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Abstract

Nutrient management and energy balance are involved in maintenance of
metabolic homeostasis systems. Current lifestyle patterns, like exposure to
excessive amounts of nutrients and lack of physical activity, promote the
disruption of homeostatic mechanisms and are the basis for the
development of numerous pathologies. In the case of obesity, chronic over
nutrition and reduced energy expenditure exceed the storage capacity of
metabolic tissues and activate several metabolic pathways involved in the
development of inflammatory responses and insulin resistance. Thus, as a
contributor to disruption of homeostasis, low-grade chronic inflammation
has a crucial role in the development of metabolic diseases, such as obesity,
type 2 diabetes, cardiovascular diseases and non-alcoholic fatty liver disease.
Moreover, maintenance and reinforcement of an inflammatory state results

in the development of chronic metabolic diseases.

A close link exists between the function of metabolic tissues and the
presence of immune cells. Specifically, macrophages are considered as
triggers of the inflammatory responses underlying metabolic diseases like
obesity. By virtue of their huge plasticity to adapt to different
microenvironments, macrophages can display a wide spectrum of functional
“polarization” states. In lean adipose tissue, macrophages exhibit an anti-
inflammatory phenotype that contributes to insulin sensitivity. Conversely,
an excessive amount of fat induces a macrophage polarization switch that
leads to the acquisition of pro-inflammatory effector functions, best
exemplified by the release of pro-inflammatory cytokines, and the ability to
recruit other immune cells that impair insulin sensitivity and further

exacerbate the obesity-associated inflammation state.

In the first study, we addressed the consequences of excessive nutrient
intake in energy metabolism. Since mitochondrial dysfunction is a common

feature in metabolic disorders, we develop a method to identify and quantify
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Abstract

metabolites in biological samples as a mean to predict mitochondrial
alterations. Specifically, we developed a GC-EI-QTOF-MS method to measure
a wide range of intermediate metabolites from energy metabolism. The
method was validated in cell-culture lysates, plasma from patients and
tissues from mice models of disease, and was confirmed as a valid analytical

platform to assess the energy metabolism in biological samples.

The second study focused on the identification of therapeutic strategies to
ameliorate the metabolic disturbances induced by high-fat diet (HFD) in low
density lipoprotein receptor-deficient mice (Ldlr”"). Specifically, the effects of
metformin in HFD- or chow diet-fed mice, as well as the effect of “diet
reversal” with or without metformin in HFD-fed mice, were assessed on liver
and adipose tissue through the use of biochemical, histological and
metabolomics analysis. Our findings reveal that the combination of
metformin and caloric restraint provides a better alternative against
metabolic damage and might be a therapeutic strategy to ameliorate the

metabolic dysfunction induced by excessive nutrient intake.

The effects of the saturated fatty acid (SFA) palmitate on human macrophage
polarization are reported in the third study. We observed that exposure of
M-CSF-dependent monocyte-derived human macrophages to palmitate
(200uM) lowers the expression of transcription factors that drive “anti-
inflammatory gene set” expression (MAFB, AhR) and simultaneously
promote the acquisition of a pro-inflammatory transcriptional and functional
profile via JNK activation. Besides, palmitate was found to prime
macrophages for exacerbated inflammatory responses towards a pathogenic
stimulus like LPS, a process also mediated by JNK activation. Importantly, we
report that the transcriptional and functional effects of palmitate differ from

those triggered by LPS, with stimuli oppositely regulating the expression of

22
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Abstract

CCL19 and TRIB3. These results have established that palmitate induces a

specific pro-inflammatory polarization state in human macrophages.
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Introduction

1. Obesity: an epidemic disease

The prevalence of obesity has increased drastically during recent decades
and constitutes a serious threat to the future of all populations. At the
present time, obesity and the associated metabolic pathologies are the most
common and detrimental metabolic diseases, and are considered one of the

greatest public health challenges of the century [1], [2].

The World Health Organization (WHO) postulates that obesity has reached
epidemic proportions globally, with at least 2.8 million people dying each
year as a result of this disease. Moreover, the WHO reports that, in 2014,
more than 1.9 billion adults worldwide were overweight and over 600 million
of them were obese. Overall, about 39% of the world population is
overweight and 13% is obese and, without intervention, these numbers are
expected to rise in the future. Particularly, there is also an alarming increase
in the global prevalence rate of overweight and obesity among children,

leading to serious health problems in this susceptible population [3], [4].

The most common used index used in guidelines for classifying underweight,
overweight and obesity in adults is a simple index of weight-for-height.
Additionally, body mass index (BMI) is defined as the body weight in
kilograms divided by height in meters squared (kg/m?2), and it is assumed that

individuals with a BMI 230 kg/m? are obese [2].

Although obesity is considered as a single disease entity, it actually
encompasses multiple diseases and related disorders with different
phenotypes, causes and clinical characteristics. The regulation of body fat
store and energy balance involves multiple central and peripheral, metabolic
and biochemical signaling pathways [5]. The physiologic regulation of body's
fat mass is influenced by developmental, environmental and genetic factors.

The relative contribution of behavioral and environmental factors, such as
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Obesity: an epidemic disease

excess of energy intake combined with sedentary lifestyles is responsible for
the increasing prevalence of obesity. The combination of all these factors
promotes the development and maintenance of an "obesogenic"
environment that overwhelms the physiological maintenance of energy

balance [6], [7].

Obesity-related morbidity and mortality

Obesity is considered to be a central feature that increases the risk for a vast
array of health problems, with significant morbidity and mortality [8]. This
cluster of associated pathologies can be classified in different obesity-related
disease categories: metabolic, structural, inflammatory, degenerative,

neoplastic and psychological.

Metabolic complications include non-alcoholic fatty liver disease (NAFLD),
diabetes mellitus and dyslipidemia, among others. Structural effects of
obesity as arthritis in weight-bearing joints or obstructive sleep apnea.
Obesity-associated inflammatory and autoimmune diseases include asthma,
pancreatitis and non-alcoholic steatohepatitis (NASH). Degenerative
disorders are considered as long-term sequelae of severe manifestations
such as atherosclerosis, complications of type 2 diabetes (T2D) and NASH-
associated cirrhosis. Obesity also promotes the development of several types
of cancer, including all the common reproductive tumors and several
gastrointestinal cancers. Finally, obesity has also a psychological impact as it
leads to depression, eating and anxiety disorders. All these comorbidities
substantiate the relation of obesity with an increased risk of death [5]. In any
event, although obesity-induced metabolic diseases promote pathology
through a wide range of specific mechanisms, most disorders emerge from

the characteristic milieu of chronic low-grade inflammation [9].
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1.1 Non-alcoholic fatty liver disease (NAFLD)

Dramatic changes in diet and lifestyle of the worldwide population are
triggering a global epidemic of obesity. Furthermore, the prevalence of
obesity-related NAFLD has also certainly increased, becoming the most
common cause of chronic liver disease in adults and children. Moreover,
fatty liver itself is associated with increased cardiovascular risk and
associated biomarkers and is considered a marker of insulin resistance and
diabetes in obese patients [10]-[12]. By definition, NAFLD is characterized
histologically by >5% of intracytoplasmic triglycerides (TG) accumulation -
steatosis- and other parenchymal changes ranging from inflammation,
apoptosis, necrosis and hepatic fibrosis. The diagnosis of this disease
requires exclusion of patients with excessive alcohol and/or drugs

consumption and viral-induced steatosis.

The prevalence of NAFLD in America is estimated to range from 20-40%, but
in certain subpopulations this prevalence is significantly higher. In Europe,
the prevalence of NAFLD is estimated to be about 24% of the general
population [13, 14]. Many of the risk factors for NAFLD are known but the

underlying pathogenesis is still not fully understood.

As shown in Figure 1, the spectrum of NAFLD ranges from simple steatosis
with no symptoms, to non-alcoholic steatohepatitis (NASH) and, in some
patients, progressive fibrosis leading to cirrhosis, which can result in
hepatocellular carcinoma and liver failure [15], [16]. Why some patients with
NAFLD progress to fibrosis and cirrhosis and other patients have a stable

disease without clinical progression or histological sequelae is not clear.
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Figure 1. Schematic progression and histological sections of NAFLD. This chronic liver
disease is characterized by a wide spectrum of pathogenic states. From simple
steatosis, NASH and progression to fibrosis (15-20% of patients over the next 10
years), cirrhosis and hepatocarcinoma. Adapted from J.C. Cohen et al. [17].

Hepatic steatosis arises from an imbalance between TG uptake and removal.
This earliest stage is characterized by the deposition of TG as lipid droplets in
the cytoplasm of hepatocytes leading to the development of macrovesicular
steatosis. The accumulation of hepatic fat can be due to increased hepatic
lipogenesis, reduced oxidation of free fatty acids and decreased output of

hepatic lipid stores [10], [13], [17], [18].

The initiation of necroinflammation suggest a process that involves excessive
lipid accumulation in the liver cells, inflammation and oxidative stress, steps
that result in the release of lipid peroxidation products such as
malondialdehyde and 4-hydroxynonenal [19] that are involved in stimulation
of collagen production and fibrosis [20].The main features of NASH include
hepatocyte injury manifested as hepatocyte ballooning and cell death [21],
inflammatory cell infiltration, lipotoxicity, mitochondrial injury and collagen

deposition. It has been described that lipotoxicity leads to cell death through
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apoptotic or necrotic processes [22], and is the main driver of inflammation

and fibrosis in this pathology [23].

Hepatic fibrosis is the consequence of chronic injury that is usually mediated
by inflammation. The myofibroblastic cells, derived from the hepatic stellate
cells or Ito cells [24], are responsible for collagen production. Once activated,
these cells proliferate into the sites of tissue damage and secrete large
amounts of extra-cellular matrix (ECM), and are also able to produce
cytokines and chemokines that further promote inflammation and
fibrogenesis [23], [25]. This advanced stage of injury involves a cluster of

alterations within hepatocytes and the surrounding parenchyma.

The hepatic inflammatory response is mediated by immune cells, including
neutrophils, natural killer (NK) cells, natural killer T (NKT) cells and
macrophages (Kupffer cells, KC). Activated KCs produce IL-6 and TNF-a [26],
which induce insulin resistance leading to hepatic steatosis, and also
generate reactive oxygen species (ROS) that causes lipid peroxidation
products resulting in hepatocyte injury. The activated KCs also secrete
transforming growth factor-p (TGF-B) [27], [28], one of the key fibrogenic
factors [29], [30]. Chronic inflammatory infiltrate characterizes patients with
an advanced liver diseases with a high risk of progression to cirrhosis and

related complications such as liver failure or hepatocarcinoma.

A critical contribution for the onset on these pathologies is the presence of
pro-inflammatory cytokines such as tumor necrosis factor a (TNF-a),
interleukin 1B (IL-1B) and interleukin 6 (IL-6), whose levels are elevated in
blood and liver of patients with this disease. A second relevant mechanism is
the endoplasmic reticulum (ER) stress, which results from the accumulation
of incorrectly folded proteins eliciting the unfolded protein response (UPR).

This response activates numerous pathways related to oxidative stress and
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inflammation, and implicated in the progression and development of the
disease [10], [13], [17]. In any event, some evidences suggest a genetic
contribution from patatin-like phospholipase-3 (PNPLA3) rs738409
polymorphism, that encodes for the isoleucine-to-methionine substitution at
residue 148 (1148M), with an increase in hepatic fat content but not in
alterations in glucose metabolism [31]. The PNPLA3-1148M allele is highly
associated with the presence of NAFLD and with the expression of genes
involved in liver damage including Fas ligand. Importantly, this genetic
variant is also associated with the progression of hepatic steatosis to

necroinflammation and fibrosis [32].

NALFD is a complex disease with variation in severity amongst individuals.
Hepatic steatosis can be diagnosed by non-invasive techniques, but
determining the presence of fibrosis or hepatic inflammation requires
invasive methods like hepatic biopsy, the gold standard for the diagnosis of
this disease. A better understanding of the mechanisms responsible for the
pathophysiology of NAFLD and NASH will potentially identify targets for
therapeutic intervention and it might promote the development of novel
non-invasive biomarkers, improved detection methods and more effective

treatment strategies [13], [18].

1.2. Diabetes and insulin resistance

Diabetes is a chronic disease that arises when pancreatic B-cells does not
produce enough insulin to maintain blood glucose levels or when the
organism cannot effectively use the insulin and fails to compensate for the
peripheral insulin resistance. In 2014, diabetes affected over 422 million
people worldwide. Because complex tests are needed to distinguish between
type 1 diabetes and type 2 diabetes (T2D), no separate estimates of the

prevalence of each pathology currently exist [33].
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In type 1 diabetes or the monogenic maturity onset diabetes of youth
(MODY), an impairment in insulin production exists that severely affects
health, particularly in children [34]. However, more than 90% of diabetic
patients are affected by T2D, which has become the most common
endocrine disorder [35]. The rising prevalence of obesity and T2D is
dramatically increasing in our societies and insulin resistance is gaining a

prominent role [36].

The development of T2D is a pathophysiological process that involves genetic
and environmental influences. Insulin lowers blood glucose levels in order to
promote glucose uptake into skeletal muscle and adipose tissue and to
inhibit glucose production by the liver. In the insulin-resistant state, the
target tissues do not correctly respond to insulin, leading to hyperglycemia
and a high increase in insulin secretion. The increased levels of insulin can
compensate for the low insulin response for a limited time, but it eventually
becomes detrimental and results in insulin resistance. This loop between
peripheral insulin resistance and pancreatic B-cells function promotes the

clinical manifestation of T2D and associated disturbances [35].

Inflammatory pathways are critical in this pathology. Specifically, the
inflammatory response is triggered in obesity and maintained as a low-grade
state, what results in a deteriorated metabolic homeostasis that primarily

affects glucose metabolism [37].

Obesity-induced insulin resistance

Insulin resistance is the principal metabolic abnormality in the majority of
patients with T2D and an unequivocal condition in the pathogenesis for
many of modern diseases. The action of insulin provides a set of signals that

balance nutrient availability and requests. After nutrient intake, insulin
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promotes carbohydrate uptake at key storage organs and stimulate the

conversion to lipids and proteins, an efficient reservoir for calories [36].

With chronic over-nutrition and reduced energy expenditure, the storage
capacity of the white adipose tissue, skeletal muscle or liver is exceeded.
These metabolic tissues and the surrounding milieu are exposed to high-
physiological levels of metabolic substrates, resulting in cell dysfunction [9]
(Figure 2). These alterations activate several metabolic pathways implicated
in the development of insulin resistance. Different cell-extrinsic and cell-
intrinsic mechanisms are the causal factors that correlate overfeeding and
weight gain with peripheral insulin resistance. The main cell-extrinsic
mechanisms include alterations in the levels of circulating fatty acids and
adipokines and the contribution of metabolic tissue inflammation whereas
the cell-intrinsic pathways include oxidative stress, development of ER stress,

mitochondrial dysfunction and ectopic lipid accumulation [38]-[40].

The dysregulation of cell-intrinsic and cell-extrinsic mechanisms activates a
set of signaling pathways related with stress-response, including the
activation of Jun N-terminal kinases (JNK), inhibitor of nuclear factor kB (IkB),
IkB kinase B (IKKB), mammalian target of rapamycin (mTOR), extracellular
signal-regulated kinases (ERKs), endoplasmic reticulum-to-nucleus signaling |
(IRE-1) and protein kinase CB (PKCB), among other. These pathways

cooperate to produce two metabolical effects [9].
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Figure 2. Inflammation and insulin resistance are the key players in obesity-induced
metabolic alterations. With a chronic nutrient intake, the imbalance between intake
and expenditure exceed the capacity of metabolic tissues for caloric storage. This
long-term nutrient excess is manifested through heterogeneous mechanisms as the
activation of cellular stress signaling pathways, the inhibition of insulin signaling and
triggers the inflammatory activation through different pathways. Furthermore, these
alterations might lead to a chronic inflammation and insulin resistance, which might
progress to pathological consequences as cardiovascular disease, diabetes or cancer.
Adapted from J. Odeegard et al. [9].

First, in a normal situation, the presence of insulin at the cell surface is
transduced to cytoplasmic and nuclear responses by tyrosine
phosphorylation of insulin receptor substrate (IRS)-1 and (IRS-2) [34].
Conversely, a number of hormones, circulating free-fatty acids, ceramides,
glucose, diverse metabolites and cytokines promote serine/threonine
phosphorylation of IRS proteins, reducing the ability of these molecules to
activate phosphatidylinositol 3-kinase (PI3K) [41]. Subsequently, the
downstream signaling of insulin receptor is inhibited, inducing insulin
resistance in affected tissues. While serine/threonine phosphorylation is
considered a short-term mechanism, the degradation of IRS proteins in a

regulated manner might promote long-term insulin resistance [9], [41].
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Second, all these signals converse on JNK and IKKB, two of the most
important inflammatory signaling pathways, which increase and potentiate
the inflammatory response in the specific tissues and provide a potential link
between inflammation and insulin resistance [9]. Moreover, increased
concentrations of non-esterified fatty acids (NEFA) and inflammatory
mediators as TNF-a, released by expanded adipose tissue, activate signal
transduction cascades to impair insulin action by increasing serine

phosphorylation of IRS and reducing the downstream IRS signaling [8].

In fact, the activation of JNK and IKKB triggers the release of inflammatory
cytokines that activate these pathways in an autocrine and paracrine
manner, thus initiating a feed-forward loop. These activated and upregulated
serine kinases phosphorylate the transcription factor targets activator
protein 1 (AP-1) (c-Jun/Fos) and nuclear factor-kappa B (NF-kB), which both
intensify insulin resistance through the transcriptional activation of the pro-

inflammatory gene set [41], [42].

1.3 The link between metabolic diseases and inflammation
Homeostasis and disease

The development of non-communicable and chronic diseases in our modern
societies results when normal physiologic control is disrupted and
maintenance of homeostasis fail. A broad spectrum of human modern
diseases has the common feature of being closely associated to chronic
inflammation, as they imply the disruption of physiological homeostasis.
Inflammation has a protective role on the response to challenges to
homeostasis, such as infection or tissue injury. The release of inflammatory

signals as cytokines and chemokines causes alterations and changes in
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numerous biological processes as an attempt to restore physiological

functions when homeostatic mechanisms are not sufficient [43].

The inflammatory response promotes the suppression of non-compatible
homeostatic processes and activates mechanisms for the restoration of
homeostasis. However, in persistent inflammation, these changes may be
damaging and can result in a chronic pathologic state. For example,
hyperglycemia can lead to the development of glucose toxicity and tissue
dysfunction and consequently to inflammation. In this scenario,
inflammation is not necessary for the initial process of insulin resistance, but
the homeostatic perturbations promote the development and worsening of
insulin resistance through the inflammatory response [44]. A successful
inflammatory response leads to the resolution phase and restores
homeostasis. However, the physiological mechanisms activated during
inflammatory responses disrupt non-compatible homeostatic processes and
might be permanently activated, thus promoting a phase of chronic

inflammation.

1.4 Metaflammation: the inflammatory state in obesity

Despite using similar mechanisms and mediators, the inflammatory process
in metabolic-related diseases differs from the set of changes that takes place
during infectious inflammation. The response to infectious inflammation
implicates a short and acute response, described as the principal response of
the body to deal with injuries. The principal hallmarks of this short-term
response include redness, pain, fever and swelling and the inflammatory

response has a prominent importance in tissue repair [45].

Conversely, in metabolic alterations, the response differs in intensity and

duration and just a few of the classic characteristics of inflammation are
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present. The consequence of long-term caloric overfeeding involves a
chronic (years to decades) and low-grade inflammatory response, which is

manifested through heterogeneous and complex mechanisms [42], [46].

Hotamisligil G.S has proposed the use of a new term (“Metaflammation”) to
describe this state of inflammation. Metaflammation, defined as a
metabolically triggered inflammation is reached due to an excess of
nutrients, and promotes the activation of a similar network of signaling
pathways and molecules to those involved in classical and acute
inflammation [46], [47]. Metaflammation is the hallmark of metabolic
diseases principally characterized by chronic low-grade metabolic
inflammation caused by lipid-induced inflammation and cellular dysfunction
and death. In metabolically active organs including liver, adipose tissue,
muscle, pancreas, brain and gut, the inflammatory cell action and the
interactions within the stromal components is determinant in the tight line
between tissue homeostasis and metabolic disease [47]. Cells possess an
integrated network of response to adapt to stress situations as the nutrient
imbalance. Hence, although lipids are essential for homeostatic processes, in
excess or improper composition can result in detrimental metabolic effects
leading to disturbances in energy metabolism, organelle dysfunction, chronic

inflammation and cell death [48] .

The immune responses are closely associated with lipid metabolism, so the
accumulation of harmful lipid species and signaling intermediates can
interfere with integrated immune response leading to lipotoxicity-mediated
inflammation and immunometabolic dysregulation. These detrimental
responses yield maladaptive effects promoting vicious pathological cycles

that potentiate metabolic diseases [48].
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Hallmarks of metaflammation

Obesity is associated with inflammation and is causally associated with the
development of insulin resistant in a background of low-grade chronic
inflammation. The inflammation caused in obese patients is different from
the paradigm of classical inflammation, because the trigger is metabolic and
caused by an excess of nutrient intake, and because metabolic cells like
adipocytes are responsible for initiating the release of metabolic signals and

inflammatory mediators [1].

The first evidence for a pathophysiological link between obesity and
inflammation was provided at 1993 when Hotamisligil et al. demonstrated
that TNF-a is overexpressed in the adipose tissue of obese mice compared to
lean controls [49]. Moreover, the lack of TNF-a function in obese mouse
models results in an improved glucose homeostasis, thus confirming that the
inflammatory response initiated by this cytokine has a potent role as a

negative regulator of insulin actions [46], [49]-[51].

A great number of studies published in the recent decade have reported the
inflammatory differences displayed between obese and lean animal models
and humans. Moreover, not only TNF-a is involved in the activation of
inflammatory response, since various other inflammatory cytokines and
chemokines are increased in obese tissues, mainly in adipose tissue. This
array of cytokines includes IL-6, IL-1B and monocyte chemoattractant

protein-1 (MCP-1, CCL2) [39], [46].

The main contributors that induce this inflammatory response in metabolic
tissues have been identified as JNK, IKK and protein kinase R (PKR). These
kinases and their downstream signaling pathways are highly increased in
adipose tissue and liver in comparison with lean controls and converge on

the induction of inflammatory target genes [1].
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The phosphorylation and activation of JNK leads to the phosphorylation of
the N terminus of c-Jun. Because of this, c-Jun dimers start a switch for c-Jun-
c-Fos heterodimers (AP-1), which stimulate the transcription of pro-
inflammatory gene sets. Similarly, the activation of IKKB promotes the
degradation of the inhibitor of NFkB, IkB, through its phosphorylation. This
modification promotes the dissociation the NFkB complex, permits the
translocation of NFkB to the nucleus and leads to the transactivation of
inflammatory gene sets. NFkB and AP-1 induce the expression of
inflammatory mediators that act in a paracrine and autocrine manner to

exacerbate insulin resistance (Figure 3) [39], [52].

These inflammatory signaling is activated by different mechanisms. The
activation through TNF-a and IL-1 and their surface receptors correspond to
a classical activation. On the other hand, the inflammatory process can be
activated through an alternatively mode via pattern recognition receptors
(PRRs) which include Toll-like receptors (TLRs). Specifically, TLR4 displays an
important role sensing saturated fatty acids to initiate an inflammatory
response on macrophages [39], [53]. Furthermore, diverse studies have
demonstrated that obesity is related to the activation of the inflammasome,
in which caspase-1 controls the process of maturation from pro-IL-1f to IL-18
[54]-[56]. Finally, other cellular stresses such as lipotoxicity, ER stress, ROS
production and hypoxia can stimulate the pathways to activate the

inflammatory signaling.
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Figure 3. Inflammatory signaling pathways implicated in the development of insulin
resistance. Activation of TLR2, TLR4 or TNFR leads to activation of IKK and JNK,
causing serine kinase phosphorylation of IRS-1 or IRS-2 and inhibiting insulin
downstream signaling. In addition, the phosphorylation of IKKB permits the
translocation of NFkB to the nucleus and the activation of JNK leads to the
formation of AP-1 transcription factor. Both, NFkB and AP-1, increase the
transcription of inflammatory genes and contribute to insulin resistance in a
paracrine manner. Adapted from McNelis JC et al. [39].
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Another feature of the inflammatory response triggered by obesity is an
increase of immune cells infiltration in the target metabolic tissues. In 2003,
two groups independently demonstrated that the macrophage infiltration is
increased in the white adipose tissue of obese mice fed with a high-fat diet
(HFD) in comparison with lean controls fed with a standard diet. This
population of macrophages turned out to be the main source of
inflammatory mediators, including TNF-a [57], [58]. Moreover, the existence
of factors that attract and activate immune cells in obesity lead to a strong
connection between immune cell infiltration and metabolic obese tissue
[59]. Although the infiltration of macrophages triggers multiple alterations in
obese tissues, natural killer T cells (NKT) and mast cells also contribute to the
inflammatory response. Several studies reported that obesity promotes
pathogenic adaptive responses of T cells [60], [61], namely CD8* T cells that
interact with infiltrated macrophages and contribute to the inflammatory
response [62]. The presence of regulatory T cells (Treg), which induce
immunomodulatory suppressive effects, also decreases in the context of
obesity [63]. Therefore, the immune system actively participates in the
regulation and orchestration of the systemic inflammatory environment in

adipose tissue during obesity.

An additional hallmark of the metabolic inflammatory response is chronicity.
The infiltration of immune cells is gradual and appears to remain unresolved.
A few years ago, Xu et al. demonstrated that the expression levels of
inflammatory gene set and macrophage-related genes is directly correlated
with the increase of fat mass, and that the inflammatory response is
intensified by the development of insulin resistance [58]. In 2007, Strissel et
al. suggested that adipocyte death and the removal of death cells by adipose
tissue macrophages is part of a remodeling program to expand adipose

tissue in response to an excess of energy [64].
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In the issue of progression and duration of the inflammatory response
evoked by an excess of nutrients, it seems that inflammatory signals occur at
early and larger states, thus promoting a maintained chronic state of
metabolic inflammation. As illustrated in Figure 4, the first hallmark of obese
inflammation is that it initiates from metabolic cells, like adipocytes, in
response to nutrient overload. Second, metabolic mediators activate the
downstream response from the stress sensors as JNK, IKK or PKR, which
induced a moderate and low-grade inflammation. Third, the maintenance of
the inflammatory state induces the recruitment and infiltration of several
immune cells that create a modified milieu that results in a higher
inflammatory response. Finally, the inflammatory state is unresolved, no
apparent resolution is observed and the inflammatory signaling pathways
reinforce each other in a feedback loop, becoming a chronic inflammatory

state [1].
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Figure 4. Hallmarks of metaflammation. The initiation of obese inflammation is
metabolic and originated by metabolic cells such as adipocytes. Second, metabolic
signals trigger inflammatory signaling pathways as JNK, IKK and PKR that mediate a
modest, low-level induction of pro-inflammatory cytokines. Third, this low-grade
inflammation induces the recruitment of immune cells, driving the metabolic tissue
toward a modified milieu. At last, the nutrient excess is maintained and the
inflammatory state is chronic and unresolved. Adapted from Gregor MF et al. [1].
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1.5 Therapeutic perspectives

Chronic inflammation, the key factor in the pathogenesis of obesity, insulin-
resistant states and associated complications, also underlies pathologies like
rheumatoid arthritis, psoriasis, gout and Crohn's disease among others.
Therefore, the development of therapeutic strategies to interfere with these
inflammatory-mediated diseases has potential importance for the case of
obesity. In fact, several anti-inflammatory drugs have been tried in clinical
approaches and several are already in late stages of development or have
been already approved [39], [65]. A major field of research involves the
finding of optimal therapeutic strategies for chronic inflammatory diseases
by interfering with inflammatory mediators, modulating inflammatory
cascades and restoring anti-inflammatory molecules. In the case of obesity,
these approaches also include the use of anti-inflammatory nutrients

through diet as well as cell based-immunotherapies.

Because the blood levels of TNF-a and IL-1P are elevated in obesity [66], [67],
blocking of TNF-a and IL-1B has been addressed in different therapies and
clinical approaches. Anti-TNF-a antibodies have yielded positive results in
rodent models of diabetes and insulin resistance [49]. However, in human
therapies the results are unclear. Various human studies using etanercept, a
TNF-a inhibitor, failed to demonstrate a positive effect on glucose
metabolism in insulin-resistant patients without evident inflammatory
disease [68], [69]. While these pilot studies were conducted for a short-term
period, larger studies on the prolonged treatment with antagonists of TNF-a
improved insulin sensitivity and other parameters in patients with
inflammatory diseases, especially rheumatoid arthritis [70], [71]. Strategies
directed against IL-1B have also been explored using IL-1B receptor
antagonists and anti-IL-1B antibodies [72]-[74]. Specifically, high glucose

concentrations induce IL-1B production in pancreatic B-cells of T2D patients,

45



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Obesity: an epidemic disease

leading to decreased cell proliferation and impaired insulin secretion. The
blockade of IL-1 with anakinra, a recombinant human interleukin-1 receptor
antagonist, seems to yield glucose-lowering effects, improves B-cell

secretory functions and reduce markers of inflammation [75].

Therapies to reduce obesity-mediated inflammation also include approaches
to block the action of certain kinases and inflammatory pathways. The drug
family of salicylates, particularly salsalate, seems to exert an anti-
inflammatory effect through the inhibition of IKK activity, preventing the

action of NFkB and the gene set involved in the inflammatory response [76].

Another example of therapeutic strategies are thiazolidinediones (TZDs, e.g.,
rosiglitazone and pioglitazone), that contribute to overall anti-inflammatory
effects by restoring insulin sensitization. These anti-diabetic drugs are
agonists of peroxisome proliferator-activated receptor y (PPARy), a
transcription factor essential for adipogenesis and adipocyte-specific
functions [77]. The TZDs activate PPARy and restore the lipogenic function in
adipocytes, inhibit inflammatory pathways by decreasing the content of
adipose tissue macrophages (ATMs), and increase the content of eosinophils
in adipose tissue and the differentiation of anti-inflammatory Treg cells [78].
The main feature of TZDs is to produce insulin-sensitizing effects through
many different mechanisms such as the redistribution of fat stores and the

induction of adiponectin, an endogenous anti-inflammatory adipokine [39].

At present, the most studied anti-inflammatory nutrients might be the
omega-3 polyunsaturated fatty acids (n-3 PUFAs) which have anti-
inflammatory  properties via docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA). An increased consumption of these fatty acids
appears to decrease the risk of inflammatory diseases as obesity, diabetes,

arthritis and cardiovascular disease [79], [80].
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The interaction between macrophages and other immune cells, that
promote a pro-inflammatory polarization of ATMs, also represents a target
for immunotherapy. This field still has a great number of unanswered
questions, but the option to shift pro-inflammatory macrophages toward an
anti-inflammatory state, or targeting other immune cells to exert a similar

final effect, may prove successful in having insulin sensitizing effects [39].

The option of immunotherapy has yielded positive metabolic effects in
murine obesity models. Although the involvement of adaptive immune cells
in metabolic diseases remains unclear, it is reported that the pathogenesis of
obesity is associated by a huge abundance of T cells, B cells, macrophages,
neutrophils and mast cells in adipose tissue [81], [82]. CD4* T lymphocytes
have been identified to have a potential role in insulin resistance, adipocyte
hypertrophy and regulation of body weight, implicating these immune cells
in the progression of obesity or T2D [60]. Other studies have demonstrated
the beneficial effects of deleting CD11c* [83], CD8'T cells [62] or mast cells
[84] in obese murine models. These results indicate that immune cells are
potentially relevant targets for the development of new therapeutic
approaches for treatment of T2D and obesity-induced insulin resistance in

humans.

As indicated, several therapeutic approaches are under an exhaustive study.
Metabolomics is taking special interest in the last decades as an invaluable
tool in the research of the new biomarkers of disease and therapeutic
strategies. In this way, targeted metabolomics to explore the energy
management and mitochondrial function should be a non-invasive (specially
in plasma), fast and easy alternative to an early diagnostic of these

pathophysiological processes.
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1.6 Animal models in scientific research

As stated before, inflammation-based diseases represent a growing
socioeconomic trouble worldwide. For that reason, great efforts are focused
on the finding of new treatments, especially pharmacological interventions.
Regarding animal models of disease, it is however not possible to have the
certainty that the effects observed will be translated to an improvement of
the human health. The use of animals to model human diseases in the field
of biomedical research is based on the fact that basic processes are
sufficiently similar across species to permit the extrapolation. The ideal
characteristics in an animal model is the similitude to the human condition in
pathophysiology, etiology, symptomatology and response to therapeutic

interventions [85], [86].

The capacity to create transgenic animal models, especially genetically
engineered mouse models, has had a deep impact on the research of several
diseases. Mice have several similarities to human in physiology, genetic and
anatomy, and are cost effective, small and multiply quickly. The mouse
genome is relatively easy to manipulate, so providing a useful tool for the
study of diseases with mutated genes. Moreover, mice are really useful for
the study of complex diseases such as hypertension or atherosclerosis due to
the fact that many genes responsible for these diseases are shared between
human and mice [87], [88]. Without doubt, and in biomedical research, mice
have helped to accelerate the progress of research and have also permitted

the development of effective pharmacological drugs and treatments.
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2. Macrophages: linking immune system and metabolic disease

2.1 Ontogeny

Macrophages have long been considered as one of the main populations of
immune effector cells. In 1908, Elie Metchinikoff was the first to identify
these phagocytic cells as macrophages [89]. Metchnikoff credited that these
phagocytes played a prominent role in organ development, homeostasis and
protecting the host from infection. He also described a relationship between
the mononuclear phagocytic cells in the lymph nodes, spleen and bone

marrow and the macrophages outside these organs [89], [90].

In the late 1960s and early 1970s, van Furth and co-workers described the
"mononuclear phagocyte system" which includes all highly phagocytic
mononuclear cells and their bone marrow progenitors [90]. Further, they
established the concept that these mononuclear cells are originated from
precursor cells in the bone marrow, are transported as monocytes in the
peripheral blood, and infiltrated into different tissues to mature into
macrophages. However, this prevalent idea that monocytes are precursors of
tissue macrophages has been recently redefined [90], [91], and the
monocyte-to-macrophage differentiation process is now only known to exist
during inflammatory responses and only in some tissues in homeostasis (gut,

dermis and heart).

Macrophages differentiate from myeloid progenitor cells by several routes of
differentiation [92]. Early in ontogeny macrophage derives from the yolk sac
without a monocytic progenitor. Later, monocytic differentiation takes place
in the fetal liver, which is initially seeded by hematopoietic progenitors from
the yolk sac and subsequently by hematopoietic stem cells. Subsequently,
the fetal liver becomes the source of definitive hematopoiesis that generates

circulating monocytes during embryogenesis. After birth, and upon the
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formation of bone, fetal liver hematopoiesis declines and is replaced by bone

marrow hematopoiesis [93]—[95].

Brain-resident macrophages, known as microglia, are exclusively derived
from yolk sac progenitors [96], [97], whereas Langerhans cells and epidermal
macrophages have a mixed origin from fetal liver and yolk sac [98]. Kupffer
cells in the liver and lung alveolar macrophages are derived from fetal liver
monocytes during the embryonic state and, from then on, these populations
are maintained autonomously under homeostatic conditions [94], [96]. This
self-renewal process is regulated through cytokines and growth factors as
macrophage colony-stimulating factor (M-CSF or CSF1) in most tissues and
granulocyte-macrophage colony-stimulating factor (GM-CSF) in lung [93],
[99], [100].

All these previous studies evidenced that monocyte do not contribute to the
maintenance of tissue resident macrophages in homeostatic conditions, with
the exception of dermis, gut and heart, where monocytes seed the tissue
and differentiate in tissue macrophages [101]-[103]. By contrast, monocytes
seed the tissues and differentiate in tissue macrophages in most

inflammatory settings [99], [100].

2.2 Tissue-resident macrophages

All tissue macrophages exhibit common effector function that includes a role
in immune response against pathogens, and the ability to initiate the process
of resolution of inflammatory and wound healing. Besides, macrophages are
also involved in tissue development by shaping the tissue architecture, and
are key players in immune surveillance by acting as sentinel and effector
immune cells. At last, they all participate in the clearance of senescent or

apoptotic cells and tissue repair to maintain tissue homeostasis [93].
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The different phenotypes adopted by monocyte-derived macrophages and

resident macrophages are ultimately determined by tissue-specific cues. The

different tissue-resident macrophage populations display distinct and

specific transcriptional profiles that are perfectly suited for the tissue-specific

requirements for maintaining, defending and regaining homeostasis [93],

[94]. In fact, the alteration of homeostasis in tissue macrophages through an

anomalous activation promotes the development of different pathologies

according to the affected tissue (Tablel).

Table 1. Macrophages functions and pathologies in the main tissues. Adapted from

Italiani et al. [93].

Macrophages Tissue Functions Pathology
Brain development
Microglia Brain Immune surveillance Neurodegeneration
Synaptic remodeling
Bone resorption Osteoporosis
Osteoclasts Bone Bone modeling Osteopetrosis
Support to hematopoiesis Arthritis
Heart Heart and . .
Surveillance Atherosclerosis
macrophages vasculature

Toxin removal

- . Fibrosis
. Lipid metabolism .
Kuppfer cells Liver . Impaired erythrocyte
Iron recycling
clearance
Erythrocyte clearance
Surfactant clearance
Alveolar . . N
Lung Surveillance for inhaled Alveolar proteinosis
macrophages
pathogens
. . . Metabolism Obesit
Adipose tissue Adipose . . . v
. Adipogenesis Diabetes
macrophages tissue . . . .
Adaptive thermogenesis Insulin resistance
Bone marrow Bone Reservoir of monocytes Disruption of
macrophages marrow Waste disposal hematopoiesis
. Tolerance to microbiota
Intestinal . Inflammatory bowel
Gut Defense against pathogens .
macrophages . . disease
Intestinal homeostasis
. . Insufficient healin
Langerhans cells Skin Immune surveillance &

Fibrosis
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Impaired iron

Marginal zone Erythrocyte clearance .
. recycling
and red pulp Spleen Iron processing
. Erythrocyte
macrophages Capture of microbes from blood
clearance
Chronic

Defense against pathogens

Inflammatory inflammation

All tissues Protection against dangerous .
macrophages A Tissue damage
stimuli . .
Autoimmunity
Healin . Branched morpholo, Cancer
& All tissues . P . gy . .
macrophages Angiogenesis Fibrosis

The heterogeneous population of tissue resident macrophages represents up
to 10-15% of the total cell number in steady-state adult tissues. The
homeostatic control of macrophages is principally influenced by M-CSF,
which is produced by endothelial cells, macrophages, stromal cells,
fibroblasts, osteoblasts and smooth muscle cells [104]. The main functions of
M-CSF are promotion of proliferation, increased cell survival and
differentiation, and its effects are restricted to the macrophage lineage. In a
steady-state, M-CSF functions are mediated through its receptor (CSF-1R)
[105].

The macrophage differentiation program induced by M-CSF is essential for in
vivo generation of macrophages derived from bone marrow precursors.
Csf1°7/°? mice display a dramatically reduced number of macrophages in
kidney, liver, peritoneal cavity and dermis. Moreover, these mice are
osteopetrotic due to an early and important deficiency of osteoclasts [105],
[106]. However, CSFR17" mice exhibit a more severe phenotype in
comparison with Csf1°/°° mice because of the existence of a second ligand
for CSF-1R, IL-34. This interleukin also has immunosuppressive properties,
induces in vitro generation of macrophages from bone marrow precursors
and specifically directs differentiation of Langerhans cells and microglia

[104], [107], [108].

52



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Introduction

An important feature of macrophage differentiation is that the tissue
microenvironment determines the final outcome of macrophage
differentiation. In general, tissue macrophages are characterized by cell
surface markers as tyrosine-protein kinase MER (MERTK) and FcyRI (CD64)
together with the expression of the transcription factors PU.1,
CCAAT/enhancer-binding protein (C/EBP), MAF and MAFB. However, the
cytokines and metabolites produced in the macrophage microenvironment
also promote the expression of specific transcription factors and the
expression of tissue-specific markers. In the brain, cells derived from yolk sac
are exposed to transforming growth factor-B (TGF-B), which induces SMAD
phosphorylation and a transcriptional profile specific for microglia. In the
lung, fetal liver monocytes are exposed to GM-CSF that leads to the
induction of PPARy expression and the differentiation into alveolar
macrophages. In the spleen, SPI-C expression controls the differentiation to
splenic red pulp macrophages and macrophages from marginal zone
depends on the transcription factor liver X receptor-a (LXRa). Macrophages
from peritoneal cavity are induced by the expression of GATA-binding
protein 6 (GATABG). In the skin, the presence of TGF-B and IL-34 induces the
expression of RUNX3 and ID2 and promotes the differentiation to

Langerhans cells [109].

The maintenance, regulation and functional specialization of macrophages
also depends on the surrounding metabolites and cytokines. M-CSF
promotes proliferation and macrophage survival in most tissues, whereas
GM-CSF or IL-34 are only produced in specific tissues to maintain local
macrophages. For example, the expression of low doses of GM-CSF is
required for the essential functions of macrophages in lung and intestine.
However, at higher doses and together with inflammatory signals, GM-CSF

contributes to the development of inflammatory processes [105], [109].
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Finally, the involvement of M-CSF in several diseases has been reported. An
increase in M-CSF circulating levels is found in arthritis, pulmonary fibrosis,
inflammatory bowel disease, autoimmune diseases, kidney inflammation,
atherosclerosis, obesity and cancer metastasis [106], [110], thus making CSF-

1 signaling as an important option for therapeutic treatment [111].

2.3 Macrophages in inflammation

Macrophages are constantly sensing the local microenvironment, where
metabolites together with tissue-specific cytokines contribute to shaping
macrophage effector functions under homeostatic and inflammatory states.
Macrophages can detect disruptions of tissue homeostasis, sensing
pathogens or stress signals such as hypoxia or nutrient excess or deprivation
[112]. The recognition of injurious signals induces tissue stress and defense

response that lead to inflammation as a mean to restore homeostasis.

In the first phases of inflammatory response, the number of effector immune
cells is increased to potentiate the immune defense. The main strategy is
through recruitment of blood monocytes, a process that is essential for viral,
bacterial or fungal infections. These bone marrow-derived monocytes
infiltrate in the peripheral tissues and differentiate into inflammatory
macrophages within tissues. However, newly recruited monocytes also

contribute to the pathogenesis of inflammatory diseases [93], [113].

Another option to increase the number of effector cells is via enhancement
of macrophage proliferation through self-renewal. Macrophage proliferation
is observed in different human diseases including adipose tissue-associated
macrophages in obesity. In this pathology, the increase in macrophage
numbers is due to recruitment and accumulation of macrophages in the
adipose tissue mediated by CCL2, also considered as a stimulus for

macrophage proliferation in this inflammatory disease [114].
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As described above, and upon tissue damage, monocytes migrate from
circulation to target tissues and differentiate into macrophages showing a
pro-inflammatory phenotype. Moreover, these newly recruited phagocytic
cells are able to produce inflammatory mediators to protect tissue integrity.
Although this response is initially beneficial, the secretion of pro-
inflammatory mediators such as nitric oxide (NO), TNF-a and IL-1P trigger the
activation of oxidative processes that contribute to kill the pathogens but
also result in tissue damage [115]. Other secreted mediators are decisive to
the polarization of T lymphocytes to a Thl and Th17 response, which
potentiate the inflammatory response. Therefore, this macrophage pro-
inflammatory phenotype is associated with chronic inflammatory diseases
like obesity, rheumatoid arthritis, Crohn's disease, multiple sclerosis and

allergy and asthma [94], [116].

Importantly, and besides their innate phagocytic activity, tissue macrophages
are also involved in wound repair. So, an anti-inflammatory macrophage
response is involved in wound healing and fibrosis through the production of
growth factors as TGFB1 and platelet-derived growth factor (PDGF) [117].
These anti-inflammatory macrophages also produce matrix
metalloproteinases (MMPs), eliminate death cells, secrete extracellular
matrix (ECM) components and eliminate debris. Furthermore, these
macrophages promote Th2 and Treg responses and produce IL-10, a critical

immunoregulatory and anti-inflammatory cytokine [116].

The mechanisms that regulate the phenotypic switch of pro-inflammatory
macrophages into anti-inflammatory cells, or the conversion of anti-
inflammatory into a pro-inflammatory phenotype is decisive for the
development and resolution of many chronic diseases [94]. Therefore, the
factors controlling these functional shifts are excellent targets for the

development of therapeutic alternatives for chronic inflammatory diseases.
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The pathological relevance of the pro-inflammatory-to-anti-inflammatory

shift is best exemplified in the case of tumors.

Macrophages in cancer display a heterogeneous phenotype which is either:
pathogenic and protective. Pro-inflammatory macrophages activate
mechanisms to promote an anti-tumor response and trigger the action of
cytotoxic and tumor-killing mechanisms. However, the progression of tumor
and the microenvironment drives a switch into a suppressive macrophage
phenotype. These anti-inflammatory macrophages contribute to tumor
progression and metastasis [115], [116], [118]. Similarly, macrophages
participate in all phases of fibrotic diseases and their functional

heterogeneity allows them to induce or inhibit the process [119], [120].

Macrophages have also an important role in metabolic disorders and obesity.
In white adipose tissue, anti-inflammatory adipose tissue macrophages
(ATMs) are induced by PPARy and contribute to maintenance of adipocyte
function and prevention of the development of insulin resistance [40].
However, as the obesity progresses, the anti-inflammatory ATMs switch into
a pro-inflammatory phenotype that contributes to insulin resistance and
adipose tissue inflammation [121] . In lean mice, macrophages are
approximately 10-15% of cells of adipose tissue, while in obese animals the

presence of these phagocytic cells increase up to 45-60% of total cells [57].

2.4. Macrophage activation

Macrophages represent the first line of defense against pathogens. The
stimulation of macrophages by signals from microbes (pathogen-associated
molecular patterns, PAMPs), damaged tissues (danger-associated molecular
patterns, DAMPs) and resting or activated lymphocytes, undergo a

reprogramming that leads to the acquisition of a wide spectrum of different
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functional phenotypes [115], [122]. Macrophages are equipped with
numerous cell surface (TLRs, lectins) and intracellular (NLRs) receptors that
recognize either PAMPs or DAMPs. Activation of this sensors switches on
intracellular signaling events that promote the acquisition of effector

functions to eliminate the injury and, later, to repair the damage.

Plasticity and heterogeneity have long been known to be the principal
hallmarks of the macrophage lineage. Consequently, the activation of
macrophages, influenced by their systemic and local milieu, can generate a
broad range of functional states, commonly referred to as “macrophage
polarization states”. Importantly, macrophage activation or polarization is
associated with substantial modifications in the macrophage gene expression
signature whose acquisition is critically dependent on the triggering stimulus

[123], [124] (Figure 5).

A simplistic view of macrophage polarization states is based on a binary
system: pro-inflammatory state and anti-inflammatory state [125]. In the
first state, the macrophage phenotype is characterized by the expression of
high levels of pro-inflammatory cytokines as TNF-a, IL-1B, IL-6 and typel-
biasing cytokines such as IL-12 and IL-23, high production of reactive oxygen
and nitrogen intermediates, promotion of polarized Thl responses and
resistance against intracellular pathogens and tumors (microbicidal and
tumoricidal activity, respectively) [126], [127]. In contrast, anti-inflammatory
macrophages produce high levels of IL-10, which limits the intensity and
duration of inflammatory and immune responses. Thus, these phagocytic
cells are involved in recruitment of eosinophils and basophils, amplification
of Th2 response, angiogenesis, tumor progression and dampening

inflammation through immunoregulatory functions [128], [129].
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The cytokines and stimuli that trigger macrophage activation are grouped
according their ability to induce pro- or anti-inflammatory functions and
associated markers. The main stimuli associated with pro-inflammatory
activation are interferon (IFN)-y, lipopolysaccharide (LPS) and GM-CSF, while
those associated with anti-inflammatory polarization are IL-4, IL-13, IL-10,

glucocorticoids and M-CSF [125].
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Figure 5. Integrative multidimensional model of macrophage activation. A
multidimensional model is presented wherein the macrophage activation is
determined by the macrophage ontogeny and the microenvironment (tissue-
specific signals and stress signals). Microglia is derived from yolk sac, alveolar
macrophages and Kupffer cells are derived from fetal liver monocytes and
Langerhans cells are derived from both yolk sac macrophages and fetal liver
monocytes. However, macrophages from gut and heart are replaced after birth
with adult bone marrow monocytes. The same stress signals with the same kinetic
will result in different activation programs in macrophages of different origins.

Adapted from Ginhoux F. et al. [99].

59

TRANSCRIPTOMI



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS,
Marta Riera Borrull

Macrophages: linking immune system
and metabolic disease

2.5 Toll-like receptors

The first line of defense against pathogens in vertebrates is the innate
immune response. Members of the TLR family of Pathogen Recognition
Receptors (PRRs) play an essential role in the activation of innate immunity
through the recognition of PAMPs and DAMPs. Each member of TLR family
recognize a specific subset of pathogenic ligands and endogenous molecules
(Table 2). TLRs are type | transmembrane proteins characterized by
containing leucine-rich repeats for PAMPs recognition, a transmembrane
helix domain and an intracellular Toll-interleukin 1 receptor (TIR) domain
that dimerizes for signal transduction [130]-[132].

Table 2. Summary of pathogenic and endogenous stimuli of the human TLRs.
Adapted from Bryant CE. et al.[130].

TLR Pathogenic stimuli (PAMP) Endogenous stimuli (DAMP)
TLR1/2/6 Lipoproteins (Gram + bacteria)

Hyaluronic acid

LTA (Gram + bacteria) Serum amyloid A

TLR2 Zymosan, B-glucan (fungus)

Oxidized LDL
GPIl anchors (protozoa) HMGB1
TLR3 dsRNA (virus) Mrna

Hyaluronic acid

Lipopolysaccharides (Gram — bacteria) Serum amyloid A

Oxidized LDL
TLR4 GPIl anchors (protozoa) Saturated fatty acids
HMGB1
Fetuin A
TLR5 Flagellin (bacteria)
TLR7/8 ssRNA (virus) SsRNA
TLR9 DNA (bacteria, virus, fungal, protozoa) Mitocondrial DNA
TLR10 Not known
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The human genome encodes 10 TLRs, of which TLR1, TLR2, TLR4, TLR5, TLR6
and TLR10 are present on the cell surface, while TLR3, TLR7, TLR8 and TLR9,
involved in the recognition of nucleic acid structures, are only found
intracellularly. Importantly, TLR1, TLR2 and TLR4 are also recruited into

phagosomes after ligand engagement [130], [131].

As other type | membrane receptors, the basic mechanism for signal
transduction of TLRs is ligand-induced receptor dimerization. Dimerized TLR
bind to adaptor proteins and activates specific signaling pathways that
trigger pro-inflammatory responses and also promote the maturation of
adaptive immune response. TLRs use five adaptor proteins that binds to TIR
domains: MyD88 (Myeloid differentiation factor 88), TRIF (TIR domain-
containing adaptor protein inducing interferon-g), TRAM (TRIF-related
adaptor molecule), MAL and SARM. All TLRs can signal through MyD88 with
the exception of TLR3, which only uses TRIF [132]-[134]. In general, TLR-
initiated downstream signaling cascades can be classified as either MyD88-
dependent pathways, responsible for the induction of pro-inflammatory
cytokines, or TRIF-dependent pathways, which drives the induction of

inflammatory cytokines and type | interferon, as shown in Figure 6.

Lipopolysaccharides from gram-negative bacteria are the main agonists for
TLR4 but the activation of TLR4 signaling pathway also requires the co-
receptor protein MD-2, to form TLR4/MD-2 complexes at cell surface. TLR4
activates both the MyD88- and TRIF-dependent pathways [134].

TLR4 recruits MyD88 through MAL and the activation of MyD88-dependent
pathway involves the recruitment of IL-1 receptor-associated kinases: IRAK1,
IRAK2, IRAK4 and IRAK-M. IRAK4 is activated and has an important role in
NFkB and mitogen-activated protein kinase (MAPK) activation. IRAK1 and

IRAK2 are sequentially phosphorylated and potentiate the activation of NFkB
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and MAPK. IRAK activation promotes the interaction with TRAF6 which
catalyzes the formation of polyubiquitin chains to activate TAK1. In one
pathway, TAK1 activates the IKK complex through the phosphorylation of
IKKB, which targets the inhibitory protein IkB for degradation by proteasome,
and leads to NFkB activation and translocation to the nucleus.
Simultaneously, TAK1 activate a second branch of TLR pathways through the
phosphorylation of MAPK kinases: Erkl, Erk2, Jnk and p38, which activate
different transcription factors including AP-1 [131], [132], [134], [135].

Subsequently, TLR4 undergoes endocytosis and is transported to the
endosome where the signaling through TRIF-dependent pathway requires
TRAM as an adaptor molecule [132]. This TRAM-TRIF complex interacts with
TRAF3 and promote the activation of TANK binding kinase 1 (TBK1) and IKKi
(IKKe). The phosphorylation of TBK1 or IKKi activates interferon regulatory
factor 3 (IRF3), which form homodimers or heterodimers with IRF7, and
induce nuclear translocation. These dimers promote the transcription of
interferon and interferon-inducible genes. Furthermore, TRAF6 is also

involved in the activation of NFkB via TRIF-dependent pathway [133].
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Figure 6. TRIF and MyD88-dependent TLR signaling pathways. TRIF-dependent
signaling is responsible for the production of type-I IFNs and the MyD88-dependent
signaling pathways are responsible for the production of inflammatory cytokines.

Adapted from Ullah M.O. et al. [133].
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The engagement of TLR4 on macrophages activates several transcription
factors, including NFkB, AP-1, CREB, C/EBPB and IRF3. TLR4-driven activation
of monocyte-derived macrophages generated under the stimulus of GM-CSF
are characterized by the expression of pro-inflammatory cytokines and type |
interferon. Conversely, M-CSF-dependent macrophages respond to LPS
primarily through the release of IL-10 [125], [133]. The production of this
anti-inflammatory cytokines in monocyte-derived macrophages is mainly

controlled by MAPKs as ERK [136] and p38 [137].

TLR4 as a mediator between innate immunity and saturated fatty acids

Several studies have reported the complex roles played by different immune
cell populations in metabolic tissues [138]—-[140]. These reports have
demonstrated that saturated fatty acids (SFA) are capable of activating TLR4-
signaling pathways through MyD88 and TRIF, and then activate transcription
factors as NFkB, AP-1 and IRF3. The activation of these transcription factors
promotes the expression of pro-inflammatory genes, cytokines, chemokines
and other effectors related with the development of insulin resistance and

chronic inflammation.

The inflammation of adipose tissue in obesity is a process driven by tissue
macrophages [57]. As described above, ATMs are phenotypically
heterogeneous and can display different phenotypes depending on the
signals and microenvironment they are exposed to. In lean adipose tissue,
macrophages display an anti-inflammatory phenotype mainly supported by
eosinophil-derived IL-4. In turn, adipocytes produce adiponectin to maintain
the homeostatic phenotype and macrophages release IL-10 that potentiates

insulin signaling and sensitivity [141], [142] (Figure 7A).

The profile of ATMs in obesity is balanced toward a pro-inflammatory

phenotype. The inflammatory mediators released from adipose tissue such
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as cytokines, IFN-y and saturated fatty acids induce the recruitment of
monocytes and its differentiation to pro-inflammatory macrophages [39].
These immune cells are characterized by robust expression of inflammatory
mediators such as TNF-a, IL-1B and IL-6 among others. This phenotypic
switch generates an inflammatory circuit which blocks insulin action and
promote insulin resistance, enhancing cellular stress and recruitment of

additional immune cells [142] (Figure 7B).

Biochemical pathways are also associated with macrophage polarization.
Anti-inflammatory macrophages display high rates of fatty acid oxidation
whereas macrophages found in pro-inflammatory microenvironments are

related with glycolytic metabolism [143], [144].

A better understanding of the molecular mechanisms underlying
macrophage polarization and functional plasticity in vivo should provide
useful knowledge for the development of new therapeutic approaches

against chronic inflammatory diseases like obesity.
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Macrophages: linking immune system
and metabolic disease

A IL-4
Eosinophils = IL-4Ra

} Lypolisis, stress, inflammation

{ Insulin action

* | Adiponectin
Antiinflammatory =~ €
STAT6 geneset 4
PPAR-y, -8 C-» \ —_—
{ KLF4 L = IL-10
~ -}.%._1[!- " \ /
Anti-inflammatory
_macrophages . Tres Lean adipocytes
B Saturated fatty acids { Lypolisis, stress, inflammation
l Necrotic } Insulin action
Inflammation adipocyte
—_— pe
CD8* T cells I "gﬁ?s A N
Th T cells \ l TNF-a, IL-1B, IL-6 2
Neutrophils INK i = s
Mast cells NF-xB. MR gene set & '
Bcells

‘SE:.V_..W:‘_'W 4”:!.":

macrophages

TNF-a, IL-1B

Inflammatory cell
recruitment

Hypertrophic adipocytes

Figure 7. (A) Macrophages in lean adipose tissue are associated with an anti-
inflammatory phenotype. These macrophages are characterized by production of

IL-10, a tolerogenic cytokine. (B)

In obese adipose tissue, the phenotype of

macrophages is related with the production of pro-inflammatory cytokines that

reinforce the inflammatory milieu.

Adapted from Odegaard J.I. [9].
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Hypothesis & Aims

Hypothesis

Chronic inflammation underlies the onset and maintenance of numerous
human modern diseases. Metabolic diseases induced by high-fat diet
represent a socially and clinically relevant example of pathologies where
chronic low-grade inflammation plays a triggering role. A better
understanding of the pathophysiological mechanisms operating in metabolic
diseases should allow the identification of diagnostic and therapeutic
biomarkers for these diseases. The development of tools to identify such
biomarkers, including the presence of altered metabolites, is also of utmost
importance. Therefore, we hypothesized that novel metabolomics
approaches allow the identification of candidate biomarkers for metabolic
diseases, and tested the validity of the hypothesis by analyzing tissues from
mice exposed to either dietary restriction, metformin or both, as treatments
to ameliorate metabolic damage. In addition, we have evaluated the
hypothesis that macrophages, an immune cell critically involved in the
initiation of inflammatory responses, respond to high levels of palmitate by
expressing a specific set of genes, some of which might constitute novel

diagnostic biomarkers for metabolic diseases.
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Hypothesis & Aims

To assess the process of energy generation through the use of a
targeted metabolomics method applicable to biological samples
from experimental (cell-culture lysates) and clinical (patient
plasma) origin, as well as to tissues from mouse models of

metabolic disease.

To determine the effect of metformin on LDLr knock-out mice fed
with chow diet or high-fat diet, or metformin combined with “diet
reversal”, through biochemical, histological and metabolomics

analysis.

To define the palmitate-specific polarization state in human
macrophages at transcriptomic and functional levels, and to
evaluate the ability of palmitate to condition macrophage

responses towards other inflammatory stimuli.
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STUDY |

Exploring the process of energy generation in
pathophysiology by targeted metabolomics:
performance of a simple and quantitative method

J. Am. Soc. Mass Spectrom. (2016) 27(1): 168-77
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Abstract

Abnormalities in mitochondrial metabolism and regulation of energy balance
contribute to human diseases. The consequences of high fat and other
nutrient intake, and the resulting acquired mitochondrial dysfunction, are
essential to fully understand common disorders, including obesity, cancer,
and atherosclerosis. To simultaneously and noninvasively measure and
quantify indirect markers of mitochondrial function, we have developed a
method based on gas chromatography coupled to quadrupole-time of flight
mass spectrometry and an electron ionization interface, and validated the
system using plasma from patients with peripheral artery disease, human
cancer cells, and mouse tissues. This approach was used to increase
sensibility in the measurement of a wide dynamic range and chemical
diversity of multiple intermediate metabolites used in energy metabolism.
We demonstrate that our targeted metabolomics method allows for quick
and accurate identification and quantification of molecules, including the
measurement of small yet significant biological changes in experimental
samples. The apparently low process variability required for its performance
in plasma, cell lysates, and tissues allowed a rapid identification of
correlations between interconnected pathways. Our results suggest that
delineating the process of energy generation by targeted metabolomics can
be a valid surrogate for predicting mitochondrial dysfunction in biological
samples. Importantly, when used in plasma, targeted metabolomics should
be viewed as a robust and noninvasive source of biomarkers in specific

pathophysiological scenarios.
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Introduction

Energy metabolism is the process by which nutrients, such as carbohydrates
and fats, are broken down to generate adenosine triphosphate (ATP), the
main cellular energy store. A state of energy balance is achieved when
energy intake matches expenditure. Deviations from this homeostatic
regulation can result in obesity, where energy intake exceeds demands.
Obesity is a pathologic condition that combines inflammatory and metabolic
disturbances, which are the immediate cause and/or consequence of many
chronic and lethal diseases, including diabetes, atherosclerosis, and cancer
[1]. Some of the excess energy is stored as triglyceride in adipose tissue
without deleterious effects, but the capacity to store energy is limited and
regulated by poorly understood mechanisms. The subsequent excessive
accumulation of lipids and other metabolites in tissues that are not designed
to manage this condition (e.g., liver, muscle, and pancreas) commonly

ensues in an unhealthy course of metabolic events [2, 3].

Detection and treatment of subclinical metabolic derangements are
challenging. The clinical picture is difficult to assess because of the
combination of multiple and variable stressors such as inflammation,
macrophage recruitment, alterations in muscle function, or the chemical
composition of the diet. However, the resulting metabolically-related
disorders, each with distinct phenotypes, are united by acquired deficiencies
in the mitochondrial function and handling of energy [4]. Whether this
association is causal or consequential is a matter of debate. To provide
cellular energy, mitochondria use the free energy derived from breakdown of
fatty acids and glucose to produce ATP by oxidative phosphorylation. The
immediate outcome of deranged energy processing is the reduced ability to
switch from one fuel source (e.g., glucose) to another (e.g., fatty acids),

resulting in altered flux between glycolytic pathways and oxidative capacity
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within cells and tissues. The recognition that mitochondria may play a central
role in disease has renewed interest in the Randle cycle and the Warburg
effect in the pathogenesis of common diseases [5, 6], and may be relevant
because the inefficient use of glucose, lipotoxicity, and decreased fat
oxidation are key mechanisms to explain most noncommunicable diseases
[7, 8]. Consequently, the pharmacologic modulation of mitochondrial
function mimicking the effect of exercise and/or caloric restriction may be an
attractive therapeutic strategy [9, 10]. In cell-based models, it is relatively
simple to assess mitochondrial dynamics, mitophagy (mitochondrial
elimination), and pathways aimed to restore and/or maintain mitochondrial
function [11, 12]. Assessment in vivo is considerably more challenging and
requires sophisticated analytical platforms and stable isotopes to measure
metabolites [13, 14]. We recently demonstrated that mitochondrial
dysfunction could be assessed in plasma (i.e., noninvasively) using indirect

markers of altered cellular energy metabolism [15].

Contrary to the belief that a high-throughput platform for massive
metabolite profiling without accurate quantification of each metabolite is
the method of choice to provide useful data, we hypothesized that a
targeted approach, avoiding the intensive use of bioinformatics and making
available actual changes in the concentration of metabolites under different
experimental conditions, would be a valuable addition to current analytical
tools. To this end, we have designed a simple and rapid method using
advances in the technology of gas chromatography coupled to quadrupole
time-of-flight mass spectrometry with an electron impact source (GC-El-
QTOF-MS). The method is sensitive for the accurate and simultaneous
measurement of organic acids participating in the citric acid cycle (CAC) and
selected metabolites representative of the catabolic and anabolic status of

several biological systems. We also reasoned that the quantitative
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exploration of mitochondrial function might rapidly identify correlations
between related pathways of metabolism, facilitating the understanding of
metabolic conditions. Our results support the usefulness of this technique in
in vitro and in vivo settings, and ongoing studies point to a potentially
valuable role as a recently available methodology in the search for
guantitative biomarkers of disease in epidemiologic cohorts and drug targets

to restore cellular energy homeostasis [16—18].

Material and methods

Chemicals

Methanol (MS grade), methoxyamine hydrochloride (MA), pyridine, N-
methyl-N-(trimethylsilyl)-trifluoroacetamide (TMS) and standards (2-
hydroxyglutarate, 3-hydroxybutyrate, 3-phosphoglycerate, 6-
phosphogluconate, a-ketoglutarate, acetyl-CoA, aconitate, alanine, aspartic
acid, citrate, fructose- 1,6-bisphsophate, fructose-6-phosphate, fumarate,
glucose, glucose-6-phosphate, glutamate, glutamine, glyceraldehyde- 3-
phosphate, isoleucine, lactate, leucine, malate, malonylcoenzyme A,
oxaloacetate, phosphoenolpyruvate, pyruvate, ribose-5-phosphate, serine,
succinate, and succinyl-coenzyme A and valine) were purchased from Sigma-

Aldrich (St. Louis, MO, USA).

Instrumentation

We used a 7890A gas chromatograph coupled with an electron impact
source to a 7200 quadrupole time-of-flight mass spectrometer equipped
with a 7693 autosampler module and a J&W Scientific HP-5MS column (30 m
x 0.25 mm, 0.25 um) (Agilent Technologies, Santa Clara, CA, USA). Helium
was used as a carrier gas at a flow rate of 1.5 mL/min in constant flow mode.

The initial oven temperature was set to 70°C, increased to 190°C at
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12°C/min, then raised to 325°C at a rate of 20°C/min and held for 3.25 min.
For the MS, ionization was performed using electron impact with a source
temperature of 230°C using an electron energy of 70 eV, an emission
intensity of 35 A, and a mass-to-charge range from 70 to 400 m/z. The
initially selected metabolites to be identified and quantified using this GC-EI-
QTOF-MS method are shown in Figure 1, and the selection criteria were

based on available knowledge [19].
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Figure 1. (A) Metabolic pathways of measured metabolites involved in energy metabolism.
(B) Extracted compound chromatogram (ECC) of the quantifier ion of all metabolites,
numbered according to their elution order.
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Isolation and Preparation of Biological Samples

To test the analytical performance and robustness of the method in different
biological systems, we used human plasma, cell culture lysates, and rodent
tissues. The procedures used in humans were performed according to
protocols approved by our Ethics Committee and Institutional Review Board,
and all participants signed an informed consent (EPINOLS 12-03-29/3proj6).
Briefly, these included the recruitment of 50 ostensibly healthy participants,
aged between 55 and 65 y with an ankle-brachial index (ABI) >0.9, which
were body weight- and age matched with patients presenting intermittent
claudication (i.e., peripheral artery disease), ABI <0.9 and staged at grade |l
according to Fontaine. A sample of blood was drawn from each patient.
Participants with diabetes mellitus were excluded to avoid metabolic bias
and to limit variability. Further clinical details on the inclusion and exclusion

criteria have been previously described [20].

To test the performance of the method in cultured cells, we used MCF10A
cells infected with a retroviral KRASY!? expression construct, which were
generously provided by the Ben-Ho Park’s laboratory and maintained under
the previously described culture conditions [21]. Cells were grown to
confluence in 6-well plates, then trypsinized and counted (approximately 2 x
10° cells per experiment). We pooled the results obtained in four
experiments in triplicate (n = 12). LDL receptor-deficient (LdIr’") mice
develop spontaneous hyperlipidemia and are a useful model for studying
atherosclerosis since they present features similar to those observed in the

human metabolic syndrome. Mice (C57BL/6)J background, The Jackson
Laboratory) were housed under standard conditions and given a commercial
low-fat mouse diet (14% protein rodent maintenance diet; Harlan,
Barcelona, Spain). Male mice were sacrificed at 24 weeks of age following

previously described procedures [22] and tissues (liver and epididymal white
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adipose tissue; n = 10 samples, each tissue) were extracted. All procedures
were carried out in accordance with institutional guidelines (CEIA, 2014-237).
To ensure high quality data and reduced false discovery rates, a rigorous
optimization of pre-analytical steps prior to chromatography was essential.
This may vary between laboratories and experimental conditions but
includes sample collection, storage, pretreatment and cleanup, as well as
software parameters used in data alignment and peak picking. It is
particularly important to minimize the time between sample collection and
storage at —80°C to less than 1 h to reduce variability. Of note, this method
may be used in the quantification of 13C isotopic substrates (data not
shown), indicating its suitability for metabolic flux analysis to define the

pattern of carbon flow through a metabolic network in cells and tissues [23].

Metabolite Extraction

We investigated different extraction protocols and found that
methanol/water (4/1) extraction was efficient for these metabolites. To
minimize complexity in the metabolite extraction, we used methanol/water
(4/1) mixed with deuterated Ds-succinic acid as surrogate standard
(MeOHW-D,S) to obtain a final concentration of 1 pug/mL. The choice of a
unique surrogate standard was considered sufficient as injection quality
control and considerably simplifies the procedure. Further, although this
method was designed for targeting metabolomics, during experimentations
it is not uncommon to require measurement of additional metabolites in the
same samples by nuclear magnetic resonance (NMR) or LC/MS. With these
procedures, results did not differ significantly using isotopic compounds as
internal standard, and there was no need for solvent exchange as previously
described [24-26]. Thawed plasma (100 plL) was added to 900 uL of
MeOHW-D.S, vortexed, placed at —20°C for 2 h to precipitate proteins, and

centrifuged at 14,000 rpm for 10 min at 4°C to collect the supernatant. As a

81



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Study |

cautionary note, the use of lower amounts of plasma results in the lack of
reliable detection of some metabolites present at low concentrations (e.g.,
acetyl-CoA or oxaloacetate). Cell pellets were resuspended in 500 uL of
MeOHWD,S, lysed with three cycles of freezing and thawing using liquid N2
and sonicated with three cycles of 30 s. Samples were maintained on ice for
1 min between each sonication step. Proteins were precipitated, samples
centrifuged, and supernatant collected. Animal tissues (100 mg) were placed
in plastic tubes containing 1 mL of MeOHW-D,S and homogenized using a
Precellys 24 system (lzasa, Barcelona, Spain). After centrifugation at 14,000
rom 10 min at 4°C, supernatant was collected and the homogenization step
was repeated. Then proteins were precipitated, samples centrifuged, and
supernatant collected. The extraction of nonpolar compounds was
performed adding chloroform to have a final proportion of
chloroform/methanol (2/1), according to Folch protocol [27]. All
supernatants were further vortexed, centrifuged, filtered using 0.22 um

filters, and freeze-dried overnight.

Derivatization

Samples were dried under N, and derivatized to rapidly form silyl derivatives.
Briefly, in order to protect ketone groups [28], we added 30 puL of
methoxylamine hydrochloride dissolved in pyridine [40 mg/mL (0.48 M)] to
each sample, which was then incubated for 1.5 h at 37°C with agitation.
Then, 45 pL of TMS was added and samples were agitated for 10 min and
placed in the dark for 1 h and transferred into a vial before immediate

analysis.

Data Analysis

Raw data were processed and compounds were detected and quantified

using the Qualitative and Quantitative Analysis B.06.00 software (Agilent
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Technologies), respectively. Results were compared by one-way ANOVA with
Dunnett’s multiple pair-wise comparison tests using a significance threshold
of 0.05. Other calculations including comparisons with the U of Mann-
Whitney test and/or correlations were made using GraphPad Prism software

6.01 (GraphPad Software, San Diego, CA, USA).

Results and discussion

Method Validation

Calibration curves were obtained for each metabolite by plotting the
standard concentration as a function of the peak area. Because the
differences in concentration of some metabolites may be highly variable, we
required, in some cases, the simultaneous use of different calibration curves
covering the expected concentration range for each metabolite. Recovery of
each metabolite was calculated and the variation in the percentage of
recovery was between 83% and 99%. Ten points of the selected range of all
calibration curves were injected and showed linearity with regression
coefficients higher than 0.99. The limit of detection (LOD) and quantification
(LOQ) for each metabolite were calculated according to International Union
of Pure and Applied Chemistry recommendations [29]. Within-day precision
or repeatability was calculated injecting each standard on the same day, and
between-day repeatability on 5 separate d (n = 5 replicates at three
concentration levels) and expressed as relative standard deviation (RSD).
Values for each metabolite were considered excellent (RSD from 0.65% to
3.68% and from 1.12 to 4.15%, respectively). Selected and relevant validation
parameters are shown in Table 1, and results for other variables may be also

examined in Supplemental Table 1.
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Table 1. Validation method parameters: regression curve values (slope and intercept),
linearity, limit of detection (LOD), limit of quantification (LOQ), intra- and interday % RSD, and
recovery (see also Supplemental Table 1).

Metabolite Slope / intercept Linearity 1R3) LOD (pM)  LOQ (uM)  Intraday RSD (%)  Interday RSD (%)  Recovery (%a)
2-Hydroxyghutarate 330378/ -64056 0.9991 0.127 0.425 112 195 91.65
3-Hydmxybutirate 101090/ ~1576% 09976 0.010 0.032 0.63 L15 96.74
3-Phosphoglyeerate 237249/ 2135051 0.9993 0.063 0.215 224 305 B5.65
&-Phospho-ghiconate 526980/ -1258050 09987 0.9989 0.527 1.758 321 398 BO.35
BT569 /284587
a-Ketoghutarate 128155/ 14577 0.9997 0.029 0098 1.14 208 9499
Acetyl-coenzyme A 10158 /1785 09972 0.610 2,030 1.98 30l 8412
Aconitate 749201 / ~TRES02 09990 0.010 0.032 2.98 365 BH.68
Alanine 1987694 / 229517 09994 0.288 0.959 1.25 234 9748
Aspartic acid 171520% ~28378 0.99%96 0.835 2.783 0.54 125 9802
(Isojcitrate [ <2T1860 0.99%96 0.039 0.130 254 296 93.58
Fructose-1,6-bisphosphate 428131 09981 0.117 0.389 165 215 8326
Fructose-6-phosphate L56090 09987 0.146 0.487 1.29 159 BE.69
Fumarate {=117375 0.9997 0.040 0.132 0.99 134 91.68
Gilucose 113676/ -74297 0.9997 0.00% 0.029 1.54 203 97.35
CGilucose-6-phosphate 1040659 / 2961082 09990 0.039 0.129 214 297 96.67
Glutamate 1371976 / ~306806 09989 0.334 1114 3.05 401 9431
284354/ ~To4R9 09990
(ilutamine 477954/ ~224408 09988 0114 0.380 287 356 93.11
Q5T845 [ -T9154 09987
Cilvceraldehyde-3-phosphate 85106 /44424 09979 0.029 0.096 1.32 168 B7.64
Loleucine 1652773 / 219943 0.99%6 0.108 0.360 0.96 142 98.39
Lactate 23667 / TTROR 09998 0.021 0.070 0.86 1.74 98.96
Leucine 1735828 /422255 0.9993 0.102 0.340 1.33 189 G684
Malate 0959592 0.113 0377 0.92 112 G91.64
Malonyl-coenzyme A 09989 0.039 0.130 273 3G 85.23
Oxaloacetate 0.9991 0.590 1.966 3.68 415 B934
Phosphoenolpyruvate 09981 0.313 1044 238 318 G248
Pyruvate 0.9991 0.060 0.200 1.01 1.69 94.67
Ribose-5-phosphate 09976 0.202 0.675 179 206 04,58
Serine 1461082 / 11922 09999 0.304 1.012 1.14 179 97.46
Succinate 176185/ 7109 0.9997 0.077 0.258 0.91 135 98.74
Succinyl-coenzyme A 34216 /5480 09998 0.020 0.086 2.06 267 87.56
Valine 1836799 / 46946 09994 0.098 0.326 1L.05 168 9812

Identification and Quantification

The relevant analytical data are summarized in Supplemental Table 2. For
some organic acids (3- hydroxybutyrate, fumarate, lactate, oxaloacetate,
phosphoenolpyruvate, pyruvate, and succinate) and the internal standard
(Ds-succinate), the ion [M]* was used as qualifier ion and the most abundant
ion [M-CH3]"* resulting from the characteristic loss of a methyl group in TMS
after the electron impact, was used as quantifier ion. As shown in Figure 2A,
the proposed quantifier ion of acetyl-CoA was observed at m/z 219, which is
the result of acetate moiety linked to S—C;Hs~N-TMS from the 4'
phosphopantetheine moiety included in the CoA moiety. The subsequent
loss of 15 u suggests the loss of a methyl group from the TMS resulting in an

ion at m/z 204 that was used as qualifier. For malonyl-CoA, the loss of the
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TMS from the acid group in malonate moiety linked to S—C,Hs—N-TMS from
the CoA moiety gives a qualifier ion with m/z at 262. The presence of other
minor ions with a consecutive loss of 16 u (m/z 246 and 230) suggest the loss
of the TMS group linked to the acid group of the malonate moiety, which can
lose two oxygen atoms consecutively. This is followed by the loss of the
methoxyl group from the methoxyamine, giving an ion at m/z 187. To
stabilize this ion, a rearrangement is made through a cyclation between the
radicals CH,® in malonate moiety and the Ne linked to the TMS (Figure 2B). A
similar reasoning was used to explain the presence in succinyl-CoA of an ion
at m/z 276 (qualifier) and minor ions at m/z 260 and 244. The N— TMS group
and the methyl group from the methoxyamine are finally lost, giving a
quantifier ion at m/z 174. In this case, to stabilize this structure, the CH,e
radical should be linked to the oxygen from the oxyamine group (Figure 2C).
Special attention is required in the identification of phosphate compounds
(Figure 2D) because they yield three characteristic fragments [30] and
retention time is crucial. Quantifier and qualifier ions used to identify
phosphate compounds are summarized in Supplemental Table 2. Of note,
with this method isocitrate and citrate have the same retention time. In
addition, both give a qualifier ion corresponding to the loss of a carboxyl
group and the most abundant ion was [M-COOTMS-OTMS]* due to the
consecutive loss of an OTMS group from the ion ([M-COOTMS]* (Figure 2E).
Although the signal for isocitrate using pure standards is significantly less
intense, results were expressed as (iso)citrate to denote the lack of
chromatographic separation. The quantifier ion for glucose, which is
derivatized with five TMS and one MA group (Figure 2F) is [M-CH>-CH-
NOCH;-20TMS]* (attributable to the loss of the methoxyamine group and the
CH where it is linked, an OTMS group and a CH,-OTMS group), and the
subsequent loss of an additional CH-OTMS group results in the qualifier ion

[M-CH,-2CH-NOCH3-30TMS]* [31]. In contrast, the interpretation for alanine,
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valine, leucine, isoleucine, serine, aspartic acid, glutamic acid, malate, and
glutamine is simpler because [M-CHs]" is constant (qualifier ion) and [M-
COOTMS]* is identified as the quantifier ion. [M-CHs]*, however, was the
qualifier ion and [M-COOTMS]* the quantifier ion for 2-hydroxyglutarate.
Aconitate also shows [M-CHs]* as qualifier ion after derivatization with three
TMS groups. The loss of two TMS groups and a methyl from the third TMS
group yields the quantifier ion [M-2TMS-CHs]*. Finally, [M-OCHs]* (loss of the
OCH3 from the methoxiamine group) is the qualifier ion for a- ketoglutarate,

and the additional loss of an OTMS results in the quantifier ion [M-OCH3-

OTMS]+.
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Figure 2. Fragmentation pattern of (A) acetyl-CoA, (B) malonyl-CoA, (C) succinyl-CoA, (D)
phosphate group, (E) (iso)citrate, and (F) glucose.
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Applications in Biological Samples

In our previous efforts with untargeted metabolomics using LC/MS and
GC/MS platforms, we found that comparisons between groups were limited
by the lack of accurate quantification [32—-34]. Conversely, the use of a
nuclear magnetic resonance platform [25, 26] provided excellent
reproducibility to quantify certain metabolites but low sensitivity to
quantitatively measure the selected metabolites as indirect markers of
energy metabolism and mitochondrial function, which included
intermediates of glycolysis, the pentose phosphate pathway, branched chain
amino acids, and the organic acids of the CAC. We therefore developed the
present GC-EI-QTOF-MS analytical platform to measure, after derivatization,
these selected compounds, and we found it reliable for use in different

biological systems (Tables 2, 3 and 4).

In the first analysis, we compared plasma from healthy controls and patients
with stage Il peripheral artery disease. Samples injected in triplicate produce
RSD values that were similar to those obtained in the precision study. The
concentrations of these metabolites have not been previously examined in
this condition but metabolites involved in the CAC have been previously
suggested as biomarkers of myocardial infarction [35]. Blood was drawn
from our patients when they were free of clinical signs of ischemia (i.e., after
1 h of inactivity). Controls with uncompromised circulation in the limb
arteries (i.e., ABI > 0.9) had similar cardiovascular risk factors including age,
hyperlipidemia, body weight, and current (not past) smoking habit (data not
shown). This comparison was designed exclusively for testing analytical
performance in plasma and no clinical implications were intended.
Nevertheless, the high concentrations of aconitate, isocitrate, malate, a-
ketoglutarate, and succinyl-coenzyme A in patients indicate that

mitochondrial function is stimulated rather than inhibited (i.e., contrary to
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that expected in ischemic conditions) (Table 2). In addition, we found
elevated levels of branched chain amino acids, which may also indicate an
increased mitochondrial function via their conversion to B-hydroxybutyrate
and succinyl-coenzyme A. This may seem paradoxical because elevated levels
of branched chain amino acids are usually associated with poor health and
cardiovascular disease. One explanation might be the increased endothelial
proliferation and accumulation of immune cells resulting in a higher diffusion
of these metabolites into the circulation, but may also indirectly point to
increased breakdown in the leg muscles [36, 37]. The lack of circulating
phosphate compounds was expected considering the hydrophobic nature of
the cellular membrane, and it may similarly indicate an absence of significant
cellular destruction. Under these conditions, only lactate, which is
significantly decreased, may indirectly indicate normal to low glycolytic flux.
Also, significant increases of glutamate and glutamine were observed in
patients with active atherosclerosis in the limbs, indicating a distinct use of
these metabolites in this setting. Our results confirm the validity of our
hypothesis with respect to the usefulness of the method to explore the
energy metabolism in vivo. These findings may have implications in the
search for possible biomarkers and to assess the effectiveness of therapeutic

strategies.

88



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Results

Table 2. Metabolite concentrations in plasma (in pM) from selected participants and
expressed as mean = SD. Fold change and significance (P value) are also reported and decimals
were set according to the first significant digit of the measured SD.

Metabolite Plasma control (n = 50) Plasma PAD {n = 50) Fold change P value
2-Hydroxyglutarate 02 +£04 90 +0.3 1.02 N.S.

3-Hydroxybutirate 0.13 £0.01 (31 £0.07 238 <0.0001
3-Phosphoglycerate - - - -
6-Phosphogluconate - - - -
a-Ketoghitarate 33+02 46 +04 139 0.0091

Aconitate 052 £0.01 44409 846 <0.0001
Alarine 21 =11 W03 £27 14 N.S.
Aspartic acid 133 £3 19911 150 <0.0001

(Isojcitrate 2W =13 TG +22 253 <0.0001
Fructose-1,6-bisphosphate - - - -
Fruciose-6-phosphate - - - -
Fumamte 033 +0.02 0:26 £ 0.03 1.27 <0.0001

CGilucose 4B56 =305 044+ 346 Lo4 NS,
Gilucose-6-phosphate N.Q. MO, - -
Gilutamate 462 =366 5197+ 317 11.25 <0.0001
Glutamine 1115 +206 3691 4 237 331 <0.0001
Cilyceral dehyd e 3-phosphate - - - -
Loleucine 491 63 +2 129 <0.0001
Lactate 305 £ 8 339+13 110 0.0323
Leucine 3x2 90 + 3 1.23 0.0032
Malate 157 +0.08 3003 1.91 <0.0001
Malonyl-coenzyme A N.Q. N.Q. -
Oxaloacetate 5445 NQ.

Phosphoenolpyruvate - - - -
Pyruvate 11 JLES] 11 0.0270
Ribose-5-phosphate - - - -
Serine 14 =2 14544 139 <0.0001
Succinate 107 0.1 122+04 114 N.§
Succinyl-coenzyme A 66 £0.9 11909 LED 0.0014
Valine BR+2 1053 119 N.S

PAD: Peripheral Artery Disease
N.Q.: detected metabolite, but under limit of quanti fication
N.S. not significant p-value

We found that the metabolic activity of MCF10A cells engineered to
overexpress oncogenic KRAS was significantly higher than MCF10A parental
cells under the same culture conditions, strongly suggesting that metabolic
reprogramming occurs in breast epithelial cells carrying the constitutively
active KRASY'? gene (Table 3). Of note, we were able to detect 2-
hydroxyglutarate in MCF10A-KRAS"!? cells, which is a product of the mutated
isocitrate dehydrogenase and is considered to be an oncometabolite [38].
Further, the increased concentration in some amino acids and indirect
markers (ribose-5-phosphate) of metabolic activity in the pentose phosphate
pathway were considered as an indication of a higher generation of biomass
and endogenous antioxidants in MCF10A-KRASY1? cells to eradicate the
reactive oxygen species generated by the accelerated metabolism [39] (Table

3).
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Table 3. Metabolite concentration in MCF10A and MCF10A-KRASY12 cells (in uM/mg of
protein) expressed as mean + SD, fold change, and significance (P value). Decimals are
reported according to the first significant digit of the measured SD.

Metabolite MCFI0A (n = 12) MCF10A-KRAS Y% (n = 12) Fold change P value
2-Hydroxyglutarate - 0224 0.04 - -
3-Hydroxybu tirate 5.0+04 1.78 = 0.09 2.81 0.0079
3-Phosphoglycerate 0.28 + 0.09 36.73+£513 13118 <0.0001
6-Phosphogliconate BE+1 1934+ 232 220 0.0167
a-Ketoghutarate 0.23 & 0.08 218023 5.48 <0.0001
Aconitate 0.21 & 0.07 0.14 £ 0.01 1.50 0.0387
Alanine 65+ 6 156+ 21 240 0.0067
Aspartic acid ELES 408 + 32 8.50 <0.0001
(Iso)eitrate 6309 53+£06 L19 NS,
Fructose-1,6-bisphosphate N.Q. 64409 - -
Fructose-0-phosphate - NQ. - -
Fumarate 24404 10.6 + 0.6 442 <0.0001
Glucose 2702 022+ 0.01 1227 <0.0001
Gluc ose-6-phosphate 0.16+ 0.03 0.64 £ 0.07 4.00 0.0268
Glutamate 10.9+ 0.6 289+ 52 26.51 <0.0001
Glutamine 58207 59+07 1.02 NS,
Glyceraldehyde-3-phosphate L6+04 1.3+£04 1.23 NS
Isoleucine 1442 3546 250 0.0341
Lactate 288 + 34 B12+12 282 <0.0001
Leucine 41+ 8 3444 1.21 N.S.
Malate 0.7+02 50+03 7.14 <0.0001
Malonyl-coenzyme A LEE 407+ 0.6 2.16 0.0048
Oxaloacetate - 1442 - -
Phosphoenclpyruvate N.OQ. 13+4 - -
Pyruvate T+1 G4+ 14 13.43 <0.0001
Ribose-5-phosphate - 49+ 08 - -
Serine 4T+ 5 4843 1.02 NS
Suceinate 12£2 1n+2 1.09 NS,
Succinyl-coenzyme A 173+ 0.5 16 L.79 0.031
Valine 25+ 2441 1.04 NS

NS ot signifiant paate | enton

The increased concentration of glucose-6-phosphate suggests both increased
glucose transport and glycolysis, and indeed lactate production was
significantly increased in mutated cells with respect to their isogenic
controls. The overall results suggest the dependence on glycolysis for
growth, indicative of the Warburg effect. Consequently, our analytical
method may be used to perform experiments under different glucose
environments and to explore the effect of drugs acting on either glucose
uptake or mitochondrial functioning. We next wished to determine whether
this method could be used to explore energy metabolism in a relevant
disease model. The simplest approach to test the functionality of the
technique was to isolate tissues from mice with different mitochondrial load
and importance in energy production. Thus, we compared the concentration
of metabolites in adipose tissue and hepatic tissue and found significant
differences in the concentration of measured metabolites (Table 4). Some

were immediately expected (e.g., amino acids and CAC intermediates). We
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also found that oxaloacetate and phosphoenolpyruvate were barely

detectable in adipose tissue, and the concentration of malonyl-CoA was

similar in both tissues. No attempt was made to explore the putative

metabolic pathways involved (e.g., lipogenesis), but results show that this

method can be used to interrogate metabolic alterations related to excessive

energy intake, obesity, and the development of associated metabolic

dysfunction in the liver (e.g., fatty liver disease).

Table 4. Metabolite concentration in mouse tissue samples (in pM/100 mg of tissue)
expressed as mean * SD. Decimals are reported according to the first significant digit of the
measured SD. The number of decimals varies according to the concentration

Metabolite Liver tissue (n= 10} Adipose tissue (n = 10)
2-Hvdronyghutarate 191 087+ 0.09
FHydroxybutirate 0.11 +0.01 0064 £ 0.003
FPhosphoglycerate 18 +£3 024 £ 0.05
&-Phosphogluconate 38206 + 1648 297 +43
a-Ketoghitarate 52+06 015+ 0.01
Aconitate 47%3 0061 + 0.004
Alanine 1663+ 1BH 63+7
Aspartic acid 4259 + 128 305 + 59
(Isojcitate 425+ 46 318
Fructose- 1,6-bisphosphate 121 1704
Fructose-6-phosphate 1323 + 110 28 +3
Fumarate 26 %35 025 +0.04
Glucose 1802 & 103 249 %21
Glucose-b-phosphate 1302 + 147 191 £17
Ghutamate 49043 + 6746 1889 4394
Ghutamine 2104 £ 273 532 £97
Citveeral dehyde-3-phosphate 163 011 £ 0.05
Lkoleucine T30+ 74 15£3
Lactate B6T + 47 592
Leucine 1009 = 104 306
Malate 319+ 49 3B £0.8
Malonyl-coenzyme A 23 %2 221
(Oxaloacetate 2303 N.O.
Phosphoenolpyruvate 12 +£2 MO
Pyruvate 56+035 032 +0.03
Ribose-5-phosphate 470+ 82 1703
Serine 5531+ 710 182 + 18
Succinate 138+ 19 13.1 % 0.8
Succinyl-coenzyme A 2917 TO£09
Valine 460 £ 60 223

N.0).: detected metabolite, but under limit of quantification

Method Limitations

This method requires a derivatization procedure, which increases the time

used for sample preparation. It should also be considered that the stability of

derivatized compounds is limited to a relatively short period of time (not
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more than 24 h). Although most authors consider citric acid as the only
compound found at its time of retention, our efforts to distinguish between
isomers were unsuccessful. Finally, because of the low ionization of acetyl
CoA, the concentration in biological samples is not readily detected using GC-
MS. To detect this and other possibly useful important metabolites, other
analytical platforms are required. Methods using liquid chromatography-

mass spectrometry [40—42] are available and provide an accurate approach.

Conclusion

We have developed a simple analytical method using GC-EI-QTOF-MS to
separate, detect, and quantify numerous metabolites involved in energy
metabolism, including glycolysis, the CAC, and pathways involved in
metabolism of lipids, amino acids, and pentose phosphate. This method
delivers an overall assessment of metabolism in biological samples used in
preclinical and clinical investigation: namely, cell-culture lysates, mouse
models of disease, and patient plasma. We have found that GC-EI-QTOF-MS
provides better resolution and reproducibility than other available analytical
platforms [43] to accurately quantify multiple metabolites. In particular, the
measurement of intermediates involved in mitochondrial metabolism, in all
likelihood, represents a major advance in the assessment, in vitro, of
mitochondrial dysfunction in cells and tissues. The indirect measurement of
these intermediates in plasma should be considered as an alternative to
assess the mitochondrial dysfunction in vivo for the clinical management of

common metabolic diseases.
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Abstract

Identification of therapeutic approaches to protect against the metabolic
consequences of chronic energy-dense/high-fat diet (HFD) remains a public
health priority because associated diseases are the leading causes of death
worldwide. Here, we evaluated whether metformin could protect against
HFD-induced metabolic disturbances in low-density lipoprotein receptor-
knockout mice. Once rendered obese, glucose-intolerant and hyperlipidemic,
mice were switched to diet reversal with or without metformin to explore
how proinflammatory and metabolic changes respond. Metabolic
phenotypes were evaluated by integrating biochemical, histological, and
metabolomic components closely related to the multi-faceted metabolic
disturbances provoked by HFD. Metformin combined with diet reversal
promoted a more effective weight loss along with better glucose control,
notably lowered levels of circulating cholesterol and triglycerides, and
moderately reduced adipose tissue content. Moreover, mice treated with
metformin showed a dramatically improved protection against HFD-induced
hepatic steatosis, a beneficial effect that was accompanied by a lowering of
liver-infiltrating proinflammatory macrophages and lower release of
proinflammatory cytokines. The ability of metformin to target the
contribution of branched chain amino acids to adipose tissue metabolism
while suppressing mitochondrial-dependent biosynthesis in hepatic tissue
might contribute to the additional beneficial effects elicited beyond those of
dietary restriction alone. Our findings underscore how the adipose tissue and
liver crosstalk provides clinical potential for combining metformin and
dietary modifications as a therapeutic maneuver to protect against the

metabolic damage occurring upon excessive dietary fat intake.
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Introduction

Contemporary high-energy and high-fat poor quality diets coupled with the
effect of sedentary lifestyles are closely related to the convergent epidemics
of obesity, insulin resistance; type 2 diabetes (T2D) and non-alcoholic fatty
liver disease (NAFLD). These metabolic comorbidities foster patterns of
functional decline and major chronic diseases that compromise health span
and quality of life [1]. Therefore, to identify therapeutic options aimed to
protect against dietary-induced, multifaceted metabolic damage is a clinical
priority. Lifestyle modification approaches are commonly indicated to
manage the vicious cycle of metabolic damage triggered by energy-
dense/high-fat diets (HFD) but the efficacy is seriously hampered by
relatively unknown cellular metabolic strategies and compensatory pathways
induced by reducing fat intake or taking regular exercise [2, 3]. The typical
diets in industrialized countries and calorie (energy) restriction (CR) would be
expected to exert the opposite effect by operating as extreme ends of the
same disease-health metabolic spectrum. However, the adoption of a CR-like
lifestyle seems impractical outside of research settings [4, 5]. An alternative
strategy might combine lifestyle modification with pharmacotherapy, and in
this context efficacy is likely for adenosine monophosphate-activated protein

kinase (AMPK) activators [6].

The biguanide metformin, a first-line diabetes drug, has been repeatedly
suggested to promote long-term programming of metabolic health with little
or no toxicological significance [7-10] and may take new routes (i.e., to treat
patients without diabetes) to clinical usefulness [11, 12] with the potential to
differentially affect medical outcomes [13-17]. Despite the growing evidence
demonstrating the multiple protective effects of metformin against
metabolic diseases, the combined effects of diet planning along with

metformin have been scarcely investigated. For example, the combination of
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metformin and a 70% restriction in calories yielded superior results than
either treatment alone in diabetic rats [18] and metformin alone improved
liver damage without modifying adipose tissue in HFD-fed C57BL6/J mice
[19]. Using a metabolomic approach, we tested the hypothesis that
concomitant metformin and simple diet reversal treatment could ameliorate
HFD-induced disturbances in energy metabolism. We performed an
integrated analysis of the metabolic phenotypes occurring upon feeding
experimental diets with or without metformin treatment in low-density
lipoprotein receptor-deficient mice (Ldlr 7). We have previously shown that
this is a robust model to assess the effect of nutrition in a context of
subclinical chronic inflammation, which reproducibly measure objective and
guantifiable metabolic characteristics, and includes hyperlipidemia without
the confounding effects of diabetes [20, 21]. We provide evidence that
switching to normal diet in combination with metformin can significantly

alleviate the metabolic disturbances provoked by previous HFD.

Material and methods

Animals and animal care

Male LdIr’- mice in a C57BL/6 genetic background were obtained by breeding
animals purchased from Jackson Laboratory (Bar Harbor, ME, USA) and
maintained under controlled temperature (222C), humidity (50%) and
lighting (12h-12h light-dark cycle). To prevent sex-dependent variability,
female animals were not included [18]. Mice had ad libitum access to water
and control breeder chow diet (CD; crude fat 3.1% and 71.8% available
carbohydrate) prepared by Scientific Animal Food & Engineering, Augy,
France, until the experiments began at 10 weeks of age. All procedures were

performed by dedicated staff in accordance with current regulations and
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supervision by the Ethics Committee on Animal Experimentation of the
Universitat Rovira i Virgili following European guidelines (Directive
2010/63/EU). Diets were chosen to examine relevant differences. In CD,
calories (3.3 Kcal/g) were from protein (19%), fat (roughly 9%) and
carbohydrates (72%). In the high-fat diet (HFD), Ssnif Spezialdidten (Soest,
Germany), calories (5.7 Kcal/g) were from protein (19%), fat (roughly 60%)
and carbohydrates (21%).

Experimental design

We explored the metformin response in mice fed with either the original CD
or HFD for 14 weeks. The animals were allocated to experimental groups
using computer-generated randomization schedules and the investigators
responsible for the assessment of outcomes had no knowledge of the
experimental group to which the animals belonged. No animals were
excluded from the analysis. First, mice were allocated into two dietary
groups (n=16, each) and further divided in mice receiving metformin (Sigma,
Madrid, Spain) or placebo (Monteloeder, Elche, Spain) daily (n=8, each) (Fig
1A). Mice were sacrificed at 24 weeks using isoflurane inhalation. The route
of administration and dose of metformin was designed after confirming that
metformin does not accumulate in plasma after repeated administration and
that the mean plasma concentration in mice was similar to that obtained in
humans with a dose of 1.25 g/day as described [22]. Hence, we used
metformin dissolved in drinking water (5 mg/mL) to provide 250 mg/Kg/day
in concordance with previously published data [23, 24]. We then examined in
parallel experiments the metformin response in mice with adverse
inflammatory and metabolic status established through feeding animals with
HFD for 6 weeks. Some animals (n=6) were sacrificed at this time for
comparative analysis. Other littermates were then fed with HFD or CD for

other 8 weeks. Those mice fed with CD were divided to receive metformin or
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placebo (n=8, each) as stated above (Fig 1B). Mice were sacrificed at 24
weeks after a similar fasting time (4 hours with a maximum difference of 15

min).

Sample collection and analytical methods

Glucose tolerance tests (GTT) were performed in all animals one week before
their sacrifice by injecting intraperitoneally glucose in saline solution (2 mg/g
of body weight) after 4 hours of fasting. Blood was drawn from the tail to
measure glucose levels (Roche Diagnostics, Basel, Switzerland), 0, 15, 30, 60
and 120 min after the injection. Blood samples were also collected from
anesthetized animals into EDTA treated blood collection tubes during
sacrifice and immediately centrifuged and stored at -802C until analysis.
There were no detectable iatrogenic experimental variables. Plasma
concentrations of glucose, cholesterol, triglycerides and liver enzymes were
measured by standard assays in an automated analyzer Synchron LXi 725
(Beckman Coulter, I1ZASA, Barcelona, Spain). Plasma lipoproteins were
separated by fast-performance liquid chromatography (FPLC) using a Bio-Rad
Bio Logic Duo Flow 10 system (Bio-Rad, Alcobendas, Spain). Serum pooled
samples from each group (200 pl) were injected into a Superose 6 /300 GL
column (GE Healthcare Europe GmbH, Munich, Germany), and 500 ul
fractions were collected. Cholesterol and triglycerides concentrations were
analyzed in each fraction as reported [17]. Organs were perfused in
phosphate buffered saline and tissue samples removed and fixed for 24h in

10% neutral-buffered formalin for histology.

Histological analysis

Paraffin-embedded tissues were stained with hematoxylin and eosin (H&E).
The extent of steatosis in the liver and adipocyte size of epidydimal white

adipose tissue (eWAT) were estimated by image analysis software (AnalySIS,
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Soft Imaging System, Munster, Germany) and the hepatic proportion of
macrophages (anti F4/80, Serotec, Oxford, UK) was determined by

immunohistochemistry essentially as described [25, 26].

Cytokines measurements

Liver samples were homogenized using a Precellys 24 homogenizer (Bertin
Technologies, Toulouse, France) in lysis buffer containing protease inhibitors
at a concentration of 250 pg/mL. The levels of interleukin (IL)-1B, IL-2, IL-6,
IL-10, interferon-y, chemokine (C-C motif) ligand 2 (CCL2), and tumor
necrosis factor-a (TNF- a) were measured in the homogenates following the
manufacturer’s instructions using Bio-plexProTM magnetic bead-based

assays (Bio-Rad, Madrid, Spain) on the Luminex platform (Bio-Rad).

Targeted metabolomics

The list of metabolites of major pathways related to energy metabolism was
designed with the rationale that cells must allocate nutrients toward
boosting glycolysis, and to generate ATP and intermediates for
macromolecule biosynthesis. Metabolites were quantitatively measured as
described [21]. Briefly, metabolites in liver (50 mg) and epididymal white
adipose tissue (eWAT; 100 mg) were extracted in 1 mL of methanol/water
(8:2) using a Precellys 24 system (lzasa, Barcelona, Spain). After
centrifugation at 14,000 rpm 10 min at 4°C, supernatants were collected and
the homogenization step repeated. Nonpolar compounds were further
extracted in chloroform/methanol (2:1). All supernatants were centrifuged,
filtered using 0.22 um filters, and freeze-dried overnight. Samples were dried
under N2, derivatized using methoxyamine dissolved in pyridine (40 mg/mL)
and N-methyl-N-(trimethylsilyl)-trifluoroacetamide and injected into a 7890A
gas chromatograph coupled with an electron impact source to a 7200

quadrupole time-of-flight mass spectrometer (MS) equipped with a 7693
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auto-sampler module and a J&W Scientific HP-5MS column (30 m x 0.25 mm,
0.25 um) (Agilent Technologies, Santa Clara, CA, USA). We measured 31
metabolites in related pathways, including the pentose-phosphate, glycolysis
and gluconeogenesis, citric acid cycle (CAC) and metabolism of amino acids
(see Figures). Values in eWAT homogenates were lower than in liver and
malonyl-CoA and succinyl-CoA were not considered because, although

detected, they were under the limit of quantification using these conditions.

Statistical analyses

All results are shown as the mean £ SD unless otherwise stated. Differences
between groups were assessed with the Mann-Withney U test
(nonparametric) and considered statistically significant when P < 0.05. Some
comparisons required one-way ANOVA. All statistical analyses were carried
out using the GraphPad Prism 6.0 Software, Inc (USA). For the metabolomic
analysis, the obtained raw data were processed and compounds were
detected and quantified using the Qualitative and Quantitative Analysis
B.06.00 software (Agilent Technologies). Results were compared by one-way
ANOVA with Dunnett’s multiple pair-wise comparison tests using a
significance threshold of 0.05. MetaboAnalyst 3.0, available on the web
(http://www.metaboanalyst.ca/) was used to generate meaningful

scores/loading plots [27].

Results

Effects on the regulation of body weight and food intake

Predictably, mice in the HFD group gained weight quicker than CD
littermates. Whereas metformin treatment had no effect on body weight
regulation in mice challenged with HFD, it led to a significant reduction in

body weight gain in mice on CD from the fourth week until the end of the
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follow-up (24 weeks) (Figure 1A). Body weight gain of HFD-fed mice
decreased immediately after switching to CD. Remarkably, administration of
metformin was significantly more effective than CD alone in reducing body
weight gain, particularly after 6-7 weeks of diet reversal when mice fed CD
alone began to regain lost body weight (Figure 1B). Mice on HFD exhibited
decreased food intake relative to CD-fed mice; however, the total caloric
intake by body weight was similar in both groups when considering the food
energy density in the diets. Metformin treatment had no effect on food

consumption between groups (Figure 2A, B).

Effects on glucose homeostasis

Fasting serum glucose levels were significantly higher in the HFD group than
in the CD group. To assess in more detail the impact of chronic HFD exposure
on glucose homeostasis, both groups were subjected to a glucose tolerance
test (GTT). Intraperitoneally injected glucose resulted in a more rapid
increase of blood glucose in the HFD group than in the CD group, indicating
the development of HFD-induced systemic glucose intolerance. The effect of
metformin administration on plasma glucose levels and glucose tolerance
was negligible in CD and HFD groups. We then re-evaluated glucose
homeostasis in HFD-fed mice subjected to diet reversal with or without
metformin treatment. Diet reversal and metformin were similarly effective in
reducing the HFD-provoked increase in plasma glucose. Of note, although
peak values of blood glucose levels were similar for diet reversal alone and
with metformin in the GTT, animals treated with metformin exhibited faster

glucose clearance (Figure 2C-F).
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Figure 1. Dietary-induced changes and the effect of metformin on weight control. Overall
design in experimental animals. (A) Values obtained in mice upon feeding with experimental
diets for 14 weeks. CD, chow diet; HFD, high-fat diet. (B) Values obtained after a 6 weeks
period of HFD feeding and shift to CD. Asterisks denote significant (P < 0.05) changes
compared to the respective group.
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Figure 2. Dietary-induced changes and the effect of metformin on food intake and glucose
homeostasis. (A, B) Cumulative food intake, (C, D) glucose tolerance tests, and (E, F) plasma
glucose levels segregated by the type of dietary experiment and use of metformin as
indicated. Asterisks denote significant (*P < 0.05; **P < 0.01) changes.
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Effects on hyperlipidemia

Plasma levels of cholesterol and triglycerides were significantly higher in the
HFD group than in the CD group (Figure 3A). Metformin treatment resulted
in a significant reduction in the concentration of total serum cholesterol and
of dense LDL-cholesterol in CD-fed animals (Figure 3A, B). Metformin-
induced changes to LDL levels in CD-fed mice were accompanied by a
significant decrease in serum triglyceride concentrations and of triglycerides
in the LDL fraction (Figure 3 A, B). Diet reversal to CD abolished the increase
in circulating cholesterol promoted by HFD feeding (Figure 3C). Indeed,
lipoprotein distribution in mice subjected to diet reversal with or without
metformin largely resembled that commonly observed in wild-type animals
(i.e., almost all cholesterol in the HDL fraction) (Figure 3D). Remarkably,
administration of metformin promoted a further reduction in the circulating
levels of cholesterol in diet-switched mice and also a statistically significant

reduction in serum triglyceride concentration (Figure 3C).

Effects on white adipose tissue

Given the changes to triglyceride levels between CD and HFD groups, we
next questioned how metformin might impact e WAT content. Morphometric
analysis of visceral/eWAT depots revealed that average adipocyte size in
HFD-fed mice was significantly greater than that found in CD-fed mice (Figure
4A, B). Metformin administration significantly decreased adipocyte size and
also the relative weight of the eWAT depot in CD-fed mice (Figure 4A, B). By
contrast, metformin treatment further increased adipocyte size and also the
relative weight of WAT in HFD-fed animals (Figure 4A, B). Whereas
metformin treatment augmented the loss of the WAT depot in animals
subjected to diet reversal and led to a significant decrease in adipocyte size,
the average size of adipocytes remained larger than in those from animals

treated with diet reversal alone (Figure 4C, D).
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Figure 3. Dietary-induced changes and the effect of metformin on plasma lipids and
lipoprotein distribution. (A) Plasma lipids and (B) lipoprotein distribution as measured with
fast-performance liquid chromatography in mice upon feeding with experimental diets for 14
weeks. CD, chow diet; HFD, high-fat diet. (C, D) Same measurements in mice after diet reversal
with or without metformin. Asterisks denote significant (*P < 0.05; **P < 0.01; ***P < 0.001)

changes as indicated.
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Figure 4. Dietary-induced changes and the effect of metformin on the epididymal WAT
phenotype. (A) Representative microphotographs (200x) showing the differential effects of
diet and metformin in epididymal white adipose tissue (eWAT) and (B) frequency distribution
of adipocyte size. (C) Mean values for adipocyte area and relative weight with respect to body
weight in experiments. (C, D) Phenotypic changes and frequency distribution of adipocyte size
combining shift in diets and metformin. Legends as in Figure 1 and asterisks denote significant
(*P<0.05; ""P < 0.01; ***P < 0.001) changes as indicated.
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Effects on hepatic steatosis

Chronic HFD exposure is known to cause lipid accumulation in the liver, a
process that ultimately leads to NAFLD and eventually to nonalcoholic
steatohepatitis. As expected, HFD-fed animals presented with severe fatty
liver disease. No significant differences in hepatic steatosis were found in the
CD and HFD groups following metformin administration (Figure 5A).
Remarkably, whereas diet reversal alone failed to ameliorate HFD-induced
hepatic steatosis, the combination of diet reversal and metformin treatment

significantly reduced the occurrence of steatosis (Figure 5B).

Effects on hepatic inflammation

There were no signs of ballooning or fibrosis and liver enzymes were not
differentially affected by diet but we detected a significantly increased
number of macrophages in liver of HFD-fed animals when compared with
CD-fed animals, as revealed by immunohistochemistry for F4/80, a pan-
marker for murine tissue macrophages (Figure 5C). Diet reversal ameliorated
liver inflammation in the HFD group, as demonstrated by the significant
decrease in the number of F4/80" inflammatory cells (Figure 5D). Of note,
metformin treatment of diet-reversed animals almost completely eliminated
the presence of F4/80* macrophages (Figure 5D), which also appeared to be
enlarged; a morphology that might be suggestive of an activated state
following HFD. The ability of metformin to reduce HFD-induced chronic
inflammation might involve the reduced production of prototypical pro-
inflammatory cytokines including interleukin (IL)-1B and tumor necrosis
factor-a (TNF-a), as levels of these cytokines were significantly reduced in
metformin-treated mice. Quantitative and qualitative changes were similar
in both CD and HFD regimens and values obtained in CD fed mice with or

without metformin are shown in Figure 5E.
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Figure 5. Dietary-induced changes and the effect of metformin on the liver phenotype.
Effects of diet and metformin at indicated times during nutritional variations. Representative
microphotographs (100x) of liver sections stained with H&E (A, B) and F4/80
immunochemistry (C, D) showing the effects of diet and metformin in steatosis score and
proportion of macrophages. (E) The effect of metformin in the hepatic concentration of
selected cytokines. Legends as in Figure 1 and asterisks denote significant (*P < 0.05; **P <
0.01; *™™"P < 0.001) changes as indicated.
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Effects on the levels of energy metabolites in hepatic and adipose tissue

The exposure of mice to HFD has an impact on levels of energy metabolites,
which is different in WAT and liver. In WAT, HFD led to a decrease in the
levels of glycolytic intermediates proximal to glucose-6-phosphate, while
increasing the TCA cycle intermediates citrate/isocitrate and a-ketoglutarate.
Conversely, HFD promoted in liver the accumulation of glycolytic
intermediates proximal to glucose-6-phosphate, that is, those intermediates
involved in glucose transport and phosphorylation, while significantly
decreasing branched-chain amino acids (BCAAs) (Figure 6). We then
evaluated the tissue-specific (WAT versus liver) nature of the impact of
metformin for energy metabolites. Metformin treatment led to a significant
decrease in the levels of the BCAAs valine, leucine, and isoleucine in WAT of
mice fed CD, and additionally increased glycolytic intermediates distal to
glucose-6-phosphate (phosphoenolpyruvate, pyruvate, and lactate) and most
of the TCA cycle intermediates (Figure 7A). Whereas the decrease in the
glycolytic intermediates proximal to glucose-6-phosphate remained
unaltered by metformin treatment, neither glycolytic intermediates distal to
glucose-6-phosphate nor TCA intermediates were significantly altered by
metformin in WAT of mice on HFD. Metabolite-based clustering in WAT
obtained by the partial least squares-discriminant analysis (PLS-DA) model
revealed a clear and significant separation between CD and HFD regimens in
the absence or presence of metformin treatment in two-dimensional score
plots (Figure 7B). When the criteria of variable importance in the projection
(VIP scores 21) in the PLS-DA model were used to maximize the difference of
metabolic profiles between the different diet groups, the subset of
metabolites majorly impacted were early glycolytic intermediates and BCAAs

(Figure 7C). Heatmap visualization, commonly used for unsupervised
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clustering, revealed a similar segregation of metformin-impacted glycolytic

and amino acids metabolites in WAT from CD and HFD groups (Figure 7D).

A completely different picture emerged when assessing metformin-driven
metabolomic shifts in liver from CD and HFD groups. The significant
reduction of phosphoenolpyruvate and acetyl-CoA, accompanied by an
increase in the levels of glycolytic intermediates proximal to glucose-6-
phosphate, including glucose-6-phosphate itself, 6-phosphogluconate, and
fructose 1,6-bisphosphate, suggested a reduced entry of glucose carbon into
mitochondrial biosynthetic metabolism in mice fed CD together with
metformin treatment (Figure 8A). Mitochondria from liver of mice fed HFD
apparently exhibited an increased dependency in reductive glutamine
metabolism capable of replenishing the high levels of lipogenic acetyl-
CoA/malonyl-CoA as an adaptive response to metformin (Figure 8A).
Metabolite-based clustering in liver obtained by the PLS-DA model confirmed
a clear and significant separation of animals fed a CD alone and with
metformin (Figure 8B). Conversely, a small overlap occurred in animals fed
HFD alone and with metformin (Figure 8B). When the distinct metabolites
between hepatic groups were selected with the criteria of VIP 21 in the PLS-
DA model, the subset of metabolites majorly impacted were glycolytic
intermediates and those metabolites related to the biosynthetic fates of
glutamine metabolism (Figure 8C). Unlike the scenario observed with the
similar impact of metformin for WAT metabolites in CD- and HFD-fed mice,
the segregation of the selected metabolites obtained by using heatmap
visualization confirmed a completely distinct segregation of metformin-

impacted metabolites in liver of CD- and HFD-fed mice (Figure 8D).
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Figure 6. The relative impact of dietary fat on the levels of metabolites associated with
energy metabolism in adipose tissue and liver. Metabolites are marked in green or red if they
were significantly decreased or increased respectively according to the impact of HFD alone.
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Figure 7. Dietary-induced changes and the effect of metformin on WAT energy metabolites.
(A) The effect of both diets is segregated to highlight specific changes in metformin response;
metabolites are marked in green or red if they were significantly decreased or increased
respectively. (B) Partial least square discriminant analysis indicates visually the role of the
measured metabolites in discriminating among the different experimental groups. (C) Random
forests were used to rank without supervision the importance of metabolites to explain the
differential effect of metformin. (D) Standardized metabolite concentrations represented as a
heatmap. Mice populations with different diets and metformin treatment are reported as a
color code in the upper part of the graph, while metabolite names have been assigned to

rows
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Figure 8. Dietary-induced changes and the effect of metformin on hepatic energy. (A) The
effect of both diets is segregated to highlight specific changes in metformin response;
metabolites are marked in green or red if they were significantly decreased or increased
respectively. (B) Partial least square discriminant analysis indicates visually the role of the
measured metabolites in discriminating among the different experimental groups. (C) Random
forests were used to rank without supervision the importance of metabolites to explain the
differential effect of metformin. (D) Standardized metabolite concentrations represented as a
heatmap. Mice populations with different diets and metformin treatment are reported as a
color code in the upper part of the graph, while metabolite names have been assigned to

rows.
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Discussion

Our major finding is that metformin treatment might play a major role in
preventing the metabolic disturbances caused by earlier exposure to HFD in
both adipose and liver tissues. Metformin also enlarges the benefits of
simple dietary restrain as a stand-alone intervention. Feeding Ld/r”" mice
with HFD promoted the appearance of classical metabolic derangements
occurring after excessive intake of dietary lipids (i.e., weight gain, glucose
intolerance, hyperlipidemia, hepatic steatosis and liver inflammation). When
HFD-fed animals were subjected to diet reversal alone and also to metformin
for a short duration, it became apparent that switching to regular feeding
alone (which mimics patients guided towards a healthier overall pattern of
eating) could not fully reverse the full spectrum of metabolic abnormalities
provoked by the initial exposure to HFD. However, the addition of metformin
treatment to diet reversal remarkably ameliorated the metabolic status

associated with the previous HFD pattern.

Animals started to regain body weight 6 weeks after switching to normal diet
but the trend towards lower weight gain remained unaltered in the presence
of metformin, likely indicating that the effect of metformin in weight loss
maintenance could prevent the long-term consequences of HFD-associated
overweight. Similarly, feeding mice HFD induced an insulin resistance
phenotype. Although the reduction of energy intake by switching the diet
from HFD to CD significantly improved the hyperglycemia induced by HFD, it
was noteworthy that metformin treatment elicited additional glycemic
control. The significantly better-preserved glucose tolerance of mice on
metformin was accompanied by an improved attenuation of the circulating
levels of cholesterol and triglycerides, thus revealing its capacity to protect
from the long-term effects of HFD-imposed periods of metabolic

hyperlipidemia. These effects are attributable to metformin [28] and our
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data suggest that can reverse an HFD-established obese and insulin-resistant

phenotype.

Exposure to HFD causes chronic inflammation in the liver, a critical factor for
the development of obesity-related glucose intolerance and insulin
resistance [29]. Glucose intolerance and hepatic insulin resistance, in turn,
can promote the development and progression of NAFLD [30, 31], thereby
driving a harmful cycle of metabolic disturbances. This key mechanistic
component of the lifelong risk for developing metabolic complications in
response to energy overload appears to be the one most profoundly affected
by metformin. Metformin treated mice exhibited a dramatically improved
protection against HFD-induced hepatic steatosis, which was accompanied
by a significant lowering of liver-infiltrating pro-inflammatory macrophages
as well as lower levels of major proinflammatory cytokines. The ability of
metformin to modulate the polarization or migration of these cells has been
recently demonstrated in tumor-associated macrophages [32, 33]. Future
studies should examine whether the ability of metformin to restore impaired
glucose and hepatic lipid metabolism may have aided in the reduction of
hepatic tissue inflammation by preventing either the recruitment or pro-

inflammatory activation of macrophages (or both).

Liver and WAT from HFD-fed LdIr”* mice appear to have a significantly
different metformin-induced response to the inability of HFD-damaged
tissues to benefit from the expected response to diet reversal [34-37]. On
the one hand, diet reversal failed to restore HFD-induced hepatic damage
unless combined with metformin. Metformin decreased the flow of glucose-
and glutamine-derived metabolic intermediates into the TCA cycle and
appears to overcome the hepatic ability to store and metabolize
carbohydrates, thereby better preventing HFD-induced hepatic damage

when switching to normal diet occurs. This metformin effect has already
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been appreciated in proliferating cells, suppressing the mitochondrial-
dependent biosynthetic activity and de novo lipogenesis [38,39]. Hence, our
findings support the notion that elevated mitochondrial TCA function and
increased flow through anabolic pathways plays a crucial role in the
pathology of fatty liver and insulin resistance induced by an obesogenic diet
[40]. This is in accordance with recent data indicating that metformin might
alleviate oxidative stress and inflammation [41]. Mitochondrial adaptations
might therefore be explored as mechanisms of HFD-induced hepatic
complications. On the other hand, it appears that adipocyte hypertrophy in
WAT of LdIr” mice, a hallmark of WAT enlargement in obesity, is clearly
corrected upon diet reversal. The frequency distribution of adipocyte sizes
across the WAT depot suggests an apparently limited capacity of metformin
to remodel WAT tissue architecture, likely indicating a specific protection
from hepatic insulin resistance rather than a protection from systemic insulin
resistance. We now know that, in contrast to the usage of glucose and
glutamine for mitochondrial generation of lipogenic pools of acetyl-CoA in
proliferating cells, differentiated adipocytes exhibit an increased catabolic
flux of BCCAs such as leucine and isoleucine that account for a significant
amount of lipogenic acetyl-CoA pools [42, 43]. In this regard, it is noteworthy
that the capacity of metformin to target the contribution of BCAAs to WAT
metabolism, likely by up-regulating the BCAA degradation pathway [44],
might contribute to the additional beneficial effects elicited by metformin
beyond those of diet reversal alone by altering the functional integrity of this
tissue. Future research should include the effect of metformin and other

drugs apparently converging in mechanisms involving BCAAs.

The health-promoting effects of metformin are largely viewed as the
consequence of its ability to simultaneously target the core nutrient-sensing

networks insulin/IGF-1, at the non-cell autonomous level, and AMPK/mTOR,
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at the cell-autonomous level [7, 24, 45, 46]. Alternatively, they might reflect
downstream consequences of a primary action on a single master
mechanism that has not yet been identified. Along this line, very recent
reports are providing evidence for epigenetic targets potentially contributing
to the protective effects of metformin against several diseases [47-49].
Because the pathogenesis of HFD-induced metabolic disturbances causally
involves the long-term persistence of epigenetic alterations [34-36, 50-52],
there is an urgent need to elucidate the mechanism of metformin to mediate
global epigenetic programming in multiple host tissues [48, 53]. We have
found robust patterns indicating the potential of metformin to serve as a
model compound for preventing HFD-driven progression of metabolic
complications despite attainment of changes in dietary habits. The clinical
combination of metformin-based pharmacotherapy with dietary
modification might herald the development of much-needed therapeutic and
preventive strategies against metabolic consequences of excessive dietary

fat intake.
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STUDY Ili

Palmitate conditions macrophages for enhanced responses
towards pro-inflammatory stimuli via JNK activation.

Molecular Metabolism, 2017
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Abstract

Obesity is associated with low-grade inflammation and elevated levels of
circulating saturated fatty acids (SFA), which trigger inflammatory responses
by engaging pattern recognition receptors in macrophages. Since tissue
homeostasis is maintained through an adequate balance of pro- and anti-
inflammatory macrophages, we assessed the transcriptional and functional
profile of M-CSF-dependent monocyte-derived human macrophages (M-M@)
exposed to concentrations of SFA found in obese individuals. We report that
palmitate (C16:0, 200 uM) lowers the expression of transcription factors that
positively regulate IL-10 expression (MAFB, AhR), modulates significantly the
macrophage gene signature, and promotes a pro-inflammatory state whose
acquisition requires JNK activation. Unlike LPS, palmitate exposure does not
activate STATL1, and its transcriptional effects can be distinguished from
those triggered by LPS as both agents oppositely regulate the expression of
CCL19 and TRIB3. Besides, palmitate conditions macrophages for
exacerbated pro-inflammatory responses (lower IL-10 and CCL2, higher
TNFa, IL-6 and IL1-B) towards pathogenic stimuli, a process also mediated by
JNK activation. All these effects of palmitate are fatty acid-specific since
oleate (C18:1, 200 uM) does not modify the macrophage transcriptional and
functional profiles. Therefore, pathologic palmitate concentrations promote
the acquisition of a specific polarization state in human macrophages and
condition macrophages for enhanced responses towards inflammatory
stimuli, what provides a further insight on the macrophage contribution to

obesity-associated inflammation.
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Introduction

Obesity has become a major worldwide health problem due to its association
with the development of metabolic diseases (type 2 diabetes, metabolic
syndrome, non-alcoholic fatty liver disease), and its correlation with several
types of cancer [1, 2]. Numerous studies have demonstrated that
inflammation underlies the link between obesity and metabolic diseases. So,
an excessive nutrient intake results in the accumulation of saturated fatty
acids (SFA, like palmitate), which correlates with an increase in pro-
inflammatory cytokines [3]. Moreover, adipose and liver tissues from obese
individuals exhibit infiltration by immune cells, primarily macrophages, an
event proposed as a primary trigger for obesity-induced inflammation [4].
Chronic obesity produces a low-grade activation of the innate immune
system that affects homeostasis over time [5]. A key role for macrophages in
the pathogenesis of metabolic disorders has been demonstrated in mouse
models of obesity, where defective CCR2-dependent monocyte/macrophage
recruitment towards adipose tissue protects from obesity-induced
inflammation and insulin resistance [6]. Likewise, depletion of CD11c-positive
cells in mice reduces adipose tissue inflammation [7], and myeloid cell-
specific deletion of IKKB or JNK1 also protects mice from high-fat diet
induced insulin resistance [8, 9]. In vitro and in vivo studies have suggested
that SFA activate macrophage inflammatory signaling pathways leading to
adipose tissue inflammation and systemic insulin resistance in a TLR4-
dependent manner [10]. However, recent reports suggest that the link
between SFA and insulin resistance might not be a direct consequence of a
canonical TLR4 activation [11-13] because MyD88 KO mice display a more
severe metabolic disease in response to a high fat diet [12] and TLR4
deficiency exacerbates diet-induced obesity, steatosis, and insulin resistance
on the C57BL/10 genetic background [13]. Palmitate may also induce TLR-

independent actions through epigenetic modifications [14, 15]. Chronic
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palmitate exposure reprograms gene expression of human pancreatic islets
by altering DNA methylation level [14]. Likewise, palmitate treatment
increases DNA methylation levels at PPARyl promoter in mouse
macrophages [15]. Therefore, whereas the role of macrophages in obesity-
induced diseases in mice is well established, the triggers for the
inflammatory activation of macrophages by SFA and the underlying

molecular mechanisms have not been completely elucidated.

Inflamed tissues contain heterogeneous populations of resident and newly
recruited macrophages that display a continuum of functional
(activation/polarization) states whose appropriate balance allows elimination
of tissue injuries and recovery and maintenance of tissue homeostasis. The
huge macrophage functional and phenotypic heterogeneity derives from
their ability to integrate information from the surrounding environment [16].
Our group and others have functionally and transcriptionally characterized
human monocyte-derived macrophages generated in the presence of either
GM-CSF (GM-M@) or M-CSF (M-M@), and shown that they resemble
macrophages found in vivo under inflammatory conditions (GM-M@) or in
homeostatic/anti-inflammatory settings (M-M@) [17-20]. Accordingly, TLR-
mediated activation of GM-M@ results in the production of large levels of
pro-inflammatory cytokines, whereas M-M@ activation primarily leads to
release of the anti-inflammatory cytokine IL-10 [20]. Moreover, LPS
activation of GM-M@ and M-M@ has allowed the identification of novel gene
sets whose expression is regulated by LPS in a macrophage subtype-specific
manner (Cuevas et al., unpublished). Since palmitate exerts its activation, at
least partly, via TLR4, the analysis of the transcriptional and functional
responses of GM-M@ and M-M@ to palmitate should help clarify the
mechanisms behind macrophage activation by SFA. Besides, since identified

mouse macrophage polarization-specific genes cannot be extrapolated to the
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case of human macrophages [21, 22], it is mandatory to identify genes
whose expression correlates with SFA activation in human macrophages as a
primary step to determine the polarization state of adipose tissue
macrophages under homeostatic and pathological conditions. We have now
analyzed the effects of palmitate on human macrophages at the
transcriptomic and functional levels, and found that palmitate triggers a JNK-
dependent pro-inflammatory shift in human macrophages and primes
macrophages for exacerbated pro-inflammatory response towards other
pathogenic stimuli. Our results illustrate the existence of a palmitate-specific
polarization state in human macrophages and demonstrate that palmitate,
but not oleate, primes macrophages for exacerbated responses towards

inflammatory stimuli.

Material and methods

Generation of human monocyte-derived macrophages

Human Peripheral Blood Mononuclear Cells (PBMC) were isolated from buffy
coats from normal donors over Lymphoprep (Nycomed Pharma, Oslo,
Norway) gradient according to standard procedures. Monocytes were
purified from PBMC by magnetic cell sorting using anti-CD14 microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) (>95% CD14+ cells).
Monocytes (0.5 x 10° cells/ml, >95% CD14+ cells) were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) for 7 days in the presence
of 1000 U/ml GM-CSF or 10 ng/ml M-CSF (ImmunoTools, Friesoythe,
Germany) to generate GM-CSF-polarized macrophages (hereafter termed
GM-M@) or M-CSF-polarized macrophages (hereafter termed M-M@),
respectively [23]. Cytokines were added every two days. Where indicated,
macrophages were treated with 10 ng/ml E. coli 055:B5 LPS (Sigma-Aldrich,
MO, USA), palmitate (C16:0, 200 uM) or BSA for the indicated periods of
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time. Cells were cultured in 21% O, and 5% CO,. For intracellular signaling
inhibition, macrophages were exposed to JNK inhibitor SP600125 (30 uM),
GSK3 inhibitor (LiCI 30 mM) during 1 hour before treatment with BSA or
palmitate (C16:0).

Fatty acid preparation

Sodium palmitate (P9767, Sigma-Aldrich, Steinheim, Germany) and sodium
oleate (07501, Sigma-Aldrich) were prepared by diluting a 200 mM stock
solution in 70% ethanol into 10% fatty acid-free, low endotoxin BSA (A-8806,
Sigma-Aldrich; adjusted to pH 7.4) to obtain a 5 mM palmitate-BSA stock
solution that was filtered using a 0.22um low protein binding filter (Millipore,

Billerica, MA, USA).

Quantitative real-time RT-PCR

Total RNA was extracted using the NucleoSpin RNA/Protein kit (Macherey-
Nagel, Diiren, Germany), retrotranscribed, and amplified using the Universal
Human Probe library (Roche Diagnostics, Mannheim, Germany).
Oligonucleotides for selected genes were designed according to the Roche
software for quantitative real-time PCR (Roche Diagnostics, Mannheim,
Germany). Assays were made in triplicate and results normalized according
to the expression levels of TBP (TATA box-binding protein) mRNA. Results
were expressed using the AACT method for quantification. Analyzed genes
included the “Pro-inflammatory gene set” and the “Anti-inflammatory gene

2

set” that have been previously defined [18, 25]. Where indicated,
microfluidic gene cards were custom-made (Roche Diagnostics) and designed
to analyze the expression of a set of genes whose expression is variably
modulated by LPS (10 ng/ml E. coli 055:B5, 4h) in either GM-M@ and/or M-
M@ [26] (Delgado-Cuevas et al., unpublished). Specifically, the gene cards

included 10 genes upregulated by LPS in both GM-M@ and M-M@, 9 genes
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upregulated by LPS exclusively in GM-M@, 3 genes downregulated by LPS
exclusively in GM-M@, 28 genes upregulated by LPS exclusively in M-M@, 20
genes downregulated by LPS exclusively in M-M@, 7 genes upregulated by
LPS in GM-M@ but downregulated in M-M@, and 9 genes downregulated by
LPS in GM-M@ but upregulated in M-M@. Assays were made in triplicate on
two independent samples of each type, and the results normalized according
to the mean of the expression level of endogenous reference genes HPRTI,
TBP and RPLPO. In all cases (quantitative real-time PCR or gene cards), the
results were expressed using the AACT method for quantitation. Non-
supervised hierarchical clustering was done on the mean expression level of
each gene in BSA- or palmitate-treated LPS-activated M-M@, and using

Genesis software (http://genome.tugraz.at/genesisclient/genesisclient description.shtml)

[27].

ELISA

Macrophage supernatants were assayed for the presence of cytokines using
commercial ELISA kits for TNF-a, CCL2 (BD Biosciences, CA, USA), IL-10, IL-6,
IL-1B (Biolegend, CA, USA) and CCL19 (Sigma-Aldrich) according to the

protocols supplied by the manufacturers.

Western blot

Cell lysates were obtained in 10 mM Tris-HCI (pH 8), 150 mM NaCl, 1%
Nonidet P-40 lysis buffer containing 2 mM Pefabloc, 2 mg/ml aprotinin/
antipain/leupeptin/pepstatin, 10 mM NaF, and 1 mM Na3VvO04. 10-15 ug of
cell lysate was subjected to SDS-PAGE and transferred onto an Immobilon
polyvinylidene difluoride membrane (Millipore). Protein detection was
carried out using antibodies against MAFB (sc-10022, Santa Cruz, CA, USA),
AHR (sc-8087, Santa Cruz) and CEBP/B (sc-150, Santa Cruz), phospho-ERK1/2,
phospho-JNK, phospho-p38, phospho-p65, phospho-IKK, total IKK, ERK 1/2
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and IKBa (all from Cell Signaling), total and phosphorylated STAT1 and STAT 3
(BD Bioscences), phospho-IRF3 (Cell Signaling) and total IRF3 (Santa Cruz).
Protein loading was normalized using a monoclonal antibody against GAPDH

(Santa Cruz) or an antibody against human Vinculin (Sigma-Aldrich).

Phosphoarrays

Intracellular signaling in response to palmitate was assessed with lysates
from macrophages exposed to palmitate for 4 hours and using the Human
Phospho-Kinase Antibody Array (R&D Systems), which detects the relative
phosphorylation levels of 46 intracellular serine/threonine/tyrosine kinases,

and following the manufacturer recommendations.

Statistical analysis

Statistical analysis was performed using Student’s t-test, and p<0.05 was

considered significant (*p<0.05; **p<0.01; ***p<0.001).

Results

Palmitate modifies the functional, transcriptomic and protein profile of

human anti-inflammatory M-Mg.

Numerous evidences indicate that macrophage dysfunction in states of lipid
excess contribute to the development of obesity-related diseases [6-9]. To
determine to what extent fatty acid exposure modifies the functional
properties of human macrophages, GM-M@ and M-M@ were exposed to
palmitate (200 uM, 24 h) and the production of pro- and anti-inflammatory
cytokines was assessed. Palmitate was efficiently captured by both
macrophage subtypes (Figure 1A) and significantly increased the production
of TNF-a and IL-1B, while diminished the basal production of CCL2, in M-M@

(Figure 1B). Palmitate stimulation also modified macrophage polarization at
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the transcriptomic level, as it drastically down-regulated all the M-M@-
specific genes assayed (“Anti-inflammatory gene set”, HTR2B, HTR7, FOLR2,
IL10, IGF1, CCL2, FABP4, MAFB) [18, 25] (Figure 1C), while increased the
MRNA expression of GM-M@-associated INHBA, EGLN3, PPARG1, TNF, IL6
and /DO1 genes (“Pro-inflammatory gene set”) (Figure 1C). In the case of
GM-M@, palmitate significantly enhanced the basal production of TNF-a, IL-6
and IL-1B (Figure 1B), enhanced the mRNA levels of TNF, IL1B, IL6 and IDO1,
and reduced the expression of various GM-M@- and M-M@-specific genes
(Figure 1C). Kinetics analysis revealed that the expression of prototypical
genes within “Anti-inflammatory gene set” (CCL2, IL10, HTR2B, HTR7) was
already decreased 4h after palmitate treatment (Figure 1D) whereas
upregulation of genes of the “Pro-inflammatory gene set” (INHBA, EGLN3,
TNF, IL6) was only seen at later time points after palmitate exposure (Figure
1D). The ability of palmitate to down-regulate M-M@-specific gene
expression prompted us to determine its effects on the expression of
transcription factors that control macrophage polarization (AhR, MAFB,
C/EBPB) [18, 25, 26, 28, 29]. M-M@ exhibited considerably higher levels of
MAFB and AhR than GM-M@, whereas the latter exhibit a higher content of
C/EBPB (Figure 1E). Palmitate treatment significantly reduced MAFB and AhR
protein levels, and increased C/EBPB, in M-M@ (Figure 1E), and these
changes in transcription factor levels were evident 4-10 hours after palmitate
treatment (Figure 1F). Therefore, palmitate promotes M-M@ to acquire a
GM-M@-like pro-inflammatory signature at the transcriptional and cytokine
levels, and also induces M-M@ to gain a transcription factor profile that
resembles that of GM-M@. The palmitate-induced downregulation of MAFB
protein expression is especially significant given the involvement of MAFB in

the acquisition of an anti-inflammatory profile by human macrophages [26].
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Figure 1. Functional, transcriptomic and transcription factor profile of palmitate-treated
human macrophages. (A) Palmitate (C16:0) uptake by human macrophages (GM-M@ and M-
M@), as determined by Oil Red staining after 24 hours. For comparative purposes,
macrophages were exposed in parallel to BSA (upper panels). (B) Levels of the indicated
cytokines in the culture media of macrophages (GM-M@ and M-M@) exposed to 200 uM
palmitate (C16:0) or BSA for 24h, as determined ELISA. Shown is the mean + SEM of ten
independent experiments. (C) Relative mRNA expression of the indicated genes in GM-M@
and M-M@ exposed to 200 uM palmitate or BSA for 24h, as determined by qRT-PCR using TBP
as a reference. Shown is the expression of each gene after palmitate treatment and relative to
its expression after BSA treatment. Shown is the mean * SEM of ten independent
experiments. (D) Relative mRNA expression of the indicated genes in M-M@ exposed to 200
UM palmitate or BSA for 4h, 10h or 24h, as determined by qRT-PCR using TBP as a reference.
Shown is the expression of each gene after palmitate treatment and relative to its expression
after BSA treatment. Shown is the mean + SEM of three independent experiments (*, p<0.05;
** p<0.01; ***, p<0.001). (E) Expression of MAFB, AhR and CEBP/B in macrophages (GM-M@
and M-M@) treated with 200 uM palmitate or BSA (-) for 24h, as determined by Western blot.
(F) Expression of MAFB, AhR and CEBP/B in M-M@ non-treated (Ctrl) or treated with 200 uM
palmitate or BSA (-) for 4h, 10h or 24h, as determined by Western blot. In (E-F), three
independent experiments were done and one of them is shown, and GAPDH protein levels
were determined in parallel as a protein loading control.
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Palmitate and LPS induce distinct transcriptional profiles in human

macrophages.

Innate immune cells sense palmitate as a danger signal via TLR4 [30, 31] and
additional receptors [30, 32-34]. Numerous studies have already defined the
LPS-induced transcriptional changes in mouse and human macrophages [35],
and we have previously determined the global transcriptional profile of LPS-
treated GM-M@ and M-M@, and identified gene sets whose LPS
responsiveness is distinct in GM-M@ and M-M@ (Cuevas et al., unpublished).
Given the ability of TLR4 to recognize LPS or palmitate, we next compared
the transcriptomic changes elicited by palmitate (200 uM) or LPS (10 ng/ml)
for 4 h and 24 h on M-M@. LPS and palmitate exhibited distinct
transcriptional effects on genes of the “Pro-inflammatory gene set” and
“Anti-inflammatory gene set” (Figure 2A), including opposite actions on the
expression of MMP12, PPARG1, CCR2B, IL10 and CCL2 after 24 hours in M-
M@ (Figure 2B). The differences in the transcriptional responses of M-M@ to
LPS and palmitate were also observed upon analysis of a large set of LPS-
regulated genes (Figure 3B) as IDO1, MAOA, TNFRSF1B, EMR2, CCL19, LAMB3
and TRIB3 expression was oppositely modified upon exposure to LPS or
palmitate for 4h (Figure 3C) and 24h (Figure 3D). The differential regulation
of IFN-regulated genes (/DO1, CXCL10) by LPS and palmitate was in
agreement with the effect of either stimulus on STAT1, whose activation was
exclusively promoted by LPS (Figure 3E). Altogether, this set of experiments
indicate that palmitate induces a unique and specific transcriptional
response in human macrophages, and that the palmitate-induced
macrophage pro-inflammatory shift is only partly reminiscent of that

triggered by LPS.

143



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Study 1l

5
Pro-inflammatory gene set Anti-inflammatory gene set .
5 o [ c1e:0
i} M rs
= 4
s 3
g
o 14
2
I GM-M@
E
2 4
k=1
=
& 2
3
< o2 bl w ] b= L) 1] o o @ ) o ~ o =3 = o~ = o
2 0 E 3 & & S g = 2 g =
— o a w
=< ®
5 =
Pro-inflammatory gene set & Anti-inflammatory gene set [ cie:0
2 B
M Lrs

Relative mRNA expression (log)

3
o~
§ 3§ giffisies B3 EyzE g
@ = X g < = O g E T © T = ¢ =
£ 0 5 S & & S %t e T =
B ) i

MMP12 PPARG1 CCR2B IL10 CCL2

5 08 0.3

]

i

L 06

g 02

z —_

<

EM

E 0.1

o 0.2

2

®

2 oo 0.0

BSA C16:0 - LPS BSA C16:0 - LPS BSA C16:0 - LPS BSA G180 - LPS BSA C160 - LPS

Figure 2. Comparison of the transcriptomic changes elicited by palmitate or LPS on human
macrophages. (A) Relative mRNA expression of the “Pro-inflammatory gene set” and “Anti-
inflammatory gene set” in GM-M@ and M-M@ exposed to either 200 uM palmitate (C16:0) or
10 ng/ml LPS for 24 hours. Results are presented as the mRNA expression of each gene after
palmitate or LPS treatment and relative to the mRNA expression of the same gene after
treatment with either BSA (control for palmitate treatment) or no treatment (control for LPS
stimulation). (B) Relative mRNA expression of the indicated polarization-specific genes in M-
M@ untreated (-) or exposed to 10 ng/ml LPS, 200 uM palmitate (C16:0) or BSA for 24h, as
determined by qRT-PCR using TBP as a reference. Results are shown as mean + SEM of five
independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001).
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Figure 3. Comparison of the transcriptomic changes elicited by palmitate or LPS-regulated
genes on human macrophages. (A) Experimental design of the experiment. (B) Relative mRNA
expression of the indicated LPS-responsive genes in M-M@ exposed to either 200 uM
palmitate (C16:0) or BSA for 4 hours. Results are presented as the mRNA expression of each
gene after palmitate treatment and relative to the mRNA expression of the same gene after
treatment with BSA. Shown is the mean = SEM of three independent experiments. (C, D)
Relative mRNA expression of the indicated LPS-regulated genes in M-M@ untreated (-) or
exposed to 10 ng/ml LPS, 200 uM palmitate or BSA for (C) 4h or (D) 24h, as determined by
gRT-PCR using TBP as a reference. In (C-D) results are shown as mean + SEM of five
independent experiments. (E) Expression of activated STAT1 in M-M@ non-treated (-) or
treated with 10 ng/ml LPS, 200 uM palmitate or BSA for 2h, as determined by Western blot.
GAPDH protein levels were determined in parallel as a protein loading control. (#, p<0.06; *,

p<0.05; **, p<0.01; ***, p<0.001).
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Results

JNK activation mediates the transcriptional changes triggered by palmitate

on human macrophages.

Screening of the phosphorylation state of intracellular signaling molecules
after palmitate treatment identified JNK as the kinase with the higher level of
palmitate-induced activation (Figure 4A,B). Correspondingly, c-Jun was also
found to be phosphorylated in M-M@ exposed to palmitate for 4h (Figure
4A). The contribution of the palmitate-induced JNK activation to the
transcriptional changes promoted by the fatty acid was next assessed using
the selective JNK inhibitor SP600125 (Figure 4C). JNK inhibition significantly
impaired the palmitate effect on the expression of INHBA, TNF, IL10, IGF1,
MAFB and TRIB3 (Figure 4D). In addition, the JNK inhibitor also diminished
the palmitate-induced downregulation of MAFB protein expression (Figure
4E). Therefore, JNK activation mediates the palmitate-dependent
modification of the transcriptional profile of human macrophages and also
contributes to the palmitate-induced loss of MAFB, whose expression is
required for the acquisition of the macrophage anti-inflammatory profile

[26].
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Figure 4. Effect of JNK activation on the palmitate-induced transcriptional changes in human
macrophages. (A) M-M@ were left untreated (BSA) or exposed to 200 uM palmitate (C16:0)
for 4h, and the phosphorylation state of representative signaling molecules was determined
using the Proteome Profiler® protein array (R&D Systems, USA). The kinases specifically
mentioned in the text are indicated. (B) M-M@ from three independent donors (#1-3) were
left treated with BSA (-) or exposed to 200 pM palmitate (C16:0) for 4h, and the
phosphorylation state of JNK was determined by Western blot using specific antibodies. The
level of vinculin was determined in parallel as a protein loading control. Right panels show the
mean + SEM of the densitometric analysis of the three experiments (*, p<0.05). (C) Schematic
representation of the experimental procedure. (D) Relative mRNA expression of the indicated
genes in M-M@ exposed to SP600125 (SP600) or DMSO (-) for 1 hour and exposed to BSA (-) or
200 puM palmitate (C16:0) for 12h, as determined by qRT-PCR using TBP as a reference. Results
are shown as mean * SEM of five independent experiments (*, p<0.05; **, p<0.01; ***,
p<0.001). (E) INK activation and MAFB protein levels in M-M@ untreated or exposed to
SP600125 (SP600) for 1 hour and then exposed to BSA (-) or 200 uM palmitate (C16:0) for 12h,
as determined by determined by Western blot using specific antibodies. The level of vinculin
was determined in parallel as a protein loading control. The experiment was performed on
four independent M-M@ preparations, and one of them is shown. Right panels show the mean
+ SEM of the densitometric analysis of the four experiments (**, p<0.01).
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Results

Palmitate conditions the LPS-induced cytokine profile of M-M@.

Macrophages are extremely sensitive to the surrounding extracellular milieu
and their exposure to an initial stimulus determines their subsequent
functional responses to additional stimuli [36-39]. Since palmitate levels are
enhanced in obesity-related pathologies, whose comorbidities include
altered inflammatory responses, we hypothesized that palmitate exposure
might also condition human macrophages for altered responses to additional
stimuli. Thus, we initially assessed whether palmitate influences LPS-initiated
intracellular signaling in M-M@. Palmitate alone caused only a very low NFkB
activation (as illustrated by a weak phosphorylation of p65) (Figure 5A) and a
weak reduction in basal STAT3 phosphorylation levels (Figure 5B). However,
palmitate had a remarkable effect on the intracellular signaling pathways
activated by LPS. Specifically, palmitate pre-treatment (24h) led to more
potent LPS-induced activation of NFkB (as evidenced by increased
phosphorylation of IKKaB and p65 and a more profound loss of IkBa, Figure
5A), lower LPS-induced STAT1 and STAT3 phosphorylation, and higher LPS-
induced activation of IRF3, p38MAPK and JNK (Figure 5A,B). Therefore, the
presence of palmitate conditions the intracellular signaling triggered by a

pathogenic stimulus in macrophages.

149



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS,
Marta Riera Borrull

Study Il
A LPS
c16:0 = + & * Ctrl
pIKK 1B IKBa
1.
PIKK a/p — -
51 0 o 1.0
IKKB s
205 0.5 —
IKBa 0.0- 0.0
BSA C16:0 BSA C16:0 BSA C16:0 BSA C16:0
LPS LPS
65 JNK
pp65 . PP! N P
& 1.04 —a| 101 T
2
pJNK °
2 0.54 0.5
oo -BSA C16:0 BSA C16:0 oo -BSA C16:0 BSA C16:0
Ppsa LPS LPS
- - pp38 PERK
15 15
T
8 107 “pm| 104 T
N— — —— £
ERK [ G — = - — EU_E_ o
Vinculin — C— GE— a— — n'n-as.t\ €16:0 BSA C16:0 ‘m-asA C16:0 BSA C16:0
LPS LPS
B LPS
C16:0 - + - + Ctrl pSTAT3 pIRF3

pSTAT3 | . . - = 3

STAT3I | s sl S

Fold change

e = b
& = b

o N =
@ = p

pSTAT1 .ﬁ $ i 007 Bsa et6:0 B5A c16:0 n'“'gs;\ C16:0 BSA C16:0
LPS LPS
pSTAT1

STAT! | - S w— |

3

0.0-
BSA C16:0 BSA C16:0

LPS

- B
2 2
[ ©
I |
i 3
Fold change
e =
& S
¥ i

VINCUIIN | eeis s s o— —

Figure 5. Palmitate exposure modulates LPS-initiated intracellular signalling in human
macrophages. (A,B) Determination of the phosphorylation state of (A) IKKa/B, IkBa, NFkB
p65, ERK1/2, JNK, p38 MAPK, STAT3, STAT1 and IRF3 in M-M@ exposed to BSA (-) or palmitate
(C16:0) for 24 h and then stimulated with LPS (10 ng/ml) for 15-30 min (A) or 120 min (B). The
total levels of IKKa/B, ERK1/2, STAT3, STAT1 and IRF3 were determined in parallel. The levels
of vinculin were determined as a protein loading control. The levels of each protein were also
determined in untreated cells (Ctrl). In all cases, four independent experiments were
performed, and one of them is shown. In (A,B), right panels show the mean + SEM of the
densitometric analysis of the four experiments (*, p<0.05; **, p<0.01).
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Next, we evaluated whether palmitate also modulates the transcriptional
responses initiated by LPS in M-M@. To that end, macrophages were exposed
to palmitate (24 h) before stimulation with LPS (4 h), and the expression of
the gene sets whose LPS responsiveness is distinct in GM-M@ and M-M@
(Cuevas et al., unpublished) was determined. Palmitate pre-treatment greatly
altered the LPS-induced transcriptional response, with a profound effect on
the expression of genes upregulated by LPS exclusively in M-M@ (Figure
6B,C). Specifically, palmitate significantly impaired the LPS-induced
upregulation of 25% of the genes whose expression in enhanced by LPS only
in M-M@ (Figure 6B,D), an effect that was most pronounced on genes with
the highest M-M@-specific upregulation by LPS (CCL19, ARNT2, RGS16,
ADIRF, MAOA) (Cuevas et al., unpublished) (Figure 6B). Regarding the gene
set whose expression in diminished by LPS only in M-M@ (Figure 6B),
palmitate impaired the LPS-induced downregulation of 25% of them (5 out of
26), and concomitantly potentiated the LPS-induced downregulation of six
genes (Figure 6B,D). Therefore, exposure to palmitate significantly affects

the LPS-regulated gene expression in human macrophages.
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Figure 6. Palmitate pre-treatment alters the LPS-induced transcriptomic response in human
macrophages. (A) Experimental design of the experiment. (B) Relative mRNA expression of the
indicated LPS-responsive genes in M-M@ exposed to either 200 uM palmitate (C16:0) or BSA
for 24 h and later stimulated with 10 ng/ml LPS for 4 hours. Results represent the LPS-induced
changes in the mRNA expression of each gene in cells pre-treated with palmitate and relative
to the expression of the same gene in cells pre-treated with BSA. Shown is the mean + SEM of
three independent experiments. (C) Heat map representation of the mRNA expression of the
LPS-regulated genes whose expression is significantly different (p < 0.05) in M-M@ exposed to
either BSA or 200uM palmitate (C16:0) (24 h) before stimulation with LPS (10ng/ml) for 4
hours. The effect of LPS on the expression of the analysed genes is shown. (D) Relative mRNA
expression of the indicated genes in M-M@ exposed to either BSA or 200uM palmitate (C16:0)
(24 h) before stimulation with LPS (10ng/ml) for 4 hours, as determined by qRT-PCR using TBP
as a reference. Shown is the mean + SEM of three independent experiments (#, p<0.06; *,
p<0.05; **, p<0.01; ***, p<0.001).
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Finally, we evaluated whether pre-exposure to palmitate affected the
production of LPS-induced cytokines of human macrophages. To that end, M-
M@ were exposed to palmitate for 24 h and then stimulated with LPS (Figure
7A). Palmitate pre-treatment significantly enhanced the LPS-induction of the
pro-inflammatory cytokines TNFa, IL-6 and IL-13, while inhibited LPS-induced
IL-10 and CCL2 production, by M-M@ (Figure 7B). Therefore, palmitate not
only limits the differentiation of anti-inflammatory (M-CSF-dependent) M-
M@ but primes M-M@ for increased production of pro-inflammatory
cytokines, and reduced production of anti-inflammatory cytokines, in
response to a pathogenic stimulus like LPS. Importantly, these effects of
palmitate are fatty-acid-specific since the unsaturated free fatty acid oleate
(C18:1) was efficiently taken up by human macrophages (Figure 8A) but
neither modified the basal level of expression of MAFB, AhR and C/EBP in
M-M@ (Figure 8B) nor altered the LPS-induced production of TNFa, IL-6 and
CCL2 (Figure 8C). Besides, and lending further relevance to its transcriptional
effects, palmitate pre-treatment completely blocked the LPS-induced

production of the CCL19 chemokine by M-M@ (Figure 7B).

JNK activation mediates the ability of palmitate to condition macrophage

responses to LPS.

The ability of palmitate to modify the LPS-induced cytokine profile of M-M@
correlates with its capacity to modulate LPS-initiated intracellular signaling
(shown in Figure 5). Such a correlation is especially relevant in the case of
JNK, which play a central role in the development of inflammation in adipose
tissue and insulin resistance in animal models [40]. Given the ability of
palmitate to activate JNK, we analyzed whether the palmitate-induced JNK
activation contributes to its macrophage-conditioning effect. Inhibition of

JNK activation by SP600125 reduced the palmitate-dependent inhibition in
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the production of LPS-induced IL-10 (Figure 7D). Therefore, the palmitate-
induced JNK activation modifies the macrophage transcriptome and also
mediates the ability of palmitate to alter macrophage responses towards
pathogenic stimuli like LPS.
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Figure 7. Effect of palmitate treatment on the LPS-induced cytokine profile in human
macrophages. (A) Schematic representation of the experimental procedure. (B) Levels of the
indicated cytokines in the culture supernatants of macrophages (M-M@) exposed to 200 uM
palmitate (C16:0) or BSA (-) for 24h before stimulation with 10 ng/ml LPS for 8 hours. Shown is
the mean + SEM of eight independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001). (C)
Schematic representation of the experimental procedure. (D) Levels of IL-10 in the culture
media of macrophages (M-M@) not treated o treated with SP600125 (SP600), and then
exposed to 200 uM palmitate (C16:0) or BSA (-) (24h) before stimulation with 10 ng/ml LPS
(8h). Shown is the mean + SEM of four independent experiments (*, p<0.05; **, p<0.01).
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Figure 8. Functional and transcription factor profile of oleate-treated human macrophages.
(A) Oleate uptake by human macrophages (GM-M@ and M-M@), as determined by Oil Red
staining. For comparative purposes, macrophages were exposed in parallel to BSA (upper
panels). (B) Expression of MAFB, AhR and CEBP/B in macrophages (GM-M@ and M-M@)
treated with 200 uM oleate (C18:1) or BSA (-) for 24h, as determined by Western blot. GAPDH
protein levels were determined in parallel as a protein loading control. (C) Levels of the
indicated cytokines in the culture media of macrophages (GM-M@ and M-M@) exposed to 200
UM oleate (C18:1) or BSA (-) for 24h before stimulation with 10 ng/ml LPS for 8 hours. Shown
is the mean + SEM of three independent experiments (*, p<0.05).
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Results

Lithium chloride impairs the palmitate-induced loss of MAFB and abrogates

the ability of palmitate to inhibit LPS-induced IL-10 production

We have previously shown that MAFB regulates the expression of the “Anti-
inflammatory gene set”, and that MAFB protein levels correlate with IL-10
production in human macrophages [26]. Interestingly, MAFB regulates
human adipose tissue inflammation [41] and its deficiency in hematopoietic
cells accelerates obesity [42]. MAFB protein stability is regulated by the JNK
and ubiquitin—proteasome pathway [43], what agrees with the JNK-
dependent ability of palmitate to downregulate MAFB protein levels (Figure
4). However, MAFB degradation is also controlled by a GSK3p-mediated
phosphorylation of the transcriptional activation domain [44]. Since
palmitate activates GSK3B [45, 46] and GSK3B inhibition suppresses
palmitate-induced JNK phosphorylation in human liver cells [45], we
hypothesized that GSK3B inhibition might alter palmitate effects on the
macrophage cytokine profile. To determine whether the GSK3B/MAFB axis
contributes to the inhibitory action of palmitate on the LPS-induced IL-10
production, we exposed macrophages to palmitate in the presence of
Lithium Chloride (LiCl, 30 mM), a well-known GSK3f inhibitor [47, 48]. As
shown in Figure 9A, LiCl inhibited the palmitate-induced MAFB
downregulation, an effect not observed in the presence of NaCl. LiCl also
significantly reduced the inhibitory effect of palmitate on the expression of
MAFB-regulated genes like SLC40A1, IL10 and CCL2 (Figure 9B). More
importantly, the presence of LiCl, but not a similar concentration of NaCl,
completely abrogated the inhibitory effect of palmitate on the LPS-induced
IL-10 production in human macrophages (Figure 9C). Therefore, Lithium
chloride impairs two relevant palmitate-dependent effects (MAFB

downregulation and loss of LPS-induced expression), thus suggesting that
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modulation of the GSK3B/MAFB axis also contributes to the pro-

inflammatory activity of palmitate.
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Figure 9. Lithium chloride inhibits palmitate-dependent effects in human macrophages. (A)
Expression of MAFB in macrophages (M-M@) treated with LiCl or NaCl before exposure to 200
UM palmitate (C16:0) or BSA (-) for 24h, as determined by Western blot. (B) Relative mRNA
expression of the indicated genes in M-M@ treated with LiCl or NaCl before exposure to 200
UM palmitate (C16:0) or BSA for 24h, as determined by qRT-PCR using TBP as a reference. The
expression of each gene after palmitate treatment and relative to its expression after BSA
treatment is indicated. Shown is the mean + SEM of six independent experiments (*, p<0.05;
** p<0.01). (C) Levels of IL-10 in the culture media of macrophages (M-M@) not treated o
treated with LiCl or NaCl, and then exposed to 200 uM palmitate (C16:0) or BSA (-) (24h)
before stimulation with 10 ng/ml LPS (8h). Shown is the mean + SEM of six independent
experiments (**, p<0.01; ***, p<0.001).
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Results

Discussion

Macrophages are critically involved in the initiation and resolution of
inflammatory processes, and their deregulated activation contributes to
chronic inflammatory diseases [4]. In the case of chronic inflammation
associated to metabolic syndromes, the production of pro-inflammatory
cytokines by macrophages correlates with the serum concentration of SFA
[49], whose increased levels modify macrophage effector functions either by
itself (e.g., palmitate) [10] or in combination with high levels of glucose and
insulin [50]. Taking advantage of the previous identification of gene sets that
specifically define the pro-inflammatory and anti-inflammatory state of
human macrophage [18, 25], we now report that palmitate promotes the
acquisition of a pro-inflammatory state that depends on JNK and differs from
the LPS-induced pro-inflammatory activation at the transcriptional and
functional levels. Further supporting the specificity of the palmitate-induced
macrophage activation, we also provide evidences that, unlike LPS, palmitate
conditions (“trains”) human macrophages for stronger pro-inflammatory

responses towards pathogenic stimuli.

Since metabolic diseases are driven by a low-grade inflammation and
elevated levels of pro-inflammatory cytokines [51], the ability of palmitate to
condition macrophage responses to other inflammatory stimuli (e.g., LPS)
has very relevant pathological implications. It is now well established that
metabolic endotoxemia initiates obesity and insulin resistance and, in fact,
lowering plasma LPS concentration has been proposed as a strategy to tackle
metabolic diseases [52]. Consequently, the palmitate pro-inflammatory
conditioning that we now report might exacerbate the pro-inflammatory
responses of monocyte/macrophage towards pathogen-associated
molecular patterns (PAMP) (e.g., LPS) derived from bacteria translocating

from the gut, thus enhancing the production of PAMP-induced inflammatory
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cytokines. In agreement with the palmitate-induced increased LPS-
responsiveness, palmitate conditions macrophages for stronger LPS-induced
NFkB, IRF3, p38, ERK and JNK signaling. Since NFkB and JNK are chronically
activated in adipose tissue from obese and insulin resistance subjects [53]
and JNK activation in mouse macrophages is required for obesity-induced
insulin resistance and inflammation [40], the macrophage-conditioning
ability of palmitate that we now report might contribute to the known
association between bacterial DNA translocation and increased insulin

resistance [54].

The macrophage-conditioning ability of palmitate also resembles the effect
of PAMPs like B-glucan, which render macrophages more responsive to a
subsequent stimulation by LPS [38, 39]. This “boosting” effect has led to the
concept of “trained immunity” and allowed the demonstration that innate
immunity cells like macrophages produce much higher levels of pro-
inflammatory cytokines if previously exposed to certain “training” stimuli
[38, 39]. From this point of view, the changes that we have detected in
palmitate-treated macrophages (loss of AhR and MAFB expression, reduced
expression of the anti-inflammatory gene set) are compatible with the
acquisition of a “palmitate-trained state” that would confer palmitate-
conditioned macrophages with the ability to produce higher levels of pro-

inflammatory cytokines upon exposure to a second stimulus.

The capacity of palmitate to downregulate MAFB protein expression in
macrophages is especially relevant for the whole set of transcriptional and
functional changes triggered by this SFA. Palmitate exerts rapid
transcriptional effects and upregulates the expression of the macrophage
“pro-inflammatory gene set” (INHBA, EGLN3) [18, 25] in less than 24 hours, a
time at which palmitate has also provoked the loss of the transcription

factors that drive “anti-inflammatory gene set” expression (AhR, MAFB) [18,
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25]. The loss of MAFB expression appears to critically underlie the pro-
inflammatory ability of palmitate because MAFB is a major positive regulator
for the expression of a significant number of genes that characterize anti-
inflammatory IL-10-producing macrophages (e.g., IL10, IGF1, CCL2) [26].
Importantly, the palmitate-induced loss of MAFB expression is partly
mediated by JNK, an effect that is in line with the ability of JNK to promote
MAFB ubiquitination [43] and agrees with the known pro-inflammatory
nature of JNK in vivo [40]. Besides, MAFB protein levels are also controlled by
other kinases like GSK3[ [44], whose activation state might be also affected
by palmitate [46]. In this regard, it is worth noting that the diminished LPS-
induced production of IL-10 seen in palmitate-treated macrophages can be
prevented by lithium chloride, a well-known GSK3B inhibitor [55] (Riera-
Borrull and Corbi, data not shown). Whereas this effect of lithium chloride
(enhanced levels of IL-10 after macrophage re-stimulation) would fit with the
potential ability of GSK3 inhibitors to overcome insulin resistance, the
involvement of the GSK3B kinase in the human macrophage “palmitate
training” is also counterintuitive since GSK3 mediates TNFa-induced cross-

tolerance [56].

Previous studies have assumed that palmitate activation of macrophages
mostly resembles LPS-induced mechanisms because palmitate is recognized
by TLR4 and activates pro-inflammatory signaling pathways in vitro and in
vivo [10]. However, and in line with previous reports [11-13], our results
indicate that palmitate and LPS differ in their respective transcriptional and
functional effects on human macrophages. Thus, palmitate and LPS
oppositely modulate the expression of genes like IDO1, MAOA, EMR2 and
LAMB3. Palmitate and LPS also differ in terms of the intracellular signaling
triggered in human macrophages. Palmitate leads to JNK activation at late

time points, but causes a very weak NFkB activation and has not effect on
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STAT1/STAT3 or IRF3 phosphorylation (Figure 5). In fact, palmitate pre-
treatment even reduces the LPS-induced activation of STAT1 and STAT3. This
differential signaling ability of palmitate and LPS correlates with their distinct
effect on the expression of IFN-regulated genes like IDO1, and strongly
suggests that the palmitate-initiated intracellular signaling originates from

TLR4 and additional PAMP/DAMP receptors.

Especially relevant is the fact that palmitate and LPS differentially regulate
the expression of CCL19 and TRIB3. Contrarily to the effect of LPS, which
greatly enhances CCL19 mRNA (Cuevas and Corbi, data not shown), palmitate
significantly downregulates CCL19 at the mRNA and protein level (Figure 3)
and even abrogates the LPS-induced upregulation of CCL19 production
(Figure 7). Together with CCL21, the chemokine CCL19 is a ligand of CCR7,
whose expression critically determines lymph node homing of T cells and
dendritic cells [57]. Interestingly, CCL19, but not CCL21, promotes CCR7
phosphorylation, internalization and desensitization towards CCL21 [57].
Therefore, the ability of 200 uM palmitate to ablate the basal and LPS-
mediated CCL19 expression implies that stronger CCR7-dependent responses
(dendritic cell homing and maturation, and antigen-presentation) [58] must
take place in the presence of the palmitate concentrations found in obese
individuals. This prediction would be in line with the ability of palmitate to
foster the acquisition of the cytokine and transcriptional profile of pro-

inflammatory (and immunogenic) macrophages that we now report.

Regarding the palmitate-mediated upregulation of TRIB3 gene expression,
our results agree with the ability of palmitate to induce TRIB3 expression in
human liver cells [59] and podocytes [60]. TRIB3 is a pseudokinase that
modulates many signaling cascades associated with ER stress, nutrient
deficiency and insulin resistance [61], and that acts as a negative regulator of

NFkB-dependent transcription [62]. Since TRIB3 negatively regulates CCL2
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expression in podocytes [60], it is tempting to speculate that palmitate-
induce TRIB3 upregulation might underlie the negative effect that palmitate

has on the basal and LPS-induced expression of CCL2 in human macrophages.
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Discussion

Nutrients and energy intake require highly regulated and coordinated
functions of homeostatic systems. In our societies, these systems are under
the pressure of continuous exposure to excess amounts of nutrients, lack of
physical activity, new dietary components, changes in dietary patterns and
an increased lifespan. Consequently, the biological responses are unable to
deal with these challenges and the homeostatic systems deteriorate,

promoting the development of different pathologies [145].

All these changes derived from modern lifestyle are closely associated with
chronic metabolic diseases such as obesity, fatty liver disease, type 2
diabetes (T2D), atherosclerosis and cardiovascular diseases. These modern
human diseases are mainly characterized by chronic low-grade inflammation
and homeostasis disruption [44], [146]. In fact, it is now recognized that
obesity-associated tissue inflammation is an important contributor for the
development of comorbidities, and that, the combined action of metabolism
and the immune system causes the pathogenesis of metabolic diseases [82],

[147].

The mechanistic link between inflammatory processes and insulin resistance
was established after the finding that signaling pathways involving IKKB and
NFkB are activated in obesity and insulin resistance [82]. Several studies have
demonstrated that the inhibition, deletion or blocking of IKKB can attenuate
the development of insulin resistance induced by a high-fat diet (HFD) [148]—
[153]. Moreover, chronic low-grade inflammation induced by an excess of
nutrient intake also leads to JNK activation and the ablation of JNK in mice
can also protect them from diet-induced inflammation and obesity [154],
[155]. Subsequently, obesity and insulin resistance lead to further activation
of inflammatory signaling pathways in target organs such as liver, fat and
muscle, thus contributing to pathogenesis at a systemic level. Furthermore,

this state of chronic low-grade inflammation also induces alterations in
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immune cell functions and increase the production of cytokines and other

inflammatory mediators [82], [156].

In 2003, two different reports [57], [58] demonstrated that obese adipose
tissue is infiltrated by macrophages and that these immune cells produce
several inflammatory factors that contribute to aggravate obesity-related
complications. The initial trigger of inflammation in adipose tissue is not
unique. Dead cells, excess of free fatty acids and hypoxia can initiate the
inflammatory process to attract macrophages [57], [58], [156]. All these
factors contribute to recruitment and activation of macrophages towards a
pro-inflammatory phenotype that leads to the activation of JNK, IKKB and
other serine kinases and, consequently, the expression and activity of the
transcription factor AP-1 and NFkB. This type of macrophage activation
(commonly referred to as M1 or pro-inflammatory polarization) induces the
release of different cytokines (TNF-a, IL-6, IL-1B) and chemokines that exert
autocrine and paracrine effects contributing to decreased insulin sensitivity
[59]. Further, these macrophages also promote a feed-forward process that
increase the recruitment of additional immune cells and propagate the

chronic inflammatory state.

Metabolomics allow us to measure the entire set of metabolites of a wide
range of biological specimens under specific conditions. Consequently, large-
scale studies of metabolite fingerprint have emerged as a valuable and
versatile tool to investigate the pathophysiology and etiology of complex
diseases. Metabolomics approaches have identified novel biomarkers that
allow a clear characterization of the onset and progression of chronic
diseases. While the identified biomarkers should be validated and confirmed
in different samples, and should be reproducible, sensitive and specific [157],
[158], these novel biomarkers hold the promise to be relevant tools in

clinical and provide an improvement on treatment effectiveness.

174



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Discussion

Metabolomics technologies can, thus, identify a specific “metabolic profile”
of disease through the detection of variations on metabolite levels in
pathways that play a role in metabolic dysfunctions. Since many diseases are
characterized by changes in metabolic signature, various metabolites have
been identified as reliable biomarkers [159], [160]. However, in the last few
years, the new high-throughput technologies as metabolomics have been
focused, more frequently, in the field of new biomarkers discovery [157],
[161], [162]. As representative examples, abnormalities in the kynurenine
pathway appear to be associated with progressive forms of multiple sclerosis
[163], [164]. Catecholamine metabolism, caffeine, xanthine and ornithine
pathways and redox homeostasis have been found altered in patients with

Parkinson disease [165].

Regarding obesity-related pathologies like T2D, high levels of branched-chain
amino acids (BCAAs) affect the fatty acids oxidation (FAO) producing
incomplete FAO by-products related to mitochondrial stress and impaired
insulin signaling [166], [167]. Another hypothesized mechanism linking high
levels of BCAA and T2D is the activation of mTOR pathway which induces
hepatic insulin resistance [157], [168]. The search for NAFLD biomarkers
have identified metabolites like cytokeratin 18 fragment (CK18-F) (the major
intermediate filament protein in the liver) [169] and a-ketoglutarate (a citric
acid cycle intermediate) [170] that distinguish, NAFLD patients from healthy

controls [171].

Since, metabolomics offers the possibility to identify the alterations in
specific pathways that underlie chronic low-grade inflammatory diseases, we
made use of targeted metabolomics as a mean to explore, determinate and
quantify key intermediates involved in the pathogenesis of obesity-related
diseases. Therefore, and as outlined in the first study, we designed a method

based on gas chromatography coupled to a quadrupole-time-of-flight mass
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spectrometer and using an electron ionization interface (GC-EI-QTOF-MS)
that allows measurement and quantification of intermediate metabolites as
indirect markers of energy metabolism and mitochondrial function. To
evaluate whether this analytical platform could be effective for predicting
impairments on energy generation and mitochondrial disruption in different
biological samples, we validated the developed analytical method in plasma,
tissues and cell lysates. In plasma samples of patients with peripheral artery
disease (PAD), we found elevated levels of BCAAs, what indicates an
impaired short-term metabolic control [172], [173], and significant increases
of glutamate and glutamine, indicating a possible function of these
metabolites in patients affected by PAD. Several studies have deepened in
metabolic changes in patients with atherosclerosis, and a recent study with
patients affected with PAD have also demonstrated that serum levels of
aspartate, glutamate, leucine and serine among others, were significantly

higher in patients with atherosclerosis [174].

We next explored metabolite concentration in breast epithelial cells carrying
the constitutively active oncogenic-KRAS''? gene (MCF10A-KRASY'?) and we
found that the basal metabolic activity was higher than in control cells
(MCF10A). Moreover, we also detected the presence of an oncometabolite
(2-hydroxglutarate) in mutated cells [175], [176], and an increased
concentration of ribose-5-phosphate, an intermediate in the pentose
phosphate pathway, indicating an active generation of nucleic acids for
biomass production and endogenous antioxidants to prevent the oxidative
stress produced due to the high metabolic rate [177], [178]. Finally, the
lactate production was also increased in mutant cells, a finding indicative of

an active Warburg effect [179].

The experimental approach was also evaluated in tissues, specifically in

adipose and hepatic tissue from LDL receptor-deficient (LdIr’") mice. As
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expected, levels of metabolites in liver, the most important metabolic organ,
were higher than those found in adipose tissue, where some metabolites
such oxaloacetate or phosphoenolpyruvate could not be detected. In
conclusion, the analytical platform wused, as well as the targeted
metabolomics approach followed, provides the reproducibility, sensitivity
and accuracy to detect and unequivocally quantify several metabolites
involved in energy generation. Therefore, the use of targeted metabolomics
in plasma can be applied to define metabolic perturbations in disease states
and consequently, in the search of new non-invasive biomarkers of disease

[180], [181].

The second study focused on the effects of metformin and caloric restraint in
Ldlr” mice. The main finding was that metformin potentiates the beneficial
effects of caloric restriction, and that this intervention yielded better results
than metformin monotherapy. HFD-fed mice subjected to diet switch could
not fully reverse the metabolic derangements caused by the initial excessive
nutrient intake. However, mice fed with a HFD subjected to a diet reversal
together with metformin administration displayed an ameliorated metabolic
profile. Thus, the addition of metformin to caloric restriction improved the
metabolic pattern developed by early HFD intake. These effects were
observed in weight loss maintenance and in the improvement on insulin
resistance. Although “diet reversal” improved the levels of cholesterol, the
addition of metformin to caloric restriction further improved the lipid profile.
Metabolic disturbances generated by the initial HFD exposure promoted the
development of NAFLD [182], adipocyte hypertrophy and an increase of WAT
weight in mice [183]. While liver injury was only reduced with the addition of
metformin to caloric restriction, the effects in WAT were ameliorated with
caloric restriction with or without metformin. Finally, the early HFD intake

increased the macrophage infiltration in liver. Nevertheless, this immune
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response was reduced with caloric restriction and further improved with

metformin treatment and non-excess caloric intake.

It is widely known that caloric restriction represents the most robust method
for health maintenance and increased lifespan [184]-[186]. However, recent
studies have also demonstrated that the combination of metformin and
caloric restriction may provide a better approach than either therapy alone
in the management of metabolic diseases as NAFLD or insulin resistance
[187], [188]. Specifically, a recent study demonstrated that the metformin
administration together with overnutrition reduction further improved
mitophagy and liver injury markers, hepatic de novo lipogenesis and glucose

response in diabetic rats [187].

The main differences in the study of energy metabolism, focused in the main
metabolic tissues in diet groups treated with metformin or placebo, were
found in the concentration of BCAAs in WAT. It has been reported that
differentiated adipocytes showed increased catabolic flux of BCAAs and the
inhibition of this catabolism compromises adipogenesis [189], [190].
Metformin treatment in HFD-fed mice targeted the contribution of valine,
leucine and isoleucine to energy metabolism, probably up-regulating the
degradation pathway and decreasing the capacity of BCAAs to generate TCA
intermediates such as acetyl-CoA that can be used for the lipid synthesis

[191].

The effects of metformin as a metabolic modulator [192] are evidenced in
several diseases. This biguanide is the most common anti-diabetic prescribed
drug [193], but the therapeutic potential of metformin is also observed in
cancer treatment [194] and, additionally there are evidences to suggest that
metformin delays the aging process [195]. These health-promoting effects
are mainly related with a key regulator of cellular energy homeostasis, 5'

adenosine monophosphate-activated protein kinase (AMPK). Caloric
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restriction and metformin promotes energetic changes and increase AMPK
activity [192], [196]. In line with our findings, it has been described that the
metformin and caloric restriction have the ability to restore the
mitochondrial function through AMPK in fibroblasts from patients affected
by fibromyalgia [197]. Other studies reported that the senescence due to the
epithelial-mesenchymal transition (EMT) in aging kidney is alleviated by
caloric restriction and metformin through the AMPK/mTOR signaling [198].
All these data suggest the potential for improved efficacy with the

combination of pharmacological therapies and lifestyle.

Importantly, the pathogenesis of metabolic alterations induced by HFD
involved long-term epigenetic modifications [199], [200] and further studies
are needed to elucidate the ability of metformin-mediated epigenetic
changes [201], [202]. These novel approaches suggest new epigenetics
mechanism for the physiological function of metformin and might guide the

development of new therapeutic strategies [203].

The ability of saturated fatty acids (e.g., palmitate) to modify the polarization
state of human macrophages and their response against inflammatory
stimuli is detailed in the third study. The rationale for this study stems from
the close link between metabolism and immunity, and from the fact that
macrophages are critical initiators and regulators of the inflammatory
processes that promote metabolic diseases like obesity and insulin resistance
[39], [59]. In fact, a dysregulation of fatty acid homeostasis contributes to
metabolic disturbances, and fatty acids have been postulated as triggers for
macrophage pro-inflammatory polarization [40]. In line with previous
findings establishing chronic low-grade inflammation and pro-inflammatory
cytokines as hallmarks of metabolic diseases, our results indicate that
palmitate promotes the acquisition of a pro-inflammatory phenotype in

human macrophages via JNK activation, and that palmitate-initiated
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intracellular signaling differs from the signals triggered by a paradigmatic
pathogenic stimulus like LPS. More importantly, we have obtained evidences
that palmitate conditions macrophage responses to other pathogenic (pro-
inflammatory) stimuli like LPS, a finding with huge implications because
metabolic endotoxemia initiates insulin resistance and obesity [204], [205].
At the molecular level, we have observed that, palmitate primes
macrophages for an exacerbated pro-inflammatory response towards LPS, by
enhancing LPS-initiated activation of, NFkB, ERK, p38, IRF3 and JNK signaling.
Especially relevant is the palmitate effect on LPS-induced activation of JNK
[155], [206] and NFkB [207], since both signaling pathways are directly
involved in the development of obesity and insulin resistance [148], [154]. In
fact, inhibition of palmitate-induced JNK activation partially restores markers
of “anti-inflammatory gene set”, and reduces the ability of palmitate to

inhibit LPS-induced IL-10 production.

Altogether, the effects of palmitate on macrophages are compatible with
palmitate promoting a state of “trained immunity” by which palmitate-
conditioned macrophages produce increased levels of pro-inflammatory
cytokines in response to a second stimuli such as LPS. The term “Trained
immunity” has been recently coined to describe the ability of macrophages
to modify their responses towards exogenous stimuli depending on the
previous stimulus they have encountered [208]-[210]. Trained immunity has
been found to depend on epigenetic mechanisms initiated at the level of
HIF1 and mTOR [211]. We have not tested the ability of palmitate to trigger
epigenetic changes in macrophages. However, it is worth noting that the
effects of palmitate on M-M@ resemble the actions of hypoxia, which is also
capable of increasing LPS-induced production of pro-inflammatory cytokines
[212]. Therefore, it is tempting to speculate that palmitate might increase
HIF1 expression as a primary signal for the establishment of the “palmitate-

induced trained state” [213], [214]. On the other hand, since M-M@
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preferentially secrete IL-10 upon stimulation and since palmitate exposure
reduces the production of IL-10 and CCL2 in response to LPS, the effect of
palmitate can be also classified as a “tolerance” process (by analog to the
well-known LPS tolerance effect) [215], [216]. As a whole, this combined
effect of palmitate on LPS-induced cytokines production (higher levels of pro-
inflammatory cytokines, lower levels of IL-10 and CCL2) clearly illustrates the
ability of palmitate to modify macrophage responses, and justifies further

analysis of the underlying molecular mechanisms.

One of the factors that deserves additional attention for its involvement in
the macrophage-conditioning ability of palmitate is activin A. Activin A is a
member of the TGF-B family of factors [217], [218], and its expression is
elevated in most inflammatory pathologies (e.g., inflammatory bowel
disease, rheumatoid arthritis, bacterial septicemia) and induced with faster
kinetic than classical pro-inflammatory cytokines after LPS injection [219].
Moreover, activin A is a critical promoter of the pro-inflammatory
polarization of macrophages [220]—-[222]. Since palmitate causes an increase
in the expression of INHBA (the gene encoding the activin A polypeptide), it
is tempting to speculate that activin A levels might be elevated in the
peripheral blood of patients with high-levels of palmitate [223], an analysis
that is currently being designed. Furthermore, it is also formally possible that
activin A might contribute to the palmitate-induced training of macrophages,
a hypothesis that correlates well with the unpublished effects of other
immunomodulatory agents on macrophage-derived activin A (Dominguez-

Soto et al., unpublished).

Another relevant aspect of the palmitate action on macrophages is its ability
to reduce the expression of the MAFB transcription factor. MAFB is a
member of the large MAF transcription factor family (c-MAF, MAFA, MAFB

and NRL), all of which share a transcriptional activation domain at their N
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termini [224], [225]. The large MAF proteins regulate terminal differentiation
in a variety of tissues, such as the bone, brain, kidney, lens, pancreas and
retina [226], [227], and they appear to have specific and non-redundant
functions. In hematopoietic cells, MAFB is expressed in the monocyte lineage
[228], where the lack of MAFB and c-MAF cause differentiated macrophages
to self-renew without malignant transformation [229]. MAFB is a critical
determinant for the anti-inflammatory macrophage polarization state [230].
In line with this effect, palmitate downregulates the expression of a
previously defined MAFB-dependent gene set that marks anti-inflammatory
macrophages and, in parallel, upregulates the “pro-inflammatory gene set”.
The correlation between the palmitate-induced MAFB downregulation and
the palmitate ability to limit the expression of “anti-inflammatory gene set”
is especially interesting because a recent study demonstrated that MafB
deficiency in the hematopoietic system increases the body fat storage and
the adipocyte size and accelerates weight gain developing an obesity
phenotype in mice [231]. Moreover, another report has described the
relation between MAFB and ischemic stroke pathologies and suggested that
MAFB has an essential role for the efficient clearance of DAMPs to resolver
inflammation and to prevent the exacerbation of the pathology [232]. These
data indicate a role for MAFB in the resolution of inflammation that
correlates with our results, and indicate that the loss of MAFB due to
palmitate exposure associates with a macrophage pro-inflammatory

phenotype and has relevant pathological consequences.

MAFB protein expression is commonly regulated by GSK3B-mediated
phosphorylation and subsequent ubiquitination for degradation [233], [234].
Although we have not been able to demonstrate any effect of palmitate on
GSK3p activity, it is worth noting that lithium chloride, a well-known GSK3p
inhibitor [235], [236], was able to impair the palmitate-induced MAFB

downregulation, and that this effect of lithium chloride correlated with its
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ability to abolish the inhibitory effect of palmitate on the production of IL-10
in response to LPS. Therefore, although we have no demonstrated the
existence of a palmitate-GSK3B-MAFB axis, the effects of lithium chloride are
of interest, because GSK3B participates in insulin resistance improvement
[237], [238] and because GSK3p also mediates the cross-tolerance towards

LPS induced by TNF-a [239].

Besides GSK3B, MAFB protein expression can be also abrogated via JNK
dependent ubiquitination [240]. Since palmitate exposure leads to JNK
phosphorylation, the palmitate-induced MAFB downregulation could be
viewed as a secondary phenomenon after the palmitate-induced JNK
activation, what suggests that the palmitate-JNK-MAFB axis might be of
importance for the pathological response of macrophages towards high
levels of saturated fatty acids. The link between palmitate and MAFB
expression deserves further analysis because MAFB (and other related MAF
family factors) is involved in numerous physiological processes, including
lymphangiogenesis [241], osteoclast differentiation [242], [243] and the
control of expression of insulin and glucagon by pancreatic cells [227].
Therefore, it would be of interest to determine whether the ability of

palmitate to limit MAFB expression also operates in other cell types.

A second transcription factor whose expression in macrophages is
diminished upon palmitate exposure is Aryl Hydrocarbon receptor (AhR).
AhR is activated by xenobiotics and endogenous ligands like kynurenine,
regulates the proliferation and differentiation of numerous cell lineages
[244], and is an important factor for Th differentiation during the
polarization step of the adaptive immune response. Importantly, AhR has
been identified as a critical factor for the establishment of the LPS tolerance
mechanism [245], and is preferentially expressed by anti-inflammatory

macrophages. Therefore, the effect of palmitate on macrophages might also
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disrupt their ability to eliminate xenobiotics and other environmental

contaminants, an hypothesis that deserves further analysis [246].

The results derived from the third study indicate that palmitate and LPS exert
different transcriptional effects, although both are recognized by TLR4 in
human macrophages [139]. We have found that several genes associated
with the polarization state (CCL2, IL10) and modulated during LPS response
(CCL19, TRIB3, IDO1, MAOA, LAMB3 and EMR2) are oppositely modulated by
palmitate and LPS. CCL19 is greatly increased by LPS stimulation whereas
palmitate treatment abrogates CCL19 expression and even limits the LPS-
induced CCL19 production. Conversely, TRIB3 expression is significantly
upregulated by palmitate but downregulated by LPS. Moreover, these
differential effects are also seen at the signaling level, since STAT3 and STAT1
are not activated by palmitate. Consequently, the capacity of palmitate to
regulate the expression of CCL19 and TRI/B3 in an opposite manner to LPS
suggests their possible use as biomarkers for palmitate-induced macrophage

polarization.

Like CCL21, CCL19 is a ligand of CCR7, that contributes to dendritic cell
migration towards lymph nodes during the initiation of adaptive immunity
[247]. The ability of palmitate to abrogate CCL19 production would also
imply that CCR7-dependent responses like antigen presentation, chemotaxis
or dendritic cell maturation would be altered in obese patients with high

levels of peripheral blood palmitate [248].

Regarding TRIB3, previous reports have demonstrated that palmitate induces
TRIB3 expression in podocytes [249] and human liver cells [250]. TRIB3 is a
pseudokinase that modulates many signals transduction cascades associated
with insulin resistance, ER stress and nutrient availability [251]. Interestingly,
hepatic TRIB3 mRNA levels strongly correlate with plasma insulin and

triglycerides and hepatic steatosis score in obese individuals, and TRIB3
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transcript levels are also increased in visceral tissue samples [252]. Since
TRIB3 inhibits CCL2 expression at the transcriptional level [249], the
increased TRIB3 expression after palmitate exposure might contribute to the

palmitate-induced downregulation of CCL2 in macrophages.
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Conclusions

The analytical method developed using GC-EI-QTOF-MS provides a
valid tool to detect and quantify multiple metabolites involved in
energy metabolism, and specifically in intermediates from
mitochondrial metabolism, and can be used in a wide range of
biological samples, including cell-culture lysates, tissues from mouse

models of disease and patient plasma.

Metformin and “reduction of nutrient intake” ameliorate
biochemical metabolism, improve hepatic steatosis and reduce the
immune response in liver from HFD-fed hyperlipemic mice. In fact,
metformin combined with caloric restriction constitutes a better
approach to protect against metabolic diseases, and represents a

potential therapeutic strategy.

Metformin targets Branched Chain Amino Acids (BCAAs) metabolism
in adipose tissue, what might contribute to its protective effects

against the metabolic damage induced by a high-fat diet.

Palmitate limits the expression of anti-inflammatory markers and
induces the expression of a pro-inflammatory phenotype in human

macrophages, with both effects being dependent on JNK activation.

Palmitate and LPS trigger distinct transcriptional and functional
profile in human macrophages: CCL19 expression is exclusively
upregulated by LPS, whereas palmitate promotes an enhanced

expression of TRIB3 that is not observed upon LPS stimulation.

189

TRANSCRIPTOMI



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMI
Marta Riera Borrull

Conclusions

e Palmitate conditions human macrophages for exacerbated pro-
inflammatory responses towards pathogenic stimuli like LPS, and this

conditioning effect is also dependent on activation of JNK.

e GSK3 inhibition might contribute to restore the inhibitory action of

palmitate on the LPS-induced IL-10 production.
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Abstract. Abnormalities in mitochondrial metabolism and regulation of energy bal-
ance contribute to human diseases. The consequences of high fat and other nutrient
intake, and the resulting acquired mitochondrial dysfunction, are essential to fully
understand common disorders, including obesity, cancer, and atherosclerosis. To
simultaneously and noninvasively measure and quantify indirect markers of mito-
chondrial function, we have developed a method based on gas chromatography
coupled to quadrupole-time of flight mass spectrometry and an electron ionization
interface, and validated the system using plasma from patients with peripheral artery
disease, human cancer cells, and mouse tissues. This approach was used to in-

crease sensibility in the measurement of a wide dynamic range and chemical diver-
sity of multiple intermediate metabolites used in energy metabolism. We demonstrate that our targeted metabo-
lomics method allows for quick and accurate identification and quantification of molecules, including the mea-
surement of small yet significant biological changes in experimental samples. The apparently low process
variability required for its performance in plasma, cell lysates, and tissues allowed a rapid identification of
correlations between interconnected pathways. Our results suggest that delineating the process of energy
generation by targeted metabolomics can be a valid surrogate for predicting mitochondrial dysfunction in
biological samples. Importantly, when used in plasma, targeted metabolomics should be viewed as a robust
and noninvasive source of biomarkers in specific pathophysiological scenarios.
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Introduction

E nergy metabolism is the process by which nutrients, such
as carbohydrates and fats, are broken down to generate
adenosine triphosphate (ATP), the main cellular energy store.
A state of energy balance is achieved when energy intake
matches expenditure. Deviations from this homeostatic
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regulation can result in obesity, where energy intake exceeds
demands. Obesity is a pathologic condition that combines
inflammatory and metabolic disturbances, which are the im-
mediate cause and/or consequence of many chronic and lethal
diseases, including diabetes, atherosclerosis, and cancer [1].
Some of the excess energy is stored as triglyceride in adipose
tissue without deleterious effects, but the capacity to store
energy is limited and regulated by poorly understood mecha-
nisms. The subsequent excessive accumulation of lipids and
other metabolites in tissues that are not designed to manage this
condition (e.g., liver, muscle, and pancreas) commonly ensues
in an unhealthy course of metabolic events [2, 3]. Detection
and treatment of subclinical metabolic derangements are chal-
lenging. The clinical picture is difficult to assess because of the
combination of multiple and variable stressors such as inflam-
mation, macrophage recruitment, alterations in muscle func-
tion, or the chemical composition of the diet. However, the
resulting metabolically-related disorders, each with distinct
phenotypes, are united by acquired deficiencies in the mito-
chondrial function and handling of energy [4]. Whether this
association is causal or consequential is a matter of debate.

To provide cellular energy, mitochondria use the free ener-
gy derived from breakdown of fatty acids and glucose to
produce ATP by oxidative phosphorylation. The immediate
outcome of deranged energy processing is the reduced ability
to switch from one fuel source (e.g., glucose) to another (e.g.,
fatty acids), resulting in altered flux between glycolytic path-
ways and oxidative capacity within cells and tissues. The
recognition that mitochondria may play a central role in disease
has renewed interest in the Randle cycle and the Warburg effect
in the pathogenesis of common diseases [5, 6], and may be
relevant because the inefficient use of glucose, lipotoxicity, and
decreased fat oxidation are key mechanisms to explain most
noncommunicable diseases [7, 8]. Consequently, the pharma-
cologic modulation of mitochondrial function mimicking the
effect of exercise and/or caloric restriction may be an attractive
therapeutic strategy [9, 10].

In cell-based models, it is relatively simple to assess mito-
chondrial dynamics, mitophagy (mitochondrial elimination),
and pathways aimed to restore and/or maintain mitochondrial
function [11, 12]. Assessment in vivo is considerably more
challenging and requires sophisticated analytical platforms and
stable isotopes to measure metabolites [13, 14]. We recently
demonstrated that mitochondrial dysfunction could be assessed
in plasma (i.e., noninvasively) using indirect markers of altered
cellular energy metabolism [15]. Contrary to the belief that a
high-throughput platform for massive metabolite profiling
without accurate quantification of each metabolite is the meth-
od of choice to provide useful data, we hypothesized that a
targeted approach, avoiding the intensive use of bioinformatics
and making available actual changes in the concentration of
metabolites under different experimental conditions, would be
a valuable addition to current analytical tools. To this end, we
have designed a simple and rapid method using advances in the
technology of gas chromatography coupled to quadrupole
time-of-flight mass spectrometry with an electron impact

source (GC-EI-QTOF-MS). The method is sensitive for the
accurate and simultaneous measurement of organic acids par-
ticipating in the citric acid cycle (CAC) and selected metabo-
lites representative of the catabolic and anabolic status of
several biological systems. We also reasoned that the quantita-
tive exploration of mitochondrial function might rapidly iden-
tify correlations between related pathways of metabolism, fa-
cilitating the understanding of metabolic conditions. Our re-
sults support the usefulness of this technique in in vitro and
in vivo settings, and ongoing studies point to a potentially
valuable role as a recently available methodology in the search
for quantitative biomarkers of disease in epidemiologic cohorts
and drug targets to restore cellular energy homeostasis [16—18].

Material and Methods

Chemicals

Methanol (MS grade), methoxyamine hydrochloride (MA),
pyridine, N-methyl-N-(trimethylsilyl)-trifluoroacetamide
(TMS) and standards (2-hydroxyglutarate, 3-hydroxybutyrate,
3-phosphoglycerate, 6-phosphogluconate, a-ketoglutarate,
acetyl-CoA, aconitate, alanine, aspartic acid, citrate, fructose-
1,6-bisphsophate, fructose-6-phosphate, fumarate, glucose,
glucose-6-phosphate, glutamate, glutamine, glyceraldehyde-
3-phosphate, isoleucine, lactate, leucine, malate, malonyl-
coenzyme A, oxaloacetate, phosphoenolpyruvate, pyruvate,
ribose-5-phosphate, serine, succinate, and succinyl-coenzyme
A and valine) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Instrumentation

We used a 7890A gas chromatograph coupled with an electron
impact source to a 7200 quadrupole time-of-flight mass spec-
trometer equipped with a 7693 autosampler module and a J&W
Scientific HP-5MS column (30 m x 0.25 mm, 0.25 pm)
(Agilent Technologies, Santa Clara, CA, USA). Helium was
used as a carrier gas at a flow rate of 1.5 mL/min in constant-
flow mode. The initial oven temperature was set to 70°C,
increased to 190°C at 12°C/min, then raised to 325°C at a rate
of 20°C/min and held for 3.25 min. For the MS, ionization was
performed using electron impact with a source temperature of
230°C using an electron energy of 70 eV, an emission intensity
of 35 pA, and a mass-to-charge range from 70 to 400 m/z. The
initially selected metabolites to be identified and quantified
using this GC-EI-QTOF-MS method are shown in Figure 1,
and the selection criteria were based on available knowledge
[19].

Isolation and Preparation of Biological Samples

To test the analytical performance and robustness of the meth-
od in different biological systems, we used human plasma, cell-
culture lysates, and rodent tissues. The procedures used in
humans were performed according to protocols approved by
our Ethics Committee and Institutional Review Board, and all
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Figure 1. (a) Metabolic pathways of measured metabolites involved in energy metabolism. (b) Extracted compound chromatogram
(ECC) of the quantifier ion of all metabolites, numbered according to their elution order. ECC was obtained after deconvolution of raw
data with a retention time window size factor of 100.00, a signal-to-noise threshold of 2.00 and an absolute area filter of 5000 counts

participants signed an informed consent (EPINOLS 12-03-29/
3proj6). Briefly, these included the recruitment of 50 ostensibly
healthy participants, aged between 55 and 65 y with an ankle-
brachial index (ABI) >0.9, which were body weight- and age-
matched with patients presenting intermittent claudication (i.e.,
peripheral artery disease), ABI <0.9 and staged at grade II
according to Fontaine. A sample of blood was drawn from
each patient. Participants with diabetes mellitus were excluded
to avoid metabolic bias and to limit variability. Further clinical
details on the inclusion and exclusion criteria have been previ-
ously described [20].

To test the performance of the method in cultured cells, we
used MCF10A cells infected with a retroviral KRASY'? ex-
pression construct, which were generously provided by the

Ben-Ho Park’s laboratory and maintained under the previously
described culture conditions [21]. Cells were grown to conflu-
ence in 6-well plates, then trypsinized and counted (approxi-
mately 2 x 10° cells per experiment). We pooled the results
obtained in four experiments in triplicate (n = 12).

LDL receptor-deficient (Ldlr ") mice develop spontancous
hyperlipidemia and are a useful model for studying atheroscle-
rosis since they present features similar to those observed in the
human metabolic syndrome. Mice (C57BL/6J background,
The Jackson Laboratory) were housed under standard condi-
tions and given a commercial low fat mouse diet (14% protein
rodent maintenance diet; Harlan, Barcelona, Spain). Male mice
were sacrificed at 24 wk of age following previously described
procedures [22] and tissues (liver and epididymal white
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adipose tissue; n = 10 samples, each tissue) were extracted. All
procedures were carried out in accordance with institutional
guidelines (CEIA, 2014-237).

To ensure high quality data and reduced false discov-
ery rates, a rigorous optimization of pre-analytical steps
prior to chromatography was essential. This may vary
between laboratories and experimental conditions but in-
cludes sample collection, storage, pretreatment and clean-
up, as well as software parameters used in data align-
ment and peak picking. It is particularly important to
minimize the time between sample collection and storage
at —80°C to less than 1 h to reduce variability. Of note,
this method may be used in the quantification of '*C
isotopic substrates (data not shown), indicating its suit-
ability for metabolic flux analysis to define the pattern of
carbon flow through a metabolic network in cells and
tissues [23].

Metabolite Extraction

We investigated different extraction protocols and found
that methanol/water (4/1) extraction was efficient for
these metabolites. To minimize complexity in the metab-
olite extraction, we used methanol/water (4/1) mixed
with deuterated Dy-succinic acid as surrogate standard
(MeOHW-D4S) to obtain a final concentration of 1 pg/
mL. The choice of a unique surrogate standard was
considered sufficient as injection quality control and
considerably simplifies the procedure. Further, although
this method was designed for targeting metabolomics,
during experimentations it is not uncommon to require
measurement of additional metabolites in the same sam-
ples by nuclear magnetic resonance (NMR) or LC/MS.
With these procedures, results did not differ significantly
using isotopic compounds as internal standard, and there
was no need for solvent exchange as previously de-
scribed [24-26].

Thawed plasma (100 pL) was added to 900 pL of
MeOHW-D,S, vortexed, placed at —20°C for 2 h to
precipitate proteins, and centrifuged at 14,000 rpm for
10 min at 4°C to collect the supernatant. As a cautionary
note, the use of lower amounts of plasma results in the
lack of reliable detection of some metabolites present at
low concentrations (e.g., acetyl-CoA or oxaloacetate).
Cell pellets were resuspended in 500 pL of MeOHW-
D4S, lysed with three cycles of freezing and thawing
using liquid N, and sonicated with three cycles of 30
s. Samples were maintained on ice for 1 min between
each sonication step. Proteins were precipitated, samples
centrifuged, and supernatant collected. Animal tissues
(100 mg) were placed in plastic tubes containing 1 mL
of MeOHW-D,S and homogenized using a Precellys 24
system (Izasa, Barcelona, Spain). After centrifugation at
14,000 rpm 10 min at 4°C, supernatant was collected
and the homogenization step was repeated. Then proteins
were precipitated, samples centrifuged, and supernatant

collected. The extraction of nonpolar compounds was
performed adding chloroform to have a final proportion
of chloroform/methanol (2/1), according to Folch proto-
col [27]. All supernatants were further vortexed, centri-
fuged, filtered using 0.22 pm filters, and freeze-dried
overnight.

Derivatization

Samples were dried under N, and derivatized to rapidly form
silyl derivatives. Briefly, in order to protect ketone groups [28],
we added 30 pL of methoxylamine hydrochloride dissolved in
pyridine [40 mg/mL (0.48 M)] to each sample, which was then
incubated for 1.5 h at 37°C with agitation. Then, 45 pL of TMS
was added and samples were agitated for 10 min and placed in
the dark for 1 h and transferred into a vial before immediate
analysis.

Data Analysis

Raw data were processed and compounds were detected and
quantified using the Qualitative and Quantitative Analysis
B.06.00 software (Agilent Technologies), respectively.
Results were compared by one-way ANOVA with Dunnett’s
multiple pair-wise comparison tests using a significance thresh-
old of 0.05. Other calculations including comparisons with the
U of Mann—Whitney test and/or correlations were made using
GraphPad Prism software 6.01 (GraphPad Software, San
Diego, CA, USA).

Results and Discussion
Method Validation

Calibration curves were obtained for each metabolite by
plotting the standard concentration as a function of the
peak area. Because the differences in concentration of
some metabolites may be highly variable, we required, in
some cases, the simultaneous use of different calibration
curves covering the expected concentration range for
each metabolite. Recovery of each metabolite was calcu-
lated and the variation in the percentage of recovery was
between 83% and 99%. Ten points of the selected range
of all calibration curves were injected and showed line-
arity with regression coefficients higher than 0.99. The
limit of detection (LOD) and quantification (LOQ) for
ecach metabolite were calculated according to
International Union of Pure and Applied Chemistry rec-
ommendations [29]. Within-day precision or repeatability
was calculated injecting each standard on the same day,
and between-day repeatability on 5 separate d (n = 5 repli-
cates at three concentration levels) and expressed as relative
standard deviation (RSD). Values for each metabolite were
considered excellent (RSD from 0.65% to 3.68% and from
1.12 to 4.15%, respectively). Selected and relevant validation
parameters are shown in Table 1, and results for other variables
may be also examined in Supplemental Table 1.
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Table 1. Validation method parameters: regression curve values (slope and intercept), linearity, limit of detection (LOD), limit of quantification (LOQ), intra- and
interday % RSD, and recovery (see also Supplemental Table 1)

Metabolite Slope / intercept Linearity [R*» LOD (uM)  LOQ (uM)  Intraday RSD (%) Interday RSD (%)  Recovery (%)
2-Hydroxyglutarate 330378 / 64056 0.9991 0.127 0.425 1.12 1.95 91.65
3-Hydroxybutirate 101090 / 15769 0.9976 0.010 0.032 0.65 1.15 96.74
3-Phosphoglycerate 237249 / 2135051 0.9993 0.065 0.215 2.24 3.05 85.65
6-Phospho-gluconate 526980 / 1258050 0.9987 0.9989 0.527 1.758 321 3.98 89.35
87569 / —284587
a-Ketoglutarate 128155/ 14577 0.9997 0.029 0.098 1.14 2.08 94.99
Acetyl-coenzyme A 10158 /1785 0.9972 0.610 2.030 1.98 3.01 84.12
Aconitate 749201 /788502 0.9990 0.010 0.032 298 3.65 88.68
Alanine 1987694 / 229517 0.9994 0.288 0.959 1.25 234 97.48
Aspartic acid 1715209/ 28378 0.9996 0.835 2.783 0.84 1.25 98.02
(Iso)citrate 1469611 / -271860 0.9996 0.039 0.130 2.54 2.96 93.58
Fructose-1,6-bisphosphate 140842 / 428131 0.9981 0.117 0.389 1.65 2.15 83.26
Fructose-6-phosphate 824733 /956090 0.9987 0.146 0.487 1.29 1.99 88.69
Fumarate 1119413 /117375 0.9997 0.040 0.132 0.99 1.34 91.68
Glucose 113676 / —74297 0.9997 0.009 0.029 1.54 2.03 97.35
Glucose-6-phosphate 1040659 / -2961082  0.9990 0.039 0.129 2.14 297 96.67
Glutamate 1371976 / -306806 0.9989 0.334 1.114 3.05 4.01 94.31
284354 / -76489 0.9990
Glutamine 477954 / 224408 0.9988 0.114 0.380 2.87 3.56 93.11
957845 / 79154 0.9987
Glyceraldehyde-3-phosphate 85106 / —44424 0.9979 0.029 0.096 1.32 1.68 87.64
Isoleucine 1652773 /219943 0.9996 0.108 0.360 0.96 1.42 98.39
Lactate 23667 /77898 0.9998 0.021 0.070 0.86 1.74 98.96
Leucine 1735828 / 422255 0.9993 0.102 0.340 1.33 1.89 96.84
Malate 336640 / —57888 0.9992 0.113 0.377 0.92 1.12 91.64
Malonyl-coenzyme A 16769 / -359 0.9989 0.039 0.130 273 3.06 85.23
Oxaloacetate 70439 / 43811 0.9991 0.590 1.966 3.68 4.15 89.34
Phosphoenolpyruvate 285046 / —222284 0.9981 0313 1.044 2.38 3.18 92.48
Pyruvate 379309 / 156902 0.9991 0.060 0.200 1.01 1.69 94.67
Ribose-5-phosphate 553740 / —344047 0.9976 0.202 0.675 1.79 2.06 94.58
Serine 1461082 / 11922 0.9999 0.304 1.012 1.14 1.79 97.46
Succinate 176185 /7109 0.9997 0.077 0.258 091 1.35 98.74
Succinyl-coenzyme A 34216 / 5480 0.9998 0.020 0.086 2.06 2.67 87.56
Valine 1836799 / 46946 0.9994 0.098 0.326 1.05 1.68 98.12

Identification and Quantification loss of the methoxyl group from the methoxyamine,
giving an ion at m/z 187. To stabilize this ion, a rear-
rangement is made through a cyclation between the rad-
icals CH2+ in malonate moiety and the Ne linked to the
TMS (Figure 2b). A similar reasoning was used to ex-
plain the presence in succinyl-CoA of an ion at m/z 276
(qualifier) and minor ions at m/z 260 and 244. The N-
TMS group and the methyl group from the
methoxyamine are finally lost, giving a quantifier ion at
m/z 174. In this case, to stabilize this structure, the CH,*
radical should be linked to the oxygen from the
oxyamine group (Figure 2c). Special attention is required
in the identification of phosphate compounds (Figure 2d)
because they yield three characteristic fragments [30] and
retention time is crucial. Quantifier and qualifier ions
used to identify phosphate compounds are summarized
in Supplemental Table 2. Of note, with this method

The relevant analytical data are summarized in
Supplemental Table 2. For some organic acids (3-
hydroxybutyrate, fumarate, lactate, oxaloacetate,
phosphoenolpyruvate, pyruvate, and succinate) and the
internal standard (D,-succinate), the ion [M]" was used
as qualifier ion and the most abundant ion [M-CH;]"
resulting from the characteristic loss of a methyl group
in TMS after the electron impact, was used as quantifier
ion. As shown in Figure 2a, the proposed quantifier ion
of acetyl-CoA was observed at m/z 219, which is the
result of acetate moiety linked to S—C,H,—~N-TMS from
the 4'-phosphopantetheine moiety included in the CoA
moiety. The subsequent loss of 15 u suggests the loss
of a methyl group from the TMS resulting in an ion at
m/z 204 that was used as qualifier. For malonyl-CoA, the
loss of the TMS from the acid group in malonate moiety

linked to S—-C2H4-N-TMS from the CoA moiety gives a
qualifier ion with m/z at 262. The presence of other
minor ions with a consecutive loss of 16 u (m/z 246
and 230) suggest the loss of the TMS group linked to
the acid group of the malonate moiety, which can lose
two oxygen atoms consecutively. This is followed by the

isocitrate and citrate have the same retention time. In
addition, both give a qualifier ion corresponding to the
loss of a carboxyl group and the most abundant ion was
[M-COOTMS-OTMS]" due to the consecutive loss of an
OTMS group from the ion ((M-COOTMS]" (Figure 2e¢).
Although the signal for isocitrate using pure standards is
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Figure 2. Fragmentation pattern of (a) acetyl-CoA, (b) malonyl-CoA, (c) succinyl-CoA, (d) phosphate group, (e) (iso)citrate, and (f)

glucose

significantly less intense, results were expressed as
(iso)citrate to denote the lack of chromatographic sepa-
ration. The quantifier ion for glucose, which is
derivatized with five TMS and one MA group
(Figure 2f) is [M-CH,-CH-NOCH;-20TMS]" (attribut-
able to the loss of the methoxyamine group and the
CH where it is linked, an OTMS group and a CH,-
OTMS group), and the subsequent loss of an additional
CH-OTMS group results in the qualifier ion [M-CH,-
2CH-NOCH;-30TMS]" [31].

In contrast, the interpretation for alanine, valine, leu-
cine, isoleucine, serine, aspartic acid, glutamic acid, ma-
late, and glutamine is simpler because [M-CH3]" is con-
stant (qualifier ion) and [M-COOTMS]" is identified as
the quantifier ion. [M-CH;]", however, was the qualifier
ion and [M-COOTMS]" the quantifier ion for 2-

hydroxyglutarate. Aconitate also shows [M-CH;]" as
qualifier ion after derivatization with three TMS groups.
The loss of two TMS groups and a methyl from the third
TMS group yields the quantifier ion [M-2TMS-CH;]".
Finally, [M-OCH;3]" (loss of the OCH; from the
methoxiamine group) is the qualifier ion for a-
ketoglutarate, and the additional loss of an OTMS results
in the quantifier ion [M-OCH;-OTMS]".

Applications in Biological Samples

In our previous efforts with untargeted metabolomics
using LC/MS and GC/MS platforms, we found that com-
parisons between groups were limited by the lack of
accurate quantification [32-34]. Conversely, the use of
a nuclear magnetic resonance platform [25, 26] provided



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMICS AND MOUSE MODI
Marta Riera Borrull

174 M. Riera-Borrull et al.: Exploring Energy Metabolism by Metabolomics

Table 2. Metabolite concentrations in plasma (in pM) from selected participants and expressed as mean + SD. Fold change and significance (P value) are also
reported and decimals were set according to the first significant digit of the measured SD

Metabolite Plasma control (n = 50) Plasma PAD (n = 50) Fold change P value
2-Hydroxyglutarate 92+04 9.0£0.3 -1.02 N.S.
3-Hydroxybutirate 0.13 +0.01 0.31+0.07 2.38 <0.0001
3-Phosphoglycerate - - - -
6-Phosphogluconate - - - -
o-Ketoglutarate 33+0.2 46+04 1.39 0.0091
Aconitate 0.52 +0.01 44+09 8.46 <0.0001
Alanine 211+11 203 £27 -1.04 N.S.
Aspartic acid 133+£3 199 £ 11 1.50 <0.0001
(Iso)citrate 279+ 13 706 + 22 2.53 <0.0001
Fructose-1,6-bisphosphate - - - -
Fructose-6-phosphate - - - -
Fumarate 0.33 +£0.02 0.26 = 0.03 -1.27 <0.0001
Glucose 4856 + 305 5044 + 346 1.04 N.S.
Glucose-6-phosphate N.Q. N.Q. - -
Glutamate 462 + 366 5197 +317 11.25 <0.0001
Glutamine 1115+ 206 3691 + 237 3.31 <0.0001
Glyceraldehyde-3-phosphate - - - -
Isoleucine 49+1 63+2 1.29 <0.0001
Lactate 395+8 359+ 13 -1.10 0.0323
Leucine 73+£2 90 + 3 1.23 0.0032
Malate 1.57 £0.08 3.0£03 191 <0.0001
Malonyl-coenzyme A N.Q. N.Q. - -
Oxaloacetate 54+5 N.Q. - -
Phosphoenolpyruvate - - - -
Pyruvate 11+£1 10£1 -1.1 0.0270
Ribose-5-phosphate - - - -

Serine 104 +£2 145+ 4 1.39 <0.0001
Succinate 10.7 £0.1 122+04 1.14 N.S.
Succinyl-coenzyme A 6.6+09 11.9+£0.9 1.80 0.0014
Valine 88+2 105+3 1.19 N.S.

PAD: Peripheral Artery Disease
N.Q.: detected metabolite, but under limit of quantification
N.S.: not significant p-value

excellent reproducibility to quantify certain metabolites
but low sensitivity to quantitatively measure the selected
metabolites as indirect markers of energy metabolism and
mitochondrial function, which included intermediates of
glycolysis, the pentose phosphate pathway, branched
chain amino acids, and the organic acids of the CAC.
We therefore developed the present GC-EI-QTOF-MS
analytical platform to measure, after derivatization, these
selected compounds, and we found it reliable for use in
different biological systems (Tables 2, 3 and 4).

In the first analysis, we compared plasma from
healthy controls and patients with stage II peripheral
artery disease. Samples injected in triplicate produce
RSD values that were similar to those obtained in the
precision study. The concentrations of these metabolites
have not been previously examined in this condition but
metabolites involved in the CAC have been previously
suggested as biomarkers of myocardial infarction [35].
Blood was drawn from our patients when they were free
of clinical signs of ischemia (i.e., after 1 h of inactivity).
Controls with uncompromised circulation in the limb
arteries (i.e., ABI > 0.9) had similar cardiovascular risk
factors including age, hyperlipidemia, body weight, and
current (not past) smoking habit (data not shown). This
comparison was designed exclusively for testing

analytical performance in plasma and no clinical impli-
cations were intended. Nevertheless, the high concentra-
tions of aconitate, isocitrate, malate, o-ketoglutarate, and
succinyl-coenzyme A in patients indicate that mitochon-
drial function is stimulated rather than inhibited (i.e.,
contrary to that expected in ischemic conditions)
(Table 2). In addition, we found elevated levels of
branched chain amino acids, which may also indicate
an increased mitochondrial function via their conversion
to B-hydroxybutyrate and succinyl-coenzyme A. This
may seem paradoxical because elevated levels of
branched chain amino acids are usually associated with
poor health and cardiovascular disease. One explanation
might be the increased endothelial proliferation and ac-
cumulation of immune cells resulting in a higher diffu-
sion of these metabolites into the circulation, but may
also indirectly point to increased breakdown in the leg
muscles [36, 37].

The lack of circulating phosphate compounds was
expected considering the hydrophobic nature of the cel-
lular membrane, and it may similarly indicate an absence
of significant cellular destruction. Under these conditions,
only lactate, which is significantly decreased, may indi-
rectly indicate normal to low glycolytic flux. Also, sig-
nificant increases of glutamate and glutamine were
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Table 3. Metabolite concentration in MCF10A and MCF10A-KRASY"? cells (in pM/mg of protein) expressed as mean + SD, fold change, and significance (P
value). Decimals are reported according to the first significant digit of the measured SD

Metabolite MCF10A (n = 12) MCF10A-KRASY"? (n = 12) Fold change P value
2-Hydroxyglutarate - 0.22+£0.04 - -
3-Hydroxybutirate 50+£04 1.78 £ 0.09 -2.81 0.0079
3-Phosphoglycerate 0.28 £0.09 36.73 £5.13 131.18 <0.0001
6-Phosphogluconate 88+1 19.34£2.32 220 0.0167
a-Ketoglutarate 0.23+0.08 2.18+0.23 9.48 <0.0001
Aconitate 0.21 £0.07 0.14+0.01 -1.50 0.0387
Alanine 65+6 156 + 21 2.40 0.0067
Aspartic acid 48+ 6 408 + 32 8.50 <0.0001
(Iso)citrate 6.3+09 53+0.6 -1.19 N.S.
Fructose-1,6-bisphosphate N.Q. 6.4+09 - -
Fructose-6-phosphate - N.Q. - -
Fumarate 24+04 10.6 £ 0.6 442 <0.0001
Glucose 27+0.2 0.22+0.01 -12.27 <0.0001
Glucose-6-phosphate 0.16 £0.03 0.64 £0.07 4.00 0.0268
Glutamate 10.9 +0.6 289 £ 52 26.51 <0.0001
Glutamine 58+0.7 59+0.7 1.02 N.S.
Glyceraldehyde-3-phosphate 1.6+£04 13+£04 -1.23 N.S.
Isoleucine 14+2 35+6 2.50 0.0341
Lactate 288 + 34 812+ 12 2.82 <0.0001
Leucine 41+8 34+4 -1.21 N.S.
Malate 0.7+0.2 5.0+0.3 7.14 <0.0001
Malonyl-coenzyme A 88+ 1 40.7 £ 0.6 -2.16 0.0048
Oxaloacetate - 14+£2 - -
Phosphoenolpyruvate N.Q. 13+4 - -
Pyruvate 7+1 94 + 14 13.43 <0.0001
Ribose-5-phosphate - 49+038 - -

Serine 47+9 48+3 1.02 N.S.
Succinate 12+£2 11+2 -1.09 N.S.
Succinyl-coenzyme A 173£0.5 31£6 1.79 0.031
Valine 25+2 24 +1 -1.04 N.S.

N.Q.: detected metabolite, but under limit of quantification
N.S.: not significant p-value

observed in patients with active atherosclerosis in the
limbs, indicating a distinct use of these metabolites in
this setting. Our results confirm the validity of our hy-
pothesis with respect to the usefulness of the method to
explore the energy metabolism in vivo. These findings
may have implications in the search for possible bio-
markers and to assess the effectiveness of therapeutic
strategies.

We found that the metabolic activity of MCF10A
cells engineered to overexpress oncogenic KRAS was
significantly higher than MCF10A parental cells under
the same culture conditions, strongly suggesting that
metabolic reprogramming occurs in breast epithelial cells
carrying the constitutively active KRASY'? gene
(Table 3). Of note, we were able to detect 2-
hydroxyglutarate in MCF10A-KRASY'? cells, which is
a product of the mutated isocitrate dehydrogenase and
is considered to be an oncometabolite [38]. Further, the
increased concentration in some amino acids and indirect
markers (ribose-5-phosphate) of metabolic activity in the
pentose phosphate pathway were considered as an indi-
cation of a higher generation of biomass and endogenous
antioxidants in MCF10A-KRASY'? cells to eradicate the
reactive oxygen species generated by the accelerated
metabolism [39] (Table 3). The increased concentration
of glucose-6-phosphate suggests both increased glucose

transport and glycolysis, and indeed lactate production
was significantly increased in mutated cells with respect
to their isogenic controls. The overall results suggest the
dependence on glycolysis for growth, indicative of the
Warburg effect. Consequently, our analytical method
may be used to perform experiments under different
glucose environments and to explore the effect of drugs
acting on either glucose uptake or mitochondrial
functioning.

We next wished to determine whether this method
could be used to explore energy metabolism in a relevant
disease model. The simplest approach to test the func-
tionality of the technique was to isolate tissues from
mice with different mitochondrial load and importance
in energy production. Thus, we compared the concentra-
tion of metabolites in adipose tissue and hepatic tissue
and found significant differences in the concentration of
measured metabolites (Table 4). Some were immediately
expected (e.g., amino acids and CAC intermediates). We
also found that oxaloacetate and phosphoenolpyruvate
were barely detectable in adipose tissue, and the concen-
tration of malonyl-CoA was similar in both tissues. No
attempt was made to explore the putative metabolic
pathways involved (e.g., lipogenesis), but results show
that this method can be used to interrogate metabolic
alterations related to excessive energy intake, obesity,
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Table 4. Metabolite concentration in mouse tissue samples (in uM/100 mg of
tissue) expressed as mean + SD. Decimals are reported according to the first
significant digit of the measured SDThe number of decimals varies according to
the concentration

Metabolite Liver tissue (n = 10)  Adipose tissue (n = 10)
2-Hydroxyglutarate 19+1 0.87 £0.09
3-Hydroxybutirate 0.11+0.01 0.064 + 0.003
3-Phosphoglycerate 18+3 0.24+0.05
6-Phosphogluconate 38206 + 1648 297 +45
o-Ketoglutarate 52+0.6 0.15+0.01
Aconitate 47+3 0.061 + 0.004
Alanine 1663+ 188 63+7
Aspartic acid 4259 £ 128 305+ 59
(Iso)citrate 425+ 46 31+£8
Fructose-1,6-bisphosphate 12+1 1.7+04
Fructose-6-phosphate 1323+ 110 28+3
Fumarate 26+5 0.25 +0.04
Glucose 1802 + 103 249 £21
Glucose-6-phosphate 1302 + 147 191+ 17
Glutamate 49043 + 6746 1889 + 394
Glutamine 2104 + 273 532+97
Glyceraldehyde-3-phosphate 16 +3 0.11 +£0.05
Isoleucine 730 + 74 15+3
Lactate 667 £ 47 59+2
Leucine 1009 + 104 30+ 6
Malate 319+49 38+0.8
Malonyl-coenzyme A 23+2 22+1
Oxaloacetate 23+03 N.Q.
Phosphoenolpyruvate 12+2 N.Q.
Pyruvate 5.6+0.5 0.32+0.03
Ribose-5-phosphate 470 + 82 1.7+ 0.3
Serine 5531+ 710 182+ 18
Succinate 138+ 19 13.1+0.8
Succinyl-coenzyme A 291+7 70+09
Valine 460 + 60 22+3

N.Q.: detected metabolite, but under limit of quantification

and the development of associated metabolic dysfunction
in the liver (e.g., fatty liver disease).

Method Limitations

This method requires a derivatization procedure, which in-
creases the time used for sample preparation. It should also
be considered that the stability of derivatized compounds is
limited to a relatively short period of time (not more than 24 h).
Although most authors consider citric acid as the only com-
pound found at its time of retention, our efforts to distinguish
between isomers were unsuccessful. Finally, because of the
low ionization of acetyl-CoA, the concentration in biological
samples is not readily detected using GC-MS. To detect this
and other possibly useful important metabolites, other analyt-
ical platforms are required. Methods using liquid
chromatography-mass spectrometry [40-42] are available and
provide an accurate approach.

Conclusion

We have developed a simple analytical method using GC-EI-
QTOF-MS to separate, detect, and quantify numerous metab-
olites involved in energy metabolism, including glycolysis, the
CAC, and pathways involved in metabolism of lipids, amino

acids, and pentose phosphate. This method delivers an overall
assessment of metabolism in biological samples used in pre-
clinical and clinical investigation: namely, cell-culture lysates,
mouse models of disease, and patient plasma. We have found
that GC-EI-QTOF-MS provides better resolution and repro-
ducibility than other available analytical platforms [43] to
accurately quantify multiple metabolites. In particular, the
measurement of intermediates involved in mitochondrial me-
tabolism, in all likelihood, represents a major advance in the
assessment, in vitro, of mitochondrial dysfunction in cells and
tissues. The indirect measurement of these intermediates in
plasma should be considered as an alternative to assess the
mitochondrial dysfunction in vivo for the clinical management
of common metabolic diseases.
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Supplemental Table 1. Validation method parameters.

TRANSCRIPTOMICS AND MOUSE MODELS OF DISEASE

Intraday Interday

Metabolite Concentration Range? Slops e i Ilgte_rcept f D (ke v Linea;rity LOD? LOQ? RSD RSD R
esidual) (R% o o (%)
(%) (%)
2-hydroxyglutarate 0.07-3.70 (0.5-25) 330378 « 1787 / -64056 + 7124 0.9991 0019 (0.127) 0.063 (0425) 112 195  91.65
3-hydroxybutirate 0.005-1.041 (0.05-10) 101090 + 9841 / -15769 + 2329 (5.2%)  0.9976  0.001 (0.010) 0.003(0.032) 065 115  96.74
3-phosphoglycerate 0.01-0.93 (0.07-5) 237249 + 8717 / 2135051 + 194331 (3.2%)  0.9993  0.012 (0.065) 0.040 (0.215) 224 305  85.65
11.05-110.45 (40-400) 526980 + 33064 / -1258050 + 184029 (7.2%)  0.9987
g 2761-13806 (10000-50000) 87569 + 5480 / 284587 + 65724 (6.9%) ~ 0.99g9 O-146(0.527) 0.485(1.758) 321 398 8935
a-ketoglutarate 0.015-1.460 (0.1-10) 128155 + 512 / 14577 + 872 (1.5%) 0.9997 0.004(0.029) 0.014(0.098) 114 208  94.99
Acetyl-coenzyme A (0.7-10) 10158 + 947 / 1785 + 548 (4.1%) 0.0972 0494 (0610) 1643(2030) 198 301  84.12
Aconitate 0.01-8.71 (0.05-50) 749201 + 7421/ 788502 + 131992 (2.8%)  0.9990  0.002 (0.010) 0.005(0.032) 2.98  3.65  88.68
Alanine 4.46-178.18 (50-2000) 1987694 + 49173 /-220517 + 52490 (4.1%) 09994  0.026 (0.288) 0.085(0.959) 125 234  97.48
Aspartic acid 6.66-266.20 (50-5000) 1715209 + 7656 / -28378 + 3102 (2.1%) 09996  0.111(0.835) 0.370(2.783) 0.84 125  98.02
(Iso)Citrate 0.96-96.05 (5-500) 1460611 + 6187/ -271860 + 35612 (1.3%)  0.9996  0.007 (0.039) 0.025(0.130) 2.54  2.96  93.58
Fructose-1,6-bisphosphate 0.17-1.70 (0.5-5) 140842 + 2502 / -428131 + 64256 (3.3%) 09981  0.040 (0.117) 0.132(0.389) 165  2.15  83.26
Fructose-6-phosphate 0.26-390.15 (1-1500) 824733+ 9172/ -956090 + 90237 (2.3%  0.9987 0.038(0.146) 0.127(0.487) 129 199  83.69
Fumarate 0.01-3.48 (0.1-30) 1119413 + 4307 / -117375 + 39781 (L.6%)  0.9997  0.005(0.040) 0.015(0.132) 099 134 9168
Glucose 180.16-2702.40 (1000-15000) 113676 + 806 / -74297 + 3489 (1.6%) 0.9997 0.002(0.009) 0.005(0.029) 154 203  97.35
Glucose-6-phosphate 0.52-520.20 (2-2000) 1040659 + 1392?2/ 1';361082 +119348 9990  0.010(0.039) 0.033(0.129) 2.14 297  96.67
29473550 (20-5000) 1371976 + 10190 / -306806 + 354189 (2.4%)  0.9989
SluEELE 1471-7355 (10000-50000) 284354 + 3789 / 76489 + 3249 (1.9%) 09990 °0049(0334) 0164 (1.114) 305 401 9431
. 0.731-146.100 (5-1000) 477954 + 3556 / -224408 + 18753 (2.8%)  0.9988
Glutamine 292 2922 (2000-20000) 957845 + 759 / -79154 + 6788 (2.9%) 0.99g7 0017(0.114) 0.056 (0.380) ~ 2.87 35 931l
Glyceraldehyde-3-phosphate 0.02-3.40 (0.1-20) 85106 + 921 / -44424 + 3589 (4.7%) 0.9979  0.005(0.029) 0.016(0.09) 132 168  87.64
Isoleucine 1.31-131.20 (10-1000) 1652773 + 13114/ 219943 + 7893 (4.0%)  0.9996  0.014 (0.108) 0.047 (0.360) 096 142  98.39
Lactate 4.51-180.2 (50-2000) 23667 + 414 / 77898 + 7891 (2.2%) 0.9998  0.002(0.021) 0.006(0.070) 086 174  98.96
Leucine 131-131.20 (10-1000) 1735828 + 25023 / 422255 + 17342 (7.3%) ~ 0.9993  0.013 (0.102) 0.045(0.340) 133 189  96.84
Malate 0.13-67.05 (1-500) 336640 + 2081 / 57888 + 6421 (2.5%) ~ 0.9992 0015(0.113) 0.051(0377) 092 112 9164
Malonyl-coenzyme A 0.13-4.27 (0.15-5) 16769 + 205 / -359 + 41 (1.8%) 09989 0033(0.039) 0.111(0.130) 273 306 8523
Oxaloacetate 0.66-13.21 (5-100) 70439 + 779 / -43811 + 3924 (2.3%) 0.0991 0078 (0590) 0.260(1.966) 3.68 415  89.34
Phosphoenolpyruvate 0.08-0.84 (0.5-5) 285046 + 3772 / 222284 + 27845 (45%) 09981  0.053(0.313) 0.175(L044) 238 318 9248
Pyruvate 0.02-4.40 (0.2-50) 379300 + 8030 / 156902 + 67475 (2.0%)  0.9991  0.005(0.060) 0.018(0.200) 101 169  94.67
Ribose-5-phosphate 0.23-115.05 (1-500) 553740 + 5721 / -344047 + 57894 (3.7%) 09976  0.047(0.202) 0.155(0.675) 179 206  94.58
Serine 10.5-630.6 (100-6000) 1461082 + 2239 /11922 + 1798 (0.6%) 09999  0.032(0.304) 0.106(L012) 114 179  97.46
Succinate 1.18-23.62 (10-200) 176185 + 929 / 7109 + 621 (2.3%) 0.0997 0.009 (0.077) 0.030(0.258) 091 135  98.74
Succinyl-coenzyme A 0.09-4.34 (0.1-5) 34216 + 107 / 5480 + 758 (4.6%) 0.0998 0.017(0.020) 0.075(0.086) 2.06  2.67  87.56
Valine 1.17-58.58 (10-500) 1836799 + 53914 / 46946 + 5328 (7.5%)  0.9994 0011(0.098) 0.038(0.326) 105 168  98.12

2 Data expressed in pg/mL (uM).
b Max. % Residual, maximum percentage of residual deviation
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Supplemental Table 2. Optimized data for detection and quantification of metabolites analyzed by GC-EI-QTOF-MS.

Metabolite Retention Molecular Molecular formula miz Qualifier ion Quantifier ion

time (min) formula (after derivatization) miz lon (m/2) lon
2-hydroxyglutarate 9.41 CsHgOs CsHsOs(TMS); 364.1558  247.1112 [M-COOTMS]* 349.1317 [M-CH,]*
3-hydroxybutirate 5.03 C4H3O3 C4HsO3(TMS), 248.1264  248.1258 [M]* 233.1029 [M-CH5]*
3-phosphoglycerate 11.71 C3H,0;P C3H307P(TMS)s 547.1984  357.1133 [PO,CH,CH=0 +3TMS]* 387.1423 [PO,H +4TMS]*
6-phosphogluconate 14.57 CsH13010P CsHsO10P(TMS)g 853.3487  357.1133 [PO,CH,CH=0+3TMS]* 387.1423 [PO,+4TMS]*
a-ketoglutarate 9.47 CsHsOs CsH404(TMS),(MA) 319.1271  288.1089 [M-OCHs]* 198.0581 [M-OTMS-OCH;]*
Acetyl-CoA 4.49 C23H3sN7017P3S C23H20N7015P3S(TMS)o(MA), 1515.5341  204.0747  [(CoH3(MA)S(C.H4N(TMS-CH3))]* 219.0982 [(CoH3(MA))S(C.HN(TMS))]*
Aconitate 11.04 CsHsOp CeH306(TMS); 390.1350  375.1115 [M-CHg]* 229.1080 [M-2TMS-CHs]*
Alanine 4.59 C3H:NO, C3HsNO,(TMS), 233.1267  218.1033 [M-CHg]* 116.0868 [M-COOTMS]*
Aspartic acid 8.94 C4H;NO4 C4H4NO4(TMS); 349.1561  334.1326 [M-CHg]* 232.1189 [M-COOTMS]*
(Iso)Citrate 11.68 CsH3O; CeH407(TMS), 480.1851  363.1479 [M-COOTMS]* 273.0973 [M-OTMS-COOTMS]*
Fructose-1,6-bisphosphate 14.21 CsH14012P2 CsH7011P2(TMS)o(MA) 1019.3940  357.1133 [PO4,CH,CH=0+3TMS]* 387.1423 [PO,+4TMS]*
Fructose-6-phosphate 13.98 CeH1304P CeH70sP(TMS)-(MA) 7943408  357.1133 [PO,CH,CH=0+3TMS]* 315.1028 [PO,H+3TMS]*
Fumarate 7.01 C4H404 C4H;04(TMS), 260.0900  260.0895 [M]* 245.0665 [M-CH,]*
Glucose 12.25 CeH1206 CsH705(TMS)s(MA) 569.2876  217.1080 [M-CH,-2CH-MA-30TMS]* 319.1581 [M-CH,-CH-MA-20TMS]*
Glucose-6-phosphate 14.09 CsH1304P CsH7;0sP(TMS)/(MA) 794.3408  357.1133 [PO4,CH,CH=0+3TMS]* 387.1423 [PO,+4TMS]*
Glutamate 9.85 CsHyNO,4 CsHsNO4(TMS); 363.1717  348.1483 [M-CHg]* 246.1346 [M-COOTMS]*
Glutamine 11.59 CsH1oN205 CsH/N,05(TMS)s 362.1877  347.1642 [M-CH2]* 245.1505 [M-COOTMS]*
Glyceraldehyde-3-phosphate 10.87 CsH;06P C3H4O6P(TMS), 459.1640  315.1028 [POsH+3TMS]* 357.1133 [PO,CH,CH=0+3TMS]*
Isoleucine 6.49 CeH1sNO, CeHuNO,(TMS), 275.1737  260.1502 [M-CH2]* 158.1365 [M-COOTMS]*
Lactate 4.05 C3HsO3 C3H403(TMS), 234.1107  234.1102 [M]* 219.0867 [M-CH5]*
Leucine 6.26 CeH13NO; CeH1:NO,(TMS), 2751737  260.1502 [M-CHa]* 158.1365 [M-COOTMS]*
Malate 8.58 C4HgOs C4H305(TMS); 350.1401  335.1161 [M-CHa]* 233.1029 [M-COOTMS]*
Malonyl-CoA 6.57 CaHasN7O16PsS  CauHogN;OPsS(TMS)1o(MA), 16315634  262.0569  [(CsH202(MA))S(C:HMN(TMS))] 187.0725 [CsHsNS(TMS)]*
Oxaloacetate 8.38 C4H4Os C4H,04(TMS),(MA) 305.1115  305.1109 [M]* 290.0880 [M-CH5]*
Phosphoenolpyruvate 9.75 C3Hs06P C3H,06P(TMS);3 384.1010  384.1004 [MT* 369.0755 [M-CH3]*
Pyruvate 3.96 C3H403 C3H30,(TMS)(MA) 189.0821  189.0816 [M]* 174.0586 [M-CHg]*
Ribose-5-phosphate 13.51 CsH1,06P CsHs0:P(TMS)s(MA) 692.2907  357.1133 [PO,CH,CH=0+3TMS]* 315.1028 [PO,H+3TMS]*
Serine 7.23 C3H;NO; C3H4NO3(TMS); 321.1612  306.1377 [M-CHa]* 204.1240 [M-COOTMS]*
Succinate 6.63 C4HeO4 C4H404(TMS), 262.1057  262.1051 [M]* 247.0822 [M-CHa]"
Succinyl-CoA 7.38 CasHaoN7O16PsS  CosHaoN;01PsS(TMS)1o(MA), 16455791  276.0958  [(C4H402(MA))S(C:HMN(TMS))]* 174.0225 [CeHsOsNS]*
Valine 5.62 CsHi:NO; CsHgNO,(TMS), 261.1580  246.1346 [M-CHg]* 144.1209 [M-COOTMST*
D4-Succinate 6.61 C4H;D404 C4D404(TMS), 266.1308  266.1302 [M]* 251.1073 [M-CHg]*

TMS, trimethylsilyl (Si(CHs)s); MA, methoxyamine (NOCHs) 5-3
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Abstract:

Identification of therapeutic approaches to protect against the metabolic consequences of chronic
energy-dense/high-fat diet (HFD) remains a public health priority because associated diseases are
the leading causes of death worldwide. Here, we evaluated whether metformin could protect
against HFD-induced metabolic disturbances in low-density lipoprotein receptor-knockout mice.
Once rendered obese, glucose-intolerant and hyperlipidemic, mice were switched to diet reversal
with or without metformin to explore how proinflammatory and metabolic changes respond.
Metabolic phenotypes were evaluated by integrating biochemical, histological, and metabolomic
components closely related to the multi-faceted metabolic disturbances provoked by HEFD.
Metformin combined with diet reversal promoted a more effective weight loss along with better
glucose control, notably lowered levels of circulating cholesterol and triglycerides, and moderately
reduced adipose tissue content. Moreover, mice treated with metformin showed a dramatically
improved protection against HFD-induced hepatic steatosis, a beneficial effect that was
accompanied by a lowering of liver-infiltrating proinflammatory macrophages and lower release of
proinflammatory cytokines. The ability of metformin to target the contribution of branched chain
amino acids to adipose tissue metabolism while suppressing mitochondrial-dependent

biosynthesis in hepatic tissue might contribute to the additional beneficial effects elicited beyond

Nutrients 2017, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/nutrients
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those of dietary restriction alone. Our findings underscore how the adipose tissue and liver
crosstalk provides clinical potential for combining metformin and dietary modifications as a
therapeutic maneuver to protect against the metabolic damage occurring upon excessive dietary fat

intake.

Keywords: adipose tissue; caloric restriction; energy state; inflammation; liver steatosis;
metabolomics.

1. Introduction

Contemporary high-energy and high-fat poor quality diets coupled with the effect of sedentary
lifestyles are closely related to the convergent epidemics of obesity, insulin resistance, type 2
diabetes (T2D) and non-alcoholic fatty liver disease (NAFLD). These metabolic comorbidities foster
patterns of functional decline and major chronic diseases that compromise health span and quality
of life [1]. Therefore, to identify therapeutic options aimed to protect against dietary-induced,
multifaceted metabolic damage is a clinical priority.

Lifestyle modification approaches are commonly indicated to manage the vicious cycle of
metabolic damage triggered by energy-dense/high-fat diets (HFD) but the efficacy is seriously
hampered by relatively unknown cellular metabolic strategies and compensatory pathways
induced by reducing fat intake or taking regular exercise [2, 3]. The typical diets in industrialized
countries and calorie (energy) restriction (CR) would be expected to exert the opposite effect by
operating as extreme ends of the same disease-health metabolic spectrum. However, the adoption
of a CR-like lifestyle seems impractical outside of research settings [4, 5]. An alternative strategy
might combine lifestyle modification with pharmacotherapy and in this context efficacy is likely for
adenosine monophosphate-activated protein kinase (AMPK) activators [6].

The biguanide metformin, a first-line diabetes drug, has been repeatedly suggested to promote
long-term programming of metabolic health with little or no toxicological significance [7-10] and
may take new routes (i.e., to treat patients without diabetes) to clinical usefulness [11, 12] with the
potential to differentially affect medical outcomes [13-17]. Despite the growing evidence
demonstrating the multiple protective effects of metformin against metabolic diseases, the
combined effects of diet planning along with metformin have been scarcely investigated. For
example, the combination of metformin and a 70% restriction in calories yielded superior results
than either treatment alone in diabetic rats [18] and metformin alone improved liver damage
without modifying adipose tissue in HFD-fed C57BL6/] mice [19]. Using a metabolomic approach,
we tested the hypothesis that concomitant metformin and simple diet reversal treatment could
ameliorate HFD-induced disturbances in energy metabolism. We performed an integrated analysis
of the metabolic phenotypes occurring upon feeding experimental diets with or without metformin
treatment in low-density lipoprotein receptor-deficient mice (Ldlr/-). We have previously shown
that this is a robust model to assess the effect of nutrition in a context of subclinical chronic
inflammation, which reproducibly measure objective and quantifiable metabolic characteristics,
and includes hyperlipidemia without the confounding effects of diabetes [20, 21]. We provide
evidence that switching to normal diet in combination with metformin can significantly alleviate
the metabolic disturbances provoked by previous HFD.
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2. Materials and Methods
2.1 Animals and animal care

Male Ldlr- mice in a C57BL/6 genetic background were obtained by breeding animals
purchased from Jackson Laboratory (Bar Harbor, ME, USA) and maintained under controlled
temperature (22°C), humidity (50%) and lighting (12h-12h light-dark cycle). To prevent
sex-dependent variability, female animals were not included [20]. Mice had ad libitum access to
water and control breeder chow diet (CD; crude fat 3.1% and 71.8% available carbohydrate)
prepared by Scientific Animal Food & Engineering, Augy, France, until the experiments began at
10 weeks of age. All procedures were performed by dedicated staff in accordance with current
regulations and supervision by the Ethics Committee on Animal Experimentation of the
Universitat Rovira i Virgili following European guidelines (Directive 2010/63/EU). Diets were
chosen to examine relevant differences. In CD, calories (3.3 Kcal/g) were from protein (19%), fat
(roughly 9%) and carbohydrates (72%). In the high-fat diet (HFD), Ssnif Spezialdidten (Soest,
Germany), calories (5.7 Kcal/g) were from protein (19%), fat (roughly 60%) and carbohydrates
(21%).

2.2 Experimental design

We explored the metformin response in mice fed with either the original CD or HFD for 14
weeks. The animals were allocated to experimental groups using computer-generated
randomization schedules and the investigators responsible for the assessment of outcomes had no
knowledge of the experimental group to which the animals belonged. No animals were excluded
from the analysis. First, mice were allocated into two dietary groups (n=16, each) and further
divided in mice receiving metformin (Sigma, Madrid, Spain) or placebo (Monteloeder, Elche,
Spain) daily (n=8, each) (Fig. 1A). Mice were sacrificed at 24 weeks using isoflurane inhalation. The
route of administration and dose of metformin was designed after confirming that metformin does
not accumulate in plasma after repeated administration and that the mean plasma concentration in
mice was similar to that obtained in humans with a dose of 1.25 g.day-1 as described [22]. Hence,
we used metformin dissolved in drinking water (5 mg-mL?) to provide 250 mg-Kg'-day! in
concordance with previously published data [23, 24]. We then examined in parallel experiments the
metformin response in mice with adverse inflammatory and metabolic status established through
feeding animals with HFD for 6 weeks. Some animals (n=6) were sacrificed at this time for
comparative analysis. Other littermates were then fed with HFD or CD for other 8 weeks. Those
mice fed with CD were divided to receive metformin or placebo (n=8, each) as stated above (Fig.
1B). Mice were sacrificed at 24 weeks after a similar fasting time (4 hours with a maximum
difference of 15 min).

2.3. Sample collection and analytical methods

Glucose tolerance tests (GTT) were performed in all animals one week before their sacrifice by
injecting intraperitoneally glucose in saline solution (2 mg-g' of body weight) after 4 hours of
fasting. Blood was drawn from the tail to measure glucose levels (Roche Diagnostics, Basel,
Switzerland), 0, 15, 30, 60 and 120 min after the injection. Blood samples were also collected from
anesthetized animals into EDTA-treated blood collection tubes during sacrifice and immediately
centrifuged and stored at -80°C until analysis. There were no detectable iatrogenic experimental
variables. Plasma concentrations of glucose, cholesterol, triglycerides and liver enzymes were
measured by standard assays in an automated analyzer Synchron LXi 725 (Beckman Coulter,
IZASA, Barcelona, Spain). Plasma lipoproteins were separated by fast-performance liquid
chromatography (FPLC) using a Bio-Rad Bio Logic Duo Flow 10 system (Bio-Rad, Alcobendas,
Spain). Serum pooled samples from each group (200 pl) were injected into a Superose 6 /300 GL
column (GE Healthcare Europe GmbH, Munich, Germany), and 500 ul fractions were collected.
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Cholesterol and triglycerides concentrations were analyzed in each fraction as reported [20].
Organs were perfused in phosphate buffered saline and tissue samples removed and fixed for 24h
in 10% neutral-buffered formalin for histology.

2.4. Histological analysis

Paraffin-embedded tissues were stained with hematoxylin and eosin (H&E). The extent of
steatosis in the liver and adipocyte size of epididymal white adipose tissue (eWAT) were estimated
by image analysis software (AnalySIS, Soft Imaging System, Munster, Germany) and the hepatic
proportion of macrophages (anti F4/80, Serotec, Oxford, UK) was determined by
immunohistochemistry essentially as described [25, 26].

2.5. Cytokine measurements

Liver samples were homogenized using a Precellys 24 homogenizer (Bertin Technologies,
Toulouse, France) in lysis buffer containing protease inhibitors at a concentration of 250 pg/mL.
The levels of interleukin (IL)-1B, IL-2, IL-6, IL-10, interferon-y, chemokine (C-C motif) ligand 2
(CCL2), and tumor necrosis factor-a (TNFo) were measured in the homogenates following the
manufacturer’s instructions using Bio-plexProTM magnetic bead-based assays (Bio-Rad, Madrid,
Spain) on the Luminex platform (Bio-Rad).

2.6. Targeted metabolomics

The list of metabolites of major pathways related to energy metabolism was designed with the
rationale that cells must allocate nutrients toward boosting glycolysis, and to generate ATP and
intermediates for macromolecule biosynthesis. Metabolites were quantitatively measured as
described [21]. Briefly, metabolites in liver (50 mg) and epididymal white adipose tissue (eWAT;
100 mg) were extracted in 1 mL of methanol/water (8:2) using a Precellys 24 system (Izasa,
Barcelona, Spain). After centrifugation at 14,000 rpm 10 min at 4°C, supernatants were collected
and the homogenization step repeated. Nonpolar compounds were further extracted in
chloroform/methanol (2:1). All supernatants were centrifuged, filtered using 0.22 pm filters, and
freeze-dried overnight. Samples were dried under N2, derivatized using methoxyamine dissolved
in pyridine (40 mg/mL) and N-methyl-N-(trimethylsilyl)-trifluoroacetamide and injected into a
7890A gas chromatograph coupled with an electron impact source to a 7200 quadrupole
time-of-flight mass spectrometer (MS) equipped with a 7693 auto-sampler module and a J&W
Scientific HP-5MS column (30 m x 0.25 mm, 0.25 um) (Agilent Technologies, Santa Clara, CA,
USA). We measured 31 metabolites in related pathways, including the pentose-phosphate,
glycolysis and gluconeogenesis, citric acid cycle (CAC) and metabolism of amino acids (see
Figures). Values in eWAT homogenates were lower than in liver and malonyl-CoA and
succinyl-CoA were not considered because, although detected, they were under the limit of
quantification using these conditions.

2.7. Statistical analysis

All results are shown as the mean + SD unless otherwise stated. Differences between groups
were assessed with the Mann-Withney U test (nonparametric) and considered statistically
significant when P < 0.05. Some comparisons required one-way ANOVA. All statistical analyses
were carried out using the GraphPad Prism 6.0 Software, Inc (USA). For the metabolomic analysis,
the obtained raw data were processed and compounds were detected and quantified using the
Qualitative and Quantitative Analysis B.06.00 software (Agilent Technologies). Results were
compared by one-way ANOVA with Dunnett's multiple pair-wise comparison tests using a
significance threshold of 0.05. MetaboAnalyst 3.0, available on the web
(http://www.metaboanalyst.ca/) was used to generate meaningful scores/loading plots [27].
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3. Results

3.1. Effects on the regulation of body weight and food intake

Predictably, mice in the HFD group gained weight quicker than CD littermates. Whereas
metformin treatment had no effect on body weight regulation in mice challenged with HFD, it
led to a significant reduction in body weight gain in mice on CD from the fourth week until the
end of the follow-up (24 weeks) (Fig. 1A). Body weight gain of HFD-fed mice decreased
immediately after switching to CD. Remarkably, administration of metformin was significantly
more effective than CD alone in reducing body weight gain, particularly after 6-7 weeks of diet
reversal when mice fed CD alone began to regain lost body weight (Fig. 1B).
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Figure 1. Dietary-induced changes and the effect of metformin on weight control. Overall design in
experimental animals. (A) Values obtained in mice upon feeding with experimental diets for 14 weeks.
CD, chow diet; HFD, high-fat diet. (B) Values obtained after a 6 weeks period of HFD feeding and shift to
CD. Asterisks denote significant (P < 0.05) changes compared to the respective group.



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMICS AND MOUSE MODI
Marta Riera Borrull

Nutrients 2017, 9, x FOR PEER REVIEW 60f17

Mice on HFD exhibited decreased food intake relative to CD-fed mice; however, the total
caloric intake by body weight was similar in both groups when considering the food energy
density in the diets. Metformin treatment had no effect on food consumption between groups

(Fig. 2A, B).
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Figure 2. Dietary-induced changes and the effect of metformin on food intake and glucose
homeostasis. (A, B) Cumulative food intake, (C, D) glucose tolerance tests, and (E, F) plasma glucose
levels segregated by the type of dietary experiment and use of metformin as indicated. Asterisks denote
significant (*P < 0.05; **P < 0.01) changes.

3.2. Effects on glucose homeostasis

Fasting serum glucose levels were significantly higher in the HFD group than in the CD
group. To assess in more detail the impact of chronic HFD exposure on glucose homeostasis,
both groups were subjected to a glucose tolerance test (GTT). Intraperitoneally injected glucose
resulted in a more rapid increase of blood glucose in the HFD group than in the CD group,
indicating the development of HFD-induced systemic glucose intolerance. The effect of
metformin administration on plasma glucose levels and glucose tolerance was negligible in CD
and HFD groups. We then re-evaluated glucose homeostasis in HFD-fed mice subjected to diet
reversal with or without metformin treatment. Diet reversal and metformin were similarly
effective in reducing the HFD-provoked increase in plasma glucose. Of note, although peak
values of blood glucose levels were similar for diet reversal alone and with metformin in the
GTT, animals treated with metformin exhibited faster glucose clearance (Fig. 2 C-F).

3.3. Effects on hyperlipidemia

Plasma levels of cholesterol and triglycerides were significantly higher in the HFD group
than in the CD group (Fig. 3A). Metformin treatment resulted in a significant reduction in the
concentration of total serum cholesterol and of dense LDL-cholesterol in CD-fed animals (Fig. 3
A, B). Metformin-induced changes to LDL levels in CD-fed mice were accompanied by a
significant decrease in serum triglyceride concentrations and of triglycerides in the LDL
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fraction (Fig. 3 A, B). Diet reversal to CD abolished the increase in circulating cholesterol
promoted by HFD feeding (Fig. 3C). Indeed, lipoprotein distribution in mice subjected to diet
reversal with or without metformin largely resembled that commonly observed in wild-type
animals (i.e., almost all cholesterol in the HDL fraction) (Fig. 3D). Remarkably, administration
of metformin promoted a further reduction in the circulating levels of cholesterol in
diet-switched mice and also a statistically significant reduction in serum triglyceride
concentration (Fig. 3C).
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Figure 3. Dietary-induced changes and the effect of metformin on plasma lipids and lipoprotein
distribution. (A) Plasma lipids and (B) lipoprotein distribution as measured with fast-performance liquid
chromatography in mice upon feeding with experimental diets for 14 weeks. CD, chow diet; HFD, high-fat
diet. (C, D) Same measurements in mice after diet reversal with or without metformin. Asterisks denote
significant (*P < 0.05; **P < 0.01; **P<0.001) changes as indicated.

3.4. Effects on white adipose tissue

Given the changes to triglyceride levels between CD and HFD groups, we next questioned
how metformin might impact eWAT content. Morphometric analysis of visceral/eWAT depots
revealed that average adipocyte size in HFD-fed mice was significantly greater than that found
in CD-fed mice (Fig. 4 A, B). Metformin administration significantly decreased adipocyte size
and also the relative weight of the eWAT depot in CD-fed mice (Fig. 4 A, B). By contrast,
metformin treatment further increased adipocyte size and also the relative weight of WAT in
HFD-fed animals (Fig. 4 A, B). Whereas metformin treatment augmented the loss of the WAT
depot in animals subjected to diet reversal and led to a significant decrease in adipocyte size,
the average size of adipocytes remained larger than in those from animals treated with diet
reversal alone (Fig. 4 C, D).
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Figure 4. Dietary-induced changes and the effect of metformin on the epididymal WAT phenotype.
(A): Representative microphotographs (200x) showing the differential effects of diet and metformin in
epididymal white adipose tissue (eWAT) and (B) frequency distribution of adipocyte size. (C) Mean
values for adipocyte area and relative weight with respect to body weight in experiments. (C, D)
Phenotypic changes and frequency distribution of adipocyte size combining shift in diets and metformin.
Legends as in Fig. 1 and asterisks denote significant (*P < 0.05; **P < 0.01; **P<0.001) changes as indicated.

3.5. Effects on hepatic steatosis

Chronic HFD exposure is known to cause lipid accumulation in the liver, a process that
ultimately leads to NAFLD and eventually to nonalcoholic steatohepatitis. As expected,
HFD-fed animals presented with severe fatty liver disease. No significant differences in hepatic
steatosis were found in the CD and HFD groups following metformin administration (Fig. 5A).
Remarkably, whereas diet reversal alone failed to ameliorate HFD-induced hepatic steatosis,
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the combination of diet reversal and metformin treatment significantly reduced the occurrence
of steatosis (Fig. 5B).
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Figure 5. Dietary-induced changes and the effect of metformin on the liver phenotype. Effects of diet and
metformin at indicated times during nutritional variations. Representative microphotographs (100x) of liver
sections stained with H&E (A, B) and F4/80 immunochemistry (C, D) showing the effects of diet and metformin
in steatosis score and proportion of macrophages. (E) The effect of metformin in the hepatic concentration of
selected cytokines. Legends as in Fig 1 and asterisks denote significant (*P < 0.05; **P < 0.01; ***P<0.001) changes
as indicated.

3.6. Effects on hepatic inflammation

There were no signs of ballooning or fibrosis and liver enzymes were not differentially
affected by diet but we detected a significantly increased number of macrophages in liver of
HFD-fed animals when compared with CD-fed animals, as revealed by immunohistochemistry
for F4/80, a pan-marker for murine tissue macrophages (Fig. 5C). Diet reversal ameliorated liver
inflammation in the HFD group, as demonstrated by the significant decrease in the number of
F4/80+ inflammatory cells (Fig. 5D). Of note, metformin treatment of diet-reversed animals
almost completely eliminated the presence of F4/80* macrophages (Fig. 5D), which also
appeared to be enlarged; a morphology that might be suggestive of an activated state following
HFD. The ability of metformin to reduce HFD-induced chronic inflammation might involve the
reduced production of prototypical pro-inflammatory cytokines including interleukin (IL)-1o
and tumor necrosis factor-e (TNFe), as levels of these cytokines were significantly reduced in
metformin-treated mice. Quantitative and qualitative changes were similar in both CD and
HFD regimens and values obtained in CD fed mice with or without metformin are shown in
Fig. 5E.

3.7. Effects on the levels of energy metabolites in hepatic and adipose tissue

The exposure of mice to HFD has an impact on levels of energy metabolites, which is
different in WAT and liver. In WAT, HFD led to a decrease in the levels of glycolytic
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intermediates proximal to glucose-6-phosphate, while increasing the TCA cycle intermediates
citrate/isocitrate and a-ketoglutarate. Conversely, HFD promoted in liver the accumulation of
glycolytic intermediates proximal to glucose-6-phosphate, that is, those intermediates involved
in glucose transport and phosphorylation, while significantly decreasing branched-chain amino
acids (BCAAs) (Fig. 6).
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Figure 6. The relative impact of dietary fat on the levels of metabolites associated with energy metabolism in
adipose tissue and liver. Metabolites are marked in green or red if they were significantly decreased or

increased respectively according to the impact of HFD alone.

We then evaluated the tissue-specific (WAT versus liver) nature of the impact of
metformin for energy metabolites. Metformin treatment led to a significant decrease in the
levels of the BCAAs valine, leucine, and isoleucine in WAT of mice fed CD, and additionally
increased glycolytic intermediates distal to glucose-6-phosphate (phosphoenolpyruvate,
pyruvate, and lactate) and most of the TCA cycle intermediates (Fig. 7A). Whereas the decrease
in the glycolytic intermediates proximal to glucose-6-phosphate remained unaltered by
metformin treatment, neither glycolytic intermediates distal to glucose-6-phosphate nor TCA
intermediates were significantly altered by metformin in WAT of mice on HFD.
Metabolite-based clustering in WAT obtained by the partial least squares-discriminant analysis
(PLS-DA) model revealed a clear and significant separation between CD and HFD regimens in
the absence or presence of metformin treatment in two-dimensional score plots (Fig. 7B). When
the criteria of variable importance in the projection (VIP scores 1) in the PLS-DA model were
used to maximize the difference of metabolic profiles between the different diet groups, the
subset of metabolites majorly impacted were early glycolytic intermediates and BCAAs (Fig.
7C). Heatmap visualization, commonly used for unsupervised clustering, revealed a similar
segregation of metformin-impacted glycolytic and amino acids metabolites in WAT from CD
and HFD groups (Fig. 7D).
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Figure 7. Dietary-induced changes and the effect of metformin on WAT energy metabolites. (A) The effect of
both diets is segregated to highlight specific changes in metformin response; metabolites are marked in green or
red if they were significantly decreased or increased respectively. (B) Partial least square discriminant analysis
indicates visually the role of the measured metabolites in discriminating among the different experimental
groups. (C) Random forests were used to rank without supervision the importance of metabolites to explain the
differential effect of metformin. (D) Standardized metabolite concentrations represented as a heatmap. Mice
populations with different diets and metformin treatment are reported as a color code in the upper part of the

graph, while metabolite names have been assigned to rows.

A completely different picture emerged when assessing metformin-driven metabolomic
shifts in liver from CD and HFD groups. The significant reduction of phosphoenolpyruvate and
acetyl-CoA, accompanied by an increase in the levels of glycolytic intermediates proximal to
glucose-6-phosphate, including glucose-6-phosphate itself, 6-phosphogluconate, and fructose
1,6-bisphosphate, suggested a reduced entry of glucose carbon into mitochondrial biosynthetic
metabolism in mice fed CD together with metformin treatment (Fig. 8A). Mitochondria from
liver of mice fed HFD apparently exhibited an increased dependency in reductive glutamine
metabolism capable of replenishing the high levels of lipogenic acetyl-CoA/malonyl-CoA as an
adaptive response to metformin (Fig. 8A). Metabolite-based clustering in liver obtained by the
PLS-DA model confirmed a clear and significant separation of animals fed a CD alone and with
metformin (Fig. 8B). Conversely, a small overlap occurred in animals fed HFD alone and with
metformin (Fig. 8B). When the distinct metabolites between hepatic groups were selected with
the criteria of VIP >1 in the PLS-DA model, the subset of metabolites majorly impacted were
glycolytic intermediates and those metabolites related to the biosynthetic fates of glutamine
metabolism (Fig. 8C). Unlike the scenario observed with the similar impact of metformin for
WAT metabolites in CD- and HFD-fed mice, the segregation of the selected metabolites
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obtained by using heatmap visualization confirmed a completely distinct segregation of
metformin-impacted metabolites in liver of CD- and HFD-fed mice (Fig. 8D).

Liver
A CD HFD
o [ 1 vy NN ey
e
Glycaraldehyde- 37
Wgcerste r—
Prosphoencipyruate Malanyl-CoA te
Pyrate e
preny NG PR —
O A ey
(ols |
)
Fumarste
Surcent-CoA
oleucine [ Bapsromtuayte
touine
* CD
@ CD + metformin
B C D .
HFD + metformin
Scores P e - ‘,‘J el R W a— '
- 7 o =
{r ]
cp HFD : I . ,-.
. L ) &
% ° . i m |
.
i) oL - - = |
£ e : |
L L) =

{
=-m
s B n = -l
[ m mE I3
i |5 = =]
ormin b ]
\M &® HFD . o - T
Ny ° L ' - = il
R | { = F*I
° [ - 5 | I -1 l.
° Con® ™ = - e

VIP scores

Figure 8. Dietary-induced changes and the effect of metformin on hepatic energy metabolites. Descriptive
details are conserved as in Fig. 7.

4. Discussion

Our major finding is that metformin treatment might play a major role in preventing the
metabolic disturbances caused by earlier exposure to HFD in both adipose and liver tissues.
Metformin also enlarges the benefits of simple dietary restrain as a stand-alone intervention.
Feeding Ldlr’ mice with HFD promoted the appearance of classical metabolic derangements
occurring after excessive intake of dietary lipids (i.e, weight gain, glucose intolerance,
hyperlipidemia, hepatic steatosis and liver inflammation). When HFD-fed animals were subjected to
diet reversal alone and also to metformin for a short duration, it became apparent that switching to
regular feeding alone (which mimics patients guided towards a healthier overall pattern of eating)
could not fully reverse the full spectrum of metabolic abnormalities provoked by the initial exposure
to HFD. However, the addition of metformin treatment to diet reversal remarkably ameliorated the
metabolic status associated with the previous HFD pattern.

Animals started to regain body weight 6 weeks after switching to normal diet but the trend
towards lower weight gain remained unaltered in the presence of metformin, likely indicating that
the effect of metformin in weight loss maintenance could prevent the long-term consequences of
HFD-associated overweight. Similarly, feeding mice HFD induced an insulin resistance phenotype.
Although the reduction of energy intake by switching the diet from HFD to CD significantly
improved the hyperglycemia induced by HFD, it was noteworthy that metformin treatment elicited
additional glycemic control. The significantly better-preserved glucose tolerance of mice on
metformin was accompanied by an improved attenuation of the circulating levels of cholesterol and
triglycerides, thus revealing its capacity to protect from the long-term effects of HFD-imposed
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periods of metabolic hyperlipidemia. These effects are attributable to metformin [28] and our data
suggest that can reverse an HFD-established obese and insulin-resistant phenotype.

Exposure to HFD causes chronic inflammation in the liver, a critical factor for the
development of obesity-related glucose intolerance and insulin resistance [29]. Glucose intolerance
and hepatic insulin resistance, in turn, can promote the development and progression of NAFLD [30,
31], thereby driving a harmful cycle of metabolic disturbances. This key mechanistic component of
the lifelong risk for developing metabolic complications in response to energy overload appears to
be the one most profoundly affected by metformin. Metformin treated mice exhibited a dramatically
improved protection against HFD-induced hepatic steatosis, which was accompanied by a
significant lowering of liver-infiltrating pro-inflammatory macrophages as well as lower levels of
major proinflammatory cytokines. The ability of metformin to modulate the polarization or
migration of these cells has been recently demonstrated in tumor-associated macrophages [32, 33].
Future studies should examine whether the ability of metformin to restore impaired glucose and
hepatic lipid metabolism may have aided in the reduction of hepatic tissue inflammation by
preventing either the recruitment or pro-inflammatory activation of macrophages (or both).

Liver and WAT from HFD-fed Ldlr" mice appear to have a significantly different
metformin-induced response to the inability of HFD-damaged tissues to benefit from the expected
response to diet reversal [34-37]. On the one hand, diet reversal failed to restore HFD-induced
hepatic damage unless combined with metformin. Metformin decreased the flow of glucose- and
glutamine-derived metabolic intermediates into the TCA cycle and appears to overcome the hepatic
ability to store and metabolize carbohydrates, thereby better preventing HFD-induced hepatic
damage when switching to normal diet occurs. This metformin effect has already been appreciated
in proliferating cells, suppressing the mitochondrial-dependent biosynthetic activity and de novo
lipogenesis [38,39]. Hence, our findings support the notion that elevated mitochondrial TCA
function and increased flow through anabolic pathways plays a crucial role in the pathology of fatty
liver and insulin resistance induced by an obesogenic diet [40]. This is in accordance with recent data
indicating that metformin might alleviate oxidative stress and inflammation [41]. Mitochondrial
adaptations might therefore be explored as mechanisms of HFD-induced hepatic complications. On
the other hand, it appears that adipocyte hypertrophy in WAT of Ldlr mice, a hallmark of WAT
enlargement in obesity, is clearly corrected upon diet reversal. The frequency distribution of
adipocyte sizes across the WAT depot suggests an apparently limited capacity of metformin to
remodel WAT tissue architecture, likely indicating a specific protection from hepatic insulin
resistance rather than a protection from systemic insulin resistance. We now know that, in contrast
to the usage of glucose and glutamine for mitochondrial generation of lipogenic pools of acetyl-CoA
in proliferating cells, differentiated adipocytes exhibit an increased catabolic flux of BCCAs such as
leucine and isoleucine that account for a significant amount of lipogenic acetyl-CoA pools [42, 43]. In
this regard, it is noteworthy that the capacity of metformin to target the contribution of BCAAs to
WAT metabolism, likely by up-regulating the BCAA degradation pathway [44], might contribute to
the additional beneficial effects elicited by metformin beyond those of diet reversal alone by altering
the functional integrity of this tissue. Future research should include the effect of metformin and
other drugs apparently converging in mechanisms involving BCAAs.

The health-promoting effects of metformin are largely viewed as the consequence of its
ability to simultaneously target the core nutrient-sensing networks insulin/IGF-1, at the non-cell
autonomous level, and AMPK/mTOR, at the cell-autonomous level [7, 24, 45, 46]. Alternatively, they
might reflect downstream consequences of a primary action on a single master mechanism that has
not yet been identified. Along this line, very recent reports are providing evidence for epigenetic
targets potentially contributing to the protective effects of metformin against several diseases
[47-49]. Because the pathogenesis of HFD- induced metabolic disturbances causally involves the
long-term persistence of epigenetic alterations [34-36, 50-52], there is an urgent need to elucidate the
mechanism of metformin to mediate global epigenetic programming in multiple host tissues [48, 53].
We have found robust patterns indicating the potential of metformin to serve as a model compound
for preventing HFD-driven progression of metabolic complications despite attainment of changes in
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with dietary

modification might herald the development of much-needed therapeutic and preventive strategies

against metabolic consequences of excessive dietary fat intake.
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Palmitate primes macrophage pro-inflammatory responses

ABSTRACT

Obesity is associated with low-grade inflammation and elevated levels of circulating
saturated fatty acids (SFA), which trigger inflammatory responses by engaging pattern
recognition receptors in macrophages. Since tissue homeostasis is maintained through an
adequate balance of pro- and anti-inflammatory macrophages, we assessed the
transcriptional and functional profile of M-CSF-dependent monocyte-derived human
macrophages (M-M@) exposed to concentrations of SFA found in obese individuals. We
report that palmitate (C16:0, 200 uM) lowers the expression of transcription factors that
positively regulate IL-10 expression (MAFB, AhR), modulates significantly the
macrophage gene signature, and promotes a pro-inflammatory state whose acquisition
requires JNK activation. Unlike LPS, palmitate exposure does not activate STAT1, and
its transcriptional effects can be distinguished from those triggered by LPS as both agents
oppositely regulate the expression of CCL19 and TRIB3. Besides, palmitate conditions
macrophages for exacerbated pro-inflammatory responses (lower IL-10 and CCL2,
higher TNFa, IL-6 and IL1B) towards pathogenic stimuli, a process also mediated by
JNK activation. All these effects of palmitate are fatty acid-specific since oleate (C18:1,
200 pM) does not modify the macrophage transcriptional and functional profiles.
Therefore, pathologic palmitate concentrations promote the acquisition of a specific
polarization state in human macrophages and condition macrophages for enhanced
responses towards inflammatory stimuli, what provides a further insight on the

macrophage contribution to obesity-associated inflammation.
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Palmitate primes macrophage pro-inflammatory responses

INTRODUCTION

Obesity has become a major worldwide health problem due to its association with the
development of metabolic diseases (type 2 diabetes, metabolic syndrome, non-alcoholic
fatty liver disease), and its correlation with several types of cancer [1, 2]. Numerous
studies have demonstrated that inflammation underlies the link between obesity and
metabolic diseases. So, an excessive nutrient intake results in the accumulation of
saturated fatty acids (SFA, like palmitate), which correlates with an increase in pro-
inflammatory cytokines [3]. Moreover, adipose and liver tissues from obese individuals
exhibit infiltration by immune cells, primarily macrophages, an event proposed as a
primary trigger for obesity-induced inflammation [4]. Chronic obesity produces a low-
grade activation of the innate immune system that affects homeostasis over time [5]. A
key role for macrophages in the pathogenesis of metabolic disorders has been
demonstrated in mouse models of obesity, where defective CCR2-dependent
monocyte/macrophage recruitment towards adipose tissue protects from obesity-induced
inflammation and insulin resistance [6]. Likewise, depletion of CD11c-positive cells in
mice reduces adipose tissue inflammation [7], and myeloid cell-specific deletion of IKKf
or JNK1 also protects mice from high-fat diet induced insulin resistance [8, 9]. In vitro
and in vivo studies have suggested that SFA activate macrophage inflammatory signaling
pathways leading to adipose tissue inflammation and systemic insulin resistance in a
TLR4-dependent manner [10]. However, recent reports suggest that the link between
SFA and insulin resistance might not be a direct consequence of a canonical TLR4
activation [11-13] because MyD88 KO mice display a more severe metabolic disease in

response to a high fat diet [12] and TLR4 deficiency exacerbates diet-induced obesity,
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steatosis, and insulin resistance on the C57BL/10 genetic background [13]. Palmitate may
also induce TLR-independent actions through epigenetic modifications [14, 15]. Chronic
palmitate exposure reprograms gene expression of human pancreatic islets by altering
DNA methylation level [14]. Likewise, palmitate treatment increases DNA methylation
levels at PPARy1 promoter in mouse macrophages [15]. Therefore, whereas the role of
macrophages in obesity-induced diseases in mice is well established, the triggers for the
inflammatory activation of macrophages by SFA and the underlying molecular

mechanisms have not been completely elucidated.

Inflamed tissues contain heterogeneous populations of resident and newly recruited
macrophages that display a continuum of functional (activation/polarization) states whose
appropriate balance allows elimination of tissue injuries and recovery and maintenance of
tissue homeostasis. The huge macrophage functional and phenotypic heterogeneity
derives from their ability to integrate information from the surrounding environment [16].
Our group and others have functionally and transcriptionally characterized human
monocyte-derived macrophages generated in the presence of either GM-CSF (GM-M@)
or M-CSF (M-M®@), and shown that they resemble macrophages found in vivo under
inflammatory conditions (GM-M®@) or in homeostatic/anti-inflammatory settings (M-
M@) [17-20]. Accordingly, TLR-mediated activation of GM-M@ results in the
production of large levels of pro-inflammatory cytokines, whereas M-M@ activation
primarily leads to release of the anti-inflammatory cytokine IL-10 [20]. Moreover, LPS
activation of GM-M@ and M-M@ has allowed the identification of novel gene sets whose

expression is regulated by LPS in a macrophage subtype-specific manner (Cuevas et al.,
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unpublished). Since palmitate exerts its activation, at least partly, via TLR4, the analysis
of the transcriptional and functional responses of GM-M@ and M-M@ to palmitate
should help clarify the mechanisms behind macrophage activation by SFA. Besides, since
identified mouse macrophage polarization-specific genes cannot be extrapolated to the
case of human macrophages [21, 22], it is mandatory to identify genes whose expression
correlates with SFA activation in human macrophages as a primary step to determine the
polarization state of adipose tissue macrophages under homeostatic and pathological
conditions. We have now analyzed the effects of palmitate on human macrophages at the
transcriptomic and functional levels, and found that palmitate triggers a JNK-dependent
pro-inflammatory shift in human macrophages and primes macrophages for exacerbated
pro-inflammatory response towards other pathogenic stimuli. Our results illustrate the
existence of a palmitate-specific polarization state in human macrophages and
demonstrate that palmitate, but not oleate, primes macrophages for exacerbated responses

towards inflammatory stimuli.
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MATERIALS AND METHODS

Generation of human monocyte-derived macrophages. Human Peripheral Blood
Mononuclear Cells (PBMC) were isolated from buffy coats from normal donors over
Lymphoprep (Nycomed Pharma, Oslo, Norway) gradient according to standard
procedures. Monocytes were purified from PBMC by magnetic cell sorting using anti-
CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) (>95% CD14+ cells).
Monocytes (0.5 x 108 cells/ml, >95% CD14+ cells) were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) for 7 d in the presence of 1000 U/ml
GM-CSF or 10 ng/ml M-CSF (ImmunoTools, Friesoythe, Germany) to generate GM-
CSF-polarized macrophages (hereafter termed GM-M@) or M-CSF-polarized
macrophages (hereafter termed M-M@), respectively [23]. Cytokines were added every
two days. Where indicated, macrophages were treated with 10 ng/ml E. coli 055:B5 LPS
(Sigma-Aldrich, MO, USA), palmitate (C16:0, 200 uM) or BSA for the indicated periods
of time. Cells were cultured in 21% Oz and 5% CO2. For intracellular signaling
inhibition, macrophages were exposed to JNK inhibitor SP600125 (30 uM) or the
GSK3p inhibitor LiCl (30 mM) during 1 hour before treatment with BSA or palmitate

(C16:0).

Fatty acid preparation. Sodium palmitate (P9767, Sigma-Aldrich, Steinheim, Germany)
and sodium oleate (07501, Sigma-Aldrich) were prepared by diluting a 200 mM stock
solution in 70% ethanol into 10% fatty acid-free, low endotoxin BSA (A-8806, Sigma-
Aldrich; adjusted to pH 7.4) to obtain a 5 mM palmitate-BSA stock solution that was

filtered using a 0.22 um low protein binding filter (Millipore, Billerica, MA, USA).
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Palmitate and oleate were added at 200 uM, and BSA/ethanol was used in control

treatments.

Fatty acid uptake. Macrophage fatty acid uptake was evaluated using an Oil Red O
staining protocol [24]. Briefly, macrophages were fixed with 10% phosphate buffered
formalin for 10 min, rinsed with PBS once and then rinsed with 60% isopropanol, after
that, macrophages were stained with Oil Red O (Sigma) at 37°C for 1 minute in darkness.
Finally, macrophages were destained with 60% isopropanol, washed with PBS for three
times, and samples counterstained with hematoxylin for 5 minutes before examination by

light microscopy.

Quantitative real-time RT-PCR. Total RNA was extracted using the NucleoSpin
RNA/Protein kit (Macherey-Nagel, Diren, Germany), retrotranscribed, and amplified
using the Universal Human Probe library (Roche Diagnostics, Mannheim, Germany).
Oligonucleotides for selected genes were designed according to the Roche software for
quantitative real-time PCR (Roche Diagnostics, Mannheim, Germany). Assays were
made in triplicate and results normalized according to the expression levels of TBP
(TATA box-binding protein) mRNA. Results were expressed using the AACT method for
quantification. Analyzed genes included the “Pro-inflammatory gene set” and the “Anti-
inflammatory gene set” that have been previously defined [18, 25]. Where indicated,
microfluidic gene cards were custom-made (Roche Diagnostics) and designed to analyze
the expression of a set of genes whose expression is variably modulated by LPS (10

ng/ml E. coli 055:B5, 4h) in either GM-M@ and/or M-M@ [26] (Delgado-Cuevas et al.,
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unpublished). Specifically, the gene cards included 10 genes upregulated by LPS in both
GM-M@ and M-M@, 9 genes upregulated by LPS exclusively in GM-M@, 3 genes
downregulated by LPS exclusively in GM-M®@, 28 genes upregulated by LPS exclusively
in M-M@, 20 genes downregulated by LPS exclusively in M-M@, 7 genes upregulated by
LPS in GM-M@ but downregulated in M-M@, and 9 genes downregulated by LPS in
GM-M@ but upregulated in M-M@. Assays were made in triplicate on two independent
samples of each type, and the results normalized according to the mean of the expression
level of endogenous reference genes HPRT1, TBP and RPLPO. In all cases (quantitative
real-time PCR or gene cards), the results were expressed using the AACT method for
quantitation. Non-supervised hierarchical clustering was done on the mean expression
level of each gene in BSA- or palmitate-treated LPS-activated M-M@, and using Genesis

software (http://genome.tugraz.at/genesisclient/genesisclient_description.shtml) [27].

ELISA. Macrophage supernatants were assayed for the presence of cytokines using
commercial ELISA kits for TNFa, CCL2 (BD Biosciences, CA, USA), IL-10, IL-6, IL-
1B (Biolegend, CA, USA) and CCL19 (Sigma-Aldrich) according to the protocols

supplied by the manufacturers.

Western blot. Cell lysates were obtained in 10 mM Tris-HCI (pH 8), 150 mM NaCl, 1%
Nonidet P-40 |lysis buffer containing 2 mM Pefabloc, 2 mg/ml aprotinin/
antipain/leupeptin/pepstatin, 10 mM NaF, and 1 mM Na3VO4. 10-15 ug of cell lysate
was subjected to SDS-PAGE and transferred onto an Immobilon polyvinylidene

difluoride membrane (Millipore). Protein detection was carried out using antibodies


http://genome.tugraz.at/genesisclient/genesisclient_description.shtml
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against MAFB (sc-10022, Santa Cruz, CA, USA), AHR (sc-8087, Santa Cruz) and
CEBP/p (sc-150, Santa Cruz), phospho-ERK1/2, phospho-JNK, phospho-p38, phospho-
p65, phospho-IKK, total IKK, ERK 1/2 and IKBa (all from Cell Signaling), total and
phosphorylated STAT1 and STAT 3 (BD Bioscences), phospho-IRF3 (Cell Signaling)
and total IRF3 (Santa Cruz). Protein loading was normalized using a monoclonal
antibody against GAPDH (Santa Cruz) or an antibody against human Vinculin (Sigma-

Aldrich).

Phosphoarrays. Intracellular signaling in response to palmitate was assessed with lysates
from macrophages exposed to palmitate for 4 hours and using the Human Phospho-
Kinase Antibody Array (R&D Systems), which detects the relative phosphorylation
levels of 46 intracellular serine/threonine/tyrosine Kkinases, and following the

manufacturer recommendations.

Statistical analysis. Statistical analysis was performed using Student’s t-test, and p<0.05

was considered significant (*p<0.05; **p<0.01; ***p<0.001).
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RESULTS

Palmitate modifies the functional, transcriptomic and protein profile of human anti-
inflammatory M-M@. Numerous evidences indicate that macrophage dysfunction in
states of lipid excess contribute to the development of obesity-related diseases [6-9]. To
determine to what extent fatty acid exposure modifies the functional properties of human
macrophages, GM-M@ and M-M@ were exposed to palmitate (200 uM, 24 h) and the
production of pro- and anti-inflammatory cytokines was assessed. Palmitate was
efficiently captured by both macrophage subtypes (Supplementary Figure 1A) and
significantly increased the production of TNFa and IL-1B, while diminished the basal
production of CCL2, in M-M@ (Figure 1A). Palmitate stimulation also modified
macrophage polarization at the transcriptomic level, as it drastically down-regulated all
the M-M@-specific genes assayed (“Anti-inflammatory gene set”, HTR2B, HTR7,
FOLR2, IL10, IGF1, CCL2, FABP4, MAFB) [18, 25] (Figure 1B), while increased the
MRNA expression of GM-M@-associated INHBA, EGLN3, PPARG1, TNF, IL6 and IDO
genes (“Pro-inflammatory gene set”) (Figure 1B). Kinetics analysis revealed that the
expression of prototypical genes within “Anti-inflammatory gene set” (CCL2, IL10,
HTR2B, HTR7) was already decreased 4h after palmitate treatment (Figure 1C) whereas
upregulation of genes of the “Pro-inflammatory gene set” (INHBA, EGLN3, TNF, IDO,
IL6) was only seen at later time points after palmitate exposure (Figure 1C). In the case
of GM-M@, palmitate significantly enhanced the basal production of TNFa, IL-6 and IL-
1B (Figure 1A), enhanced the mRNA levels of TNF, IL1B, IL6 and IDO, and reduced the
expression of various GM-M@- and M-M@-specific genes (Supplementary Figure 1B).

The ability of palmitate to down-regulate M-M@-specific gene expression prompted us to

10
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determine its effects on the expression of transcription factors that control macrophage
polarization (AhR, MAFB, C/EBP) [18, 25, 26, 28, 29]. M-M@ exhibited considerably
higher levels of MAFB and AhR than GM-M@, whereas the latter exhibit a higher
content of C/EBPB (Figure 1D). Palmitate treatment significantly reduced MAFB and
AhR protein levels, and increased C/EBPf, in M-M@ (Figure 1D), and these changes in
transcription factor levels were evident 4-10 hours after palmitate treatment (Figure 1E).
Therefore, palmitate promotes M-M@ to acquire a GM-M@-like pro-inflammatory
signature at the transcriptional and cytokine levels, and also induces M-M@ to gain a
transcription factor profile that resembles that of GM-M@. The palmitate-induced
downregulation of MAFB protein expression is especially significant given the
involvement of MAFB in the acquisition of an anti-inflammatory profile by human

macrophages [26].

Palmitate and LPS induce distinct transcriptional profiles in human macrophages.
Innate immune cells sense palmitate as a danger signal via TLR4 [30, 31] and additional
receptors [30, 32-34]. Numerous studies have already defined the LPS-induced
transcriptional changes in mouse and human macrophages [35], and we have previously
determined the global transcriptional profile of LPS-treated GM-M@ and M-M@, and
identified gene sets whose LPS responsiveness is distinct in GM-M@ and M-M@ (Cuevas
et al., unpublished). Given the ability of TLR4 to recognize LPS or palmitate, we next
compared the transcriptomic changes elicited by palmitate (200 uM) or LPS (10 ng/ml)
for 4 h and 24 h on M-M@. LPS and palmitate exhibited distinct transcriptional effects on

genes of the “Pro-inflammatory gene set” and “Anti-inflammatory gene set”

11
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(Supplementary Figure 2A,B), including opposite actions on the expression of MMP12,
PPARG1, CCR2B, IL10 and CCL2 after 24 hours in M-M@ (Figure 2A). The differences
in the transcriptional responses of M-M@ to LPS and palmitate were also observed upon
analysis of a large set of LPS-regulated genes (Supplementary Figure 3) as IDO,
CXCL10, MAOA, TNFRSF1B, EMR2, CCL19, LAMB3 and TRIB3 expression was
oppositely modified upon exposure to LPS or palmitate for 4h (Figure 2B) and 24h
(Figure 2C). The differential regulation of IFN-regulated genes (IDO, CXCL10) by LPS
and palmitate was in agreement with the effect of either stimulus on STAT1, whose
activation was exclusively promoted by LPS (Figure 2D). Altogether, this set of
experiments indicate that palmitate induces a unique and specific transcriptional response
in human macrophages, and that the palmitate-induced macrophage pro-inflammatory

shift is only partly reminiscent of that triggered by LPS.

JNK activation mediates the transcriptional changes triggered by palmitate on
human macrophages. Screening of the phosphorylation state of intracellular signalling
molecules after palmitate treatment identified JNK as the kinase with the higher level of
palmitate-induced activation (Figure 3A,B). Correspondingly, c-Jun was also found to be
phosphorylated in M-M@ exposed to palmitate for 4h (Figure 3A). The contribution of
the palmitate-induced JNK activation to the transcriptional changes promoted by the fatty
acid was next assessed using the selective JNK inhibitor SP600125 (Figure 3C). JNK
inhibition significantly impaired the palmitate effect on the expression of INHBA, TNF,
IL10, IGF1, MAFB and TRIB3 (Figure 3D). In addition, the JNK inhibitor also

diminished the palmitate-induced downregulation of MAFB protein expression (Figure

12



UNIVERSITAT ROVIRA I VIRGILI
ASSESSMENT OF PATHOPHYSIOLOGICAL MECHANISMS IN OBESITY-RELATED DISEASES THROUGH METABOLOMICS, TRANSCRIPTOMICS AND MOUSE MODELS
Marta Riera Borrull

Palmitate primes macrophage pro-inflammatory responses

3E). Therefore, JNK activation mediates the palmitate-dependent modification of the
transcriptional profile of human macrophages and also contributes to the palmitate-
induced loss of MAFB, whose expression is required for the acquisition of the

macrophage anti-inflammatory profile [26].

Palmitate conditions the LPS-induced cytokine profile of M-M@. Macrophages are
extremely sensitive to the surrounding extracellular milieu and their exposure to an initial
stimulus determines their subsequent functional responses to additional stimuli [36-39].
Since palmitate levels are enhanced in obesity-related pathologies, whose comorbidities
include altered inflammatory responses, we hypothesized that palmitate exposure might
also condition human macrophages for altered responses to additional stimuli. Thus, we
initially assessed whether palmitate influences LPS-initiated intracellular signaling in M-
M@. Palmitate alone caused only a very low NF«B activation (as illustrated by a weak
phosphorylation of p65) (Figure 4A) and a weak reduction in basal STAT3
phosphorylation levels (Figure 4B). However, palmitate had a remarkable effect on the
intracellular signaling pathways activated by LPS. Specifically, palmitate pre-treatment
(24h) led to more potent LPS-induced activation of NFkB (as evidenced by increased
phosphorylation of IKKaf and p65 and a more profound loss of IkBa, Figure 4A), lower
LPS-induced STAT1 and STAT3 phosphorylation, and higher LPS-induced activation of
IRF3, p38MAPK and JNK (Figure 4A,B). Therefore, the presence of palmitate

conditions the intracellular signaling triggered by a pathogenic stimulus in macrophages.

13
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Next, we evaluated whether palmitate also modulates the transcriptional responses
initiated by LPS in M-M@. To that end, macrophages were exposed to palmitate (24 h)
before stimulation with LPS (4 h), and the expression of the gene sets whose LPS
responsiveness is distinct in GM-M@ and M-M@ (Cuevas et al., unpublished) was
determined. Palmitate pre-treatment greatly altered the LPS-induced transcriptional
response, with a profound effect on the expression of genes upregulated by LPS
exclusively in M-M@ (Figure 5A, Supplementary Figure 4). Specifically, palmitate
significantly impaired the LPS-induced upregulation of 25% of the genes whose
expression in enhanced by LPS only in M-M@ (Figure 5B, Supplementary Figure 4), an
effect that was most pronounced on genes with the highest M-M@-specific upregulation
by LPS (CCL19, ARNT2, RGS16, ADIRF, MAOA) (Cuevas et al., unpublished)
(Supplementary Figure 4). Regarding the gene set whose expression in diminished by
LPS only in M-M@ (Supplementary Figure 4), palmitate impaired the LPS-induced
downregulation of 25% of them (5 out of 26), and concomitantly potentiated the LPS-
induced downregulation of six genes (Figure 5B, Supplementary Figure 4). Therefore,
exposure to palmitate significantly affects the LPS-regulated gene expression in human

macrophages.

Finally, we evaluated whether pre-exposure to palmitate affected the production of LPS-
induced cytokines of human macrophages. To that end, M-M@ were exposed to palmitate
for 24 h and then stimulated with LPS (Figure 6A). Palmitate pre-treatment significantly
enhanced the LPS-induction of the pro-inflammatory cytokines TNFa, IL-6 and IL-1p,

while inhibited LPS-induced IL-10 and CCL2 production, by M-M@ (Figure 6B).

14
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Therefore, palmitate not only limits the differentiation of anti-inflammatory (M-CSF-
dependent) M-M@ but primes M-M@ for increased production of pro-inflammatory
cytokines, and reduced production of anti-inflammatory cytokines, in response to a
pathogenic stimulus like LPS. Importantly, these effects of palmitate are fatty-acid-
specific since the unsaturated free fatty acid oleate (C18:1) was efficiently taken up by
human macrophages (Supplementary Figure 5A) but neither modified the basal level of
expression of MAFB, AhR and C/EBPB in M-M@ (Supplementary Figure 5B) nor
altered the LPS-induced production of TNFa, IL-6 and CCL2 (Supplementary Figure
5C). Besides, and lending further relevance to its transcriptional effects, palmitate pre-
treatment completely blocked the LPS-induced production of the CCL19 chemokine by

M-M@ (Figure 6B).

JNK activation mediates the ability of palmitate to condition macrophage responses
to LPS. The ability of palmitate to modify the LPS-induced cytokine profile of M-M@
correlates with its capacity to modulate LPS-initiated intracellular signaling (shown in
Figure 4). Such a correlation is especially relevant in the case of JNK, which play a
central role in the development of inflammation in adipose tissue and insulin resistance in
animal models [40]. Given the ability of palmitate to activate JNK, we analyzed whether
the palmitate-induced JNK activation contributes to its macrophage-conditioning effect.
Inhibition of JNK activation by SP600125 reduced the palmitate-dependent inhibition in
the production of LPS-induced IL-10 (Figure 6D). Therefore, the palmitate-induced JNK
activation modifies the macrophage transcriptome and also mediates the ability of

palmitate to alter macrophage responses towards pathogenic stimuli like LPS.

15
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Lithium chloride impairs the palmitate-induced loss of MAFB and abrogates the
ability of palmitate to inhibit LPS-induced IL-10 production. We have previously
shown that MAFB regulates the expression of the “Anti-inflammatory gene set”, and that
MAFB protein levels correlate with IL-10 production in human macrophages [26].
Interestingly, MAFB regulates human adipose tissue inflammation [41] and its deficiency
in hematopoietic cells accelerates obesity [42]. MAFB protein stability is regulated by the
JNK and ubiquitin—proteasome pathway [43], what agrees with the JNK-dependent
ability of palmitate to downregulate MAFB protein levels (Figure 3). However, MAFB
degradation is also controlled by a GSK3pB-mediated phosphorylation of the
transcriptional activation domain [44]. Since palmitate activates GSK3p [45, 46] and
GSK3p inhibition suppresses palmitate-induced JNK phosphorylation in human liver
cells [45], we hypothesized that GSK3p inhibition might alter palmitate effects on the
macrophage cytokine profile. To determine whether the GSK3B/MAFB axis contributes
to the inhibitory action of palmitate on the LPS-induced IL-10 production, we exposed
macrophages to palmitate in the presence of Lithium Chloride (LiCl, 30 mM), a well-
known GSK3p inhibitor [47, 48]. As shown in Figure 7A, LiCl inhibited the palmitate-
induced MAFB downregulation, an effect not observed in the presence of NaCl. LiCl
also significantly reduced the inhibitory effect of palmitate on the expression of MAFB-
regulated genes like SLC40A1, IL10 and CCL2 (Figure 7B). More importantly, the
presence of LiCl, but not NaCl, completely abrogated the inhibitory effect of palmitate on
the LPS-induced IL-10 production in human macrophages (Figure 7C). Therefore,

Lithium chloride impairs two relevant palmitate-dependent effects (MAFB
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downregulation and loss of LPS-induced IL-10 expression), thus suggesting that
modulation of the GSK3B/MAFB axis also contributes to the pro-inflammatory activity

of palmitate.

17
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DISCUSSION

Macrophages are critically involved in the initiation and resolution of inflammatory
processes, and their deregulated activation contributes to chronic inflammatory diseases
[4]. In the case of chronic inflammation associated to metabolic syndromes, the
production of pro-inflammatory cytokines by macrophages correlates with the serum
concentration of SFA [49], whose increased levels modify macrophage effector functions
either by itself (e.g., palmitate) [10] or in combination with high levels of glucose and
insulin [50]. Taking advantage of the previous identification of gene sets that specifically
define the pro-inflammatory and anti-inflammatory state of human macrophage [18, 25],
we now report that palmitate promotes the acquisition of a pro-inflammatory state that
depends on JNK and differs from the LPS-induced pro-inflammatory activation at the
transcriptional and functional levels. Further supporting the specificity of the palmitate-
induced macrophage activation, we also provide evidences that, unlike LPS, palmitate
conditions (“trains”) human macrophages for stronger pro-inflammatory responses

towards pathogenic stimuli.

Since metabolic diseases are driven by a low-grade inflammation and elevated levels of
pro-inflammatory cytokines [51], the ability of palmitate to condition macrophage
responses to other inflammatory stimuli (e.g., LPS) has very relevant pathological
implications. It is now well established that metabolic endotoxemia initiates obesity and
insulin resistance and, in fact, lowering plasma LPS concentration has been proposed as a

strategy to tackle metabolic diseases [52]. Consequently, the palmitate pro-inflammatory
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conditioning that we now report might exacerbate the pro-inflammatory responses of
monocyte/macrophage towards pathogen-associated molecular patterns (PAMP) (e.g.,
LPS) derived from bacteria translocating from the gut, thus enhancing the production of
PAMP-induced inflammatory cytokines. In agreement with the palmitate-induced
increased LPS-responsiveness, palmitate conditions macrophages for stronger LPS-
induced NFkB, IRF3, p38, ERK and JNK signaling. Since NFxB and JNK are
chronically activated in adipose tissue from obese and insulin resistance subjects [53] and
JNK activation in mouse macrophages is required for obesity-induced insulin resistance
and inflammation [40], the macrophage-conditioning ability of palmitate that we now
report might contribute to the known association between bacterial DNA translocation

and increased insulin resistance [54].

The macrophage-conditioning ability of palmitate also resembles the effect of PAMPs
like B-glucan, which render macrophages more responsive to a subsequent stimulation by
LPS [38, 39]. This “boosting” effect has led to the concept of “trained immunity” and
allowed the demonstration that innate immunity cells like macrophages produce much
higher levels of pro-inflammatory cytokines if previously exposed to certain “training”
stimuli [38, 39]. From this point of view, the changes that we have detected in palmitate-
treated macrophages (loss of AhR and MAFB expression, reduced expression of the anti-
inflammatory gene set) are compatible with the acquisition of a “palmitate-trained state”
that would confer palmitate-conditioned macrophages with the ability to produce higher

levels of pro-inflammatory cytokines upon exposure to a second stimulus.
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The capacity of palmitate to downregulate MAFB protein expression in macrophages is
especially relevant for the whole set of transcriptional and functional changes triggered
by this SFA. Palmitate exerts rapid transcriptional effects and upregulates the expression
of the macrophage “pro-inflammatory gene set” (INHBA, EGLN3) [18, 25] in less than
24 hours, a time at which palmitate has also provoked the loss of the transcription factors
that drive “anti-inflammatory gene set” expression (AhR, MAFB) [18, 25]. The loss of
MAFB expression appears to critically underlie the pro-inflammatory ability of palmitate
because MAFB is a major positive regulator for the expression of a significant number of
genes that characterize anti-inflammatory IL-10-producing macrophages (e.g., IL10,
IGF1, CCL2) [26]. Importantly, the palmitate-induced loss of MAFB expression is partly
mediated by JNK, an effect that is in line with the ability of JNK to promote MAFB
ubiquitination [43] and agrees with the known pro-inflammatory nature of JNK in vivo
[40]. Besides, MAFB protein levels are also controlled by other kinases like GSK3p [44],
whose activation state might be also affected by palmitate [46]. In this regard, it is worth
noting that the diminished LPS-induced production of IL-10 seen in palmitate-treated
macrophages can be prevented by lithium chloride, a well-known GSK3p inhibitor [55]
(Riera-Borrull and Corbi, data not shown). Whereas this effect of lithium chloride
(enhanced levels of IL-10 after macrophage re-stimulation) would fit with the potential
ability of GSK3 inhibitors to overcome insulin resistance, the involvement of the

GSK3p kinase in the human macrophage “palmitate training” is also counterintuitive

since GSK3B mediates TNFa-induced cross-tolerance [56].
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Previous studies have assumed that palmitate activation of macrophages mostly
resembles LPS-induced mechanisms because palmitate is recognized by TLR4 and
activates pro-inflammatory signaling pathways in vitro and in vivo [10]. However, and in
line with previous reports [11-13], our results indicate that palmitate and LPS differ in
their respective transcriptional and functional effects on human macrophages. Thus,
palmitate and LPS oppositely modulate the expression of genes like IDO1, MAOA, EMR2
and LAMB3. Palmitate and LPS also differ in terms of the intracellular signaling triggered
in human macrophages. Palmitate leads to JNK activation at late time points, but causes a
very weak NF-kB activation and has not effect on STAT1/STAT3 or IRF3
phosphorylation (Figure 4). In fact, palmitate pre-treatment even reduces the LPS-
induced activation of STAT1 and STAT3. This differential signaling ability of palmitate
and LPS correlates with their distinct effect on the expression of IFN-regulated genes like
IDO1, and strongly suggests that the palmitate-initiated intracellular signaling originates

from TLR4 and additional PAMP/DAMP receptors.

Especially relevant is the fact that palmitate and LPS differentially regulate the
expression of CCL19 and TRIB3. Contrarily to the effect of LPS, which greatly enhances
CCL19 mRNA (Cuevas and Corbi, data not shown), palmitate significantly
downregulates CCL19 at the mRNA and protein level (Figure 2) and even abrogates the
LPS-induced upregulation of CCL19 production (Figure 6). Together with CCL21, the
chemokine CCL19 is a ligand of CCR7, whose expression critically determines lymph
node homing of T cells and dendritic cells [57]. Interestingly, CCL19, but not CCL21,

promotes CCR7 phosphorylation, internalization and desensitization towards CCL21
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[57]. Therefore, the ability of 200 uM palmitate to ablate the basal and LPS-mediated
CCL19 expression implies that stronger CCR7-dependent responses (dendritic cell
homing and maturation, and antigen-presentation) [58] must take place in the presence of
the palmitate concentrations found in obese individuals. This prediction would be in line
with the ability of palmitate to foster the acquisition of the cytokine and transcriptional

profile of pro-inflammatory (and immunogenic) macrophages that we now report.

Regarding the palmitate-mediated upregulation of TRIB3 gene expression, our results
agree with the ability of palmitate to induce TRIB3 expression in human liver cells [59]
and podocytes [60]. TRIB3 is a pseudokinase that modulates many signaling cascades
associated with ER stress, nutrient deficiency and insulin resistance [61], and that acts as
a negative regulator of NFxB-dependent transcription [62]. Since TRIB3 negatively
regulates CCL2 expression in podocytes [60], it is tempting to speculate that palmitate-
induce TRIB3 upregulation might underlie the negative effect that palmitate has on the

basal and LPS-induced expression of CCL2 in human macrophages.
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Figure 1. Functional, transcriptomic and transcription factor profile of palmitate-treated human macrophages. (A) Levels of the indicated cytokines
in the culture media of macrophages (GM-M@ and M-M®@) exposed to 200 uM palmitate (C16:0) or BSA for 24h, as determined ELISA. Shown is the
mean = SEM of ten independent experiments. (B) Relative mMRNA expression of the indicated genes in M-M@ exposed to 200 uM palmitate (C16:0) or
BSA for 24h, as determined by gRT-PCR using TBP as a reference. The expression of each gene after palmitate treatment and relative to its expression after
BSA treatment in indicated. Shown is the mean + SEM of ten independent experiments. (C) Relative mMRNA expression of the indicated genes in M-M@
exposed to 200 pM palmitate (C16:0) or BSA for 4h, 10h or 24h, as determined by qRT-PCR using TBP as a reference. The expression of each gene after
palmitate treatment and relative to its expression after BSA treatment is indicated. Shown is the mean + SEM of three independent experiments (*, p<0.05;
** p<0.01; *** p<0.001). (D) Expression of MAFB, AhR and CEBP/B in macrophages (GM-M@ and M-Md) treated with 200 uM palmitate (C16:0) or
BSA (-) for 24h, as determined by Western blot. (E) Expression of MAFB, AhR and CEBP/B in M-M@ non-treated (Ctrl) or treated with 200 uM palmitate
or BSA (-) for 4h, 10h or 24h, as determined by Western blot. In (D-E), three independent experiments were done and one of them is shown, and GAPDH

protein levels were determined in parallel as a protein loading control.
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Figure 2. Comparison of the transcriptomic changes elicited by palmitate or LPS on human macrophages. (A) Relative mRNA expression of the
indicated polarization-specific genes in M-M@ untreated (-) or exposed to 10 ng/ml LPS, 200 uM palmitate (C16:0) or BSA for 24h, as determined by
gRT-PCR using TBP as a reference. (B,C) Relative mRNA expression of the indicated LPS-regulated genes in M-M@ untreated (-) or exposed to 10
ng/ml LPS, 200 uM palmitate or BSA for (B) 4h or (C) 24h, as determined by qRT-PCR using TBP as a reference. In (A-C), results are shown as mean +
SEM of five independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001). (D) Expression of activated STAT1 in M-M@ non-treated (-) or treated with
10 ng/ml LPS, 200 uM palmitate or BSA for 2h, as determined by Western blot. GAPDH protein levels were determined in parallel as a protein loading
control.
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Figure 3. Effect of INK activation on the palmitate-induced transcriptional changes in human macrophages. (A) M-M@ were left untreated (BSA) or
exposed to 200 puM palmitate (C16:0) for 4h, and the phosphorylation state of representative signaling molecules was determined using the Proteome
Profiler® protein array (R&D Systems, USA). The kinases specifically mentioned in the text are indicated. (B) M-M@ from three independent donors (#1-3)
were left treated with BSA (-) or exposed to 200 uM palmitate (C16:0) for 4h, and the phosphorylation state of JNK was determined by Western blot using
specific antibodies. The level of vinculin was determined in parallel as a protein loading control. Right panels show the mean + SEM of the densitometric
analysis of the three experiments (*, p<0.05). (C) Schematic representation of the experimental procedure. (D) Relative mRNA expression of the indicated
genes in M-M@ exposed to SP600125 (SP600) or DMSO (-) for 1 hour and exposed to BSA (-) or 200 uM palmitate (C16:0) for 12h, as determined by
gRT-PCR using TBP as a reference. Results are shown as mean + SEM of five independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001). (E) IJNK
activation and MAFB protein levels in M-M@ untreated or exposed to SP600125 (SP600) for 1 hour and then exposed to BSA (-) or 200 uM palmitate
(C16:0) for 12h, as determined by determined by Western blot using specific antibodies. The level of vinculin was determined in parallel as a protein
loading control. The experiment was performed on four independent M-M@ preparations, and one of them is shown. Right panels show the mean + SEM of
the densitometric analysis of the four experiments (**, p<0.01).
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Figure 4. Palmitate exposure modulates LPS-initiated intracellular signalling in human macrophages. (A,B) Determination of the phosphorylation
state of (A) IKKo/B, IxkBa, NF«B p65, ERK1/2, JNK, p38 MAPK, STAT3, STAT1 and IRF3 in M-M@ exposed to BSA (-) or palmitate (C16:0) for 24 h
and then stimulated with LPS (10 ng/ml) for 15-30 min (A) or 120 min (B). The total levels of IKKo/B, ERK1/2, STAT3, STAT! and IRF3 were determined
in parallel. The levels of vinculin were determined as a protein loading control. The levels of each protein were also determined in untreated cells (Ctrl). In
all cases, four independent experiments were performed, and one of them is shown. Right panels show the mean + SEM of the densitometric analysis of the
four experiments (*, p<0.05; **, p<0.01).
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Figure 5. Palmitate pre-treatment alters the LPS-induced transcriptomic response in human macrophages. (A) Heat map representation of the mRNA
expression of the LPS-regulated genes whose expression is significantly different (p < 0.05) in M-M@ exposed to either BSA or 200uM palmitate (C16:0)
(24 h) before stimulation with LPS (10ng/ml) for 4 hours. The effect of LPS on the expression of the analysed genes is shown. (B) Relative mRNA
expression of the indicated genes in M-M@ exposed to either BSA or 200uM palmitate (C16:0) (24 h) before stimulation with LPS (10ng/ml) for 4 hours, as
determined by qRT-PCR using TBP as a reference. Shown is the mean + SEM of three independent experiments (*, p<0.05).
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Figure 6. Effect of palmitate treatment on the LPS-induced cytokine profile in human macrophages. (A) Schematic representation of the experimental
procedure. (B) Levels of the indicated cytokines in the culture supernatants of macrophages (M-M@) exposed to 200 pM palmitate (C16:0) or BSA (-) for
24h before stimulation with 10 ng/ml LPS for 8 hours. Shown is the mean + SEM of eight independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001).
(C) Schematic representation of the experimental procedure. (D) Levels of IL-10 in the culture media of macrophages (M-M®@) not treated o treated with
SP600125 (SP600), and then exposed to 200 uM palmitate (C16:0) or BSA (-) (24h) before stimulation with 10 ng/ml LPS (8h). Shown is the mean + SEM

of four independent experiments (*, p<0.05; **, p<0.01).
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Figure 7.- Lithium chloride inhibits palmitate-dependent effects in human macrophages. (A) Expression of MAFB in macrophages (M-M@) treated
with LiCl or NaCl before exposure to 200 uM palmitate (C16:0) or BSA (-) for 24h, as determined by Western blot. (B) Relative mRNA expression of the
indicated genes in M-Md@ treated with LiCl or NaCl before exposure to 200 uM palmitate (C16:0) or BSA for 24h, as determined by gRT-PCR using TBP as
a reference. The expression of each gene after palmitate treatment and relative to its expression after BSA treatment is indicated. Shown is the mean + SEM of
six independent experiments (*, p<0.05; **, p<0.01). (C) Levels of IL-10 in the culture media of macrophages (M-M@) not treated o treated with LiCl or
NaCl, and then exposed to 200 uM palmitate (C16:0) or BSA (-) (24h) before stimulation with 10 ng/ml LPS (8h). Shown is the mean + SEM of six

independent experiments (**, p<0.01; ***, p<0.001).
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Supplementary Figure 1. Uptake of palmitate by human macrophages and transcriptomic effect of palmitate in GM-M@. (A) Palmitate (C16:0)
uptake by human macrophages (GM-M@ and M-M@), as determined by Oil Red staining after 24 hours. For comparative purposes, macrophages were
exposed in parallel to BSA (upper panels). (B) Relative mRNA expression of the indicated genes in GM-M®@ exposed to 200 uM palmitate or BSA for 24h,
as determined by gRT-PCR using TBP as a reference. Shown is the expression of each gene after palmitate treatment and relative to its expression after BSA

treatment. Shown is the mean + SEM of ten independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001).
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Supplementary Figure 2. Modulation of the expression of macrophage polarization-specific genes by LPS or palmitate. Relative mRNA expression of
the “Pro-inflammatory gene set” and “Anti-inflammatory gene set” in GM-M@ (A) and M-M@ (B) exposed to either 200 pM palmitate (C16:0) or 10 ng/ml
LPS for 24 hours. Results are presented as the mMRNA expression of each gene after palmitate or LPS treatment and relative to the mRNA expression of the
same gene after treatment with either BSA (control for palmitate treatment) or no treatment (control for LPS stimulation). Shown is the mean + SEM of five

independent experiments (*, p<0.05; **, p<0.01; ***, p<0.001).
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Supplementary Figure 3. Palmitate treatment modulates the expression of LPS-regulated genes in human macrophages. (A) Experimental design of
the experiment. (B) Relative mRNA expression of the indicated LPS-responsive genes in M-M@ exposed to either 200 pM palmitate (C16:0) or BSA for 4
hours. Results are presented as the mRNA expression of each gene after palmitate treatment and relative to the mRNA expression of the same gene after
treatment with BSA. Shown is the mean + SEM of three independent experiments (#, p<0.06; *, p<0.05; **, p<0.01; ***, p<0.001).
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Supplementary Figure 4. Palmitate pre-treatment alters the LPS-induced transcriptional response in human macrophages. (A) Experimental
design of the experiment. (B) Relative mRNA expression of the indicated LPS-responsive genes in M-M@ exposed to either 200 pM palmitate (C16:0) or
BSA for 24 h and later stimulated with 10 ng/ml LPS for 4 hours. Results represent the LPS-induced changes in the mRNA expression of each gene in cells
pre-treated with palmitate and relative to the expression of the same gene in cells pre-treated with BSA. Shown is the mean + SEM of three independent
experiments (#, p<0.06; *, p<0.05; **, p<0.01; ***, p<0.001).
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Supplementary Figure 5. Functional and transcription factor profile of oleate-treated human macrophages. (A) Oleate uptake by human macrophages
(GM-M@ and M-M@), as determined by Oil Red staining. For comparative purposes, macrophages were exposed in parallel to BSA (upper panels). (B)
Expression of MAFB, AhR and CEBP/B in macrophages (GM-M@ and M-M@) treated with 200 uM oleate (C18:1) or BSA (-) for 24h, as determined by
Western blot. GAPDH protein levels were determined in parallel as a protein loading control. (C) Levels of the indicated cytokines in the culture media of
macrophages (GM-M@ and M-M@) exposed to 200 UM oleate (C18:1) or BSA (-) for 24h before stimulation with 10 ng/ml LPS for 8 hours. Shown is the

mean = SEM of three independent experiments (*, p<0.05).
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