of KCs in the liver sinusoids and the

approximately 100 nm in diameter
size of the particles, their accumulation in hepatic macrophages is expected. Flow cytometry
confirmed that the fluorescence detected in the whole liver tissue after 2- and 24-hours post NP-
A750 injection was due to the NP accumulation in KCs (Figure 4.3B). Finally, we confirmed that

empty NPs were truly inert and did not influence hepatic necrosis and liver enzymes in both Flox

and MacKO mice (Figure S4.2).

Targeted activation of KC AMPK does not alter necrosis or immune infiltration. Since we

confirmed the targeting of hepatic macrophages, we looked to package and deliver MK-8722 in

PLGA-PEG NPs. Flox and MacKO mice were injected with 300 mg/kg APAP following a 12-
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hour overnight fast. Immediately following APAP, 3 mg/kg MK-8722 encapsulated in PLGA-
PEG NPs was administered via the tail vein. Quantification of hepatic necrosis revealed that
targeted activation did not influence liver injury in either Flox or MacKO mice (Figure 4.4A, B).
This was also reflected in the levels of serum ALT and AST (Figure 4.4C). Assessment of hepatic
infiltration of monocytes and neutrophils and the frequencies present in circulation were only
influenced by AILI (Figure 4.4D, E), and the KC populations were also unaffected (Figure 4.4D).
We did observe, however, that NP-MK8722 treatment (relative to empty NPs) in MacKO mice
unexpectedly increased hepatic neutrophil infiltration, highlighting the possible leakage of MK-

8722 and activation of AMPK in non-myeloid cell populations (Figure 4.4D).

4.6 Discussion

While histologically, AILI displays features of oncotic necrosis (cellular swelling) and karyolysis
(dissolution of nuclear material), the death signaling pathways have been classified as a type of
programmed necrosis with some features of apoptosis and necroptosis*®>*%*. These mechanisms
include translocation of BCL2-associated X to mitochondria and cytochrome C release, as well as
induction of RIPKs 3336 Despite the APAP induction of RIPK 1, Torga et al. (2021) determined
with a hepatocyte-specific RIPK1 kinase-dead (RIPK D138N) and knockout, that it was not the
kinase activity of RIPK1 that was important, but that RIPK1 serves as a platform for A20
scavenging and upregulation of ASK-mediated phosphorylation of JNK3%’. Taking this into
consideration, it is unlikely that hepatocyte AMPK mediates APAP-induced cell death through
inhibition of RIPK1 activity. However, it is possible that myeloid AMPK-RIPK1 signaling may
be important. In a model of apoptosis like liver ischemia-reperfusion, it is possible that we would

observe a higher degree of cell death and more immune infiltration in our AMPK HepKO mice®”.
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Similarly, given the mechanisms of APAP-induced hepatocellular death, the AMPK-Caspase 6
pathway observed in a mouse model of NASH should not be relevant in our model?!. Overall, we
observed that hepatocyte AMPK deficiency did not modulate hepatic necrosis and, therefore, did

not influence immune infiltration.

In response to hepatic DAMPS, KCs are activated and responsible for the recruitment of various
immune mediators like neutrophils and monocytes. Here, we show that macrophage AMPK
deficiency does not modulate hepatic necrosis or immune infiltration 24 hours post-APAP. Several
studies have attempted to decipher whether KCs play a protective role in APAP overdose, though
no consensus has emerged*>°. Similarly, blocking neutrophil infiltration has been shown to both
aggravate and attenuate hepatic necrosis®®!. Proinflammatory monocytes, on the other hand,
aggravate liver injury early on, but their macrophage descendants are also necessary for
phagocytosis during the resolution phase®%>*62-6466_Qur model results in the complete deletion of
both catalytic subunits of AMPK (a1 and 02) in LysM-expressing cells. While this predominantly
affects monocytes and macrophages, potential AMPK deficiency in neutrophils should be

considered as a potential caveat®®s

. Moreover, given the conflicting evidence as to the role of KCs
and neutrophils in APAP overdose, it is not possible to discern how AMPK deletion in specific

myeloid populations may influence injury. Nevertheless, assessment of the role of KC-specific

AMPK in the initiation of inflammation warrants investigation.

Most in vitro studies looking at macrophage AMPK signaling and immunometabolism have used
LPS for TLR4 stimulation?*®24823° In the realm of metabolic syndrome and associated diseases

(atherosclerosis, fatty liver, and obesity), LPS and other microbial products have significant

100



influence over hepatic and systemic inflammation'!*¢>370 Apart from models of skeletal injury
and liver ischemia-reperfusion, many of the physiological implications of macrophage AMPK in
vivo were in the contexts of these diseases'’!. Like skeletal injury, AILI evokes a sterile
inflammatory response stemming from the release of hepatic DAMPs like HMGB1°%**, A recent
study compared the inflammatory phenotype of LPS to different redox states of HMGB1 and
observed that while a transcriptomic analysis showed an overlapping gene expression profile,
HMGBI stimulation induced a polarization state that was distinct compared to LPS*’!. Given that
not all TLR4 agonists are the same, it would be interesting to expand our knowledge on
macrophage AMPK signaling and immunometabolism with different hepatic DAMPs in a cell
culture system. To date, it has been reported that AMPK activation with AICAR and metformin
induces HMGBI1 engulfment and inflammation®’?. In addition, in vitro stimulation with specific
hepatic DAMPS, future work could look at AMPK deletion in cultured BMDMs and KCs treated
with conditioned media from APAP-treated hepatocytes. This approach would be the first step
prior to the in vivo investigation of APAP overdose in KC AMPK KO mice!?!. Finally, in addition
to LPS, IL-10 treatment in BMDMs activates AMPK. However, despite the relevance of IL-10 in
the resolution of APAP-induced injury, we observed the same degree of residual necrosis 48 hours

post-injection in our AMPK MacKO mice.

Basal AMPK activity in the macrophage and hepatocyte compartments does not influence AILI;
this may be due to the reported suppression of activity. To address this, we introduced an allosteric
activator of AMPK. MK-8722 is a potent and specific pan-AMPK activator that binds to the ADaM
site’. In a fluorescent reporter of AMPK activation, Ex Rai AMPKAR clearly showed MK-8722

activates all compartmentalized pools of AMPK, including in the nucleus®*’®. While mitochondrial
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and lysosomal AMPK were still activated in the LKB1 KO MEFs, maximal cytoplasmic activation
still relied on the upstream kinase for phosphorylation’®*. To our knowledge, whether LKB1
activity is downregulated during APAP overdose is unknown. Nonetheless, Hwang et al. (2015)
showed that another allosteric activator, A-769662, attenuated APAP-induced necrosis by
buffering ATP depletion through increased glycolysis*>®. While this work provided strong
evidence as to the benefit of priming hepatic AMPK, we did not observe protective effects with
systemic delivery of MK-8722. Although we were assessing injury after 24 hours of APAP, we
may directly compare the effects of MK-8722 to their findings by assessing necrosis 6 hours post-

overdose.

To exclude the effects of AMPK activation on intracellular processes of hepatocellular death, we
implemented a drug delivery system to target KCs*®!. Unlike systemic delivery of MK-8722 1-
hour prior to APAP overdose, we chose to administer NP-MK8722 immediately following APAP
injection. Moreover, although this precedes KC activation by a few hours, this timing allowed for
KC uptake and subsequent release of MK-8722. Moreover, we selected this time point to avoid
any delivery issues associated with APAP-induced dysfunction in the microcirculation*®. While
we did not observe any treatment effects with targeted activation of KC AMPK, it is possible to
make several adjustments to the formulation. These include altering the rate of drug release and
increasing retention time in circulation (we observed NP-A750 present in the kidneys)¥3833-374,
Importantly, A-769962 encapsulation in the same formulation PLGA-PEG NPs shows that
compared to free drug, NP delivery to cultured hepatocytes results in a more potent and prolonged
activation of AMPK (Figure S4.4). This highlights not only the therapeutic advantages of NPs but

also the stability of the drug after endocytosis and release from the lysosome’’.
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Macrophage AMPK signaling has proven to be anti-inflammatory and protective in a multitude of
inflammatory contexts including acute lung and skeletal muscle injury?>*®?°’. Recently, the
protective effect of hepatic AMPK has been extended to sterile hepatic inflammation concerning
hepatic apoptosis during ischemia-reperfusion®>. In the setting of AILI, we observed that AMPK
signaling and activation in both hepatocytes and macrophages is inconsequential to APAP-induced
hepatic necrosis and inflammation. This discrepancy between our findings and that of Zhang ef al.
(2023)>° sheds light on the relevance of hepatic AMPK across different types of liver injury and

its role in particular mechanisms of cell death and inflammation.
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4.7 Figures
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Figure 4.1. Hepatocellular and macrophage AMPK do not affect AILI. A) Experiment schematic and representative H&E-stained
liver sections of APAP-overdosed male Flox, MacKO and HepKO mice (20x magnification, 100 uM scale bar), B) Quantification of
hepatic necrosis (necrosis expressed as a percentage of whole liver section area), C) Serum levels of liver injury markers ALT and AST.

D) Hepatic immune cells (NPCs); total leukocytes (CD45, live cells), KCs (TIM4", F4/80" CD11b"°, CD45.2%, live cells), monocytes
(CD115%, Ly6G-, F4/80"° CD11b", CD45.2", live cells), neutrophils (Ly6G*, F4/80'° CD11b", CD45.2" , live cells), E) Blood immune
cells; monocytes (CD115", Ly6G-, F4/80'° CD11b", CD45.2%, live cells), neutrophils (Ly6G*, F4/80"° CD11bM, CD45.2", live cells).
Data was analyzed by One-way ANOVA with Dunnett’s test for multiple comparisons of Flox vs. MacKO or HepKO. Saline groups
comprised 2 mice, and APAP groups comprised 5-8 mice. The saline average is represented by a hashed line.
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Figure 4.2. Systemic MK-8722 is not protective against APAP-induced hepatic necrosis. A) Representative H&E-stained liver
sections of APAP-overdosed male WT mice injected 1 hour prior with systemic 10 mg/kg MK8722 (20x magnification, 100 uM scale
bar), B) Quantification of hepatic necrosis (necrosis expressed as a percentage of whole liver section area), C) Serum levels of liver
injury markers ALT and AST. Data was analyzed by unpaired two-tailed t-test to compare vehicle vs. MK8722 where * and **represent
p<0.05 and p<0.01, respectively. Saline groups were comprised of 3 mice and APAP groups were comprised of 5 mice.
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Figure 4.3. NPs accumulate in hepatic macrophages. Optical imaging (IVIS Spectrum) of PBS-perfused mouse tissues 2- and 24-
hours post-injection of PLGA-PEG NPs conjugated with Alexa Fluor 750 (NP-A750) or empty NPs (EM), B) Representative flow
histograms of NP-A750 fluorescence in hepatic populations - hepatocytes (CD45.2°, live cells), monocytes and neutrophils
(F4/801°CD11b", CD45.2", live cells) and macrophages (F4/80"CD11b', CD45.2%, live cells).
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Figure 4.4. NP-MK8722 targeting of KC AMPK does not influence AILI. A) Experiment schematic and representative H&E-stained liver sections of APAP-overdosed male Flox and MacKO mice injected empty PLGA-
PEG NPs (empty NP) or MK8722 encapsulated PLGA-PEG NPs (NP-MK®8722) (20x magnification, 100 uM scale bar), B) Quantification of hepatic necrosis (necrosis expressed as a percentage of whole liver section area),

C) Serum levels of liver injury markers ALT and AST. D) Hepatic immune cells (NPCs); total leukocytes (CD45", live cells), KCs (TIM4", F4/80" CD11b'"°, CD45.2", live cells), monocytes (CD115", Ly6G-, F4/80'° CD11bM,
CD45.2%, live cells), neutrophils (Ly6G*, F4/80'° CD11bM, CD45.2%, live cells), E) Blood immune cells; monocytes (CD115%, Ly6G-, F4/80"° CD11b", CD45.2%, live cells), neutrophils (Ly6G*, F4/80'° CD11b", CD45.2", live
cells). Data was analyzed by Two-way ANOV A with Tukey’s test for multiple comparisons where * represents p<0.05. Saline groups comprised 6 mice, and APAP groups comprised 4-11 mice. The saline average is represented

by a hashed line.
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Supplemental Figure 4.1. Macrophage AMPK does not influence APAP-induced hepatic necrosis or recovery. A) Representative
H&E-stained liver sections (20x magnification, 100 uM scale bar) from APAP-overdosed male Flox and MacKO mice and
quantification of hepatic necrosis (necrosis expressed as a percentage of whole liver section area), B) Serum levels of liver injury markers
ALT, AST, ALP. Data was analyzed by Two-way ANOVA with Tukey’s test for multiple comparisons where *, *** and **** represent
p<0.05,p<0.001 and p<0.0001, respectively. Saline groups comprised 5-6 mice, and APAP groups comprised 8-10 mice.
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Supplemental Figure 4.2. Empty NPs exhibit no effect in AILI. Quantification of hepatic APAP-overdosed male Flox and MacKO
mice injected with saline or empty PLGA-PEG NPs (empty NP) (necrosis expressed as a percentage of whole liver section area) and
serum levels of liver injury markers ALT, AST, ALP. Data was analyzed by Two-way ANOVA with Tukey’s test for multiple
comparisons. Saline groups comprised 2-4 mice, and APAP groups comprised 3-6 mice.
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Supplemental Figure 4.3. LysM-Cre has no off-target effects on AILI. Quantification of hepatic APAP-overdosed male LysM-Cre
mice (necrosis expressed as a percentage of whole liver section area) and serum levels of liver injury markers ALT, AST, ALP. Data
was analyzed by unpaired two-tailed t-test. APAP groups comprised of 5 mice.
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Supplemental Figure 4.4. NP-A76 exhibit a more potent and sustained activation of AMPK than free drug. Primary hepatocytes
treated with vehicle (DMSO), A-769662, PLGA-PEG empty NPs (Empty NP) or A-769662 encapsulated PLGA-PEG NPs (NP-A76)
A) pACC/ACC Western blots of time course (4, 24, 48 hours) treatment of 100 uM A-769662 and equivalent PLGA-PEG polymer
amounts in empty NPs and NP-A76 B) pACC/ACC Western blots of different doses of A-769662 (10, 30, 100 pM) and equivalent
PLGA-PEG polymer amounts in empty NPs and NP-A76.
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Table S4.1 — Flow stain

Reagent Catalog number (supplier) Dilution
CDA45.2-PE (clone 104) 45-0454-80 (eBioscience) 1:400
CDA45.2-PerCP-Cy5.5(clone 104) 109808 (Biolegend) 1:400
CD11b-biotin (clone M1/70) 109808 1:600
133307 (Biolegend)

Streptavadin-BUV395 564176 (BD Bioscience) 1:200
F4/80-PE (BMS) 12-4801-82 (eBioscience) 1:100
TIMD4-Alexa Flour 647 (clone | 564177 (BC Bioscience) 1:400
21H12)

Ly6G-FITC (clone 1AS8) 127605 (Biolegend) 1:800
Ly6C-Alexa Flour 700 (clone HK1.4) | 128024 (Biolegend) 1:600
CD115-BUV737 (clone AFS98) 750948 (BD Bioscience) 1:200
Live/dead blue L34961 (Thermo Fisher) 1:500
CD16/CD32 (clone 93) 101302 (Biolegend) 1:250
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Supplemental Figure 4.5. Flow cytometry gating strategy for hepatic NPCs, blood leukocytes and hepatocytes. Gating strategy
for flow analysis of hepatic immune cells (NPCs) (total leukocytes, KCs, monocytes, and neutrophils), blood leukocytes (monocytes
and neutrophils) and hepatocytes.
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Chapter 5: General Discussion and Future Directions

The liver is susceptible to injury from insults ranging from toxins to overnutrition. While acute
liver injury resolves quickly, chronic injury relies on fibrosis to maintain organ integrity. Common
to both are hepatocellular death, activation of KCs in response to hepatic DAMPS and immune

infiltration’”?

. During the resolution phase of acute injury, infiltrating monocytes differentiate into
phagocytic pro-resolving macrophages®?. KC survival is affected in both acute and chronic injury;
however, persistent damage leaves an immunological void that is replaced by MoK Cs!!8, Like pro-
resolving macrophages in acute injury, chronic low-grade inflammation triggers the differentiation

of monocytes into temporary macrophages, including subsets such as LAMs!'?7126,

This thesis research was particularly focused on whether macrophage AMPK signaling played a
role in AILI and NASH, but first I wanted to assess the translational relevance of different mouse
models of liver injury. While AILI is initiated and defined by a singular insult, the dynamics of
NASH progression and its relationship to metabolic syndrome are difficult to model'*!3%. This is
particularly true of NASH-induced hepatic fibrosis, where mouse models that achieve this
phenotype are typically divorced from the other aspects of metabolic syndrome!?%!*°_ In Chapter
2, I aimed to overcome this limitation and remove the physiological barriers that chronic cold
stress has on WD-induced NASH progression!*313!. After 16 weeks of feeding, we observed that
Tn-housed male mice gained more weight, had elevated liver injury enzymes and had a mild
increase in liver TG. Female mice remained mostly protected, apart from increased expression of
some profibrotic and macrophage marker genes. Induction of hepatic fibrosis was also limited to

transcriptional upregulation in male mice. The most striking of all was the increased glucose
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tolerance observed in Tn-housed male mice; however, IR was unaffected, highlighting that these
mice may have improved insulin secretion (insulin measurements during the GTT would have
been beneficial)'*°. Given these results, we highlighted that the implementation of fructose in the
drinking water could exacerbate IR but that an overall investigation of T after 24 weeks of WD-

feeding is warranted”®!%’,

One of the most important considerations for this study is determining what temperature
corresponds to the T zone. The strain of the mouse, age (as it relates to body )adiposity), and cage
density (including bedding) can influence core temperature?®>*'?, Like Giles et al. (2016), many
studies looking at thermoregulation assess its effects on singly housed mice!'#®311376378 ‘However,
we are not alone in choosing group housing when it comes to looking at disease pathology!'>!-!5237°,
Although the objective of this model was the development of hepatic fibrosis, we were interested
in the relative effects of housing. For this reason, we chose to compare housing temperatures using
the “conventional” group-housed setting implemented in NASH studies, instead of cold stressing
our control group. Regarding the temperature range we selected, we and others have extrapolated
from the thermoregulatory studies performed on singly housed mice. Moreover, an important
limitation of this work is that for the reasons previously mentioned (age, adiposity), consistently
maintaining mice within their Tx zone is not possible?*>123% To add another layer of complexity,
Skop et al. (2020) challenged the concept of the Tx zone by showing that energy expenditure
fluctuates between the light and dark cycles, thereby affecting the temperature required to maintain
mice at their Tx point’!!. It was their recommendation (amongst that of others) that C57BL/6J

mice be housed at the lower Tx point of 29 °C since mice are better equipped to deal with heat

conservation than dissipation.
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In Chapter 3, we investigated the role of macrophage AMPK during NASH. Given that our TN
model did not produce hepatic fibrosis, we selected a nutrient-deficient dietary model of NASH.
CDAHFD-feeding accelerates NASH progression to the point of F2 fibrosis after only 8 weeks'*?,
while the “metabolically faithful” WD takes 24 weeks even with 2% cholesterol'?’. While there is

a vast body of literature regarding hepatocellular and macrophage AMPK signaling!’!**3

, We are
the first to assess how macrophage AMPK affects NASH-induced crosstalk in the liver.
Specifically, while Galic et al. (2011)*® look at the hematopoietic deletion of AMPK, KC AMPK
signaling during liver injury has remained unexplored (apart from Zhang et al. (2023)*° who
looked ischemic-reperfusion injury using a Prkaal fl/fl-LysM-Cre model). Moreover, this is an
exciting time to study how AMPK may influence the immunometabolism of emerging macrophage
subsets like MoKCs and LAMs!'?2124124125 'Whole liver lysate analysis clearly shows the
downregulation of AMPK during overnutrition. To overcome this suppression in the activity, we
included metformin at low doses in the drinking water following 4 weeks of CDAHFD. Overall,

our findings revealed that macrophage AMPK deficiency and metformin intervention did not

affect any parameters of NASH or hepatic fibrosis in either male or female mice.

Despite these results, some important discussion points may reveal the appropriate future
directions. First, as previously mentioned, within the NASH immune environment are
heterogeneous populations of residential and infiltrating macrophages. Although our MacKO
model targets primarily macrophages and monocytes, AMPK deletion in all these macrophage
subsets may be an important confounder to consider. Only recently have these populations been

identified, and the research on the immunometabolism of each subset has only begun to emerge.
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While we did not observe an overall effect on NASH progression, it is possible that spatial
transcriptomics could reveal whether AMPK influences the crosstalk of these subsets with other
hepatic compartments®®!. Since KCs are spatially polarized to the periportal region (also observed
during bacterial infection®®?), it would be especially interesting to see if AMPK could influence
the immune zonation during NASH!!S. On the other hand, we could address KC AMPK signaling
specifically using NP-based delivery of an AMPK activator. Importantly, we could prime KCs

"8 On the same

from the beginning to ensure activation prior to their NASH-induced depletion
note, another interesting avenue would be the investigation of KC AMPK signaling and
immunometabolism during NASH onset and regression (replacement of CDAHFD with a low-fat

control diet)*’®.

Finally, we cannot rule out the effects of our dietary model. Regarding hepatocyte AMPK and
metformin activation, choline deficiency impairs FAO3, thereby eliminating one mechanism of
AMPK-dependent reduction of hepatic steatosis. Moreover, given that CDAHFD-fed mice only
exhibit mild IR and lack a high dietary intake of carbohydrates'*?, it’s possible that DNL is not a
strong contributor to hepatic steatosis. This leaves metformin action on hepatocellular death
(AMPK-Caspase-6°®) and subsequent inflammation and fibrosis. Macrophage AMPK deletion
would reveal the degree to which these effects are a consequence of inflammatory signaling.
Overall, the lack of phenotype may be model-specific, and it is possible that the anti-inflammatory
effects of macrophage AMPK would be more evident in another NASH model. Moreover, while
our metformin regime would primarily target infiltrating macrophages, priming of KCs with an

earlier intervention warrants investigation''®.
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In sharp contrast to NASH-induced chronic injury, in Chapter 4, we addressed how AMPK
signaling influences the dynamics of APAP-induced hepatic necrosis. We selected this model of
acute liver injury for several reasons. First, AILI evokes a sterile inflammatory response, unlike
NASH, since APAP overdose does not affect the gut-liver axis*>>**. This allowed us to address
macrophage AMPK signaling after exposure to hepatic DAMPs, while most studies worked either
directly with LPS or in a disease setting that involves gut microbial products (NAFLD,
atherosclerosis, obesity)m’m. Another reason is that, unlike our CDAHFD model, 24 hours of
APAP overdose does not involve macrophage subsets other than KCs. Finally, AILI is directly
translational to human ALF, which requires alternatives to NAC treatment and liver
transplantation*!. Overall, AILI is an acute translational model of DAMP-mediated activation of
KCs that informs on crosstalk between the immune response and hepatocellular death. However,
a limitation of this model is the sex dependence of hepatic injury. While we used male and female
mice in Chapters 2 and 3, female mice are relatively protected against APAP overdose'*? and,
therefore, require high doses, which I tested and verified. Since this prevents cross-sex comparison,
we chose the more susceptible sex. Overall, for this chapter, we assessed the effects of both
hepatocellular and macrophage AMPK signaling and observed no significant effects on hepatic
necrosis or immune populations. In addition to AMPK deficiency in these compartments, systemic
activation and targeted activation of KC AMPK with NP-MKS8722 also proved to be
inconsequential. Future work could look to modulate the rate of NP drug release and assessment
of the activation during the resolution phase of AILI. We could also compare our systemic MK-
8722 delivery to Hwang et al. (2015)** and determine whether AMPK allosteric activators lose

their protective effect observed after 6 hours of overdose.
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As previously mentioned, macrophage expression of the AMPK catalytic subunit is largely
restricted to AMPKal. Carling ef al. (2008) demonstrated a 20-fold higher expression of Prkaal

in BMDM s relative to Prkaa2, with no detectable protein expression of AMPK 2%

. Naturally,
most studies interested in the immune functions of AMPK have utilized Prkaafl/fl mice crossed
to the Cre of their choice?62°7239263:266 Consistent with in vitro studies, the deleterious effects of
myeloid AMPKal deletion have been observed in models of atherosclerosis, liver injury and
skeletal muscle repair. Notably, hematopoietic and myeloid-specific AMPK1 deletion has also
been implicated in HFD-induced hepatic inflammation®*® and sodium-sulphate-induced colitis,
respectively?>**%4 On the contrary, deletion of both AMPKal and a2 has mostly been studied in

non-immune cells like hepatocytes?!%-27%-28!

, requiring either cell type-specificity or an inducible
system to evade embryonic lethality®®. In addition to my thesis work, we previously showed that
the MacKO mice were also equally susceptible to atherogenesis induced by AAV expression of a
gain-of-function PCSK9 and WD feeding?®’. Setting aside the caveats associated with AMPK
activation, I strongly believe that the discrepancies between LysM-Cre deletion of Prkaal and
Prkaal/Prkaa2 should be addressed. Specifically, future work could compare myeloid-specific
AMPKal KO to our MacKO mice using our models of AILI and NASH. Conversely, I would be

interested in using our MacKO to see if we can reproduce the phenotype observed in myeloid-

specific AMPKal KO mice during liver ischemia-reperfusion®*’.

Due to its relationship with the gut through the portal vein, the liver exhibits an immunotolerant
nature largely maintained by KCs. Moreover, the immunosuppressive phenotype of KCs is
regulated and maintained by other hepatic populations*****’. For example, in communication with

hepatocytes, LSECs and HSCs, infiltrating monocytes adopt the KC identity through induced
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expression of ID3 and LXRa!?*!?!, Moreover, transcription factor ZEB2, known for its role in
epithelial to mesenchymal transition, was found to be crucial for LXRa-regulated KC identity and
survival. Cell surface receptor TIMD4 also mediates KC immunotolerance during homeostasis,
and deletion of TIMD4 impaired the resolution of ischemia-reperfusion injury**®. The majority of
these studies are based on experimental KC depletion (clodronate liposomes, for example) and the
infiltrating monocytes that adopt KC identity thereafter'!*'?!. While their ontogeny differs from
that of KCs, this population of macrophages is transcriptionally nearly identical to KCs''?. On the
contrary, MoKCs that arise during NASH are more proinflammatory than their embryonic
counterparts'!®. Taking these novel findings together, I am interested in whether AMPK signaling
in infiltrating monocytes is relevant for the adoption of KC identity. Moreover, how would this
signaling differ depending on the instigator of KC disappearance, that is, to compare NASH-
induced proinflammatory MoKCs to monocytes that infiltrate following experimental KC

depletion.

Another interesting avenue to explore is the implementation of Tn housing in both models of liver
injury. Giles ef al. (2016) not only showed that Tx housing exacerbated NAFLD progression but
also promoted the acute inflammatory response to LPS stimulation in the presence of lower
corticosterone levels'*® . For this reason, TN housing likely worsens APAP-induced necrosis and
the associated inflammation. On the contrary, AMPK activity is vital for the immunosuppressive

effects of glucocorticoids?>

, S0 it stands to reason that macrophage AMPK deletion could impair
the effects of cold stressed-induced corticosterone. It is possible, however, that the anti-

inflammatory effects of AMPK activation in the absence of cold stress immunosuppression would

be more evident.
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My thesis work has furthered our understanding of liver pathophysiology in several ways. First, it
highlights the importance of relieving mice from cold stress and how this facilitates the
translational modeling of NASH. Although CDAHFD has its limitations (such as impaired FAO),
it is appropriate for investigation of the downstream effects of hepatic steatosis, like inflammation.
We concluded that macrophage deletion of both AMPKal and AMPKa2 and low-dose metformin
was inconsequential to NASH progression. Similarly, deletion of both catalytic subunits in the
hepatocellular or macrophage compartments does not influence APAP-induced hepatic necrosis
or immune infiltration. Finally, we observed that even administration of a specific allosteric
activator of AMPK (MK-8722), both systemic and NP-targeted delivery, was ineffective. My
thesis sheds light on the challenges associated with NASH dietary models, LysM-Cre targeting
and hepatic macrophage heterogeneity, and finally, the importance of targeted activation when
investigating the complexities of macrophage crosstalk with other cellular compartments. To this
end, we are the first address to the role of AMPK expressed in both KCs and infiltrating
monocytes/macrophages during acute (apart from Zhang et al. (2023)**°) and chronic liver injury.
We are also among the three recent papers that expanded on the work of Giles et al. (2016)'%%.
While the two other studies focused on the influence of mice strain genetics and implementation
of various NASH diets!**!>! we addressed whether Tn housing could accelerate NASH
progression during WD-feeding!'#’. Finally, in addition to the clinical importance of NASH and
AILI, future work should also look at macrophage AMPK signaling during acute-on-chronic liver

2643 and the increased susceptibility to bacterial infection following AILI?*%*°. Overall, this

injury
thesis work is likely only the beginning of research on hepatic macrophage AMPK and how cold

stress could influence signaling during acute and chronic liver injury.
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This editorial refers to ‘Metformin directly suppresses
atherosclerosis in normoglycemic mice via haematopoietic
Adenosine  Monophosphate-Activated Protein  Kinase
(AMPK)’ by A. Seneviratne et al., pp. 1295-1308.

Metformin is a biguanide that has been used as a frontline treatment for
type 2 diabetes (T2DM) over the past 60 years, though its medicinal
roots date back to medieval times. While new medications have
emerged in recent years, metformin remains the most widely prescribed
anti-diabetic drug. Despite this, the molecular mechanisms by which
metformin acts remain incompletely understood.! Twenty years ago,
metformin was demonstrated to activate hepatic AMP-activated protein
kinase (AMPK),2 a master regulator of energy homeostasis that exerts
control over lipid and carbohydrate metabolism. Although metformin-
mediated suppression of hepatic glucose production was subsequently
shown to be AMPK-independent,? others reported that AMPK activa-
tion underlies metformin-mediated improvements in insulin action by
maintaining hepatic lipid homeostasis.# Given its low cost, well-known
tolerance and broad metabolic benefits, there are efforts currently un-
derway to ‘repurpose’ metformin towards conditions, such as cancers,
ageing, and cardiovascular disease. Atherosclerosis is characterized by
chronic-low-grade inflammation that is driven by hyperlipidaemia and
immune-infiltration that results in the formation of lipid-rich plaque in
the arterial intima. Atherosclerotic macrovascular disease is a leading
cause of mortality in people with T2DM and growing evidence suggests
that metformin has a direct anti-atherogenic action that may be indepen-
dent of its effect on glycaemia.> AMPK activation in vascular tissues has
also been demonstrated to exhibit anti-inflammatory and anti-
atherogenic actions.é Therefore, while potentially not independent, or
mutually exclusive of any effect on glycaemia, stimulation of AMPK by
metformin may still hold therapeutic promise against atherosclerosis
given its role in lipid metabolism and inflammation.

In this study, Seneviratne et al.” sought to add to the limited pre-
clinical understanding we have and examine whether metformin treat-
ment had anti-atherogenic actions in normoglycemic but atherogenic
mice and whether this potential benefit was AMPK-mediated. Their stud-
ies support a novel mechanism by which metformin suppresses

atherogenesis by promoting a protective, pro-resolving macrophage
M2-like phenotype that overlaps with a [Mhem] phenotype in an AMPK-

and activating transcription factor | (ATFI)-dependent manner.
Their study made use of low-density lipoprotein receptor (Ldlr)

knockout (KO) mice fed a regular chow diet to avoid the hyperglycaemia
that accompanies Western diet feeding of Ldlr KO mice. A preventative

and clinically relevant metformin regime saw a significant reduction in

early, macrophage-rich atherosclerotic lesions in these mice without al-
tering glucose or lipid profiles. Given this, the authors focused on the
haematopoietic compartment. Transplantation of bone marrow from

AMPKD | -deficient (Prkab ! -/-) mice into Ldlr KO recipients abrogated

the atheroprotective action of metformin, whereas metformin was still
effective in mice transplanted with bone marrow from wild type litter-

mate controls. The same group has previously demonstrated that haeme
and metformin increase ATF| phosphorylation in an AMPK-dependent

manner in human blood-derived macrophages, leading to the atheropro-
tective, [Mhem] phenotype.8 In this study, transcriptional analysis of pri-

mary macrophages showed that metformin promoted the expression of
atheroprotective genes in an AMPK- and ATFI-dependent manner.

These experiments were also extended in human blood macrophages
where Mhem-associated atheroprotective genes required the transcrip-

tional activity of ATFI with metformin treatment. The importance of this
pathway was further validated in vivo, where metformin stimulated phos-

phorylation of AMPK, ATFI and suppressed markers of inflammation in
lesional cells. Finally, in contrast to plaque reduction seen in preventative

treatment of early atherosclerosis, metformin treatment of the same
mice/model with more established atherosclerosis increased the extent

of the layer of vascular smooth muscle cells (VSMCs) between the endo-
thelium and the macrophages. A scheme of the proposed mechanism is

shown in Figure |.

This work adds to previous studies that have shown a protective ef-
fect of metformin in mice and points to a mechanistic role for haemato-
poietic AMPK. While there was a clear rationale for the use of chow fed
Ldlr KO mice, thereby removing potential influence of hyperglycaemia
from the model system, this also removed an important variable and
driver of atherogenesis, hyperlipidaemia. There are, however, no mouse

models that perfectly model the progression of human atherosclerosis.

The opinions expressed in this article are not necessarily those of the Editors of Cardiovascular Research or of the European Society of Cardiology.
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Figure 1 Model of attenuated atherogenesis in response to metfor-
min in macrophages. Metformin is transported into macrophages, likely
via the organic cation transporter- |, where it is activates AMPK through
inhibition of mitochondrial ATP synthesis, leading to activation of
AMPK. AMPK phosphorylates and activates ATF|-mediated transcrip-
tion of genes concerned with reverse cholesterol transport and resolu-
tion of inflammation, leading to a phenotype resembling Mhem. In
normoglycemic Lldr/- mice, via haematopoietic AMPK, this subse-
quently suppresses atherogenesis and may increase stability of estab-
lished plaques. Created with BioRender.com.

The beneficial effects of metformin described here should be considered
in the context of the earliest stages of atherosclerosis. It is, however, also
intriguing that metformin shows evidence of increasing plaque stability in
more established atherosclerosis, albeit in a model without the potential
for advanced plaque. Although the AMPK- or ATFI-dependence of this
was not tested in the study of Seneviratne et al.,’ metformin has been
reported to increase indices of plaque stability via mechanisms that re-
quire AMPK in VSMCs and several atherosclerosis-prone AMPK KO
mouse models have been reported to exhibit more advanced, less stable
plaques.¢ It will indeed be interesting to test the preventative and thera-
peutic potential of metformin (and potentially other AMPK activators) in
pre=clinical models of more advanced and aggressive atherogenesis.
Overall, Seneviratne et al> provide evidence for an atheroprotective
effect of metformin involving activation of haematopoietic AMPK and
ATFI. The significance of this work lies in the translational appeal for
people without diabetes. The epidemiological evidence suggesting that
metformin use protects against adverse cardiovascular outcomes in peo-
ple is not overwhelming, yet there is a therapeutic benefit. However,
from a translational perspective, the potential that metformin treatment
has to initiate anti-inflammatory and atheroprotective gene programmes
in monocytes and macrophages of people both with and without diabe-
tes is a testable hypothesis. Do human immune cells experience the

same immune programming upon oral metformin administration? How
well does this metformin-induced polarization influence plaque macro-

phage dynamics? While both are important questions, a final consider-

ation may relate to the appropriate therapeutic window. Could
metformin be used to prevent atherogenesis in those at risk regardless

of whether they have diabetes? Furthermore, given the finding that a clin-
ically relevant dose of metformin shows evidence of increasing plaque

stability, does metformin have the potential to stabilize vulnerable plaque
in advanced human lesions, while at the same time favourably altering

immunometabolism? Metformin is cost effective and has a long-standing
reputation for being safe. It is also worth noting that selective AMPK acti-

vators are also currgntly in clinical trials for the treatment of fatty liver
disease and T2DM. ' There may, therefore, also be the potential for

targeting macrophage AMPK directly to prevent atherogenesis or stabi-
lize plaques. Addressing these questions could unravel the full potential

of metformin for the treatment and management of cardiovascular dis-
ease as well as other disorders with an inflammation component, inde-

pendent of diabetes.

Conflict of interest: none declared.
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