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Abstract 
 

Metabolism and immune system are closely interconnected and their interactions play an important 

role in whole-body homeostasis [1].  This emerging idea has provided the new concept of 

immunometabolism. Immunometabolism has been separated into two main research branches: 

cellular and tissue immunometabolism [2].  

 

Tissue immunometabolism, one of the main aspects of this thesis, focalizes on how immune cells 

can regulate the tissue metabolism with the aim to induce adaptation to environmental challenges. 

When cellular adaptation fails, and malfunction becomes extreme, additional leukocytes are 

recruited to help the tissue in order to cope with these particular stress conditions [2,3]. For 

instance, during an infection, an increase of neutrophils and other immunitary cells involved in 

acute inflammation has been observed. The activation, proliferation, differentiation and 

polarization of these immune cells cause significant metabolic stress, which can compromise the 

cellular metabolism, homeostasis and energetics requirements [4].  

 

The deregulation of immune cells mobilization and chronic metabolic stress promote metabolic 

abnormalities in non-immune pathologies such as obesity, type 2 diabetes mellitus (T2DM), 

cardiovascular and neurodegenerative diseases, or arteriosclerosis [3]. The mechanisms of these 

variations in the immunological profile, which affect systemic metabolism, remain unclear. 

Nevertheless, experimental evidence supports an association between immune cell differentiation 

and tissue metabolic reprogramming. These alterations can affect the most important nutrient-

sensing pathways as AMP-activate protein kinase (AMPK) and mammalian target of rapamycin 

(mTOR) pathway [3,5–7], which play a critical role in the generation of these chronic conditions.   

Moreover, tissue metabolic reprograming should not be limited to local effects. The disturbances of 

metabolic tissues such as liver, muscle and adipose tissue can induce systemic metabolic alterations, 

a fact which may affect the general homeostasis and cause a vicious cycle of inflammation.  

 

The main problem of tissue immunometabolism is when cellular adaptation fails. This can trigger 

the appearance of extreme conditions in which cells may die, therefore compromising systemic 

metabolism.  All these alterations give place to metabolic pathologies as insulin resistance, T2DM, 

liver steatosis and cardiovascular diseases. Growing evidences support that chemokines play a 
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crucial role in all these processes.  In detail, the increase of chemokine C-C motif ligand 2 (CCL2) in 

metabolic diseases may be an outstanding component in the regulation of metabolism. The key 

question is if the increase of CCL2 is whether the cause or the consequence of the problem.  

 

For this reason, we explored the effect of CCL2 ablation in the metabolism of mice with an 

important background of hyperlipidemia, hepatic steatosis and metabolic syndrome. In addition, we 

investigated if that effect might be conditioned by diet. Obtained results are presented in the first 

study. Our results denoted that CCL2 ablation could be a therapeutic target especially in non-

alcoholic fatty liver disease (NAFLD) development. In CCL2 deficient mice, histologic alterations and 

fatty liver disease were abrogated. Moreover, we observed an improvement in oxidative stress and 

inflammation. All these alterations were associated with a normalization of metabolic disturbances 

and an increase of selective autophagy.  

 

Obtained results open a brief to other questions. For example, does CCL2 function go further to its 

chemoattracting capacity? Can this chemokine affect the systemic energy metabolism? In order to 

answer these questions, we generated targeted CCL2 cisgenic mice, which overexpressed CCL2 in all 

tissues. Achieved results are presented in study 2. We explored different metabolic tissues and 

results confirmed that CCL2 overexpression has a drastic effect in liver and especially in muscle 

metabolism. Unlike CCL2 deficiency, CCL2 overexpression was associated with hepatic steatosis and 

an increase in liver alterations markers. All our results suggest an inefficient liver ATP synthesis, 

which together with important metabolic alterations, may have led to liver dysfunction. However, 

these animals showed considerable muscle fragility and a hyperactivation of catabolic pathways. 

These results suggest that the effect of CCL2 overexpression is tissue-dependent.  

 

In study 3 we evaluated the effect of CCL2 overexpression in a mice model of Hutchinson-Gilford 

progeria syndrome, a model of accelerated aging. These mice have the capacity to develop all 

metabolic alterations associated to aging such as sarcopenia, lipodystrophy, insulin resistance, 

cardiovascular alterations, cachexia, oxidative stress, mitochondrial dysfunction and cellular 

senescence. Our results demonstrate that overexpression of CCL2 promotes systemic alterations in 

Hutchinson-Gilford progeria mice. These mice developed general fibrosis and enhanced metabolic 

alterations related to accelerate aging.  
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The finding of therapeutic targets for the treatment of metabolic diseases is an important point in 

current investigations in our research group. The conclusions of this thesis suggest that CCL2 could 

be an important therapeutic target in different metabolic diseases.  
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Introduction  

1. Immunometabolism  

 
Immunometabolism is the interplay between immunological and metabolic processes [3]. 

Specifically, this new field tries to understand how immune cells can adapt their metabolism to 

different microenvironments, and how systemic metabolism could be affected by the variation of 

immune cells population [2]. For this reason, immunometabolism can be divided in two disciplines: 

cellular and tissue immunometabolism [2].  

 

Cellular immunometabolism is focused in how changes in systemic metabolism can induce 

alteration in the immune parameters and contribute immune cell activation and proliferation [8]. In 

contrast, tissue immunometabolism is focused in how immune cells can infiltrate in a tissue and 

cause a metabolic reprogramming to help the organism adapt to metabolic changes [2,8]. 

 

Even though metabolism and immunity have been interwoven since the beginning of life, 

immunometabolism is an emerging field that has grown in recent years. The first connection 

between metabolism and immunity was proposed in the middle 1980’s by Ceramic and colleagues 

[9], who discovered that macrophages incubated with lipopolysaccharides could induce resistance 

to glucose intake and lipoprotein lipase in adipocytes. This work represented the cornerstone in the 

contemporary immunometabolism. Soon after, Hotamisligil and colleagues associated this 

observation with inflammation. Hotamisligil showed that adipose tissue from obese rodents 

exhibited an increase of tumor necrosis factor alpha (TNFα) and its neutralization resulted in an 

improvement of insulin sensitivity and glucose metabolism [10]. Subsequent studies demonstrated 

that the administration of TNFα caused insulin resistance and impaired glucose metabolism. Hence, 

they described the different mechanisms that take part in this process [11,12].  

 

Recently, immunometabolism has attracted the interest of the scientific community due to its clear 

association with non-immune pathologies such as obesity, diabetes, hyperlipidemia and NAFLD. The 

etiology of all these pathologies is linked with immune cell mobilization and low-grade of 

inflammation, a fact which contributes to metabolic dysregulation [3,13,14]. 
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Nowadays, it has been recognized the role of immunometabolism in metabolic organs and the way 

different immune cell subpopulations can contribute to tissue metabolic homeostasis or dysfunction 

[15,16]. For instance, a type 2 or anti-inflammatory immunity predominates in adipose tissue under 

physiological conditions. This anti-inflammatory status is represented by the increase of T-

regulatory cells (Tregs), eosinophils, T-helper 2 (Th2) lymphocytes or M2-like macrophages. These 

cells can produce cytokines such as interleukin 4 or 13 (IL-4 or IL-13) that contribute to the main role 

of adipose tissues (energy storage) and other functions such as thermogenesis (Figure 1) [16–18].  

 

Figure 1: Schematic representation of 

immunometabolic convergence in lean 

and obese adipose tissue. Lean adipose 

tissue is characterized by an enrichment 

of anti-inflammatory immune cells 

whose phenotype is driven by metabolic 

changes induced by the adipose tissue 

microenvironment. Overfeeding and 

obesity induce multiple changes in the 

adipose microenvironment that can alter 

the metabolic program of adipose 

resident cells and promote inflammation. 

Additionally, signaling from pro-

inflammatory cytokines can shift 

macrophage metabolism and promotes 

their pro-inflammatory properties.  

Acronyms used were: natural killer (NKT); 

Invariant natural killer (iNKT); type 2 

innate lymphoid cells (ILC2); Interleukin4 

and 6 (IL-4 and IL-6); Proinflamatory and 

antiinflammatory macrophages (M1 and 

M2 macrophge),  Tumor necrosis factor 

(TNF). Figure adapted from Lynch et al 

2016 [1]. 
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On the other hand, adipose tissue impairment (for instance in obesity) promotes adipose tissue 

dysfunction and the increase of pro-inflammatory components (type 1 immunity) such as 

inflammatory cytokines, or adipokines, including leptin, TNFα or CCL2. These chemokines and 

adipokines contribute to the recruitment of new immune cells and promote the pro-inflammatory 

proliferation of resident cells. This condition can induce metabolic stress response, tissue 

alterations, fibrosis and metabolic dysfunction [1,19–22].  However, the problem begins when the 

inflammatory microenvironment generated in obesity directly contributes to the activation of 

immune receptors, such as Toll-like receptor (TLRs), interleukin 1 receptor type I (IL-1RI) and tumor 

necrosis factor receptor (TNFR).  These receptors generate the activation of different inflammatory 

pathways that can contribute to locally and/or systemically metabolic alterations [23].  

  

As in adipose tissues, liver can be affected during the obesity through an increase of pro-

inflammatory immune cells. This condition can promote histological and metabolic alterations in the 

liver [13,16]. Even though mechanisms that control these modifications are unknown, several 

studies have shown that macrophages have a pivotal role in all of these processes through the 

activation of resident liver immunitary cells (Kupffer cells) or through the infiltrated monocytes or 

macrophages [12,24,25]. These alterations contribute to chemokines overexpression. Chemokines 

promote blood-derived monocyte infiltration into the liver, exacerbating liver inflammation [16,26] 

and stimulating other immune cells (Figure 2). 

 

During liver injury, the number of monocyte derived macrophages and Kupffer cell population 

increase. These macrophages are activated by hepatocytes leading to the release of pro-

inflammatory mediators that promote liver injury progression. Populations of macrophages increase 

their secretion of pro-inflammatory cytokines and stimulate hepatocyte lipogenesis and cell death 

[27].  
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Figure 2.  Resident Kupffer cells and infiltrating monocytes and macrophages in liver injury.  Liver injury 

induces the activation of resident Kupffer cells and the infiltration of monocyte-derived macrophages, hence 

leading to the infiltration of monocytes into areas of inflammation. Acronyms used were: CCL2, CC-chemokine 

ligand 2; CCR2, CC-chemokine receptor 2; CSF1, macrophage colony-stimulating factor 1; CSF1R, CSF1 receptor; 

CX3CR1, CX3C-chemokine receptor 1; CXCR, CXC-chemokine receptor; CXCL, CXC-chemokine ligand; DAMPs, 

damage-associated molecular patterns; FASL, FAS ligand; IL‑1β, interleukin-1β; LSEC, liver sinusoidal 

endothelial cell; MSR1, macrophage scavenger receptor 1; NO, nitric oxide; PGE2, prostaglandin E2; ROS, 

reactive oxygen species; TNF, tumour necrosis factor; VEGFA, vascular endothelial growth factor A. Figure 

extracted from Krekel et al 2017 [27].  

 

Thus, further investigations of the different immune parameters can open novel therapeutic targets 

to control the whole-body’s metabolism in metabolic diseases. A possible target could be 

chemokines and cytokines, which are responsible of macrophage infiltration and polarization.  
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2. Chemokines  

 

Chemokines are a protein family formed by a group of 50 polypeptides with low molecular weight 

(8-15 kDa) which have from 20 to 70 percent homology in amino acid sequences. Chemokines are 

chemotactic cytokines whose interaction with its receptor is determinant for the immune response 

regulation to sites of inflammation or injury [28–30].  Chemokines are classified into four classes 

based on their structure and function: γ-Chemokine (motif C), β-Chemokine (motif CC), α-

Chemokine (motif CXC) and δ-Chemokine (motif CX3C) [28]. As seen in Figure 3, the main difference 

between each chemokine is the relative position of their two first cysteine residues. γ-Chemokines 

have only one of the first two cysteines. In β-Chemokines, these two cysteine residues are 

contiguous to each other. In α-Chemokines, one amino acid separates the first two cysteine 

residues and in δ-Chemokines, the first two cysteine residues are separated by three amino acids 

[31,32].  

 

 

Figure 3: Chemokines classification based on the relation between the cysteine residues and disulfide 

interaction. From left γ- Chemokine (motif C), β-Chemokine (motif CC), α-chemokine (motif CXC), δ-Chemokine 

(motif CX3C).  

 

The main function of chemokines is to provide cell migration directionality during inflammation, 

injury or homeostasis alterations. For this, chemokines induce the activation of specific G-protein-

coupled cell surface receptors (GPCRs) which are composed by seven transmembrane helical 

segments (Figure 4). These receptors are expressed on some cells, whereas they are inducible on 

others [31]. In humans, four CXC chemokine receptors, eight CC receptors and one CX3C receptor 

have been identified [31]. All of them are able to interact with different chemokines [28].  

 

GPCRs receptors are functionally linked to phospholipases and their activation induce the 

mobilization of calcium from intracellular stores. The subsequently downstream pathway triggers 

conformational changes of leukocyte integrins, which promote cell adhesion and extravasation. 
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More specifically, the activation of GPCRs induces a conformational change of guanosine 

diphosphate (GDP) to guanosine triphosphate (GTP), with a subsequent activation of phospholipase 

C (PLC), producing phosphatidylinositol 1,4,5 triphosphate (IP3) and dialcyl-glycerol (DAG) from one 

molecule of phosphatidylinositol 4,5 diphosphate (PIP2). IP3 stimulates calcium mobilization, 

whereas DAG produces the activation of protein kinase C (PKC) leading to leukocyte activation. 

Consequently, these actions produce cell chemotaxis, adhesion and extravasation [33].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Model of chemokine receptor activation and signal transduction for IL-8 and neutrophils. Acronyms 

used were interleukin 8 (IL-8), guanosine diphosphate (GDP), guanosine triphosphate (GTP), phospholipase C 

(PLC), phosphatidylinositol 4,5 diphosphate (PIP2), phosphatidylinositol 1,4,5 triphosphate (IP3) , dialcyl-

glycerol (DAG) and protein kinase C activation (PKC). Figure extracted from Murdoch et al 2000 [33] 

 

Growing evidences support that chemokines transmit cell signals, which generate multiple 

responses relate to chemotaxis among other functions. Specifically, the increase of CCL2 in 

metabolic diseases suggests that this chemokine may play a systemic role in the regulation of 

metabolism [34,35].  
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2.2 Chemokine (C-C motif) ligand 2  

 
CCL2 or monocyte chemoattractant protein 1 (MCP-1) is one of the most characterized chemokines. 

Structurally, CCL2 belongs to CC chemokines subfamily [36] and has two different molecular 

weights: 9 and 13 kDa according to their levels of O-glycosylation [36,37]. Like other chemokines, 

CCL2 has 3 different domains: N-terminal domain with 

disulfide bonds that stabilize the molecule, four regions 

of β-sheet and α-helix that overlies the sheets (Figure 5).  

In humans, the gene responsible of CCL2 expression is 

located in chromosome 17 (chr.17, q11.2) and its 

expression can be induced by different inflammatory 

factors as platelet-derived growth factor, interleukins 1 

and 4 (IL-1 and IL4), TNF-α, vascular endothelial growth 

factors and Interferon gamma (IFN-γ) [36,38].  CCL2 

can be produced by many cell types such as fibroblasts, epithelial, smooth muscle, mesangial, 

astrocytic and microglial. However, monocytes and macrophages are the main source of CCL2 

[36,38–40].  

2.2.1 CCL2 receptors and signals transduction pathways  

 
The main CCL2 receptor is CCR2 (C-C motif chemokine receptor type 2). As all chemokine receptors, 

CCR2 belongs to GPCRs family and is located on leukocytes surface [36]. CCR2 is encoded by a gene 

situated on the short arm of chromosome 3 [41].   

 

Like any other GPCRs proteins, CCR2 has seven 

hydrophobic domains linked by intra and extracellular 

loops (Figure 6). Moreover, it has an extracellular N-

terminal domain, which is responsible for binding 

ligands with high affinity such as CCL2, CCL7, CCL8, 

CCL12, and CCL13 [42]. Furthermore, CCR2 has a C-

terminal intracellular domain, whose main function is 

the regulation of intracellular reactions [42]. The 

Figure 6: Structure of the CCR2A and 
CCR2B molecules. Figure adapted from 
Bartoli et al 2001 [203]. 

Figure 5: Structure of CCL2. Figure 
extracted from Chew et al 2012 [202] 
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different C-terminal amino acid sequences determine the CCR2 isoform. There are two different 

CCR2 isoforms: CCR2A and CCR2B. CCR2A can be expressed by mononuclear cells and vascular 

smooth muscle cells. CCR2B is expressed by Natural Killers (NK) cells and monocytes [38]. CCR2A 

and CCR2B can induce different signaling pathways, but CCR2B isoform represents 90% of the total 

CCR2 receptors expressed on mononuclear cells [42,43].  

 

Despite the fact that chemoattractant function of CCL2 is regulated by GPCRs proteins, CCL2 has 

other silent or atypical receptors (ACKRs) [44–46]. These receptors neither transmit any signal nor 

induce extracellular response. ACKRs regulate CCL2 concentration, aiming to regulate the 

inflammatory response [47]. The most important CCL2 atypical receptors are Duffy antigen receptor 

for chemokine (DARC) and D6 chemokine receptor (D6) [32,45]. 

2.2.2 Biological function 

 
The most important function of CCL2 is monocyte recruitment during inflammatory processes or 

under chronic inflammatory conditions. In detail, during the inflammation the number of blood 

monocytes derived from bone marrow increases. These immune cells migrate into the inflammatory 

focus and contribute to generate a pro-inflammatory microenvironment, CCL2 has distinct role 

throughout this process. Under inflammatory conditions CCL2 induces a chemokine gradient that 

contributes to the recruitment of circulating monocytes into the inflamed tissue. In inflamed tissue, 

CCL2 induces the secretion of inflammatory cytokines [48]. 

 

Thus, CCL2 has a determinant role in the development and progression of much inflammatory 

pathology associated with monocyte infiltration including allergic reactions, bacterial infections and 

arthritis [41]. Moreover, several studies associate CCL2 overexpression with other metabolic 

pathologies such as arteriosclerosis, cancer, nephropathies, obesity and diabetes [36,38,41,49,50]. 

This finding suggests that CCL2 may be involved in different biological processes mostly unrelated to 

chemotaxis.  
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2.2.3  Chemokine (C-C motif) ligand 2 and metabolic disorders 

 
Metabolic diseases are different pathologies, congenital or acquired, that affect cell function, thus 

causing a systemic problem. In our society, the most common metabolic diseases are diabetes, 

cancer, cardiovascular disease, hypercholesterolemia, non-alcoholic fatty liver disease and obesity. 

All these pathologies are the main causes of death and disability worldwide.  

 

Mechanistically, metabolic diseases are characterized by oxidative stress, hypoxia, mitochondrial 

dysfunction, an increase of free fatty acids and an increase of inflammatory chemokines. All these 

alterations induce a vicious cycle which perpetuates metabolic disorders [51].  

 
 

Different studies have elucidated the role of chemokines and their receptors in several metabolic 

diseases. The interaction between chemokines and receptors can induce several signaling pathways, 

which in turn, can influence different molecular and cellular processes. Thus, alterations in 

chemokines/receptors axis lead to numerous human diseases [52,53]. This fact has been 

demonstrated using genetically modified mice, antibody or inhibitor-mediated neutralization and 

epidemiological studies in humans [38]. 

 

Several studies have demonstrated that CCL2 and its receptor CCR2 are related to the pathogenesis 

of different inflammatory and metabolic diseases such as cancer, obesity, insulin resistance, 

atherosclerosis and non-alcoholic fatty liver disease; thus, becoming an interesting and highly 

studied target for novel therapeutic strategies [7,54]. 

2.2.3.1 Chemokine (C-C motif) ligand 2, Obesity and Insulin Resistance  

 
Obesity is a pathology associated with the increase of size and number of adipocytes [55]. This 

pathology is correlated with a chronic, low grade inflammation and an increase of pro-inflammatory 

cytokines and adipokines [56]. In 1993, Hotamisligil and Spiegelman were the first to establish a 

relation between inflammation and adipose tissue. They found an interrelation between obesity 

and the increase of TNFα levels [10]. Nowadays, adipose tissue expansion is related with an increase 

of another inflammatory cytokine such as CCL2. CCL2 is upregulated during obesity and it is 

supposed that this chemokine could play a determinant role in monocyte recruitment during over-
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intake conditions and insulin resistance [49,57–59]. In fact, some researchers suggest that the 

increase of inflammatory monocyte recruitment could increase the risk to develop type 2 diabetes 

mellitus and insulin resistance [60]. 

 

In physiological conditions, insulin induces the activation of insulin receptor substrate (IRS) in cells. 

This interaction causes the activation of IRS downstream signaling. Under normal conditions, this 

process could be regulated through feedback mechanisms, which ensure that metabolic 

homeostasis is maintained. In inflammatory conditions, the interaction between insulin and insulin 

receptor could be interrupted. In consequence, the activation of IRS and its downstream signaling 

cannot be carried out. This is the first step in the development of insulin resistance, hyperglycemia 

and hyperinsulinemia [60,61].  

 

Insulin signaling pathway regulates the metabolism of carbohydrates, lipids and proteins though the 

activation of components such as phosphatidylinositol 3 kinase (PI3K) and protein kinase B (AKT). 

Thus, insulin resistance can induce overwhelming consequences in cell homeostasis.  

 

From a functional point of view, the relation between inflammation and insulin resistance is 

associated with c-Jun N-terminal kinases (JNK) and IκB kinases (IKK) activation. Both kinases are 

stimulated by inflammatory components and are overexpressed in obesity. It has been shown that 

JNK and IKK activation cause serine phosphorylation in IRS-1, which attenuates the IRS-1 

downstream insulin signaling pathway. Moreover, its inhibition may have beneficial effects for the 

treatment of insulin resistance [60,61].  

 

To sum up, even though the role of inflammation in insulin resistance is still poorly understood, the 

use of anti-inflammatory strategies may be a successful alternative for the treatment of insulin 

resistance. The recruitment and regulation of inflammatory monocytes and macrophages through 

the use of CCL2 or CCR2 antagonists can be a therapeutic strategy in the regulation of glucose 

concentration and insulin resistance.   
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2.2.3.2  Chemokine (C-C motif) ligand 2 and Oxidative Stress  

 
Oxidative stress is an imbalance between free radicals or reactive oxygen species (ROS) production 

and antioxidants defenses [62].  Free radicals are molecules with unpaired electrons which have a 

high reactive capacity. Consequently, these molecules can quickly induce alterations in nearby 

components.  

 

Moreover, ROS are highly reactive molecules, which can have unpaired electrons or oxygen-based 

radicals. ROS include superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl radical (OH-), nitric oxide 

(NO), hypochlorite (ClO-) and peroxynitrite (ONOO-). Low concentrations of these components are 

necessary for cell survival. However, in pathologies such as obesity, diabetes, cardiovascular 

alterations and hyperlipemia there is an overproduction of free radical and ROS. High 

concentrations of these components can induce modifications in proteins, carbohydrate, lipids and 

DNA.  All these alterations can compromise cell survival [62,63]. 

 

In physiological conditions, ROS and free radicals are generated either from extracellular sources of 

oxygen by the action of NADPH oxidase (NOX) or from the mitochondrial respiratory chain. 

However, in adverse conditions, several factors could contribute to ROS and free radicals 

overproduction including hyperglycemia, an increase in muscle activity, and high levels of lipids, 

endothelial ROS and chronic inflammation [64–66].  

 

To counteract these hostile conditions, the organism possesses several antioxidant enzymes. The 

most important are: superoxide dismutase, glutathione peroxidase, catalase and paraoxonase 1 

(PON1).  

• Superoxide dismutase has two isoforms, copper-zinc (CuZn-SOD) and manganese (Mn-

SOD). CuZn is associated with cytosol, whereas Mn-SOD is associated with 

mitochondria. Both isoforms convert superoxide (O2-) in hydrogen peroxide (H2O2) 

[67].  

 

• Glutathione peroxidase is able to reduce hydrogen peroxide (H2O2) using reduced 

glutathione (GSH) as an electron donor by generating glutathione disulphide (GSSG) 

and water (H2O) [68,69]. 
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• Catalase reduces H2O2 into oxygen and water without any endogenous reducing 

agents [62]. It is located in liver, erythrocytes and kidneys.  

• Paraoxonase-1 is an enzyme linked to high density lipoproteins (HDL) and protects 

low-density lipoproteins (LDL) against oxidation. This enzyme has paraoxonase, 

lactonase and arylesterase activities. PON1 belongs to the paraoxonase family, which 

is composed by three enzymes with high structural homology: PON1, PON2 and PON3. 

All three PON enzymes degrade lipid peroxides in LDL and HDL [70].  The main 

difference between these enzymes remains in their localization in the organism.  PON1 

and PON3 are mainly expressed in the kidney and liver and are localized in the 

circulation bounded to HDL particles. Conversely, PON2 is an intracellular enzyme not 

found in the circulation, which reduces intracellular oxidative stress and decreases 

apoptosis [71].  

 

Several studies demonstrated that the imbalance between antioxidant enzymes and pro-oxidant 

components can potentially increase the inflammatory response. This chronic inflammation may 

elevate ROS levels, generating a vicious cycle which may alter cell survival. 

 

 The link between oxidative stress and inflammation can be found at different levels. For instance, in 

cancer, the increase of inflammatory cells stimulates ROS production which promotes tumor 

development through the increase of DNA damage [72].  Moreover, neutrophils and macrophages 

can produce O2, H2O2, OH-, ONOO- contributing to the increase of ROS damage [62]. On the other 

hand, inflammatory cells also produce soluble mediators such as cytokines and chemokines, which 

induce the recruitment of inflammatory cells and the production of more reactive species. These 

chemokines activate signal transduction pathways and cause changes in transcription factors, such 

as nuclear factor κB (NF-κB), signal transducer and activator of transcription 3 (STAT3), hypoxia-

inducible factor-1α (HIF-1α), activator protein-1 (AP-1), nuclear factor of activated T cells, and NF-E2 

related factor-2 (Nrf2), which mediate the cellular stress responses. This sustained 

inflammatory/oxidative microenvironment can damage the neighboring cells and compromise 

cellular survival at a systemic level [72]. 

Collectively, inflammation and oxidative stress conditions are a systemic problem. Thus, stopping 

the vicious cycle of oxidation/inflammation can be a clinical target for the progression of many 
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diseases. CCL2 or its receptor (CCR2) can be a therapeutic target for its implication in immune cell 

recruitment and inflammatory processes.  

2.2.3.3 Chemokine (C-C motif) ligand 2 and Non-alcoholic Fatty Liver Disease 

 
NAFLD is one of the most prevalent liver pathologies worldwide. Nowadays, this pathology is 

considered to be the hepatic manifestation of metabolic syndrome [73]. NAFLD is characterized by 

the presence of significant amount of lipid accumulation in the liver in the absence of excessive 

alcohol consumption.  

 

These hepatic fatty depots result in a wide histological spectrum of liver damage ranging from 

simple steatosis to non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular 

carcinoma and liver failure [73–75] (Figure 7). NAFLD is related to visceral obesity, insulin 

resistance, dyslipidemia and hypertension. Nevertheless, the molecular mechanisms of generation 

and development of this disorder are not completely understood. However, alterations in free fatty 

acid metabolism due to an inappropriate diet seem to play a fundamental role [76–79].  

Figure 7: Nonalcoholic fatty liver disease progression. From left simple steatosis, steatosis, non-alcoholic 

steatohepatitis, fibrosis.  

 

The most accepted theory, which explains the development and pathogenesis of NAFLD, is based on 

successive processes. Briefly, the first step of NAFLD development is simple steatosis. This condition 

is caused by an increase in the uptake and synthesis of fatty acids and a decrease in their oxidation 

or secretion [80]. This disequilibrium is observed in pathologies such as obesity or hyperinsulinemia, 

pathologies in which insulin resistance is a determinant factor. It has been demonstrated that 

insulin resistance increases the hepatic de novo lipogenesis and impairs the inhibition of adipose 

tissue lipolysis. Consequently, insulin resistance causes adipose tissue hypertrophy, which 

compromises the adipocytes ability to store fat, resulting in an increase of free fatty acids into the 
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circulation. Free fatty acids are then misrouted from their primary storage site to ectopic sites like 

skeletal muscle or liver. 

 

In the liver, this unusual lipid accumulation causes lipotoxicity, and a recruitment of inflammatory 

mediators such as cytokines, chemokines and adipokines, which results in important hepatic 

alterations like chronic inflammation, mitochondrial dysfunction and fibrosis [75].  

 

Mitochondrial dysfunction causes oxidative stress due to a deregulation of the antioxidant capacity, 

resulting in an excessive production of ROS and, then, hepatocyte death. This process is 

characterized by an increase in pro-inflammatory cells, mainly macrophages. In this situation, 

resident macrophages (Kupffer cells) and recruited macrophages are responsible to produce 

inflammatory mediators that could maintain the inflammatory state and ROS production [79].  

 

Chronic inflammation and ROS overproduction cause stellate cells activation. Stellate cells produce 

collagen, which results in liver fibrosis and an increase of chemoattractant chemokines. 

Overproduction of chemokines promotes a vicious cycle of inflammation and fibrosis that can 

trigger liver failure. 

 

Several studies correlated the CCL2 overexpression with NAFLD progression and development 

[75,81,82]. Along the same line of study, some investigators have demonstrated that the 

inactivation of CCL2 or its receptor (CCR2) reduces hepatic steatosis, NASH progression and insulin 

resistance [83]. Although the mechanisms are not well-known yet, CCL2/CCR2 axis could be a 

therapeutic target in NAFLD progression [84].  
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2.2.3.4 Chemokine (C-C motif) ligand 2 and aging  

 
Aging is a biological phenomenon characterized by the loss of cellular functions caused by the 

progressive functional decline of the organism [85,86]. In consequence, aging has been associated 

with the development and progression of diseases such as cancer, diabetes, cardiovascular 

disorders, and neurodegenerative diseases. For these reasons, understanding the causes and 

mechanisms that control aging has been a field of great interest [85].  

 

Aging may arise from multiple causes: genomic instability, telomere shortening, epigenetic 

alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 

senescence, stem cell exhaustion and chronic inflammation or “Inflammaging” [87]. This latter has 

aroused the interest of many researchers because epidemiology studies associated chronic 

inflammatory conditions with an increase of co-morbidities relate to aging such as Alzheimer’s 

disease, atherosclerosis, macular degeneration and degenerative arthritis among others [86,88].  

 

Chronic inflammation may be produced from multiple causes. Mainly, inflammation causes an 

increase of leukocyte infiltration, which can promote structural alterations and cellular damage. 

Consequently, these alterations induce the overproduction of cytokines, like CCL2, that amplify or 

modulate the inflammatory response. In physiological conditions, all these processes generate 

tissue repairments. However, during aging, all these processes result in a chronic low-grade 

inflammation, with the aim to repair damaged tissue. When these situations exceed a threshold 

often induce the detriment of normal tissue function [89,90].  

 

On the other hand, it has been shown that chronic inflammation also might be due to cellular 

senescence. Cellular senescence is a physiological state in which cells cannot divide. This process is a 

consequence of metabolic adaptation in response to damage and stress. Senescent cells can 

produce pro-inflammatory cytokines (the senescence associated secretory phenotype or SASP), 

which have the capacity to modify tissue microenvironment and induce permanent inflammation 

[89–91]. This may aggravate this aging phenotype at a systemic level because inflammatory 

cytokines can induce senescence in other cells [92]. Nowadays, many researches are trying to find 

an inflammatory molecule that can measure the inflammaging. In many studies, an association 

between CCL2 levels and aging has been demonstrated. CCL2 is considered to be a marker of 
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chronic inflammation because it is a SASP and can promote secondary senescence in healthy cells 

[93–97]. Several studies suggest that SASP can propagate the inflammaging from cell to cell via cell 

interactions and promote the inflammatory pathway activation in host cells [98]. Thus, CCL2 can be 

a therapeutic target in inflammaging progression and aging associate pathologies. 

2.2.3.4.1  Hutchinson-Gilford progeria syndrome 

 
Hutchinson-Gilford Progeria Syndrome (HGPS) or progeria syndrome is a premature aging disorder, 

which affects 1 in 4 million newborns worldwide. HGPS was first described by Jonas Hutchinson and 

Hastings Gilford in 1886 and 1897 respectively [99]. The study of HGPS has opened a new 

perspective about aging diseases and their several comorbidities. It is characterized by the early 

development of multiple biological alterations and aging-associated symptoms, including a lack of 

subcutaneous fat, alopecia, muscle weakness, osteoporosis, growth impairment, sclerotic skin, hair 

loss, joint contractures and progressive cardiovascular disease. All these conditions induce the 

death due to heart attacks and strokes in childhood (14.6 years old) mainly from myocardial 

infarction [100,101].   

 

Genetically, this syndrome is produced by a mutation in the exon 11 of the LMNA gene, which 

encodes for lamin A and C, being both components of the nuclear envelope [99,102,103]. Normally, 

lamin A is produced via post-translational modifications of prelamin A, which includes different 

steps: Firstly, the farnesyltransferase farnesylates the cysteine residue at the C-terminal cysteine-

serine-isoleucine-methionine motif. Then, three C-terminal amino acids are removed, enabling 

methylation of the new C-terminus by isoprenylcysteine carboxyl methyltransferase. Subsequently, 

the enzyme ZMPSTE24/FACE endoprotease removes the 15 C-terminal tripeptides, which includes 

the farnesylated and carboxymethylated cysteine [104,105] (Figure 8). Afterwards, mature Lamin A 

is incorporated into the nuclear lamina.  

 

In contrast, HGPS patients present a mutant prelamin A isoform with a lack of 50 amino acids. In 

consequence, the cleavage site of the enzyme ZMPSTE24 /FACE does not exist, resulting in the 

accumulation of permanently farnesylate and uncleaved lamin A isoform named progerin 

[99,102,106].  
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Figure 8.  Molecular mechanisms underlying immature Lamin A induced progeria. In wild type mice LMNA 

locus produce prelamin A mRNA. HGPS induce the deletion of 50 aminoacids from exon 11 yields the aberrant 

progerin mRNA. Prelamin A undergoes three additional post-translational modifications for the production of 

producing mature lamin A. HGPS cannot complete lamin A maturation, accumulating toxic prelamin A. Both 

farnesylated progerin and prelamin A assemble in the nuclear lamina, altering the stability of the nuclear 

envelope and causing conformational chromatin stress, as well as defective recruitment of DNA repair factors.  

Accumulated DNA damage and altered chromatin would activate a p53-signaling pathway, inducing cell and 

tissue senescence and eventually leading to accelerated aging. Figure extracted from Cadiñanos et al 2005 

[107]. 
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Lamin A is an important part of the nucleus structure; thus, one of the most important 

consequences of progerin accumulation are the dramatic changes in nuclear morphology, and 

alterations in of cellular functions, including DNA replication and repair, chromatin organization, 

signal transduction and gene transcription [108][99,101]. Nuclear morphology alterations induce an 

increase in the stiffness of the cells and, consequently, affect the response against mechanical stress 

in the vasculature, bones and joints [99]. However, the most severe medical problems for progeria 

syndrome patients are the cardiovascular alterations.  

 

Although these patients do not show alterations in LDL, HDL, cholesterol levels, triglycerides and C-

reactive protein, they are susceptible to develop cardiovascular diseases. For instance, it has been 

demonstrated that these patients have suffered heart failure, left ventricular diastolic dysfunction, 

ventricular hypertrophy, cardiac fibrosis, heart valve dysfunction, intima-media thickening, vascular 

fibrosis, arteriosclerosis and hypertension [108,109]. All these vascular alterations are closely 

related to aging development and progression [106].   

 

Moreover, it has been demonstrated that progerin accumulation induces nuclear envelope 

abnormalities, hyperactivation of p53 signaling pathway due to nuclear DNA damage, cellular 

senescence, stem cell dysfunction and the development of progeroid-like phenotype [107].  

 

Thus, the development of animal models with this genetic syndrome can provide an experimental 

and useful framework to investigate the basis of aging associated pathologies and assess a 

therapeutic strategy against these alterations. There are many different animal models to study 

progeria syndrome and to explore the mechanisms that regulate this pathology. However, 

Zmpste24 null (Zmpste24-/-) and LMNAG609G have similar characteristics and are closely related to 

progeria syndrome [102,105,110,111].  

 

Zmpste24-/- was the first mice model of HGPS. These mice do not have Zmpste24 enzyme but show 

all metabolic characteristics of progeria syndrome: progerin accumulation, hyperactivation of p53 

pathway, cellular senescence, cell dysfunction, defective DNA repair and progeroid like phenotype 

[112]. LMNAG609G has genetic similarity with HGPS, although it presents the same physical and 

biochemical phenotype as Zmpste24-/- [113].  
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Both animal models have led to a better understanding of premature aging disorders and their 

clinical and metabolic manifestations. Consequently, these mice allow the study of all hallmarks and 

molecular processes associated to aging and could also contribute to the development of a suitable 

therapeutic approach for progeria syndrome and aging [112].  

2.2.3.5 Chemokine (C-C motif) ligand 2 and Mitochondrial Dysfunction  

 
Mitochondria are an essential components of eukaryote cells which control several important 

biological processes such as adenosine triphosphate (ATP) synthesis, central carbon metabolism, 

regulation of calcium ions homeostasis, generation of ROS, activation of apoptosis and maintenance 

of intracellular redox potential [114]. All of them are necessary process for the cell to survive.  

 

Metabolic imbalance of nutrient signal input, energy production and/or oxidative respiration results 

in mitochondrial dysfunction. Mitochondrial dysfunction is defined as the incapacity of 

mitochondria to generate and sustain enough ATP levels. Thus, mitochondrial dysfunction causes 

dramatic alterations in cell homeostasis and consequently in the entire organism [115]. It has been 

demonstrated that mitochondrial dysfunction contributes to many common disorders such as, 

diabetes, NAFLD, cardiovascular disease or obesity. These pathologies are characterized by aberrant 

ROS production, a defective mitochondrial biogenesis, disruption in mitochondrial dynamics, 

inappropriate apoptosis regulation, an inefficient ATP production, alteration in mitochondrial 

signaling pathways, and overproduction of different inflammatory cytokines as CCL2 and cell failure 

[116,117].  

 

Fortunately, in physiological conditions, mitochondria have the plasticity to adapt its structure and 

functionality according to cell energetic requirements (Figure 9) through a process denominated as 

mitochondrial dynamics. Mitochondrial dynamics is a general term that comprises the process of 

fission and fusion, mitochondrial trafficking and mitophagy [117,118]. This process is considered to 

be the quality control of mitochondrial functionality. Fusion promotes mitochondrial 

interconnection, which contributes to energy dissipation and rapid provision. Fusion optimizes 

mitochondrial function and plays a beneficial role in the maintenance of long-term starvation 

through ATP synthesis maximization. In contrast, mitochondrial fission promotes segregation of 

mitochondrial damage and facilitates its elimination by mitophagy [119].   
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Figure 9: Net mitochondrial morphology. Physiological conditions are represented with filamentous and 

tubular mitochondrial. Stress conditions are represented with fragmented and spherical mitochondrial.  

 

Mitophagy is a selective kind of autophagy (described later in point 3.2), which helps in the 

degradation of impaired mitochondria. The different processes that control mitophagy and 

mitochondrial dynamics are not clearly understood. However, some research relates these 

processes with the action of proteins such as dynamin relate protein (Drp1), mitofusin 1 (Mfn1), 

mitofusin 2 (Mfn2) or optic atrophy protein 1 (OPA1) [120,121].  

 

At a structural level, mitochondrial fusion is controlled by Mfn1 and Mfn2, both GTPases and OPA1. 

This process requires the fusion of outer and inner membranes which gives the mitochondria an 

elongated structure (Figure 9 and Figure 10). Mfn1 and Mfn2 are involved in the outer membrane 

fusion process and OPA1 mediate the inner membrane fusion. 

 

Fusion is closely related to membrane potential and oxidative phosphorylation (OXPHOS) system. 

Thus, alterations in mitochondrial fusion result in variations in the membrane potential and 

differences in ATP synthesis.  

 

During the fusion, two mitochondria approach to each other. Then, Mfn1 form an intramolecular 

coiled coil that may link mitochondria. This interconnection is the first step for membrane fusion 

and initiates the lipid bilayer mixing and the outer membrane fusion.  Subsequently, inner 

membranes are mixed by the interaction of OPA1. Fusion process enhances the mitochondrial 

capacity and maintain genetic and biochemical homogeneity.  
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Mitochondrial fission is executed by Drp1, which is a cytosolic protein activated by oxidative stress, 

bacterial infection or inflammation. As described above, fission is a division process that produces 

one or more mitochondria. Mitochondria division occurs in contact to endoplasmic reticle. For this, 

Drp1 needs to interact with four mitochondrial localized adaptors: mitochondrial fission factor 

(MFF), mitochondrial dynamics proteins (MiD49 and MiD51) and fission 1 (FIS1). Unlike fusion 

process, fission is inhibited by an increase in OXPHOS [122].   

 

   

Figure 10: Mitochondrial dynamic. Left: mitochondrial fusion. Right: mitochondrial fission 

 

Thus, modifications in mitochondrial dynamics can induce important metabolic alterations. 

Therefore, mitochondrial defects have been accepted as key features in energy metabolism 

disturbances. For this reason, new therapeutic strategies for metabolic alterations are focused on 

the regulation of mitochondrial function and biogenesis [6,114].  
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3 Energy metabolism  

 
Energy metabolism is the process by with the organism generates ATP through the breakdown of 

nutrients such as carbohydrates, proteins and fats. This process is the main energy production and 

takes place in the mitochondria through the OXPHOS complexes [123].  

 

In general, the main substrate for energy metabolism is glucose, which is metabolized in three 

steps: glycolysis, tricarboxylic (or citric) acid cycle (TCA or CAC) and finally OXPHOS (Figure 11). 

Briefly, one molecule of glucose is converted into two molecules of pyruvate through a sequence of 

steps. In the first step, glucose is phosphorylated by hexokinase generating glucose-6-phosphate. 

This process prevents the escape of glucose from the cell. Subsequently, glucose-6-phosphate is 

converted to fructose-6-phosphate by glucose-6-phosphate isomerase. This isomerization allows 

fructose-6-phosphate phosphorylation generating fructose-1.6-bisphosphate.  

 

Figure 11: Schematic representation of 

energy metabolism.  Energy metabolism is 

the process by with the organism generates 

ATP through the breakdown of nutrients 

such as carbohydrates, proteins and fats. ATP 

is the molecular currency of energy in the 

cell. The first of these, glycolysis, involves the 

enzymatic breakdown of glucose to pyruvate 

in the cytoplasm. The TCA cycle  

encompasses the second pathway, where 

pyruvate is converted to acetyl-CoA in the 

mitochondria and shuttled through several 

enzymatic reactions to generate reducing 

equivalents to fuel OXPHOS. Other substrates 

can also be metabolized in the TCA cycle, 

such as glutamine via glutaminolysis or fatty 

acids via β-oxidation (FAO). These connected 

biochemical pathways can also provide 

metabolic precursors for biosynthesis.  Figure 

extracted from Bruck et al 2015 [124] . 
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The next step induces the split of fructose-1.6-bisphosphate into dihydroxyacetone phosphate and 

glyceraldehyde-3-phosphate. The last phase of glycolysis includes the subsequently transformation 

of glyceraldehyde-3-phosphate into 3 phosphoglycerate, phosphoenolpyruvate and pyruvate.  Then, 

in aerobic conditions pyruvate is converted to acetyl coenzyme A (Acetyl-CoA) which enters the TCA 

cycle though the pyruvate dehydrogenase complex. In anaerobic conditions, pyruvate is used for 

lactate synthesis [8].  

 

In CAC cycle, Acetyl-CoA is completely oxidized into three molecules of CO2. For this is necessary 

sequences of metabolic reaction, which providing energy for the respiratory chain or OXPHOS 

complex and the reduction of cofactors as nicotinamide adenine dinucleotide (NAD+) and flavin 

adenine nucleotide (FAD2+). The first phase of CAC is the condensation of Acetyl-CoA and 

oxaloacetate to generate citrate, which is regulated by the enzyme citrate synthase. Next, citrate is 

converted to cis-aconitate and then to isocitrate being both processes regulated by aconitase. The 

isocitrate generated is converted to α-ketoglutarate by isocitrate dehydrogenase. In this step is 

reduced form of nicotinamide adenine dinucleotide (NADH2) from NAD+, which will be subsequently 

used in OXPHOS complex. α-ketoglutarate is decarboxylated by the α-ketoglutarate dehydrogenase 

complex and is converted to succinyl-CoA. Succinyl-CoA is converted to succinate, which in turn is 

oxidized to fumarate by succinate dehydrogenase. This reaction is produced in the inner 

mitochondrial membrane and involves the reduction of FAD2+ to FADH2, which provides electrons 

for the respiratory chain. Next, fumarate is hydrated by fumarate hydratase generating L-malate, 

which is oxidized to oxaloacetate by L-malate dehydrogenase. In this reaction another NADH is 

produced [8,125]. 

 

During all of CAC cycle, one molecule of ATP, three molecules of NADH and one of FADH2 is 

produced. NADH and FADH2, will be used in the respiratory chain for the ATP production. These 

processes take place in the mitochondria.  
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Figure 12: Respiratory chain system in mammalian mitochondria. Complex I or NADH/ubiquinone 

oxidoreductase; complex II or succinate dehydrogenase, complex III or cytochrome C reductase, complex IV or 

cytochrome C oxidase, complex V or ATPase. 

 

Respiratory chain is a system of four complexes that are involved in electron transfer in aerobic 

conditions. The main function of the respiratory chain the regulation of electron and proton 

transport which aims to generate ATP. This system is composed by five complexes and two electron 

carriers (Figure 12). Complex I or NADH/ubiquinone oxidoreductase is the first complex. Its 

activation takes place by the electrons from NADH produced in CAC. Complex II or succinate 

dehydrogenase is the second source of electrons, which conducts the electrons from FADH2 

provided during succinate oxidation to ubiquinone. The ubiquinone reduction causes the pass of 

electrons to the cytochrome C reductase or complex III and subsequently to complex IV or 

cytochrome C oxidase. The latter is responsible of oxygen reduction to water [126].  

The mitochondrial membrane potential is generated by the respiratory chain. Its complexes actives 

ATPase, which is the last step for the ATP synthesis [5,127].  

 

All these processes are regulated according to the energetic needs of the cell. High AMP/ATP ratio 

induces the activation of different metabolic signaling pathways induce the activation of all 

described steps. For this reason, these molecules are considered cell energy sensors [128].  
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3.1 PI3K/AKT/mTOR pathway 

 
The PI3K/AKT/mTOR signaling pathway has a central role in the prevention of aberrant cellular 

proliferation and in the maintenance of glucose homeostasis. PI3K/AKT/mTOR signaling pathway is 

responsible to ensure that cells do not grow under conditions of energy stress or nutrient 

starvation. Thus, if this pathway is perturbed, it contributes to the development of different human 

diseases such as cancer, immunological and neurological disorders, diabetes, localized tissue 

overgrowth and cardiovascular disease. PI3K/AKT/mTOR signaling pathway participates in a broad 

range of cellular regulatory processes, including cell growth, proliferation and metabolism (Figure 

13) [129–132]. For this reason, PI3K/AKT/mTOR pathway is a potential target for the clinical 

treatment of numerous metabolic diseases [133–135]. 

 

As shown in figure 13, PI3K/AKT/mTOR pathway begins when growth factors such as insulin-like 

growth factor, platelet-derived growth factor or other components as mitogens, hormones, or 

nutrients activate PI3K. Structurally, PI3K is composed by a catalytic subunit (p110) and three 

regulatory subunits (p85, p55, or p50). PI3K activation induces the phosphorylation of PIP2, which 

generates phosphatidylinositol triphosphate (PIP3). In turn, PIP3 induces the phosphorylation of 

AKT1, which can be phosphorylated at threonine 308 and serine 473 (Ser473). AKT1 activated form 

induces the inactivation of the tuberous sclerosis complex (TSC), which is composed by TSC1 and 

TSC2. This inactivation of TSC induces the activation of mTOR [136,137].  

 

mTOR is a serine/threonine protein kinase which is evolutionarily conserved in humans. It is one of 

the most important energy sensors and is ubiquitously expressed. Several studies have revealed a 

broad spectrum of functions for this molecule, including cell cycle progression, cell proliferation, 

angiogenesis, and apoptosis [132,138,139]. 

 

Structurally, mTOR generates 2 functionally and structurally distinct complexes: mTORC1 (mTOR 

complex 1) and mTORC2 (mTOR complex 2). mTORC1 is compose by mTOR kinase, regulatory 

associated protein of mTOR (raptor), and mLST8 (also known as GβL). mTORC1 is primarily 

responsible for nutrient and growth factor signal sensing. In contrast, mTORC2 consists of three 

subunits that include mTOR kinase, mLST8 and rapamycin-insensitive companion (Rictor). Unlike 

mTORC1, mTORC2 function is not well understood yet [140,141].  
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Figure 13: PI3K/AKT/mTOR signaling pathway. PI3K/AKT/mTORC1 signaling pathway is one of the detachable 

pathways involved in the cell homeostasis. The most detachable acronyms used were: eukaryotic translation 

initiation factor 4E-binding protein 1 (4EBP1);  protein kinase B (AKT); AMP-activated protein kinase (AMPK), G 

protein beta subunit-like (GβL), mammalian target of rapamycin complex 1 and mammalian target of 

rapamycin complex 2 (mTORC1/mTORC2 respectively); ribosomal protein S6 kinase beta-1 (p70S6K); 

phosphatidylinositol bisphosphate (PIP2); phosphatidylinositol triphosphate (PIP3); regulatory associated 

protein of mTOR (Raptor);  rapamycin-insensitive companion of mTOR (Rictor); tuberous sclerosis complex 1 

and T tuberous sclerosis complex 2 (TSC1/TSC2 respectively); phosphoinositide 3-kinases (PI3K). Figure 

extracted from Sabatini et al 2011 [141]. 
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Another key component in the maintenance of energy homeostasis is AMP-activated protein kinase 

(AMPK). AMPK is a heterodimeric serine/threonine kinase shaped by three subunits: two regulatory 

(β and γ) and one catalytic (α). Unlike mTOR, AMPK is active when AMP/ATP ratio increases. For 

instance, during metabolic stress induced by low nutrient intake or prolonged exercise. 

 

 AMPK is activated by the phosphorylation of the subunit α at threonine 172 and its activation leads 

to an increase in ATP production pathways [142]. AMPK phosphorylation is controlled by the liver 

kinase B1 (LKB1) and calmodulin-dependent protein kinase IIβ (CaMKKIIβ) [143]. Nonetheless, 

AMPK has a close relationship with mTORC1; AMPK induces the direct phosphorylation of TSC2, and 

consequently mTORC1 inhibition [143].  

3.2 Autophagy  

 
Autophagy is one of the most powerful systems for cellular clean-up, which is responsible for the 

degradation of all type of macromolecules (proteins, lipids, nucleic acids and sugars), organelles or 

any type of abnormality caused by extra or intracellular components. All these components can be 

recycled to generate new molecules or for ATP synthesis under starving conditions. Even though 

starvation is one of the most important triggers of the autophagy process, it can be affected by 

different diseases such as NAFLD, hepatocellular carcinoma, viral infections or sarcopenia [144,145].  

The study of this process has shown that three types of autophagy can co-exist: macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA) [146,147]. All of them are 

mechanistically different.  

 

In macroautophagy, the cytosolic materials are sequestered inside double-membrane vesicles 

(autophagosomes) and delivered into lysosomes for their degradation (Figure 14). The main steps 

are induction or initiation, nucleation, membrane elongation, enclosure and, finally, the fusion with 

the lysosome. 

 

 Several proteins are involved in this recycling pathway, but the most characterized are autophagy 

related proteins (ATG). These proteins are responsible for the development of the different parts of 

the autophagosome formation. The activation of Unc-51 like kinase 1 complex (ULK1 or ATG1) is the 

first step for the macroautophagy. The activity of these complexes is controlled by mTORC1 and 
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AMPK. In starvation, mTORC1 is inactivated and in consequence ULK1 promotes the activation of 

class III PI3K nucleation complex and the PI3P binding complex, which induces the activation of 

membrane insolation. Subsequently, ATG12-ATG5 and microtubule-associated protein 1A/1B-light 

chain 3 (LC3) conjugation systems are engaged to isolation membrane, which enables the 

elongation and closure of autophagosome. The final step in macroautophagy is the fusion of 

autophagosome with the lysosome, which induces the cargo degradation and recycling of 

breakdown components.  The cargo recognition and recruitment to the autophagosome is 

regulated by various autophagy receptors. One of them is p62 or Sequestosome-1 which recognizes 

the different proteins and organelles targeted for degradation [148–150].  

 

 

 

Figure 14: Macroautophagy pathway. Acronyms used were: AMP-activated protein kinase, AMPK; mammalian 

target of rapamycin complex (mTOR); phosphoinositide 3-kinases (PI3K); Unc-51 like kinase 1 complex (ULK1 or 

ATG1); autophagy relate protein (ATG), microtubule-associated protein 1A/1B-light chain 3, (LC3); 

phosphatidylinositol-3-phosphate (PI3P). Figure extracted from Hansen et al 2018 [148] 

 

The mechanisms that control microautophagy are completely different to macroautophagy. In 

microautophagy, cargo degradation is produced by invagination of lysosomal membrane, which 

induces the internalization of cytosolic material in lysosome for its degradation [148].  
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In CMA, the cargo is recognized in the cytosol by a chaperone that brings them to the lysosomes, 

where crosses the membrane through a translocation complex for its subsequent degradation. That 

is why CMA is considered to be a type of selective autophagy. However, this kind of autophagy only 

degrades proteins. Mechanistically, CMA substrates must contain a specific target motif, which is 

identified by a cytosolic chaperone (HSC70). Subsequently, the combination of chaperone and cargo 

is identified by a lysosome receptor. The most characterized receptor for the CMA is the lysosome 

associated membrane protein type 2A (LAMP-2A) [144,151,152].  

 

Collectively, the three types of autophagy are cellular mechanisms designed to reach the 

homeostatic balance. Alterations in autophagy processes induce the accumulation of abnormal or 

dysfunctional material, which can compromise the cell survival. In this context, several diseases 

have been associated with impaired autophagy like neurodegenerative diseases, cancer, aging, 

inflammation, obesity and liver diseases [153,154]. For this reason, an improvement in the 

understanding of the autophagy regulation should provide substantial information for new 

therapeutic manipulations. In fact, all processes that modulate autophagy are not currently known. 

The regulation of macroautophagy, has been the most studied issue. As discussed above, regulation 

of macroautophagy occurs via mTORC1 and AMPK. mTORC1 leads to autophagy inhibition through 

the inactivation of ULK1 complex. In contrast, under starving conditions, nutrient depletion induces 

AMPK activation and, in consequence, mTORC1 is inhibited and macroautophagy is activated. For 

this reason, the uses of pharmacologic targets to manipulate autophagy are focused in mTORC1 

antagonists and AMPK activators. For instance, it has been shown that rapamycin (which is the most 

available mTORC1 antagonist) or metformin (which is an AMPK activator) have a remarkable 

repercussion in autophagy [155–159]. Nevertheless, the search for drugs that modulate autophagy 

is a process that is strongly studied. For this, understanding how inflammation, overnutrition or 

metabolic alterations affect autophagy is essential. 
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4 One carbon metabolism and DNA methylation  

 
One carbon metabolism (1-C) is a complex metabolic pathway, which provides carbon units that are 

used by different chemical reactions including cellular biosynthesis, regulation of redox potential 

and epigenetic status [160]. This cyclic process has three different pathways: folate cycle, 

methionine cycle and trans-sulphuration pathway, being the first two the most studied (Figure 15) 

[161].  

 

The folate cycle starts with the folic acid acquired by the diet. Folic acid is reduced to dihydrofolate 

(DHF) using NADPH, which is reduced again to generate tetrahydrofolate (THF). These reactions 

allow the incorporation of the reduced folic acid to folate cycle. Once built into the cycle, THF can 

be used for synthetizing 5,10-methylene-THF, 5-methyl-THF, 10-formyl-THF and 5-formly THF. 5-

methyl-THF is used for the homocysteine remethylation to generate methionine [162].   

 

Figure 15: Schematic representation of 1-C metabolism. The folate cycle, the methionine cycle and trans-

sulphuration pathway are different metabolic pathways that exist independently. The folate cycle and 

methionine cycle are the most detachable components of the one carbon. Betaine hydroxymethyltransferase 

(BHMT); Dihydrofolate reductase (DHFR); Dimethylglycine (DMG); Glycine decarboxylase (GLDC); Thymidylate 

synthase  (TS); Tetrahydrofolate (THF); 5,10-methylene-THF (me-THF); 5-methyltetrahydrofolate (mTHF); 

methylenetetrahydrofolate reductase (MTHFR); 10-formyltetrahydrofolate (F-THF); Homocysteine (hCYS); 

Vitamin B12 (B12); cystathionine lyase (CGL); α-ketobutyrate (αKB). Figure extracted from Locasale et al2013 

[160]. 
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Homocysteine remethylation is the cornerstone of methionine cycle. This process has a great 

physiological importance because methionine allows the synthesis of S-adenosylmethionine (SAM). 

SAM is the methyl donor for DNA methylation, and when this takes place SAM is converted to S-

adenosylhomocysteine (SAH). Alterations in methionine synthesis lead to changes in the ratio of 

SAM to SAH and may impact many methylation reactions, including DNA methylation.  

 

DNA methylation is the transference of a methyl group to the 5th position of cytosine adjacent to 

guanines in CpG island [163], generating 5-methylcytosine (5mC) which is the epigenetic mark of 

DNA methylation. CpG islands could be hyper or hypomethylated, which results in an alteration on 

transcriptional regulation [164]. Hypermethylation is associated with gene suppression and in 

contrast, hypomethylation is associated with gene activation. The prevalence of hypermethylation 

or hypomethylation is linked to different metabolic alterations like obesity, diabetes or NAFLD.  

 

DNA methylation is regulated by DNA methyltransferases (DNMTs) or DNA demethylases. There are 

three different DNMTs: DNMT1, DNMT3A, and DNMT3B. DNMT1 is the responsible for DNA stability 

and DNMT3A and DNMT3B are responsible for de novo DNA methylation [165]. The methyl group 

used in DNA and histone methylation comes from one carbon metabolism [166]. Thus, deregulation 

in one carbon metabolism induces an important alteration in the DNA methylation. 

 

DNA demethylation is regulated by Ten-Elven translocation 1 (TET1), which oxidizes the 5mC 

residues to 5-hydroxymethylcytosine (5-hmC) and subsequently in 5-formylcytosine and 5-

carboxylcytosine. The biological functions of all of these intermediate structures have not been 

elucidated yet but an increase in 5-hmC is considered to be an epigenetic mark for DNA 

demethylation [165]. 
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Hypothesis and aims  

Hypothesis 
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Hypothesis  

 
C-C motif ligand 2 may play a determinant role in metabolic alterations through the regulation of 

signaling molecules involved in inflammation, oxidative stress and aging.  

 

Aims 

 
• To explore the effect of CCL2 ablation in the metabolism of mice with an important 

background of hyperlipidemia, hepatic steatosis and metabolic syndrome. Furthermore, we 

investigate whether that effect may be conditioned by diet. 

 

• To determine the effects of a systemic CCL2 overexpression in the energy and 1-C 

metabolism of liver and muscle and to evaluate its implication in the regulation of 

metabolic reprogramming through the regulation of mTOR and AMPK signaling pathway.  

 

• To evaluate the effect of CCL2 overexpression in an animal model of accelerated aging.  
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Materials and methods  

Materials 
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Study 1 

 

Chemokine (C-C motif) ligand 2 gene ablation protects low-density lipoprotein and 

paraoxonase-1 double deficient mice from liver injury, oxidative stress and 

inflammation 
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 Mice generation, genotyping and experimental design 

 

Low density lipoprotein receptor single deficient mice (Ldlr-/-) and CCL2 single deficient mice (ccl2-/-) 

were purchased from Jackson Laboratories (Bar Harbor, Maine, USA) and the University of California 

in Los Angeles kindly donated pon1-/- mice. All strains were backcrossed >10 generations to ensure 

C57BL/6J genetic background. From their progeny, we first generated by breeding double-deficient 

mice in pon1 and ldlr (pon1-/-, ldlr-/-; PLKO). Then, we generated another strain adding ccl2 

deficiency (ccl2-/-, pon1-/-, ldlr-/-; CPLKO). PLKO mice and littermates without mutations (wild type, 

WT) were used as controls to investigate the effects of CCL2 deficiency.  

 

Mice genotyping was performed using DNA isolated from the tail. ccl2 and/or pon1 mRNA 

expressions were analyzed from homogenized tails (Figure.16) and livers (Figure.17) [167,168]. 

Handling of animals was performed by dedicated staff in accordance with current regulations and 

supervision by the Ethics Committee on Animal Experimentation of the Universitat Rovira i Virgili 

(protocols 4815 and GC-URV-0235-03.18.2014) following European guidelines (Directive 

2010/63/EU). 

 

Homozygous strains were viable and reproduced without difficulty under controlled temperature 

(22°C), humidity (50%) and light/dark cycle 12/12 h in a stress-free environment and fed a CD 

prepared by Scientific Animal Food & Engineering, Augy, France and water ad libitum. The animals 

were randomly allocated to experimental groups, and the investigators responsible for the 

assessment of outcomes had no previous knowledge of the experimental group to which the 

animals belonged. No animals were excluded from the analysis. Selected male CPLKO, PLKO and WT 

mice (n = 16, each) at 10 weeks of age were allocated into two dietary groups (n = 8, each) to 

compare the pon1- and ccl2-related effects and to assess the differential response against caloric 

intake provided by CD or HFD (Ssniff Spezialdiäten GmbH, Soest, Germany), over 14 weeks. At the 

beginning of the study, other littermates (n=3-4 for each strain) were used to confirm similar 

histologic features in their livers at this age. Information on supplied nutrients by both diets may be 

found in Table 1. 
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Figure 16. Genotyping and liver mRNA expression in mice generation. (A) Electrophoretic assessment and primers used in genotyping. (B) Expression of pon1 

and ccl2 mRNA in liver homogenates of 24-week-old male genetically modified mice and control littermates (WT). PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and 

CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. 

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



77 

 

 

 
 

Figure 17. Relative hepatic mRNA expression of the chemokine (C-C motif) ligand 2 (Ccl2) and paraoxonase-1 

(Pon1) in wild type (WT), PLKO and CPLKO mice. PLKO stands for ccl2+/+, pon1-/-, ldl-/- and CPLKO stands for 

ccl2-/-, pon1-/-, ldlr-/-. Values are shown as mean ± SEM. a P < 0.001, with respect to wild type mice; b P <0.001, 

with respect to PLKO animals. 

 

Sample collection and biochemical analyses 

 

One week before sacrifice, glucose tolerance tests (GTT) were performed on fasted (4 h) mice after 

intraperitoneal glucose (2 g/kg body weight) administration. Glucose concentrations were 

determined in blood from the tail immediately before and 15, 30, 60 and 120 min with test strips 

adapted to the Accuchek sensor system (Roche Diagnostics, Barcelona, Spain). At sacrifice, blood 

was obtained by intracardiac puncture to measure serum glucose, cholesterol, and triglyceride 

concentrations, and aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

activities in an automated analyzer Roche Cobas Mira Plus (Roche Diagnostics). 
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 CD HFD 

Crude protein (%) 16.1 24.1 
Crude fat (%) 3.1 34.6 

Crude fibre (%) 3.9 7.2 
Carbohydrate (available) (%) 71.8 24.8 

Crude ash (%) 4.2 8.5 
Nitrogen free extracts (%) 43.5 23.3 

Energy density (Kcal/g (Kj/g)) 3.3 (14.0) 5.7 (24) 
Calories from protein (%) 19.3 19 

Calories from fat (%) 8.4 60 
Calories from carbohydrate (%) 72.4 21 

Calcium (%) 1.4 1.0 
Phosphorus (%) 1.0 0.7 

Sodium (%) 0.5 0.2 
Magnesium (%) 0.3 0.2 

Potassium (%) 1.5 1.0 
Chloride (%) 0.7 - 

Cholesterol (mg/kg) ND 265 
Lysine (%) 3.9 2 

Methionine (%) 1.5 0.8 
Cystine (%) 1.1 0.5 

Met+Cys (%) ND 1.3 
Threonine (%) ND 1.1 

Tryptophan (%) 0.9 0.3 
Arginine (%) 4.8 0.9 
Histidine (%) ND 0.8 

Valine (%) ND 1.6 
Isoleucine (%) ND 1.3 

Leucine (%) ND 2.4 
Phenylalanine (%) ND 1.3 

Phe+Tyr (%) ND 2.6 
Glycine (%) 0.4 0.5 

Glutamic acid (%) ND 5.4 
Aspartic acid (%) ND 1.8 

Proline (%) ND 2.8 
Alanine (%) ND 0.8 

Serine (%) ND 1.4 
Vitamin A (IU/kg) 7500 15000 

Vitamin D3 (IU/kg) 1000 1500 
Vitamin E (IU/kg) 120 225 

Vitamin K (as menadione) (mg/Kg) 2.5 20 
Thiamin (B1) (mg/Kg) 7 16 

Riboflavin (B2) (mg/Kg) 6.5 16 
Pyridoxime (B6) (mg/Kg) 2.6 18 

Cyanocobalamin (B12) (µg/Kg) 20 30 
Nicotinic acid (mg/Kg) 75 45 

Pantothenic acid (mg/Kg) 17 55 
Folic acid (mg/Kg) 0.5 19 

Biotin (µg/Kg) 40 310 
Choline-Chloride (mg/Kg) 1600 2300 

Iron (mg/Kg) 280 139 
Manganese (mg/Kg) 90 82 

Zinc (mg/Kg) 64 56 
Copper (mg/Kg) 18 12 
Iodine (mg/Kg) ND 1.0 

Selenium (mg/Kg) ND 0.1 
Cobalt (mg/Kg) ND 0.1 

 
Table 1. Nutritional composition of chow diet (CD) and high fat diet (HFD). 
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 Quantitative RT-PCR 
 
Total RNA was extracted using the RNeasy kit (Qiagen, Barcelona, Spain) and was retrotranscribed 

using the Reverse Transcription System kit (Applied Biosystems; Invitrogen, Barcelona, Spain). Real-

time PCR (qPCR) was conducted on a 7900HT Fast Real-Time PCR System using TaqMan Gene 

Expression Assays (Applied Biosystems). The results normalized according to the expression level of 

Beta-2-Microglobulin (B2M) mRNA. 

 

Histological analyses and immunochemistry 

 

Livers were frozen in liquid N2 and stored at -80°C and/or fixed in formalin (formaldehyde 3.7-4% 

buffered to pH=7 and stabilized with methanol 1-1.5%) until analysis. Adequate sections were 

stained with hematoxylin and eosin to evaluate liver impairment according to a scoring system as 

described [169]. For immunohistochemistry, procedures were performed as described with few 

modifications [168]. Briefly, after deparaffinization and rehydration of 2 μm liver sections, antigens 

were retrieved in 0.15 mol/L sodium citrate or Tris 10 mM/EDTA 1 mM buffer at pH=6 or pH=9 in a 

microwave oven until reaching 90ºC. Bovine serum albumin (2%) and hydrogen peroxide (1%) were 

sequentially used to block nonspecific binding sites and endogenous peroxidase and rinsed with 

phosphate buffered saline. Then, sections were incubated with the corresponding primary 

antibody, the appropriate secondary antibody and detected with reagents described in Table 2. All 

sections were counterstained with Mayer’s hematoxylin and quantified via image analysis (at least 

10 fields for each sample) using ImageJ software (National Institutes of Health, USA). To assess 

differences in oxidation and inflammation and to explore macrophage heterogeneity in healthy 

and diseased liver, we stained macrophages for C-Type Lectin Domain Family 4 Member F 

(CLEC4F), antigen F4/80, cluster of differentiation molecule 11B and 163 (CD11b and 163), and 4-

hydroxy-2-nonenal (4-HNE) [27,170,171] 
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 Western blot analyses 

 

Frozen liver tissue (20 mg) from each animal was homogenized in 300 μL of lysis buffer composed 

of 0.25 M sucrose, 1 mM Pefabloc SC (Sigma-Aldrich, Saint Louis, MI, USA), and a phosphatase 

inhibitor cocktail (Hoffman-La Roche, Basel, Switzerland) using a sonicator (Branson Sonifer 150, 

Thistle Scientific, Glasgow, UK). Western blotting was performed by denaturing 50 μg of protein at 

100 °C for 5 min in Laemmli sample buffer and β-mercaptoethanol. For protein separation, 8%-14% 

sodium dodecyl sulfate-polyacrylamide gel was used, and proteins were transferred onto a 

polyvinylidene difluoride or nitrocellulose membrane (Thermo Fisher, Barcelona, Spain). Before the 

primary antibody incubation, membranes were blocked with nonfat milk or bovine serum albumin 

at 5% in Tris, sodium chloride and 1% Tween-20 (pH=7.4). Reagents and further details may be 

found in Supplementary Table S2. Bands were detected with a SuperSignal West Femto 

chemiluminescent substrate (Pierce, Rockford, IL, USA), and the analysis was performed with a 

ChemiDoc system (Bio-Rad Laboratories, Madrid, Spain). Bands were analyzed and quantified using 

Image Lab 2.0 software (Bio-Rad Laboratories). Specifically, we measured the expression of 

molecules involved in the regulation of energy metabolism and autophagy-lysosomal function, 

including the PI3K-p85, AKT, AKT- pS473, mTOR, mTOR- pS2448, autophagy-related protein7 

(Atg7), AMPK, AMPK- pT172, 4EBP1-p37/46, LC3-I and LC3-II and LAMP2 [129,132,146]. 

Fumarylacetoacetate hydrolase (FAH) was used as a reference protein [172]. 

 

Measurement of energy-balance metabolites in liver tissue (gas chromatography) 

 

Metabolomic analysis was performed as previously reported [123]. Briefly, 100 mg of liver tissue 

was placed in 1 mL of methanol/water (8:2), mixed with D4-succinic acid (MeOH-D4s) as a standard 

at a final concentration of 0.01 μM, and homogenized with a Precellys 24 homogenizer (Izasa, 

Barcelona, Spain). Samples were stored at -20 ºC for 2 h to precipitate the proteins and centrifuged 

at 15,000 rpm for 10 minutes at 4 ºC. The supernatants were collected and stored at -80 ºC. At the 

moment of analysis, samples were dried with N2 and derivatized with methoxylamine 

hydrochloride dissolved in pyridine (40 mg/ml) and N-methyl-N-trimethylsilyl trifluoroacetamide. 

The analysis was with a 7890A gas chromatograph coupled with an electron impact source to a 
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7200 quadrupole time-of-flight mass spectrometer (GC-MS-EI) (Agilent Technologies, Santa Clara, 

USA). 

 

Measurement of glutathione, glutathione disulfide and methionine cycle-related metabolites (liquid 

chromatography) 

 

Metabolites were measured as described [173]. For the most common methionine cycle-related 

metabolites, 25 mg of liver tissue was added to 1 mL of an extraction solution containing 

methanol:water (8:2 v/v), 1% ascorbic acid (m/v) and 0.5% β-mercaptoethanol (v/v) and 

homogenized with Precellys 24 homogenizer (Izasa). After protein precipitation, samples were 

centrifuged at 14,000 rpm for 10 minutes at 4°C, the supernatant was collected, dried under N2, 

resuspended in 100 µL of ultrapure type 1 water containing 50 mM ammonium acetate + 0.2% 

formic acid and placed into vials for analysis. Five milliliters of sample were injected into an 

ultrahigh-pressure liquid chromatography-quadrupole time of flight mass spectrometer (Agilent 

Technologies, Santa Clara, USA) (UHPLC). To attain optimal results, GSH and GSSG were measured 

individually. Briefly, 50 mg of liver tissue was added to 500 µL of 100 mM N-ethylmaleimide, 152 

mM NaCl in 1 mM acetic acid, and homogenized with a Precellys 24 homogenizer (Izasa). We used 

200 µL of 8 M trichloroacetic acid for cell lysis and protein precipitation. Then, N-ethylmaleimide 

was removed by adding 10 mL of dichloromethane. Samples were centrifuged at 14,000 rpm, 4°C 

for 10 minutes, and 10 µL were injected into the UHPLC. Data quantification was performed using 

the calibration curves of each standard. 

 

Statistical analyses 

 

We used the nonparametric Mann-Whitney U-tests for comparisons between two groups 

according to the distribution of results in the measured variables. All statistical analyses and 

relevant graphics were performed with GraphPad Prism software 6.01 (GraphPad Software, San 

Diego, CA, USA).), SPSS Software (IBM SPSS Statistics for Windows, Version 21.00 Armonk, NY: IBM 

Corp) and MetaboAnalyst 3.0 (www.metaboanalyst.ca). Differences were considered statistically 

significant when the p value was ≤ 0.05. Unless otherwise indicated, the results are expressed as 

the mean ± standard error of the mean. 
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Table 2. Antibodies and dilutions used in immunohistochemical and western blot analyses in the study 1. 

  

 Antigen Antibody 1ry Dilution 2ry Antibody 2ry Dilution 

Macrophage marker F4.80 F4.80 antibody, ab100790 (Abcam, Cambridge, UK) 1:100 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:200 
Kupffer cells CLEC4F CLEC4F/CLECSF13 Antibody, AF2784 ( AF2784,  Minneapolis, USA) 1:100 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:200 

Pro-inflammatory macrophages 
marker 

CD11b CD11b antibody, ab133357 (Abcam, Cambridge, UK) 1:4000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:200 

Anti-inflammatory macrophages 
markers 

CD163 CD163, antibody, ab182422 (Abcam, Cambridge, UK) 1:500 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:200 

Oxidative stress marker 
 

4HNE Anti-HNE, MHN­100P (Genox, Baltimore, MD, USA) 1:1000 Goat anti-rabbit IgG, BA-1000 (Vector) 1:200 

Insulin receptor PI3K-p85 PI3K antibody, #4257  (Cell signalling, Massachusetts, USA) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 
Akt-p S473 p-Akt antibody, #4060 (Cell signalling, Massachusetts, USA) 

 
1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

Akt AKT antibody, #4685 (Cell signalling, Massachusetts, USA) 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

Energy sensors mTOR-p 
S2448 

pmTOR antibody,#2971 (Cell signalling,  Massachusetts, USA) 
 

 
1:1000 

Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA)  
1:2000 

mTOR mTOR Antibody, #2972 (Cell signalling, Massachusetts, USA) 
 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:2000 

P4E-BP1 P4E-BP1 antibody  #2855 (Cell signalling, Massachusetts, USA) 
 

1:100 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

AMPK-P T172 pAMPK antibody, #2531 (Cell signalling, Massachusetts, USA) 
 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 
 

1:5000 

AMPK AMPK antibody #2532S (Cell signalling, Massachusetts, USA) 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

Autophagy markers Atg7 Atg7 Antibody, #8558 (Cell signalling, Massachusetts, USA) 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

LC3 LC3B Antibody, #2775S (Cell signalling, Massachusetts, USA) 
 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:5000 

 
 

LAMP2A LAMP2A antibody, ab125068 (Abcam, Cambridge, UK) 
 
 

1:1000 Goat α-rabbit HRP,  P0448 (Dako, Agilent, California, USA) 1:2000 
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Study 2 

 

Metabolic reprogramming: The role of chemokine (C-C motif) ligand 2 in liver 

tissue and muscle metabolism 

 
  

 

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



84 

 

 
 

  

 

  

 

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



85 

 

Animals and experimental design 

 

We employed male Ccl2 cisgenic mice (CgCcl2, n=8) with a C57BL/6J genetic background. These 

animals have an additional copy of CCL2 gene in the Gt (ROSA) 26Sor locus of the mouse genome 

and were obtained via recombination in embryonic stem cells [174].  Strains were backcrossed >10 

generations to maintain homozygous. Littermates without mutations were used as control (WT). 

All mice were maintained under controlled temperature (22ºC), humidity (50%) and light/dark 

cycle 12/12h. Mice were fed a normal standard diet (CD) from Scientific Animal Food & Engineering 

(SAFE, Augy, France) and water at libitum for 22 weeks. These procedures were approved by the 

Ethics Review Committee for Animal Experimentation of Rovira i Virgili University (protocols 4815 

and GC-URV-0235-03.18.2014) following European guidelines (Directive 2010/63/EU). 

 

Sample collection and laboratory measurements 

 

At sacrifice, blood was obtained by intracardiac puncture to measure serum glucose, cholesterol, 

and triglyceride concentrations and AST and ALT activities in an automated analyzer Roche Cobas 

Mira Plus (Roche Diagnostics, Basel, Switzerland). Tissues were frozen in liquid N2 and stored at -80 

ºC and/or fixed in formalin (3.7-4% formaldehyde buffered to pH=7 and stabilized with 1-1.5% 

methanol) until analysis.  

 

Analysis of tissue CCL2 concentrations 

 

To check the effectiveness of the genetic modification we measured CCL2 concentrations in liver, 

pancreas, muscle, and white and brown adipose tissues by ELISA (Preprotech, London UK). Thirty 

mg of selected tissues were homogenized by using a sonicator (Branson Sonifer 150, Thistle 

Scientific, Glasgow, UK) in 50 mM Tris, with 1 mM EDTA, 1% Igepal CA-630, 150 mM NaCl, 0.10% 

Triton, 50 mM NaF, 100 mM phenylmethanesulfonyl fluoride (PMS), and 1 mM Na3VO4. 

Measurements were performed with 200 μg of protein.  
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Histological analyses and immunohistochemistry  

 

Liver and muscle tissues were fixed in formalin. Two µm of tissue sections were stained with 

hematoxylin and eosin and Sirius red to evaluate histological alterations. For immunohistochemical 

analyses we used 10 mM Tris /1 mM EDTA at pH=6 as antigen retrieval in a microwave oven until 

reaching 90ºC for 30 min. Bovine serum albumin (2%) was used to block nonspecific binding. 

Endogen peroxidase was blocked by hydrogen peroxide. Then, sections were incubated with F4/80 

antibody (ab100790, Abcam, Cambridge, UK), which is a marker of macrophages, and a secondary 

antibody (P0448, Dako, Agilent, CA, USA). All sections were counterstained with Mayer’s 

hematoxylin. 

 

Western blot analyses  

 

Twenty mg of frozen liver and muscle tissues from each animal were homogenized by using a 

sonicator (Branson Sonifer 150). For hepatic tissue, we used the protocol described in the study 1. 

For muscle, we used 300 μL of lysis buffer composed of 50 mM Tris, 1 mM EDTA, 1 % Igepal CA-

630, 150 mM NaCl, 0.10 % Triton, 50 mM NaF, 100 mM phenylmethanesulfonyl fluoride (PMS) and 

1 mM Na3VO4.  

 

We measured the expression of pro-inflammatory and anti-inflammatory makers and molecules 

involved in the regulation of energy metabolism and autophagy-lysosomal function, including: 

CD11b, CD163, TNFα, liver arginase, PON1, PI3K-p85, AKT, AKT- pS473, phospho-S6 ribosomal 

protein (S6-Ps235/236), S6 ribosomal protein, translocase of the outer membrane 20 (TOM20), 

Mfn2, AMPK, AMPK- pT172, OXPHOS,  LC3-I and LC3-II, sequestosome 1  or p62/SQSTM1 and the 

LAMP2A [27,144,170,175]. FAH and vinculin were used as reference proteins. Western blots were 

performed using the protocol described in the study 1. Reagents and further details are shown in 

Table 3.  

 

Measurement of energy-balance and one-carbon metabolites in liver and muscle tissue and 

statistical analyses were performed according to the methods described in the study 1. 
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Table 3. Antibodies used in western blot and immunohistochemical analyzed in study 2 and study 3 

  

Antigen Antibody 1ry Dilution 2ry Antibody 2ry Dilution 

CD11b CD11b antibody, ab133357 (Abcam, Cambridge, UK) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

TNFα TNFα antibody, #3707 (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

CD163 CD163, antibody, ab182422 (Abcam, Cambridge, UK) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

F4/80 F4/80, antibody, ab100790 (Abcam, Cambridge, UK) 1:100 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:200 

Arginase Liver arginase, antibody, ab91279 (Abcam, Cambridge, UK) 1:10000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

PON1 In-house 1:200 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:1000 
PI3K-p85 PI3K antibody, #4257  (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

Akt pS473 p-Akt antibody, #4060 (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

Akt AKT antibody, #4685 (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

S6 ps235/236 pS6 antibody, #4856  (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

S6  S6 antibody, #2217  (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

AMPK pT172 pAMPK antibody, #2531 (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

AMPK AMPK antibody #2532S  (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 
OXPHOS OXPHOS Rodent , antibody, ab ab110413 (Abcam, Cambridge, UK) 1:250 Goat α-mouse HRP,  P0447 (Dako, Santa Clara, CA, USA) 1:5000 

LC3 LC3B Antibody, #2775S (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

LAMP2A LAMP2A antibody, ab125068 (Abcam, Cambridge, UK) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:2000 

P62 P62 Antibody, #5114 (Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

FAH FAH antibody #ABN526 ( Millipore, Burlington, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:2000 

Vinculin Vinculin  antibody, ab73412 (Abcam, Cambridge, UK) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:2000 

TOM20 TOM20 antibody, #42406  ( Cell signalling, Danvers, MA, USA ) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:5000 

Mfn2 Mfn2 antibody, ab124773 (Abcam, Cambridge, UK) 1:1000 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:2000 

UCP-1 UCP-1,  antibody, ab10983(Abcam, Cambridge, UK) 1:100 Goat α-rabbit HRP,  P0448 (Dako, Santa Clara, CA, USA) 1:200 
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Study 3 

 

Overexpression of chemokine (C-C motif) ligand 2 promotes fibrosis and metabolic 

alterations leading to accelerated aging 
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Animals and experimental design 

 

Mice used in this study were of C57BL/6J genetic background carrying the following genetic 

modifications: Cisgenic mice (CgCcl2) were generated in our laboratory as previously described 

[174]; Lmna G609G+/- were kindly donated by the University of Oviedo. These lines were used to 

generate an accelerated aging mice model with ubiquitous Ccl2 expression (Lmna G609G+/- /CgCcl2-

/+). Mice genotyping was performed using DNA isolated from the tail (Figure 17A).  The second 

progeny obtained by breeding of Lmna G609G+/- /CgCcl+/- showed a characteristic phenotype (lower 

body weight, are smaller and are not fertile) (Figure 17B). Then, for this study we only used the 

first progeny of heterozygous Lmna G609G+/- /CgCcl+/- mice.  Wild type (WT) and LmnaG609G-/+ were 

used as controls groups.   

 

All mice were maintained under controlled temperature (22ºC), humidity (50%) and light/dark 

cycle 12/12h. Mice were fed a normal standard diet (CD) from Scientific Animal Food & Engineering 

(SAFE, Augy, France) and water ad libitum. The experimental and scientific procedures were 

performed conformed to EU Directive 2010/63/EU and Ethics Review Committee for Animal 

Experimentation of Rovira I Virgili University (protocols 4815 and GC-URV-0235-03.18.2014). 

 

Longevity studies, sample collection and histological analysis  

 

The study started at 4 weeks of age. Animals were assessed weekly and sacrificed according to 

senescence criterial proposed by Takeda et al [176], which are presented in Table 4. 

 

 At sacrifice, tissues were frozen in liquid N2 and stored at -80 ºC and/or fixed in formalin 

(formaldehyde 3.7-4% buffered to pH=7 and stabilized with methanol 1-1.5%) until analysis. All 

tissues were stained with hematoxylin and eosin, Sirius red staining and visualized in a light 

microscope. For immunohistochemistry we used the protocol described in the study 1. Reagents 

and further details are shown in Supplementary Table S3.  
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Figure 17. Generation of Lmna G606G +/- /CgCcl2 +/- mice.  (A) Schematic representation of the wild-type allele 

for C-C motif ligand 2 gene (Ccl2) which is located in the region 11 C-E1 of chromosome 11. The cisgenic 

vector is inserted in the ROSA26 locus of chromosome 6.  Electrophoretic assessment and primers used in 

genotyping of Lmna G606G +/- /CgCcl2 +/-. (B) Phenotype of the fist (F1) and second (F2) littermates obtaining by 

the breeding of Lmna G606G +/-/CgCcl2 +/- and LmnaG606G+/- . Lmna G606G +/-/CgCcl2 +/- denote heterozygous 

progeria and CCL2 cisgenic mice. Lmna G606G +/- denote progeria mice.   
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 Table 4. Criteria for grading score of senescence in mice  

    Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

Behavior             

Reactivity The most intensive exploratory 
response observed within 30 

seconds  

Normal behavior  Abnormal grait with no 
lessening of agility and 
behavior patterns and 

restlessness 

Definite decrease in agility and 
behavior patterns 

Does not move voluntarily 
but will move if nudged 

Immobile 

Passivity Escape reaction from pinching 
of the nuchal skin or from 
hanging by the forelimb 

Natural escape 
reaction to pinching  

Decrease in escape reaction 
to pinching  

Loss of escape reaction to 
pinching. Preserved righting 
reaction to manual turn over 

Neither escape reaction to 
pinching nor righting to 
hanging by the forelimb. 

Escape reaction nil 

Appearance             

Glossiness Glossiness Natural gloss Decrease in gloss Complete disappearance of 
gloss 

Complete disappearance 
of gloss and hair appears 

dirty 

Complete disappearance 
of gloss and hair looks 

very dirty 

Coarseness Coarseness of hair on the head, 
nuca and dorsum determined 

according to the number of 
palpable, fine clumps of hair 

No coarseness Coarseness of less than an 
area of the head 

Coarseness of less than double 
the area of the head 

Coarseness of less than 3 
times area of the head 

Coarseness of over 3 
times area of the head 

Loss of hair Loss or thinning of hair on the 
head, nuca and dorsum except 

for changes due to ulcer or 
Periophthalmic lesions 

Neither loss or 
thinning of hair 

A. Loss of hair in less than an 
area of the head.             B. 
Thinning of hair in less than 

1/2 of total area 

A. Loss of hair in over one area 
of the head, less than in 1/4 of 

total area.                                               
B. Thinning if hair in more than 

1/2 of total area 

Loss of hair in more than 
1/4, in less than 1/2 of 

total area. 

Loss of hair in over 1/2 of 
total area 

Skin ulcers Ulcer or healed ulcer on entire 
skin except for changes 

associated with 
Periophthalmic lesions 

No evidence of 
ulcer 

Healed ulcer or ulcer with 
scab 

Ulcer without healing 
tendency, in less than one area 

of the head 

Ulcer without healing 
tendency in more than 

one area of the heard, in 
less than 1/4 area of all 

the skin.  

Ulcer without healing 
tendency in more than 1/4 

area of whole skin 

Eyes             

Periophthalmic 
 lesions 

Catarrhal changes in the 
periophthalmic area or swelling 

of the palpebra 

No changes Catarrhal changes limited to 
periophthalmic area or 

swelling of palpebra 

Catarrhal changes extending to 
nose  

Catarrhal changes 
extending further 

  

Lordokyphosis 
of the spine 

Examined by inspection and 
palpation 

Natural 
anteroposterior 

curvature 

Increased curvature 
disappears with digital 

pressure on the dorsum 

Increased curvature disappears 
with a combination of manual 

cephalocaudal traction and 
digital pressure on the dorsum 

permanent curvature Lordokyphosis of the spine 
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Global DNA methylation  

 

For DNA isolation muscle tissues were dissolved in 200 μl lysis buffer of DNA Micro Kit (Catalog no. 

56304, Qiagen, Germany), and incubated with proteinase K overnight at 56°C. DNA was extracted 

according to the manufacturer's protocol (DNeasy Blood & Tissue Kit, Qiagen) and DNA 

concentration was determined at 260 nm using the NanoDrop ND-1000 spectrophotometer 

(Nanodrop Technologies Inc., Wilmington, NC, USA). Then, 5-mC and 5-hmC were detected using 

the genomic DNA through ultra-high-pressure liquid chromatography (UHPLC) coupled with an 

iFunnel electrospray ionization source (ESI) and a 6490 triple quadrupole mass spectrometer (QqQ-

MS), hydrolyzed following the method provide by Rossella et al [177]. Briefly, 200 µL of 88% formic 

acid was added to dry DNA (2.5 µg) and incubated at 140 ºC for 90 minutes. Samples were cooled 

at room temperature and evaporated under N2, resuspended in 100 µL of 0.1% formic acid and 

placed into chromatographic vials. Detection of 5-mC, 5-hmC and guanine was carried out by 

injecting 5 µL of hydrolyzed DNA into a 1290 Infinity UHPLC coupled with a quadrupole mass 

spectrometer (QqQ-MS) (Agilent Technologies, Santa Clara). Metabolites were quantified using 

standard calibration curves to calculate the proportions of methylated and hydroxymethylated 

DNA according to the total amount of guanine. 

 

Analysis of CCL2, western blot, measurement of energy-balance and 1-C carbon metabolites and 

statistical analyses were performed according to the methods described in the study 1. 
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Study 1 

 

Chemokine (C-C motif) ligand 2 gene ablation protects low-density lipoprotein and 

paraoxonase-1 double deficient mice from liver injury, oxidative stress and 

inflammation 
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Results 

 

Metabolic phenotypes, including liver histology and distribution of macrophages, were sensitive to 

CCL2 deficiency 

 

PLKO and CPLKO mice had a significantly lower body weight than WT animals when given diet CD. 

In contrast, weight increased similarly in all strains when HFD (Figure 18 A). Moreover, serum 

cholesterol, triglycerides and glucose concentrations were significantly higher in the HFD groups 

than in the CD groups, and PLKO and CPLKO mice had higher values than WT animals. All strains 

became glucose intolerant when fed HFD but without significant differences among strains, and 

serum glucose remained lower in mice with ccl2 deficiency. Serum AST and ALT activities were 

higher in PLKO mice than in WT animals, while CPLKO mice had levels of these enzymes similar to 

those of the WT group (Figure 18 B). These findings suggested a differential hepatic response that 

was confirmed histologically (Figure 19). Minor fat accumulation was observed in PLKO mice fed 

CD, and prominent liver steatosis was observed when fed HFD. In contrast, CPLKO mice did not 

develop steatosis irrespective of the administered diet (Figure 19 A).  

The immunohistochemical expression of 4-HNE was low in WT mice and very high in PLKO animals. 

The expression of 4-HNE in CPLKO mice was similar to that of WT animals, indicating a similar 

degree of oxidative stress (Figure 19 B). Again, the expected higher oxidative stress in pon1-

deficient mice was averted by the added deficiency in ccl2 (CPLKO), suggesting that CCL2 may 

potentially induce major metabolic changes, inhibit the inflammatory response, or both. 

Differences between PLKO and CPLKO mice were observed through the differential abundance of 

liver macrophages with different phenotypes. PLKO mice fed a CD diet had a lower expression of 

CLEC4F, indicating a lower amount of Kupffer cells. This alteration was corrected in CPLKO animals. 

However, we did not find any significant difference in this marker in mice given HFD (Figure 20 A). 

A significant subset of macrophages was positive for F4/80 antigen with expected potent 

phagocytic activity and ROS production capacity. PLKO mice did not change their relative 

abundance of these macrophages, but in mice deprived of ccl2, the relative proportion of F4/80+ 

cells remained significantly lower when fed either CD or HFD (Figure 20 B). A relatively low 

percentage of macrophages were positive for CD11b staining, which increased in fat-challenged 

mice in all strains. CD11b is a marker of pro-inflammatory macrophages, and the increase was 
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lower in CPLKO animals (Figure 20 C). Finally, to assess the putative reparative function of some 

macrophages and the functional adaptation to environmental challenges, we also measured 

CD163+ cells. This antigen is a marker of anti-inflammatory macrophages, and we found that PLKO 

mice had a significant decrease in the proportion of CD163-stained cells with respect to WT mice. 

The additional CCL2 deficiency counteracted such reduced expression (Figure 20 D). We also 

measured the hepatic mRNA expression of CD11b and CD163, which confirmed the 

immunohistochemical analyses in mice fed with CD, although we did not observe any significant 

differences in animals fed with HFD (Figure 21).  

Taken together, our findings show that CCL2 axis alters the metabolic phenotype of mice 

challenged with fat accumulation and may reshape the functional capacity of liver macrophages. 
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Figure 18. Selected metabolic features in genetically modified mice. The results for (A) Body weight increase and (B) biochemical variables. PLKO denotes 

ccl2+/+, pon1-/-, ldlr-/- and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. Values are mean ± SEM (n=8 per genotype and dietary condition) a P < 0.05, b P < 0.001, with 

respect to control littermates (WT); c P < 0.05, d P < 0.001, with respect to PLKO. 
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Figure 19. Hepatic histological features. Representative microphotographs (bars indicate magnification) of liver sections stained with (A) hematoxylin and eosin 

and against (B) 4-hydroxy-2-nonenal (4-HNE). PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. Values reported for the calculated 

steatosis score and 4HNE stained cells are mean ± SEM (n=8 per genotype and dietary condition) a P < 0.05, b P < 0.001, with respect to control littermates (WT); 

c P < 0.05, d P < 0.001, with respect to PLKO. 
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Figure 20. Hepatic macrophage relative density. Representative microphotographs (bars indicate 

magnification) illustrating immunohistochemical staining of (A) C-type lectin domain family 4 member F 

(CLEC4F), (B) F4/80, (C) cluster of differentiation 11b (CD11b) and (D) cluster of differentiation 163 (CD163). 

PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. Values for the calculated stained 

cells (%) are mean ± SEM (n=8 per genotype and dietary condition) a P < 0.05, b P < 0.001, with respect to 

control littermates (WT); c P < 0.05, d P < 0.001, with respect to PLKO. 
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Figure 21. Relative hepatic mRNA expression of CD11b and CD163 antigens in wild type (WT), PLKO and 

CPLKO mice. PLKO stands for ccl2+/+, pon1-/-, ldlr-/- mice and CPLKO stands for ccl2-/-, pon1-/-, ldlr-/- animals. 

Values are mean ± SEM a  p < 0.05, with respect to wild type mice; b p <0.05, with respect to PLKO mice. 
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Oxidative stress and inflammation mediate energy metabolism-associated pathways 

 

Targeted metabolomic analysis indicated that PLKO and CPLKO mice differ in their liver 

metabolism. Partial least square discriminant analysis visually indicates the role of the measured 

metabolites in discriminating among the different experimental groups. Separation among groups 

was more clearly shown in animals fed HFD, and the effects on the distribution among dietary 

groups were consistent. The standardized metabolite concentrations were represented as a 

heatmap, and most metabolites discriminated both genetic variations, including the effect of diet. 

Glycolysis and amino acid metabolism appear to be important to explain the differences 

superposed by ccl2 deficiency, as shown by the ranked importance of metabolites without 

supervision via random forest analysis (Figure 22 and Table 5). 

When comparing the metabolic response of PLKO and CPLKO mice with respect to normal (WT), 

we found an accumulation of glucose-6-phosphate together with increased proximal and distal 

metabolites, including fructose 6-phosphate, fructose 1,6-bisphosphate and ribose-5 phosphate, 

indicating a reduced entry of glucose carbon into mitochondrial biosynthetic metabolism and likely 

alterations in the pentose monophosphate shunt. In both strains, with minor dietary-induced 

differences, there was an apparent decoupling between glycolysis and CAC (Figure 23 A, B). 

Therefore, the induced mutations result in a state of relatively reduced hepatic oxidative 

metabolism. However, the accumulation of lactate and β-hydroxybutyrate quantitatively differed 

according to the ingestion of calories and were more evident in comparisons between PLKO and 

CPLKO mice, suggesting potential alternatives to provide CAC feeding. Notably, mice deprived from 

CCL2 significantly improved the function of the glycolytic pathway and connections with CAC. 

Hepatic mitochondria also support relevant pathways related to the ability of 4-carbon 

intermediates to move into (anaplerosis) and out of (cataplerosis) the CAC without undergoing 

oxidation. These metabolic activities are required for shuttling reducing equivalents and 

biosynthetic substrates to other pathways, and the relative accumulation of CAC intermediates, 

lactate, ketone bodies and amino acids suggests that CCL2 may influence the flux of anaplerosis 

and cataplerosis-associated pathways (Figure 23 C). Taken together, our results suggest that PON1 

and CCL2 are closely related and may affect metabolic activities with the potential for ROS 

formation in liver mitochondria, contributing to oxidative stress and inflammation under these 

conditions. 
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Figure 22. Dietary-induced changes and the effect of pon1 and/or ccl2 ablation in hepatic energy-balance metabolites. From left to right in mice segregated by 

dietary conditions (A and B), partial least square discriminant analysis to visualize how measured metabolites discriminate among strains, heatmap built using 

standardized metabolite concentrations, and random forests to rank the importance of metabolites without supervision. PLKO denotes ccl2+/+, pon1-/-, ldlr-/- 

and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. 
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Figure 23. The relative impact of dietary fat on the levels of metabolites associated with energy metabolism in the liver. Comparisons were made assessing 

fold-changes according to the legend in mice with pon1 deficiency (A) and pon1 and ccl2 deficiency (B) with respect to control littermates and between both 

strains (C). PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. 
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Table 5. Hepatic energy-balance metabolites. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range) illustrating dietary-based differences 

between standard chow diet (CD) or high fat diet (HFD) in all strains. PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO ccl2-/-, pon1-/-, ldlr-/-; a p<0.05, b p < 0.001, 

with respect to WT; c p < 0.05, d p< 0.001 with respect to PLKO. 

 

 WT PL KO CPL KO 

Metabolites  CD HFD CD HFD CD HFD 

Glucose 6-phosphate 18.9 (14.6 - 18.9) 39.4 (37.4 - 39.4) 228.6 (201.1 - 266.4) b 410.8 (299.1 - 445.3) b 39.5 (30.6 - 54.6) b,d 50.9 (49.3 - 64.9) b,d 

Fructose-6-phosphate 2.6 (1.9 - 3.2) 4.5 (2.6 - 5.4) 13.9 (10.4 - 17.2) b 5.3 (4.6 - 7.5) 5.4 (4.1 - 6.06) b,d 13.4 (13.1 - 18.7)  b,d 

Fructose 1.6-bisphosphate 8.3 (7.6 - 8.6) 12.6 (10.9 - 12.9) 42.1 (30.7 - 45.7) b 17.3 (14.6 - 22.9) b 14.1 (12.1 - 18.8)  b,d 42.4 (35.5 - 49.5)  b,d 

Glyceraldehide 3-
phosphate  

7.1 (5.3 - 7.1) 3.6 (1.2 - 5.4) 4.7 (4.4 - 5.8) a 3.3 (2.8 - 3.4) 6.1 (4.6 - 11.1) 3.2 (2.5 - 5) 

3-phosphoglycerate 36.6 (18.3 - 72.9) 26.2 (25.7 - 45.6) 22.4 (19.6 - 24.4) 9.5 (9.2 - 1)  b 27.1 (18.7- 33.6) 5.9 (4.7 - 7.4)  b,d 

Phosphoenolpyruvate 73.3 (58.0 - 148.6) 58.1 (57.8 - 82.4) 86.4 (67.6 - 95.6) 64.2 (53.1 - 75.6) 86.6 (72.7 - 89.9) 47.2 (39.3 - 68.6) 

Pyruvate 18.7 (15.7 - 20.8) 13.5 (12 - 15.5) 16.7 (16.1 - 18.2) 14.9 (12.6 - 16.8) 16.6 (14.9 - 23.2) 11.7 (11.7 - 14.7) d 

Lactate 4942.2 (4941.4 -1509.5) 6248 (4984.5 - 8331) 11273.9 (9990.7 - 13532.1) 8608.5 (5800.8 - 10465.9) 15947.9 (15799.6 - 16145.6)  b,d 9058.5 (3654.5 - 
11769.1) 

6 phosphogluconate 40 (37.5 - 62.5) 30.3 (18.3 - 43.7) 8.5 (7.7 - 11.1) b 5.9 (4.5 - 7.4)  b 34.4 (18.2 - 51.4), d 14.6 (6.1 - 23.5) b, c 

Ribose-5-phosphate 7.3 (7.1 - 21.7) 3.4 (2.5 - 7.9) 77.5 (67.2 - 97.6) b 71.1 (51.1 - 97.6) b 14.9 (9.8 - 44.7)  b,d 24.5 (13.5 - 56.0)  b,d 

Citrate-isocitrate 1.1 (0.8 - 1.5) 0.8 (0.3 - 2.) 3.4 (1.3 - 4.7) a 2.3 (1.7 - 3.4) 1.5 (0.9 - 2.3)c 0.3 (0.3 - 0.8) d 

Aconitate 393.9 (232.5 - 461.5) 36.6 (23.6 - 45.8) 275.1 (238.6 - 328.9) 88.1 (72.1 - 130.7) b 268.7 (210.5 - 385.6) 279.4 (205.4 - 324.2)  b,d 

α-ketoglutarate 0.7 (0.5 - 0.8) 0.5 (0.7 - 0.8) 0.6 (0.5 - 0.6) 0.5 (0.4 - 0.6) 0.5 (0.4 - 0.6) 0.4(0.3 - 0.5) 

Succinyl-coa 152.8 (152.8 - 173.7) 304.9 (281.2 - 304.9) 37.8 (29.2 - 44.2) b 13.3 (13.2- 14.5)  b 121.8 (120.5 - 128.3)  b,d 22.2 (19.4 - 62.2)  b,d 

Succinate 75.1 (55.5 - 82.9) 41.4 (38.1 - 57.7) 75.3 (70.7 - 81.2) 60.7 (47.1 - 83.6) a 73.9 (48.5 - 170.3) 64.9 (57.1 - 73.3) b 

Fumarate 7.5 (5 - 9.3) 3.7 (3.2 - 7.1) 5.8 (4.2 - 6.01) 3.6 (2.3 - 5.3) 6.2 (3.9 - 9.7) 4.2 (3.8 – 7.1) 

Malate 328.7 (163.7 - 469.9) 299.6 (170.1 - 299.6) 149.08 (107.7 -173.1) a 71.5 (58.3 - 121.8) b 247.4 (129.7 - 335.3)  103.9 (102.9 - 113.6) b 

Malonyl-coa 9.7 (8.1 - 12.6) 6.1 (3.3 - 7.1) 4.7 (3.8 - 5.5) b 1.1 (0.9 - 1.4)  b 5.7 (5.549 - 7.373)  b,d 1.5 (0.5 - 2.1) b 

β-Hydroxybutirate 14.8 (12.6 - 14.8) 9.8 (7.4 - 11.9) 9.01 (6.9 - 10.6) b 10.2 (7.7 - 13.4) 13.239 (9.505 - 25.309)  14.5 (13.6 - 15.2)  b,d 

Glutamate 229.1(211.8 - 417.8) 98.6 (97.3 - 103.4) 121.3 (84.2 - 145.4) b 47.6 (29.6 - 69.9) b 158.5 (136.5 - 202.5)  b,d 132.2 (101.4 - 160.8) d 

Glutamine 1.2 (0.9 - 2.2) 1.8 (0.6 - 3.1) 3.4 (3.1 – 4.4) b 2.4 (1.6 - 3.1) 1.6 (0.9 - 2.2), d 0.4 (0.4 - 0.7)   b,d 

Alanine 931.1 (847.1 - 1135.4) 879.6 (874.2 – 885.1) 896.8 (674.9 - 1094.1) 564.1 (470.9 - 707.7) b 908.1 (742.9 - 1112.7) 655.9 (568.2 - 1144.4) 

Serine 1447.4 (804.6 - 2419.3) 1653.3 (1591.3 - 1715.3) 392.4 (305.4 - 446.3) b 150.5 (136.9 - 211.1)  b 935.4 (876.1 - 1225.9), d 495.5 (205.9 - 725.3) b, c 

Valine 292 (239.1 - 405.1) 345.8 (243.5 - 397.8) 141.9 (130.2 - 47.5) b 87.2 (85.3 - 91.4)  b 283.9 (189.1 - 359.3), d 132.7 (108.8 - 148.1) b, d 

Isoleucine 50.7 (43.6 - 53.9) 92.9 (81.8 - 92.9) 32.6 (30.9 - 38.1) b 21.4 (20.7 - 31.1)  b 49.2 (36.3 - 50.9) d 25.9 (20.8 - 33.7) b 

Leucine 578.6 (467.4 - 578.6) 770.4 (758.6 - 782.2) 277.9 (243.8 - 295.8) b 142.3 (133.3 - 215.6) b 517.6 (403.3 - 686.3) d 200.5 (160.1 - 260.1) b 

Aspartate 204.5 (199.4 - 697.5) 506.1 (296.3 – 715.8) 310.3 (203.3 - 446.6) 
 

146.3 (76.1 - 211.6)  b 198.8 (161.9 - 281.9) d 290.3 (270.5 - 301.1)  b,d 
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Oxidative stress-induced dysfunction in the liver methionine transmethylation and trans-sulfuration 

pathways may be restored by ccl2 deficiency 

 

The liver regulates the flux of methionine through essential mechanisms affecting DNA, and 

protein methylation and the synthesis of the antioxidant glutathione. We observed significant 

differences in the levels of metabolites between PLKO and WT mice that were completely or 

partially averted in CPLKO animals (Table 6 and Figure 24). For instance, there was a significant 4-

fold decrease in methionine concentrations in PLKO mice when compared with the other strains, 

and the difference was maintained when fed CD or HFD. Homocysteine levels were also lower in 

PLKO mice, suggesting a significantly reduced flux in transmethylation. There were major changes 

in SAM and SAH, substrate and product of essential methyltransferase reactions in PLKO mice. 

SAM levels were decreased in these animals, but differences only reached statistical significance 

when fed an HFD. In contrast, SAH levels increased dramatically, with a major impact on the 

SAM/SAH ratio. This decrease in the SAM/SAH ratio due to increased SAH correlated with 

homocysteine levels and probably suggests considerable alteration in the methylation status of 

hepatocytes. The SAM/SAH ratio in CPLKO mice was not different from that observed in WT mice, 

indicating reversal in causal mechanisms (Figure 24). The reduced flux in methionine 

transmethylation of PLKO mice affects the efficient utilization of methionine for the synthesis of 

GSH via the trans-sulfuration pathway. GSH is the most abundant antioxidant in hepatocytes and is 

critical for protecting cells from oxidative stress, acting as a free radical scavenger and inhibitor of 

lipid peroxidation. In PLKO mice, the GSH to GSSG ratio was extremely low, and we observed a 

greater mRNA expression of glutathione peroxidase and glutathione reductase than in WT and 

CPLKO animals (Figure 25). The GSH/GSSG ratio is an indicator of cellular health, and the reduced 

ratio indicates major cellular injuries because under normal conditions, reduced GSH represents up 

to 90% of cellular GSH. Interestingly, deficiency in CCL2 may be effective in maintaining 

hepatocytes’ redox potential, but the levels were not completely reversed (Figure 25). Our findings 

suggest that measurement of the GSH/GSSG ratio in the liver may bear usefulness in research 

focused on specific NAFLD therapeutics and the potential relationship between oxidative stress 

and epigenetic mechanisms. 
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Figure 24. The relative impact of dietary fat on the levels of metabolites associated with the methionine cycle and trans-sulfuration pathways in the liver. PLKO 

denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO denotes ccl2-/-, pon1-/-, ldlr-/-. Values are mean ± SEM (n=8 per genotype and dietary condition) b P < 0.001, with 

respect to WT; d P < 0.001, with respect to PLKO. 
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Table 6. Metabolites in methionine cycle and trans-sulfuration pathway. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range)) 

illustrating dietary-   based differences between standard chow diet (CD) or high fat diet (HFD) in all strains. PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO 

ccl2-/-, pon1-/-, ldlr-/-; a p < 0.05, b p < 0.001, with respect to WT; c p < 0.05, d p< 0.001 with respect to PLKO. 

Metabolite WT PLKO CPLKO 

 
CD HFD CD HFD CD HFD 

Homocysteine 2.4 (2.1 - 2.9) 2.3 (2.1 - 2.7) 1.2 (1 - 1.4) 1.441 (1 - 1.6)d 2.1 (1.4 - 4.1) 2 (1.4 - 2.7) 

Choline-Dimethlyglycine 15 (10.8 - 22.6) 10 (7.4 - 10.4) 11.7 (6.7 - 15.1) 12.9 (9 - 18.8)a 27.9 (21.4 - 48.4)a,d 15.6 (9.6 - 20.9) d 

Betaine 0.02 (0.01 - 0.06) 0.1 (0.01 - 0.2) 0.1 (0.04 - 0.09) 0.1 (0.04 - 0.1) 0.003 (0.003 - 0.01) b,d 0.04 (0.03 - 0.1) d 

Methionine 99 (70.2 - 231.3) 99.4 (72 - 185.6) 28.9 (19.2 - 48.4)b 11.5 (8.7 - 27.9)a 89.3 (47.3 - 118.2)d 64.1 (51 -120) 

SAM 0.6 (0.4 - 1.2) 1.4 (1.1 - 1.9) 0.4 (0.3 - 0.7) 0.9 (0.7 - 0.9) a 0.6 (0.4 - 1) 1.3 (0.5 - 1.7) 

SAH 0.001 (0.001 - 0.002) 0.0003 (0.0001 - 0.001) 0.01 (0.01 - 0.03) b 0.01 (0.01 - 0.02)b 0.001 (0.0003 - 0.001) 0.001 (0.001-0.004)a 

AMP 10 (8.4 - 11.4) 7.3 (5.3 - 8.5) 15.8 (9.1 - 26.1) 16.5 (13.6 - 20.1)b 8.5 (5.8 - 24) 12.2 (8.6 - 22.3)a 

Cystathionine 0.004 (0.003 - 0.011) 0.007 (0.002 - 0.01) 0.004 (0.002 - 0.01) 0.002 (0.001 - 0.005) 0.004 (0.002 - 0.01) 0.003 (0.001 - 0.01) 

Taurine 93.3 (85.9 - 210.2) 1827.3 (1291.8 - 2577.1) 363.3 (311.8 - 501.)b 1171.1 (1118.7 - 1695.8) 1192.9 (361.1 - 1769.5)b 1313.9 (356.5 - 2485.2) 

Glutathione disulfide (GSSG) 13.4 (11.4 - 13.9) 8.4 (7.1 - 13.6) 240.605 (238.4 - 266.2) b 772.9 (543.1 - 7313.6)b 14.1 (10.1-21.4)d 15.3 (12.9 - 18.9)a 

Glutathione (GSH) 439.7 (351.1 - 581.7) 453.2 (361.5 - 476.3) 653.328 (596.1 - 725.2)b 1171.1 (1118.7 - 1695.8)a 414.4 (320.1 - 475.6)d 513.8 (425.5 - 688.3) 
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Figure 25. Relative hepatic mRNA expression of glutathione peroxidase (Gpx) and glutathione reductase (Gsr) 

in wild type (WT), PLKO and CPLKO mice. PLKO stands for ccl2+/+, pon1-/-, ldlr-/- mice, and CPLKO stands for 

ccl2-/-, pon1-/-, ldlr-/- animals. Values are mean ± SEM a p < 0.05, with respect to wild type mice; b p <0.05, with 

respect to PLKO mice. 
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 Assessment of the role of ccl2 in hepatic autophagy-lysosomal function 

 

In the liver, autophagy not only contributes to the maintenance of normal hepatocyte functions 

but also may respond to pathogenic changes. Autophagy was essentially suppressed or clearly 

reduced in genetically modified mice with respect to WT mice as assessed by low levels of LC3 II/I 

ratio (Figure 26), probably indicating a direct relationship with PON1 deficiency and high oxidative 

stress. We examined the Atg7, which was highly dependent on dietary conditions but did not 

significantly differ among strains. In contrast, mTOR was highly activated in genetically modified 

strains, as shown by the significant increase in the ratio between the phosphorylated and the non-

phosphorylated forms. These changes probably refer to mTORC1 as indicated by a significantly 

higher expression of P4EBP1 and were associated with low levels of AMPK activation. In addition, 

Akt was also highly activated in PLKO and CPLKO mice. Considering the induced changes in liver 

histologic features and metabolic perturbations by the ablation of ccl2 in PLKO mice, the lack of 

differential effects in the Akt/AMPK/mTOR pathway or the repression of autophagy appears 

noteworthy (Figure 26). Then, we explored the expression of LAMP2A, which was significantly 

increased in CPLKO mice with respect to PLKO mice levels, with even more dramatic effects when 

mice were fed HFD, suggesting a potential role of chaperone-mediated autophagy in the remission 

of oxidative stress. Taken together, our data indicate that PON1 deficiency is associated with 

decreased autophagosome formation, which is independent of CCL2. In contrast, CCL2 might affect 

CMA. 
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Figure 26. Overall assessment of autophagy-lysosomal function through Western blot analysis of selected molecules, including microtubule-associated protein 

1A/1B light chain 3B (LC3), autophagy-related protein 7 (Atg7), mammalian target of rapamycin (mTOR), mTOR-p S448, eukaryotic translation initiation factor 

4E-binding protein 1 (P4EBP1), AMP-activated protein kinase (AMPK) AMPK-p T172, protein kinase B (AKT), AKT-pS473, phosphoinositide 3-kinase p85 subunit 

(PI3K-p85), lysosome associated membrane protein 2 (LAMP2A), and fumarylacetoacetate hydrolase (FAH). PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO 

denotes ccl2-/-, pon1-/-, ldlr-/-. Representative bands are from pooled liver homogenates from randomly selected samples. Values for calculations are mean ± 

SEM (n=8 per genotype and dietary condition); a P < 0.05, b P < 0.01, with respect to WT; c P < 0.05, with respect to PLKO. 
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Study 2 

 

Metabolic reprogramming: The role of chemokine (C-C motif) ligand 2 in liver 

tissue and muscle metabolism 
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Results  

 
 Phenotypic alterations associated to Ccl2 overexpression 

 

CgCcl2 mice did not show any detectable difference in longevity, behavior or reproduction respect 

to WT. However, these mice showed a significantly lower body weight together with higher 

concentrations of serum glucose, cholesterol and triglycerides. Serum AST and ALT activities were 

also higher with respect to WT (Figure 27).  

As expected, CgCcl2 mice displayed higher CCL2 concentrations than WT animals in all tissues 

examined. Ccl2 overexpression was associated to higher liver weight and lower muscle weight 

(Figure 28). For this, histological analysis was performed in liver and muscle. We observed that 

CgCcl2 mice accumulated lipid droplets in the liver and had muscle atrophy and lower F4/80 

stained cells as compared with WT animals, without any remarkable evidence of fibrosis (Figure 29 

A). Moreover, we observed that these animals had a lower hepatic expression of pro-inflammatory 

markers such as CD11b and TNFα. In contrast, we found an upregulation of CD163, an anti-

inflammatory marker. Despite of this data, CgCcl2 mice did not show any significant alteration in 

PON1 expression, indicating a similar degree of oxidative stress. In muscular tissue we only found a 

significant decrease of TNFα expression (Figure 29 B). The levels of CD11b, CD163 and PON1 were 

similar to those of WT animals.  

 

Ccl2 overexpression induced opposite changes in mitochondrial electron transport chain complexes 

in the liver and muscle. 

 We analyzed the protein levels of mitochondrial electron transport chain complexes (OXPHOS) to 

determine whether Ccl2 overexpression is associated with mitochondrial alterations. CgCcl2 mice 

had decreased hepatic levels of complexes I (CI-NDUFB8), III (CIII-UQCRC2), IV (MTCO1), and V 

(CVNDUFB8) but not of complex II (CII-SDHB). These results suggest that the hepatic ATP synthesis 

capacity is severely impaired or inactive. In addition, CgCcl2 mice had an increase of TOM20 

protein concentration with respect to WT and a downregulation of MFN2, indicating that Ccl2 

overexpression induces alterations in liver mitochondrial quality and function. In contrast, when 

we analyzed the muscle tissue, we observed a hyperactivation of complexes I, II, IV, and V of 

OXPHOS, and a decrease in TOM20 expression, without any significant alterations in MFN2 (Figure 

30).  
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Figure 27. Selected metabolic features in wild type (WT) and Ccl2 cisgenic mice (CgCcl2). Results are shown for (A) body weight increase and (B) biochemical 

variables. Values are mean ± SEM (n=8) * p < 0.05, ** p < 0.001, with respect to control littermates (WT).  
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Figure 28. CCL2 overexpression in metabolic tissues.  (A) CCL2 concentrations in liver, white adipose tissue (eWAT), pancreas, muscle and brown adipose tissue 

(BAT) in wild type (WT) and Ccl2 cisgenic mice (CgCcl2). (B) Effect of Ccl2 overexpression in the weight of selected tissues.  Results are shown as means ± SEM 

(n=8) * p < 0.05, ** p < 0.001, with respect to control littermates (WT).  
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Figure 29.  Influence of CCL2 overexpression in liver and muscle histological features, inflammation and 

oxidative stress. (A) Representative microphotographs of liver and muscle sections stained with hematoxylin 

and eosin (H&E), sirius red staining and F4/80 immunohistochemistry. (B) Western blot analysis of cluster of 

differentiation (CD) 11b, tumor necrosis factor (TNFα), CD163, liver arginase and paraoxonase 1 (PON1). 

Results are shown as means ± SEM (n=8) * p < 0.05 with respect to control littermates (WT).  
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Figure 30. Repercussion of CCL2 overexpression on the mitochondrial status. (A) Schematic representation 

of oxidative phosphorylation complexes (OXPHOS). (B) Repercussion of CCL2 overexpression in OXPHOS, 

mitofusin 2 (MFN2) and translocase of the outer membrane (TOM20) in liver and muscle tissues. Results are 

shown means ± SEM; * p < 0.05, with respect to control littermates (WT). 
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Ccl2 overexpression induced different alterations in energy metabolism, one-carbon metabolism 

and autophagy in the liver and muscle  

 

 We further analyzed the energy metabolism and one-carbon metabolism to deepen into the 

molecular mechanisms by which Ccl2 overexpression induces liver and muscle alterations. PLSDA 

analysis showed a clear segregation between CgCcl2 and WT mice in both tissues. Results of 

energy-related metabolites are shown in Figure 31 and Supplementary Table 6.  

 

In the liver, we observed important alterations in metabolites involved in the CAC (Figure 31 A). 

Specifically, we found lower concentrations of citrate, isocitrate, oxaloacetate, fumarate, together 

with higher levels of succinate in cisgenic mice compared to WT animals. These results confirm that 

Ccl2 overexpression causes alterations in hepatic mitochondrial function. In contrast, the analysis 

of muscular tissue showed higher levels of all metabolites analyzed. The most remarkable changes 

were in glucose, 3 phosphoglycerates, pyruvate, lactate, ribose 5 phosphate, β-Hydroxybutyrate, 

succinate, aconitate and oxaloacetate concentrations (Figure 31 B). These results suggest an 

increase of anaerobic glycolysis and ketonic body synthesis as an ATP alternative source. 

 

Results of one-carbon metabolites are shown in Figure 32 and Table 7. We found an alteration in 

the homocysteine transmethylation in the livers of CgCcl2 mice with respect to WT (Figure 32 A). 

Ccl2 overexpression induced a depletion of methionine and increases in choline, dimethylglycine, 

betaine, and 5-methyltetrahydrofolate, suggesting an alteration in the enzyme betaine 

homocysteine methyltransferase. On the other hand, we did not observe any remarkable 

alteration in one-carbon metabolism in muscle tissue (Figure 32 B).  
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Figure 31. Repercussion of CCL2 overexpression on the levels of metabolites associated with energy metabolism in the liver. (A) and muscle tissue (B).  From 

left to right, the partial least square discriminant analysis (PLSDA), variable importance in projection (VIP) score and fold changes of metabolite levels 

comparing cisgenic mice with wild type animals. 
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Figure 32. Repercussion of CCL2 overexpression on the levels of metabolites associated with one-carbon metabolism in the liver. (A) and muscle tissue (B).  

From left to right, the partial least square discriminant analysis (PLSDA), variable importance in projection (VIP) score and fold changes of metabolite levels 

comparing cisgenic mice with wild type animals.  
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Table 6. Hepatic and muscle energy metabolites. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range). ‡ Values are expressed in nM/100 
mg of tissue. * p < 0.05, **p < 0.001 respect to wild type group. The lack of values denotes a significant number of observations under the limit of 
quantification.  
 
 

 

Liver Muscle 
Metabolites  Wild type CgCcl2 Wild type CgCcl2 

Glucose 53097.7 (42523.5-68695.5) 44395.8 (16996-55033.1) 373.4 (345-394.2) 726.3 (681.4-1314.1)* 

Glucose 6-phosphate 45.1 (39.1-48.3) 103.6 (48.7-132.7)* 16 (12.8-18.8) 15.6 (10-25.8) 

Fructose-6-phosphate 428.4 (258.9-552.7) 391.5 (136.6-474) - - 

Fructose 1.6-bisphosphate 63.4 (52.3-85.7) 60.6 (11.8-94.4) 3.6 (2.4-13.4) 7 (2.9-10.8) 

3-phosphoglycerate 15.7 (14.7-22.1) 22.3 (17.2-25) 1.9 (1.6-3.2) 5.8 (2.6-7.9)* 

Phosphoenolpyruvate 8.1 (6.1-15.6) 9 (8.3-12.3) 0.5 (0.3-1.1) 0.5 (0.5-0.7) 

Pyruvate 422 (325.7-570.5) 337.8 (247.5-491.5) 68.8 (54.8-221.2) 597.3 (499.3-675.2)* 

Lactate 16199.3 (14922.1-16470.7) 14521.1 (12177.8-18810.5) 9815.7 (6626.5-16649.8) 17001 (8834.4-27368.7)* 

Ribose-5-phosphate 27.6 (24.5-32.3) 55.1 (51.7-71)* 9 (7.8-10.7) 18.4 (16.6-30.2)* 

Oxaloacetate 946.7 (701.9-1143.8) 464 (222.4-821.4)* 27.7 (15.7-33.4) 58.9 (48.4-66.9)* 

Citrate-isocitrate 28.9 (14.9-39.8) 8.9 (6.8-17)* 51.6 (27.1-119.4) 53.1 (30.5-125.6) 

Aconitate - - 11.5 (10.3-12.9) 35.8 (14.8-56.4)* 

α-ketoglutarate 21.2 (15.2-26.9) 18.9 (10.7-28) 2.1 (1.2-5.1) 4.5 (1.2-7.8) 

Succinate 382.9 (247.7-411.5) 471.5 (386.4-563.4)* 41.2 (38.1-79.1) 110.3 (110.3-126.8)* 

Fumarate 485.3 (405.2-686.8) 323.4 (273.9-330.9)* 143.7 (56.9-217.6) 160 (116-167.3) 

Malate 1191.6 (932.2-1552.4) 825.4 (614.7-1408) 322.2 (133.8-502) 373.3 (308.4-379.9) 

β-Hydroxybutirate 216.4 (162.2-250) 215.8 (168.6-288.2) 38.4 (22-51.3) 76.1 (76.1-84.8)* 

Glutamate 10659.9 (8844.7-15265.4) 9457.2 (6229.3-12508.3) 1673 (1212.6-2498.8) 2648.6 (1750.1-4824.8) 

Alanine 515.8 (466.5-706.2) 517.3 (396.7-656.6) 362.2 (286.4-414.6) 508.2 (432.2-1155.3) 

Serine 2282.2 (2261.4-2327.6) 2253.8 (2045.9-3281) 1007.8 (591.2-1375) 1008.1 (660.7-1749.1) 

Valine 551.7 (469.8-702.5) 622.1 (339.3-788.6) 123.3 (75.9-201.2) 158.8 (95.9-252.4) 

Isoleucine 568.6 (552.6-585.7) 603.8 (442.2-790.6) 77.1 (45-116.7) 101.3 (55.6-181) 

Leucine 1440.7 (1398.9-1469.4) 1509.9 (1248.6-1886.2) 163.8 (102-260.6) 262.3 (124.5-389.6) 

Aspartate 253.9 (226.8-332.6) 201.6 (154.9-276.5) 245 (108.4-374.3) 258.6 (207.4-343.2) 
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Table 7. Hepatic and muscle one-carbon metabolites. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range). ‡ Values are expressed in 
nM/100 mg of tissue. * p < 0.05, **p < 0.001 respect to wild type group. The lack of values denotes a significant number of observations under the limit of 
quantification. 

 

 

 

 
Liver  Muscule  

Metabolites  Wild type CgCcl2 Wild type CgCcl2 

Cystathionine‡ 6.7 (6.2-11.2) 8.8 (6.9-8.9) - - 
Taurine 494.2 (274.4-541.1) 1027.7 (884.6-1582.1)* 1499.7 (601.8-3621.9) 2385.2 (1811.5-5839.9) 

Choline-Dimethylglycine 13.9 (8.1-15.5) 36.9 (36.6-47.6)* 0.1 (0.1-0.2) 0.1 (0.1-0.2) 

Betaine‡ 15 (13.2-15.2) 1012.5 (448.6-1497.7)** - - 

Homocysteine 0.7 (0.6-0.8) 1.1 (1-2.4)* 0.3 (0.3-0.4) 0.4 (0.2-0.7) 

SAM 1.2 (0.9-1.4) 1.5 (1.5-1.6) 3.3 (1.7-4.5) 2.7 (2.3-2.9) 

Methionine 42.1 (41-42.7) 9.9 (8.7-19.2)** 0.6 (0.6-0.7) 0.7 (0.3-1.2) 

AMP 57.4 (56.1-61.8) 338.8 (338.8-407.9)** 3.7 (2.1-5.7) 7.7 (3.8-10.7) 

NADH 12.5 (10.9-14.6) 13.8 (13-14.4) 1.7 (1.3-2.5) 1.5 (0.7-2.5) 

SAH‡ 33.5 (24.7-46.2) 52.1 (29.2-75.1) - - 

Pyridoxal 5 phosphate 12.5 (12.5-12.5) 10.3 (9.4-14.1) 3.5 (2.2-7.1) 3.4 (3.4-3.4) 

5-Methyl-tetrahydrofolate 4.2 (3.5-5.8) 7.4 (5.3-8.5)* - - 

5-Formyl-tetrahydrofolate‡ 32.8 (24.8-37.7) 65.6 (39-66.7)* - - 

Folic acid  0.3 (0.3-0.3) 0.1 (0.1-0.1)* - - 

Cyanocobalamin‡ 3.4 (2.9-3.8) 2.9 (2.5-3.3) - - 

Riboflavin 10.6 (9.5-13.9) 6.5 (5.7-6.5724)* 0.5 (0.2-0.9) 0.9 (0.9-1)* 
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We next explored the impact of Ccl2 overexpression on different cell energetics sensors. As seen in 

Figure 33, the regulation of the energetic response was different in liver and muscle. In hepatic 

tissue, Ccl2 overexpression induced an inactivation of AMPK respect to WT mice and the 

upregulation of mTORC1, expressed by low pAMPK/AMPK ratio and high pS6/S6 ratio. Resulting in 

low levels of LC3II/LC3I ratio, which suggests a reduction in autophagosome formation. Similarly, we 

observed a low expression of p62/SQSTM1 without changes in LAMP2A levels. These disturbances 

were accompanied of an inactivation of insulin growth factor pathway as indicated by a 

downregulation of its downstream components PI3K-P85 and pAKT/AKT ratio. On the contrary, in 

muscle, CgCcl2 mice had a significant AMPK activation, associated with low levels of mTORC1 as 

indicated by the reduced phosphorylation of its targets pS6/S6 ratio. Consequently, we observed an 

activation of autophagy as shown by the significant increase in the LC3II/LC3I ratio and low levels of 

p62/SQSTM1. Next, we explored the expression of LAMP2A, which was inhibited, suggesting an 

inactivation of chaperone mediated autophagy, without any effecting the PI3K-P85 expression and 

pAKT/AKT ratio.  
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Figure. 33. Overall assessment of CCL2 overexpression in PI3K/AKT/mTORC1 driven pathway by Western Blot analysis. (A) Schematic representation of AMPK 

and MTOC1 role in autophagy. (B) Western Blot analysis of selected molecules, including phosphoinositide 3-kinase p85 subunit (PI3K-p85), protein kinase B 

(AKT), AKT-pS473, phospho-S6 ribosomal protein (S6-Ps235/236), S6 ribosomal protein, AMP-activated protein kinase (AMPK) AMPK-p T172, microtubule-

associated protein 1A/1B light chain 3B (LC3), sequestosome 1  or p62/SQSTM1 (p62), lysosome associated membrane protein 2 (LAMP2A), 

fumarylacetoacetate hydrolase (FAH) and vinculin, in cisgenic mice (CgCcl2) and wild type animals. Results are shown as means ± SEM; * p < 0.05, with respect 

to control littermates (WT).  

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



129 

 

 

 

 

 

 

 

 

 

 

 

 

Study 3 

 

Overexpression of chemokine (C-C motif) ligand 2 promotes fibrosis and metabolic 

alterations leading to accelerated aging 
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Results  

 
Ccl2 overexpression shortens the lifespan in accelerated aging mice model 

 

Lmna G609G+/- /CgCcl2+/- mice showed an ubiquitous Ccl2 overexpression (Figure 34). When we 

performed the weekly evaluation of mice, we observed that WT developed a physiological weight 

increase. However, the Lmna G609G+/- mice showed lower body weight respect to WT and at 32 

weeks, these mice started a gradual loss of body weight (Figure 35 A).  Lmna G609G+/- /CgCcl2+/- mice 

had a similar evolution as Lmna G609G+/- mice until 14 weeks. After these period Lmna G609G+/- 

/CgCcl2+/- mice started to lose body weight. Subsequently, these mice showed a senescence 

phenotype faster than the other groups (Figure 35 B). At 20 weeks, Lmna G609G+/- /CgCcl2+/- mice 

showed lipodystrophy, reduction in growth rate, body weight and lordokyphosis. In consequence 

Lmna G609G+/- /CgCcl2+/- mice died before the Lmna G609G+/- mice.  

 We observed that Lmna G609G+/- mice lived until 38 weeks compared to the 20 weeks of Lmna G609G+/- 

/CgCcl2+/- mice or the 104 weeks of WT mice (Figure 35 C). 

 

Ccl2 overexpression induces sarcopenia, cachexia and fibrosis  

 

At sacrifice, Lmna G609G+/- and Lmna G609G+/-/CgCcl2 +/- mice exhibited similar senescence phenotype 

and important histological alterations, loss of weight, muscle atrophy, fatigue and weakness, 

although Lmna G609G+/- /CgCcl2 +/- showed a more pronounced and earlier phenotype. Histological 

analysis showed important cardiovascular alterations. Lmna G609G+/- /CgCcl2 +/- mice displayed a 

significant loss of the aortic and femoral arterial structure. Furthermore, we observed an increase of 

collagen infiltration and F4/80 stained cells in the tunica media (Figure. 36). Similar alterations were 

observed in the cardiac muscle (Figure. 37). Moreover, Lmna G609G+/- /CgCcl2 +/- mice displayed a 

generalized loss of fat depots (Figure. 38), which were characterized by an increase in collagen 

infiltration, UCP-1 and F4/80 staining cells in brown and white adipose tissues.  

 

Histological muscle analysis revealed that Lmna G609G+/- and Lmna G609G+/-/CgCcl2 +/- mice exhibited a 

clear cachexia and sarcopenia, which were characterized by a remarkable loss of muscle fiber 

structure and fibrosis (Figure 39). Also, quadriceps had a low number of F4/80 stained cells and low 

expression of TNFα and of the antioxidant enzyme PON1 respect to WT. Again, these alterations 
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were more pronounced in Lmna G609G+/- /CgCcl2+/- mice (Figure 39 B). Moreover, these mice 

exhibited alterations of macrophage markers. Lmna G609G+/- /CgCcl2+/-  mice showed an increase in 

CD163 levels respect to control groups without alterations in CD11b.  

 

 

 

 

  
Figure 34. CCL2 concentrations in different metabolic tissues. CCL2 concentrations in the liver, white adipose 

tissue (eWAT), pancreas, muscle and brown adipose tissue (BAT) in wild type, Lmna G609G +/- and Lmna G609G +/-/ 

CgCcl2 +/- mice.  Results are shown as means ± SEM (n=8). ap< 0.05 respect to wild type mice, bp<0.05 respect to 

Lmna G609G +/- by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 

cisgenic mice. Lmna G606G +/- denotes progeria mice. 
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Figure 35.  Phenotypes of wild type, Lmna G609G+/- and Lmna G609G+/-/CgCcl2 +/- (A) Cumulative plot of body weight increase versus age. Dots represents mean 

values, and error bars indicate de SEM. (B) Representative photographs of wild type, Lmna G609G+/- and Lmna G609G+/-/CgCcl2 +/- at 20 weeks of age. (C) Kaplan-

Meier survival plots from wild type (n=20), Lmna G609G+/- (n=28) and Lmna G609G+/-/CgCcl2 +/- (n=34). Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and 

CCL2 cisgenic mice. Lmna G606G +/- denotes progeria mice. 
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Figure 36. Histology analysis of aorta and femoral arteries. Representative micrographs of aorta and femoral 

arteries by Hematoxylin and Eosin (H&E), Sirius red staining and immunohistochemical analysis of β-actin and 

F4/80 cells. At right, the quantification of positive staining area.  Results are shown as mean stained cells ± 

SEM.  a p<0.001 respect to wild type mice, bp<0.05 respect to Lmna G609G +/-, cp<0.001 respect to Lmna G609G +/-  

mice by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 cisgenic mice. 

Lmna G606G +/- denotes progeria mice.  
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Figure 37. Histology analysis of cardiac muscle. Representative micrographs of heart by Hematoxylin and Eosin 

(H&E), Sirius red staining and immunohistochemical analysis of β-actin and staining cells and the quantification 

of positive staining area.  Results are shown as means ± SEM. ap<0.05 respect to wild type mice, bp<0.05 

respect to Lmna G609G +/-  mice by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria 

and CCL2 cisgenic mice. Lmna G606G +/- denotes progeria mice. 
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Figure 38. Histology analysis of brown and white adipose tissue (BAT and eWAT respectively).  

Representative micrographs of BAT and eWAT by Hematoxylin and Eosin (H&E), Sirius red staining and 

immunohistochemical of uncoupling protein one (UCP-1) and F4/80 cells. At right, the quantification of positive 

staining area.  Results are shown as means ± SEM.  ap<0.05 respect to wild type mice, bp<0.001 respect to wild 

type mice, cp<0.05 respect to Lmna G609G +/-,dp<0.001 respect to Lmna G609G +/-  mice by Mann–Whitney U test.  

Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 cisgenic mice. Lmna G606G +/- denotes progeria 

mice.  
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Figure 39. Muscle histology and western blot analysis. (A) Representative micrographs of muscle histology 

analysis by hematoxylin & eosin, Sirius red staining and immunohistochemical analysis of β-actin and F4/80 

cells. At right, quantification of positively-stained cells (B) Overall assessment of macrophage polarization in 

muscle tissue though western blot of selected molecules, including cluster of differentiation (CD) 11 and 163, 

Tumor necrosis factor (TNFα) and Paraoxonase 1 (PON1). Value are mean ± SEM. ap< 0.05, respect to wild type 

mice. b p<0.05 with respect to Lmna G609G+/-  mice by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes 

heterozygous progeria and CCL2 cisgenic mice. Lmna G606G +/- denotes progeria mice. 
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Lmna G609G +/- mice present alterations in energy and one-carbon metabolism in muscle 

 

To better understand changes induced by Lmna G609G+/- mutation, we performed a metabolomic 

analysis in muscle from fasted Lmna G609G+/- and WT mice. We selected this tissue due to its 

important implications in aging development. The partial least square discriminant analysis and the 

heatmap showed a clear distinction between animals from the both groups (Figure 40 A). 

Examination of individual metabolites showed that Lmna G609G+/- mutation induced upregulation of 

all metabolites involved in energy metabolism with respect to WT. We emphasized the important 

increase in glucose metabolism and in all amino acids analyzed. We also noted alterations in 

glutamate, α-ketoglutarate, citrate-isocitrate, aconitate and succinate concentration (Figure 40 B 

and Table 8). Lmna G609G+/- also increased riboflavin, homocysteine, methionine and downregulated 

5-methyl-tetrahydrofolate (5-methyl-THF) and SAH without a significant alteration in DNA 

methylation (Figure 40 B and Figure 42). These results suggest that Lmna G609G+/- mutation has an 

important impact in muscle metabolism without epigenetic perturbation. 

 

Respect to wild type, the main alterations observed in Lmna G609G+/-/ CgCcl2+/- were an increase in 

branched-chain amino acids (valine, isoleucine and leucine), β-hydroxybutyrate, fructose 1.6 

bisphosphate, glucose 6-phosphate and ribose-5-phosphate, together with a depletion in 3-

phosphoglycerate and citrate-isocitrate (Figure 41 A). As regards 1-C metabolism, we observed an 

increase in riboflavin and methionine levels and a downregulation of 5 methyl-THF, SAM and SAH. 

These alterations in 1-C metabolism induced an increase of the percentage of 5-mC, which is a 

marker of DNA methylation (Figure 43). These results suggest that CCL2 has a role in the DNA 

methylation.  
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Figure 40. Lmna G609G-/+ mutation induces important changes in energy and one carbon (1-C) metabolism. (A) 
Partial least square discriminant analysis (PLSDA), heatmap and variable importance in projection (VIP scores) 

of metabolites involved in energy and 1-C metabolism between wild type and Lmna G609+/- mice (B) The relative 

impact of Lmna G609G-/+ mutation on the levels of metabolites associated with energy and 1-C metabolism. 

Comparisons were made assessing fold changes according to the legend. Lmna G606G +/- denotes progeria mice. 
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Figure 41. The relative impact of Lmna G609G+/- /CgCcl2 +/- mutation in the energy and one carbon (1-C) 

metabolism. (A) Partial least square discriminant analysis (PLSDA), heatmap and variable importance in 

projection (VIP scores) of metabolomic comparison between Lmna G609G+/- /CgCcl2 +/- and wild type mice (B) 

The relative impact of Lmna G609G+/- /CgCcl2 +/- mutation on the levels of metabolites associated with energy and 

1C metabolism respect to wild type mice comparisons were made assessing fold changes according to the 

legend. Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 cisgenic mice. 
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We explored whether the metabolomic alterations observed in Lmna G609G+/- could be reproduced in 

further Lmna G609G+/-/ CgCcl2+/-. When we compared the muscle metabolomic profile, we observed a 

clear distinction between groups (Figure 42 A). As it regards energy metabolism, Lmna G609G+/-/ 

CgCcl2+/- mice showed alterations in glucose and CAC metabolism without significative alterations in 

amino acids concentrations with respect to Lmna G609G+/-. Our results indicate that energy status of 

Lmna G609G+/-/ CgCcl2+/- were different from Lmna G609G+/-, suggesting a possible role of CCL2 in 

energy metabolism in Lmna G609G genetic background (Figure 42 B).  Lmna G609G+/-/ CgCcl2+/- mice 

induced different metabolic alterations than those observed in Lmna G609G+/- mice in 1-C metabolism. 

Thus, these mice showed a downregulation of methionine, choline-dimethylglycine, 5 methyl-THF 

and 5 formyl-THF. These alterations could be a consequence of the increase of SAM, SAH and AMP 

levels that we observed in Lmna G609G+/-/ CgCcl2+/- respect to Lmna G609G+/-. One of the most 

important consequences of SAM to SAH alterations is the increase in 5-mC (Figure 42 B and 43). Our 

result confirms that methionine metabolism has an important role in Lmna G609G+/- mice and could 

be influenced by CCL2.  
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Figure 42.  The relative impact of CgCcl2 overexpression in the energy and one carbon (1-C) metabolism of 

Lmna G609G+/-. (A) Partial least square discriminant analysis (PLSDA), heatmap and variable importance in 

projection (VIP scores) of metabolomic comparation between Lmna G609G+/- and Lmna G609G+/- /CgCcl2 +/- (B) The 

relative impact of Lmna G609G+/- /CgCcl2 +/- mutation on the levels of metabolites associated with energy and 1C 

metabolism respect to Lmna G609G+/- mice. Comparisons were made assessing fold changes according to the 

legend.  Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 cisgenic mice. Lmna G606G +/- denotes 

progeria mice. 
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Metabolites  Wild type  Lmna G609G+/- Lmna G609G+/-  / CgCCL2+/- 

Glucose 373.4 (345-394.2) 1101 (819.4-2248.1)a 175.6 (104.5-517.3)c 

Glucose 6-phosphate 16 (12.8-18.8) 18.2 (14.1-19.7) 131.3 (77.4-166.3) a,c 

Fructose-1.6-Bisphosphate 3.6 (2.4-13.4) 12.4 (12.4-19.9) a 87.9 (55.5-120.4) a,c 

3-phosphoglycerate 1.9 (1.6-3.2) 1.3 (0.4-2.6) 1.4 (0.8-1.5) a,c 

Phosphoenolpyruvate 0.5 (0.3-1.1) 0.7 (0.7-0.8) 0.3 (0.1-1.6) c 

Pyruvate 68.8 (54.8-221.2) 475.6 (248.2-482.6) a 107.1 (40-142.4) c 

Lactate 9815.7 (6626.5-16649.8) 12913.7 (4688.9-16340.4) 9730.5 (8019.7-10986.5) 

Ribose-5-phosphate 9 (7.8-9) 10.4 (10.2 -10.7) a 20.9 (20.3-29.2) a,c 

Oxaloacetate 27.7 (15.7-33.4) 19.8 (19.8-38.5) 29.2 (20.7-29.2) 

Citrate-isocitrate 51.6 (27.1-119.4) 137.5 (137.5-137.5) a 22.8 (11.5-31) a,d 

Aconitate 11.5 (10.3-12.9) 32.6 (29.4-34.6) a 12.7 (7.9-29.4)c 

α-ketoglutarate 2.1 (1.2-5.1) 3.7 (1.2-5.2) a 1.6 (1.2-5.2) 

Succinate 41.2 (38.1-79.1)  71.1 (66.5-104.5)a 47.8 (25.4-83.5) 

Fumarate 143.7 (56.9-217.6) 337.4 (229.7-337.4) 131.9 (89.1-160.5)c 

Malate 322.2 (133.8-502) 593 (387.8-704.6) 231 (203.7-326.1)c 

β-Hydroxybutirate 38.4 (22-51.3) 129.9 (97.6-147.4) a 99.5 (82.9-111.9) a 

Glutamate 1673 (1212.6-2498.8) 2798.1 (1842.4-3290.2) a 2058.4 (1558.2-3866.8) 

Alanine 362.2 (286.4-414.6) 619.2 (396.8-1193.4) a 489.4 (342.4-855.5) 

Serine 1007.8 (591.2-1375) 1585.4 (1360-2012.6) a 1309.3 (956.5-1466) 

Valine 123.3 (75.9-201.2) 357.5 (164-814.4) a 258 (220.7-507.8) a 

Isoleucine 77.1 (45-116.7) 317.9 (126.3-341.8) a 174.6 (101.1-438.8) a 

Leucine 163.8 (102-260.6) 612.9 (287-851.5) a 416 (267.4-1153.4) a 

Aspartate 245 (108.4-374.3) 195.5 (195.5-201.5) 206.3 (139-219.3) 

 

Table 8. Muscle energy-balance metabolites. Values are expressed in μM/ 100 mg of tissue (mean and interquartile range). ap < 0.05, b p< 0.001 respect to wild 

type group; c p<0.05, d p<0.001 respect to LmnaG609G+/- by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes heterozygous progeria and CCL2 cisgenic 

mice. Lmna G606G +/- denotes progeria mice.  
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Table 8. Muscle one-carbon metabolites. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range). * Values are expressed in nM/100 mg of 

tissue. ap < 0.05, bp< 0.001 respect to wild type group; c p<0.05, d p<0.001 respect to Lmna G609G+/- by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes 

heterozygous progeria and CCL2 cisgenic mice. Lmna G606G +/- denotes progeria mice. SAM: s-adenosylmethionine; AMP: Adenosine monophosphate; SAH: s-

adenosylhomocysteine; 5-Methyl-THF: 5-Methyl-tetrahydrofolate. 

 

 

Metabolites  Wild type  Lmna G609G+/- Lmna G609G+/-  / CgCCL2+/- 

Taurine 1499.7 (601.8-3621.9) 1952.7 (1407-2041.3) 3038.1 (2920.8-3038.1)d 

Choline-Dimethylglycine* 145.9 (69.1-216.1) 185.7 (185.7-189.4) 171.6 (171.0-171.8)d 

Betaine* 0.4 (0.2-0.5) 0.6 (0.5-0.6) 0.3 (0.3-0.6) 

Homocysteine 0.3 (0.3-0.4) 0.7 (0.5-0.9)a 0.5 (0.3-0.9) 

SAM 3.3 (1.7-4.5) 1.2 (0.7-2.0) 2.7 (0.5-2.1)a,c 

Methionine 0.6 (0.6-0.7) 9.3 (6.4-12.2)a 1.6 (0.8-1.6)a,d 

AMP 3.7 (2.1-5.7) 2.3 (1.5-2.9) 2.8 (2.8-3.8)c 

NADH 1.7 (1.3-2.5) 0.2 (0.2-0.2)a 5 (0.2-3.8)d 

SAH* 0.1 (0.1-0.2) 0.01 (0.0-0.01)a 0.09 (0.07-0.1)b,d 

Pyridoxal 5 phosphate 3.5 (2.2-7.1) 4.9 (4.4-6.4) 6.7 (4.1-9.6) 

5-Methyl-THF* 10.2 (8.8-20.1) 3.2 (1.2-3.2)a 1.1 (0.9-1.3)a,c 

5-Formyl-THF* 1.7 (0.7-2.8) 2.1 (2.1-2.1) 0.8 (0.8-1.3)c 

Cyanocobalamin* 0.4 (0.3-0.5) 0.5 (0.4-0.8) 0.8 (0.5-1)a 

Riboflavin 0.5 (0.2-0.9) 1.2 (0.9-1.7)b 1.7 (0.9-2.2)a 
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Figure 43. Effect of Lmna mutation on DNA Methylation in muscle tissue represented by the percentage of 5- 

methylcytosine and 5-hydroxymetilcytosine. Results are shown as means ± SEM (n=8) ap<0.05 respect to wild 

type mice, bp<0.05 respect to Lmna G609G +/- by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denotes 

heterozygous progeria and CCL2 cisgenic mice. Lmna G606G +/- denotes progeria mice. 

 

 Lmna G609G+/- induces P53 activation and a downregulation of PI3K/AKT/mTOR pathway 
 

Both mice with the Lmna mutation showed an upregulation of tumor suppressor p53.  p53 is a 

transcription factor, which in stress conditions might control the cell growth through the regulation 

of AKT/mTOR pathways. Respect to wild type, both progeroid mice developed an inactivation of AKT 

and mTORC1, which are represented in the figure 44 as AKT-pS473 and S6-Ps235/236, without 

affecting PI3K-p85. Moreover, these mice showed an activation of AMPK- pT172, which resulted in 

the macroautophagy activation, indicated by an increase in LC3II/LC3I ration and clear reduction in 

sequestosome p62. These results were more evident in Lmna G609G+/-/ CgCcl2+/- mice.  However, 

Lmna G609G+/- mice showed a downregulation of LAMP2A, which is used as a CMA marker.  

 

Moreover, we analyzed the protein levels of mitochondrial oxidative phosphorylation complexes 

(OXPHOS) to determine whether Lmna G609G+/- is associated with mitochondrial alterations. 

Progeroid mice revelated downregulation of complexes I (CI-NDUFB8) and II (CII-SDHB). However, 

only Lmna G609G+/-/ CgCcl2+/- showed a decreased of III (CIII-UQCRC2), IV (MTCO1) and V 

(CVNDUFB8). These results suggest that the muscle ATP synthesis capacity is severely impaired or 

inactive in Lmna G609G+/-/ CgCcl2+/-. In addition, both group of mice had a decrease of TOM20 and 

MFN2 protein concentration. Progerin accumulation induced alterations in muscle mitochondria 

and fusion process  
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Figure 44. Overall assessment of p53 regulates the PI3K/AKT/mTORC1 pathway and mitochondrial dynamics. 

Western blot of selected molecules. Values are shown as mean ± SEM.  ap< 0.05, respect to wild type mice. b 

p<0.05 with respect to Lmna G609G+/- by Mann–Whitney U test.  Lmna G606G +/-/CgCcl2 +/- denote heterozygous 

progeria and CCL2 cisgenic mice. Lmna G606G +/- denote progeria mice. Acronyms used: phospho- tumor 

suppressor p53 (p53-pS15), Phosphoinositide 3-kinases (PI3K), Protein Kinase B (AKT) and phospho-Protein 

Kinase B (AKT-pS473), phospho-ribosomal protein S6 (S6-pS235/236), AMPK activated protein kinase (AMPK), 

phospho-AMPK activated protein kinase (AMPK pT172),  Microtubule-associated proteins 1A/1B light chain 3B 

(LC3), p62, Lysosome-associated membrane protein 2 (LAMP2A), Translocase of outer membrane (TOM20), 

Mitofusin 2 (Mfn2), Vinculin and Complex I or NADH/ubiquinone oxidoreductase; complex II or succinate 

dehydrogenase, complex III or cytochrome C reductase, complex IV or cytochrome C oxidase, complex V or 

ATPase. 
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Discussion  
 

The maintenance of homeostasis under diverse metabolic diseases requires a complex relationship 

between organs, cells, hormones and cytokines converging at multiple metabolic pathways. 

Understanding the association between all of these components is determinant in the search of 

new therapeutics targets of metabolic diseases such as obesity, type II diabetes, NAFLD and 

cardiovascular diseases, which represent the main cause of death in western society. In this 

dissertation we demonstrated that the chemokine CCL2 could be an effective therapeutic target in 

NAFLD progression and accelerated aging.  

 

Originally, CCL2 interaction with its receptor (CCR2) was associated to the regulation of monocytes 

and macrophages at the sites of inflammation, but the results of this dissertation demonstrated that 

Ccl2 ablation or its overexpression could transmit cells signals that generate multiple response not 

related to chemotaxis function. In the first study, we showed that the Ccl2 ablation partially or 

completely reverted most of liver metabolic alterations and histological features generated by 

oxidative stress and hyperlipemia. However, the mechanisms that establish the metabolic 

reprogramming in the hepatocytes in due to this Ccl2 deficiency remain poorly understood.  

 

Our analysis of the coupled oxidation-inflammation system reveals an in vivo essential role in liver 

disease and potential alternative strategies capable of delaying NAFLD development. Deprivation of 

PON1, an important component of antioxidant defenses, resulted in increased production of lipid 

peroxides, which correlated with fat accumulation and variations in the distribution of liver 

macrophages. Examination of energy metabolism in the livers of Pon1 deficient mice suggested 

mitochondrial damage and decoupling from glycolysis, confirming that mitochondrial metabolism 

mediates in oxidative stress and inflammation in fatty liver [178]. Mitochondrial damage may cause 

an imbalance between ROS production. Potentially, overexpression of antioxidant defenses might 

improve lifespan and health span in mice [179]. The increase in glutathione peroxidase and 

glutathione reductase expression in PLKO mice can be interpreted as a mechanism of hepatocytes 

to defend against this oxidative stress. Consequently, the GSH/GSSG ratio in these mice was 

extremely low in PLKO mice. The oxidative stress status could interact with metabolism, more 

specifically the relative deficiency in methyl donors resembling the pro-oxidant, pro-inflammatory 

disturbances observed in mice fed methionine-choline deficient mice. Interestingly, most defects 
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were completely reversed by the concomitant Ccl2 deficiency, most likely mediated by amelioration 

in macrophage functionality [180,181]. Although the liver has several types of immune cells 

macrophages represent one third of hepatic non-parenchymal cells and are considered the first 

response to liver injury, playing a major role in repair and regeneration processes [182,183]. 

 

Energy metabolism in the livers of CPLKO mice was also partially restored when compared with 

PLKO mice, of note these results were more evident when fed a standard diet. This data suggest 

that the prevention of obesity and dietary restraint is a crucial first step in protection of the liver 

[184] because obesity and overnutrition are causal in the altered expression of genes relevant for 

metabolism, oxidative stress and inflammation [41,150–152]. 

 

The analysis of energy sensors AMPK and mTORC1 activation were inversely related in both PLKO 

and CPLKO mice. A consequence of mTORC1 activation is autophagy inhibition, which induced a low 

LC3-II/LC3-I ratio [185]. Therefore, the livers of these mice were deprived of a crucial mechanism to 

cope with a variety of cellular stress. However, when we examined LAMP2A, we found that Pon1 

deficiency altered this mechanism, which was completely reversed by the addition of Ccl2 

deficiency. Accumulated evidence highlights the importance of autophagy in the maintenance of 

liver homeostasis and the involvement in the pathogenesis of NAFLD affecting hepatocytes and 

other hepatic cell types [150,186,187]. CMA participates in protein quality control by degrading 

oxidized and damaged proteins under stress conditions and contributes amino acids through the 

degradation of proteins. Indeed, it has been reported that high lipid concentrations can stimulate 

LAMP2A degradation through the modification of the lysosome membranes [188][189] 

Therefore, this study demonstrates that CCL2 is a key molecule for the development of metabolic 

and histological alterations in the liver of mice sensitive to the development of hyperlipidemia and 

hepatic steatosis, a finding with potential to identify new therapeutic targets in liver diseases, which 

is important because there is no specific pharmacotherapy approved for NAFLD.  

 

CCL2 deficiency denotes an improvement of liver metabolic alterations, suggesting an 

interconnection between this chemokine and metabolism. To investigate this aspect, in the second 

study, we generated targeted Ccl2 cisgenic mice (CgCcl2), which overexpressed CCL2 in all tissues. 

CgCcl2 mice showed considerable biochemical and histological alterations associated with energy 

metabolism and inflammatory status. These mice had a higher predisposition to fatty liver disease, 
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muscle weakness and significant changes in mitochondria biogenesis, autophagy, ATP synthesis and 

alterations through AMPK/ mTORC1 driven pathways. Additionally, we explored muscle and liver 

inflammatory status by the analyses of different macrophage markers. CgCcl2 mice denoted a 

modulation of the functional difference in macrophage polarization with a shift towards low liver 

pro-inflammatory and high anti-inflammatory activity. However, muscle tissue did not show any 

remarkable alterations. The cause of these findings is not well known yet and new examinations 

using Ccl2 liver or muscle specific cisgenic mice are necessary to determine the different 

mechanisms that control these changes. However, we suggest that these changes may represent an 

important issue in the development of macrophage-induced metabolic alterations in tissues. Thus, 

our data suggest that this chemokine has a key metabolic role in the cell homeostasis through the 

regulation of energy status, particularly in liver and muscle. 

 

 Overexpression of CCL2 results in dramatic alterations in biochemical parameters correlated with 

liver fat accumulation, muscle histological alterations and changes in macrophage plasticity. 

Examination of energy sensor AMPK/mTORC1, showed that CgCcl2 mice had a different AMPK 

behavior in liver and muscle (inhibition in the liver, stimulation in the muscle) indicating distinct 

energy requirements. In liver, we observed an anabolic profile indicated by low pAMPK/AMPK ratio 

and high mTORC1 activity, impairment of autophagosome formation, decoupling of OXPHOS 

components and reduction of mitochondrial fusion. On the other side, skeletal muscle showed a 

catabolic profile indicated by the activation of AMPK, reduction of mTORC1, increased autophagy 

without mitochondrial fusion alterations, increased OXPHOS components, and increased levels of 

lactate and ketone bodies. These chronic high energy requirements of the muscle could induce 

skeletal muscle fragility and higher mitochondrial activity [189,190]. The mitochondria are the 

central components of energy metabolism because they are the final acceptors of metabolic 

substrates and are involved in oxidative phosphorylation, citric acid cycle and fatty acid oxidation 

[191]. Mitochondrial dynamics is regulated by the balance between fusion, fission and autophagy 

and alterations in some of these processes have an important repercussion in energy status and in 

cell metabolism [189,192]. Our results suggest that CCL2 can develop alterations in mitochondria 

status and the effect of CCL2 seems to be tissue-dependent.  
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The metabolomics analysis showed that livers of CgCcl2 mice had important changes in CAC cycle.  

These alterations have been linked to metabolic diseases such as diabetes, ischemia, and 

hypertension [193,194]. Moreover, our results suggested a link between this chemokine and liver 

methionine status. Methionine transmethylation is directed to maintain SAM concentration [162], 

thus methionine depletion induces important metabolic and histological alterations in liver which 

are related to lipid irregular accumulation in hepatocytes [165,181]. However, we did not find any 

remarkable alterations in one-carbon metabolism in muscle. 

 

Collectively, this second study indicates that CCL2 and metabolism are closely interconnected. CCL2 

overexpression induces metabolic alterations that can affect important processes for cell survival, 

such as mitochondrial dynamics, autophagy and the regulation of different energy sensors essential 

for the cell homeostasis.  

 

Beyond these data, several studies demonstrated that CCL2 are correlated with chronological aging 

in humans and mice [93–95,97]. For this reason, in study 3 we evaluated the effect of CCL2 

overexpression in a mice model of Hutchinson-Gilford progeria syndrome, which is a model of 

accelerated aging. The chronic CCL2 overexpression induces an early senescence phenotype in 

progeria mice. These mice showed a premature degenerative change, including loss of fertility, 

sarcopenia, cachexia, dermal thinning and loss of subcutaneous fat. These ageing phenotypes 

correlate with a reduction in average lifespan (20 weeks in Lmna G609G+/-/ CgCcl2+/- vs 38 weeks in 

Lmna G609G+/-), suggesting that this chemokine is an important factor in aging development.  

 

Lmna G609G+/-/ CgCcl2+/- mice may help to clarify the relevance of systemic inflammation as a 

regulator of aging. Chronic low grade of inflammation is one of the hallmarks of aging and is closely 

related. Aging is stimulated by several soluble factors such as interleukins, inflammatory cytokines 

and growth factors that can affect surrounding cells [96]. Studies in vitro have demonstrated that 

CCL2 participates in the senescence associated secretory phenotype (SASP). SASP is a collection of 

different factors secreted by senescent cells which are able to induce secondary senescence in 

healthy tissues, reduce the fitness and promote aging [89,93,96,195]. SASP include several pro-

inflammatory chemokines, which have a beneficial paracrine function; however, an unchecked 

production of these factors could cause detrimental effects in cell survival. Moreover, SASP may 
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disrupt tissue structure and induce disturbances in its function through the alteration of the 

immune system [96,195].   

 

One of the most characterized senescence markers is p53, which was increased in both progeroid 

mice. p53 is a transcription factor that, in stress conditions inhibits cell proliferation through 

mTORC1 inhibition [196]. The mechanism that controls p53 and mTORC1 interaction is regulated by 

different means. For instance, it has been demonstrated that p53 induce the direct or indirect 

activation of AMPK, which is considered to be one of the most important inhibitors of mTORC1. 

Moreover, p53 also induced PTEN/PI3K/AKT to reduce mTORC1 activity [196,197]. This metabolic 

reprogramming causes drastic systemic alterations in cells being autophagy activation one of them. 

Autophagy promotes the recycling of damaged organelles in response to metabolic alterations or 

nutrient depletion [153][148]. Even though autophagy is considered to be one of the most 

important anti-aging mechanisms of the cells, we observed an increase in macroautophagy in both 

groups. Moreover, this increase in macroautophagy was associated with a mTORC1 inhibition and 

the upregulation of AMPK.  Similar results were obtained by other groups using Hutchinson-Gilford 

progeria mice models [198,199].  

 

We consider that macroautophagy activation can be an adaptation to the metabolic stress observed 

in these mice. Moreover, this dramatic increase is probably a compensation mechanism to the CMA 

impairment observed in both groups. Downregulation of chaperones are associated with a loss of 

protein degradation machinery [200,201], a fact which can explain the dramatic increase in amino 

acids concentration observed in Lmna G609G+/-/ CgCcl2+/- and Lmna G609G+/-. A decline in protein 

homeostasis is closely related to aging progression and degenerative diseases such as Alzheimer, 

Parkinson’s, Huntington and cancer [200].  All these pathologies are characterized by mitochondrial 

dysfunction and alterations in ATP synthesis. 

 

Mitochondria are the main source of cellular energy and mitochondrial stress can induce electron 

transport chain disruption and in consequence the ATP synthesis depletion. Here, we observed that 

both progeroid mice have an important mitochondrial dysfunction together with an alteration in 

mitochondrial dynamic, energy and one carbon metabolism. These alterations are enhanced with 

CCL2 overexpression. Previous studies have demonstrated that CCL2 overexpression can induce 

dramatic mitochondrial dysfunction and contributes to mitochondrial biogenesis decline [174]. 
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Moreover, physiological aging per se contributes to mitochondrial alterations, which can be 

produced by different mechanisms including destabilization of respiratory chain complexes, changes 

in the lipid composition of mitochondrial membranes, oxidation of mitochondrial proteins or 

alterations in mitophagy process [87, 204, 205]. CCL2 seems to have a profound impact in these 

alterations. The combination between increased damage and reduced turnover in mitochondria, 

due to lower biogenesis and reduced clearance, may contribute to aging process in HGSP mice. In 

addition, several evidences suggest that mitochondrial dysfunction contributes to alterations in 

metabolic pathways and can alter epigenetic states. These changes can mark a milestone in terms of 

physiological aging.  

 

Our findings demonstrate striking associations between CCL2 and aging in Lmna G609G+/- mice, 

suggesting that CCL2 could be an interesting target for the design of new therapeutic strategies for 

the treatment of progeria syndrome.  

 

Collectively, our data confirm that CCL2 has an important metabolic function that goes beyond to its 

chemoattracting capacity.  
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Conclusions  
 
 
 

 
 
 

✓ Chemokine C-C motif ligand 2 is a key molecule to explain liver metabolic and histological 

alterations associated with high fat diet. 

 

✓ Chemokine C-C motif ligand 2 overexpression affects cell survival, mitochondrial dynamics, 

autophagy and the regulation of energy sensors.  

 

✓ Chemokine C-C motif ligand 2 impairs the senescence phenotype of mice with progeria 

syndrome (LmnaG609G+/-).  

 
✓ Our results suggest that chemokine C-C motif ligand 2 may be an important therapeutic 

target in metabolic diseases.  
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The risk of non-alcoholic fatty liver disease increases with obesity. Vulnerability to oxidative stress and/or
inflammation represents a crucial step in non-alcoholic fatty liver disease progression through abnormal me-
tabolic responses. In this study, we investigated the role of CCL2 gene ablation in mice that were double deficient
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1. Introduction

The liver is vulnerable to inappropriate food ingestion, and ectopic
fat accumulation induces non-alcoholic fatty liver disease (NAFLD).
NAFLD has become the most common liver disease worldwide and
encompasses a histological spectrum, ranging from simple steatosis to
non-alcoholic steatohepatitis (NASH), which may progress to cirrhosis
and hepatocellular carcinoma [1,2]. NASH is multifactorial and may be
progressive, but the mechanisms affecting its development are too
complex to be fully established in humans. Recent analytical tools are
now available to explore the adaptive metabolic response to liver injury
by examining the combined relationships among metabolic abnormal-
ities, oxidative stress and inflammation, including paraoxonase 1
(PON1) and chemokine (C-C motif) ligand 2 (CCL2), as key molecules
to understand the role of antioxidant defenses and monocyte recruit-
ment in the liver [3–6]. PON1 may be found both in hepatocytes and in
the circulation bound to lipoproteins and functions primarily as an ef-
fective molecule to modulate lipid peroxidation and the inflammatory
response, likely influencing the production of CCL2 [7]. In this context,
we have previously reported in experimental models that pon1 defi-
ciency or ccl2 overexpression render mice prone to liver steatosis and
metabolic alterations [8–10].

Excessive calorie intake is a major cause of liver injury and com-
promises the ability of hepatocytes to alter their metabolism (metabolic
reprogramming) to trigger the adaptive response of intracellular sen-
sors and signaling molecules necessary for liver homeostasis [11–13].
To be efficient, this adaptation requires substantial mitochondrial ac-
tivity. However, oxidative stress and inflammation induce mitochon-
drial dysfunction and eventually cellular death, indicating that these
processes and energy metabolism pathways may be interrelated and can
interfere with reparative mechanisms [14]. Mechanistically, we hy-
pothesize that the relationships among mitochondrial function and the
roles of PON1 and CCL2 could be associated with at least two essential
activities. The first involves the link between the citric acid cycle (CAC)
and methionine and the consequent role in the maintenance of correct
glutathione synthesis [15]. The second is associated with the regulation
of autophagy-lysosomal function, an essential process for liver meta-
bolic homeostasis that is highly dependent on AMP-activated protein
kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling in
energy metabolism [16–18].

Herein, we explore the role of PON1 and CCL2 in liver disease and
how oxidative stress and inflammation modulate hepatic intracellular
signaling molecules and the adaptive metabolic response to fat-induced
liver injury. Specifically, we investigated the alterations produced by
the diet in mice triple deficient in the genes of low density lipoprotein
receptor, PON1 and CCL2 (CPLKO mice), using as control groups wild
type (WT) mice and mice double deficient in the low density lipoprotein
receptor and PON1 (PLKO). These last animals have previously been
used as a model of hyperlipidemia, hepatic steatosis and metabolic
syndrome [8–10].

2. Results

2.1. Metabolic phenotypes, including liver histology and distribution of
macrophages, were sensitive to CCL2 deficiency

PLKO and CPLKO mice had a significantly lower body weight than
WT animals when given chow diet (CD). In contrast, weight increased
similarly in all strains when fed high fat diet (HFD; Fig. 1A). Moreover,
serum cholesterol, triglycerides and glucose concentrations were sig-
nificantly higher in the HFD groups than in the CD groups, and PLKO
and CPLKO mice had higher values than WT animals. All strains became
glucose intolerant when fed HFD but without significant differences
among strains, and serum glucose remained lower in mice with ccl2
deficiency. Serum aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) activities were higher in PLKO mice than in WT

animals, while CPLKO mice had levels of these enzymes similar to those
of the WT group (Fig. 1B). These findings suggested a differential he-
patic response that was confirmed histologically (Fig. 2). Minor fat
accumulation was observed in PLKO mice fed CD, and prominent liver
steatosis was observed when fed HFD. In contrast, CPLKO mice did not
develop steatosis irrespective of the administered diet (Fig. 2A).

The immunohistochemical expression of 4-hydroxy-2-nonenal (4-
HNE) was low in WT mice and very high in PLKO animals. The ex-
pression of 4-HNE in CPLKO mice was similar to that of WT animals,
indicating a similar degree of oxidative stress (Fig. 2B). Again, the ex-
pected higher oxidative stress in pon1-deficient mice was averted by the
added deficiency in ccl2 (CPLKO), suggesting that CCL2 may potentially
induce major metabolic changes, inhibit the inflammatory response, or
both.

Differences between PLKO and CPLKO mice were observed through
the differential abundance of liver macrophages with different pheno-
types. PLKO mice fed a CD diet had a lower expression of C-type lectin
domain family 4 member F (CLEC4F), indicating a lower amount of
Kupffer cells. This alteration was corrected in CPLKO animals.
However, we did not find any significant difference in this marker in
mice given HFD (Fig. 3A). A significant subset of macrophages was
positive for F4/80 antigen with expected potent phagocytic activity and
reactive oxygen species (ROS) production capacity. PLKO mice did not
change their relative abundance of these macrophages, but in mice
deprived of ccl2, the relative proportion of F4/80+ cells remained
significantly lower when fed either CD or HFD (Fig. 3B). A relatively
low percentage of macrophages were positive for cluster of differ-
entiation 11b (CD11b) staining, which increased in fat-challenged mice
in all strains. CD11b is a marker of pro-inflammatory macrophages, and
the increase was lower in CPLKO animals (Fig. 3C). Finally, to assess the
putative reparative function of some macrophages and the functional
adaptation to environmental challenges, we also measured CD163+
cells. This antigen is a marker of anti-inflammatory macrophages, and
we found that PLKO mice had a significant decrease in the proportion of
CD163-stained cells with respect to WT mice. The additional CCL2
deficiency counteracted such reduced expression (Fig. 3D). We also
measured the hepatic mRNA expression of CD11b and CD163, which
confirmed the immunohistochemical analyses in mice fed with CD, al-
though we did not observe any significant differences in animals fed
with HFD (Supplementary Fig. S1).

We used mice deficient in the C-C chemokine receptor type 2
(CCR2) gene to investigate whether CCR2-CCL2 signaling pathway is
the responsible of the hepatic improvements observed in CPLKO mice.
Ccr2 deficient mice did not develop steatosis at 6 weeks of HFD treat-
ment and showed a low amount of 4-HNE and F4/80 stained cells.
These mice did not present any significant differences in the im-
munological stainings of CLEC4F, CD163 and CD11b with respect to
WT animals (Supplementary Figs. S2 and S3).

Taken together, our findings indicate that CCL2 alters the metabolic
phenotype of mice challenged with fat accumulation and may reshape
the functional capacity of liver macrophages.

2.2. Oxidative stress and inflammation mediate energy metabolism-
associated pathways

Targeted metabolomic analysis indicated that PLKO and CPLKO
mice differ in their liver metabolism. Partial least square discriminant
analysis visually indicates the role of the measured metabolites in dis-
criminating among the different experimental groups. Separation
among groups was more clearly shown in animals fed HFD, and the
effects on the distribution among dietary groups were consistent. The
standardized metabolite concentrations were represented as a heatmap,
and most metabolites discriminated both genetic variations, including
the effect of diet. Glycolysis and amino acid metabolism appear to be
important to explain the differences superposed by ccl2 deficiency, as
shown by the ranked importance of metabolites without supervision via

F. Luciano-Mateo, et al. BBA - Molecular Basis of Disease 1865 (2019) 1555–1566

1556

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



random forest analysis (Fig. 4, Supplementary Table S1).
When comparing the metabolic response of PLKO and CPLKO mice

with respect to normal (WT), we found an accumulation of glucose-6-
phosphate together with increased proximal and distal metabolites,

including fructose 6-phosphate, fructose 1,6-bisphosphate and ribose-5
phosphate, indicating a reduced entry of glucose carbon into mi-
tochondrial biosynthetic metabolism and likely alterations in the pen-
tose monophosphate shunt. In both strains, with minor dietary-induced

Fig. 1. Selected metabolic features in genetically modified mice. The results for (A) Body weight increase and (B) biochemical variables. PLKO denotes ccl2+/+,
pon1−/−, ldlr−/− and CPLKO denotes ccl2−/−, pon1−/−, ldlr−/−. Values are mean ± SEM (n=8 per genotype and dietary condition) aP < 0.05, bP < 0.001,
with respect to control littermates (WT); cP < 0.05, dP < 0.001, with respect to PLKO.

Fig. 2. Hepatic histological features. Representative microphotographs (bars indicate magnification) of liver sections stained with (A) hematoxylin and eosin and
against (B) 4-hydroxy-2-nonenal (4-HNE). PLKO denotes ccl2+/+, pon1−/−, ldlr−/− and CPLKO denotes ccl2−/−, pon1−/−, ldlr−/−. Values reported for the cal-
culated steatosis score and 4HNE stained cells are mean ± SEM (n=8 per genotype and dietary condition) aP < 0.05, bP < 0.001, with respect to control
littermates (WT); c P < 0.05, d P < 0.001, with respect to PLKO.
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differences, there was an apparent decoupling between glycolysis and
CAC (Fig. 5A, B). Therefore, the induced mutations result in a state of
relatively reduced hepatic oxidative metabolism. However, the accu-
mulation of lactate and β-hydroxybutyrate quantitatively differed ac-
cording to the ingestion of calories and were more evident in compar-
isons between PLKO and CPLKO mice, suggesting potential alternatives
to provide CAC feeding. Notably, mice deprived from CCL2 sig-
nificantly improved the function of the glycolytic pathway and con-
nections with CAC. Hepatic mitochondria also support relevant

pathways related to the ability of 4‑carbon intermediates to move into
(anaplerosis) and out of (cataplerosis) the CAC without undergoing
oxidation. These metabolic activities are required for shuttling reducing
equivalents and biosynthetic substrates to other pathways, and the re-
lative accumulation of CAC intermediates, lactate, ketone bodies and
amino acids suggests that CCL2 may influence the flux of anaplerosis
and cataplerosis-associated pathways (Fig. 5C). Taken together, our
results suggest that PON1 and CCL2 are closely related and may affect
metabolic activities with the potential for ROS formation in liver

Fig. 3. Hepatic macrophage relative density. Representative microphotographs (bars indicate magnification) illustrating immunohistochemical staining of (A) C-type
lectin domain family 4 member F (CLEC4F), (B) F4/80, (C) cluster of differentiation 11b (CD11b) and (D) cluster of differentiation 163 (CD163). PLKO denotes ccl2+/

+, pon1−/−, ldlr−/− and CPLKO denotes ccl2−/−, pon1−/−, ldlr−/−. Values for the calculated stained cells (%) are mean ± SEM (n=8 per genotype and dietary
condition) aP < 0.05, bP < 0.001, with respect to control littermates (WT); cP < 0.05, dP < 0.001, with respect to PLKO.
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mitochondria, contributing to oxidative stress and inflammation under
these conditions.

2.3. Oxidative stress-induced dysfunction in the liver methionine
transmethylation and transsulfuration pathways may be restored by ccl2
deficiency

The liver regulates the flux of methionine through essential me-
chanisms affecting DNA, and protein methylation and the synthesis of
the antioxidant glutathione. We observed significant differences in the
levels of metabolites between PLKO and WT mice that were completely
or partially averted in CPLKO animals (Supplementary Table S4, Fig. 6).
For instance, there was a significant 4-fold decrease in methionine
concentrations in PLKO mice when compared with the other strains,
and the difference was maintained when fed CD or HFD. Homocysteine
levels were also lower in PLKO mice, suggesting a significantly reduced
flux in transmethylation. There were major changes in S-adeno-
sylmethionine (SAM) and S-adenosylhomocysteine (SAH), substrate
and product of essential methyltransferase reactions in PLKO mice.
SAM levels were decreased in these animals, but differences only
reached statistical significance when fed an HFD. In contrast, SAH le-
vels increased dramatically, with a major impact on the SAM/SAH
ratio. This decrease in the SAM/SAH ratio due to increased SAH cor-
related with homocysteine levels and probably suggests considerable
alteration in the methylation status of hepatocytes. The SAM/SAH ratio
in CPLKO mice was not different from that observed in WT mice, in-
dicating reversal in causal mechanisms (Fig. 6). The reduced flux in
methionine transmethylation of PLKO mice affects the efficient utili-
zation of methionine for the synthesis of reduced glutathione (GSH) via
the transsulfuration pathway. GSH is the most abundant antioxidant in
hepatocytes and is critical for protecting cells from oxidative stress,

acting as a free radical scavenger and inhibitor of lipid peroxidation. In
PLKO mice, the GSH to GSSG ratio was extremely low, and we observed
a greater mRNA expression of glutathione peroxidase and glutathione
reductase than in WT and CPLKO animals (Supplementary Fig. S4). The
GSH/GSSG ratio is an indicator of cellular health, and the reduced ratio
indicates major cellular injuries because under normal conditions, re-
duced GSH represents up to 90% of cellular GSH. Interestingly, defi-
ciency in CCL2 may be effective in maintaining hepatocytes' redox
potential, but the levels were not completely reversed (Fig. 6). Our
findings suggest that measurement of the GSH/GSSG ratio in the liver
may bear usefulness in research focused on specific NAFLD therapeutics
and the potential relationship between oxidative stress and epigenetic
mechanisms.

2.4. Assessment of the role of ccl2 in hepatic autophagy-lysosomal function

In the liver, autophagy not only contributes to the maintenance of
normal hepatocyte functions but also may respond to pathogenic
changes. Autophagy was essentially suppressed or clearly reduced in
genetically modified mice with respect to WT mice as assessed by low
levels of microtubule-associated proteins 1A/1B light chain 3B (LC3) II/
I ratio (Fig. 7), probably indicating a direct relationship with PON1
deficiency and high oxidative stress. We examined the autophagy-re-
lated protein 7 (Atg7), which was highly dependent on dietary condi-
tions but did not significantly differ among strains. In contrast, mTOR
was highly activated in genetically modified strains, as shown by the
significant increase in the ratio between the phosphorylated and the
nonphosphorylated forms. These changes probably refer to mTORC1 as
indicated by a significantly higher expression of eukaryotic translation
initiation factor 4E-binding protein 1 (P4EBP1) and were associated
with low levels of AMPK activation. In addition, Akt was also highly

Fig. 4. Dietary-induced changes and the effect of pon1 and/or ccl2 ablation in hepatic energy-balance metabolites. From left to right in mice segregated by dietary
conditions (A and B), partial least square discriminant analysis to visualize how measured metabolites discriminate among strains, heatmap built using standardized
metabolite concentrations, and random forests to rank the importance of metabolites without supervision. PLKO denotes ccl2+/+, pon1−/−, ldlr−/− and CPLKO
denotes ccl2−/−, pon1−/−, ldlr−/−.

F. Luciano-Mateo, et al. BBA - Molecular Basis of Disease 1865 (2019) 1555–1566

1559

UNIVERSITAT ROVIRA I VIRGILI 
THE ROLE OF CHEMOKINE (C-C MOTIF) LIGAND 2 IN INFLAMMATION, OXIDATIVE STRESS, AGING AND METABOLISM 
Fedra Nicaury Luciano Mateo 
 



activated in PLKO and CPLKO mice. Considering the induced changes in
liver histologic features and metabolic perturbations by the ablation of
ccl2 in PLKO mice, the lack of differential effects in the Akt/AMPK/
mTOR pathway or the repression of autophagy appears noteworthy
(Fig. 7). Then, we explored the expression of lysosome associated
membrane protein 2 (LAMP2A), which was significantly increased in
CPLKO mice with respect to PLKO mice levels, with even more dramatic
effects when mice were fed HFD, suggesting a potential role of cha-
perone-mediated autophagy in the remission of oxidative stress (CMA).
Taken together, our data indicate that PON1 deficiency is associated
with decreased autophagosome formation, which is independent of
CCL2. In contrast, CCL2 might affect CMA.

3. Discussion

In PLKO mice we found important liver alterations and energy
stress. However, the additional ablation of CCL2, a key chemokine in-
volved in the inflammatory response, partially or completely reverted
most alterations in biochemical and histologic features. Essentially, we
demonstrate the entwined roles of PON1 and CCL2 on the adaptive
metabolic response to liver injury. Unbalanced nutritional status may
lead to the accumulation of fat in hepatocytes, which sequentially in-
duces mitochondrial dysfunction, oxidative stress, inflammation, and

cell death. Remission through dietary interventions is uncommon, and
our findings might have therapeutic and pathogenic implications in
searching effective treatment procedures to reverse NAFLD and/or
avoiding progression from simple steatosis to NASH.

The mechanisms establishing metabolic reprogramming in hepato-
cytes remains poorly understood. Overnutrition is causal in the altered
expression of genes relevant for metabolism, oxidative stress and in-
flammation inducing epigenetic mechanisms responsible for the re-
markable capacity of hepatocytes to switch their phenotypic status
[9,19–21]. Hence, prevention of obesity and dietary restraint is a cru-
cial first step in protecting the liver [22]. Reversibility of epigenetic
mechanisms provides an interface between the host and environment.
Here, we provide evidence indicating that oxidative stress probably
interferes in the course of DNA and protein methylation through me-
thionine metabolism and glutathione oxidation. The course of action
may be substantially reversed, avoiding inflammation, which may
provide a converging point between PON1 and CCL2 and are key me-
chanisms to explain the usefulness of epigenetic intervention through
nutrition and drugs such as metformin and aspirin [23].

Our analysis of the coupled oxidation-inflammation system reveals
in vivo a pivotal role in liver disease and potential alternative strategies
capable of delaying NAFLD development. Deprivation of PON1, an
important component of antioxidant defenses, results in increased

Fig. 5. The relative impact of dietary fat on the levels of metabolites associated with energy metabolism in the liver. Comparisons were made assessing fold-changes
according to the legend in mice with pon1 deficiency (A) and pon1 and ccl2 deficiency (B) with respect to control littermates and between both strains (C). PLKO
denotes ccl2+/+, pon1−/−, ldlr−/− and CPLKO denotes ccl2−/−, pon1−/−, ldlr−/−.
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production of lipid peroxides, which correlated with fat accumulation
and variations in the distribution of liver macrophages. Examination of
energy metabolism in the livers of pon1-deficient mice suggested mi-
tochondrial damage and decoupling from glycolysis, confirming that
mitochondrial metabolism mediates oxidative stress and inflammation
in fatty liver [24]. Mitochondrial damage can cause an imbalance be-
tween ROS production and removal, resulting in net ROS production.
Potentially, overexpression of antioxidant defenses might improve
lifespan and healthspan in mice [25]. The increase in glutathione per-
oxidase and glutathione reductase expression in PLKO mice can be in-
terpreted as a mechanism of hepatocytes to defend against oxidative
stress. Consequently, the GSH/GSSG ratio in these mice was extremely
low in PLKO mice. This effect was also accompanied by a relative de-
ficiency in methyl donors resembling the pro-oxidant, pro-in-
flammatory disturbances observed in mice fed methionine-choline de-
ficient mice. Interestingly, most defects were completely reversed by
the concomitant ccl2 deficiency, most likely mediated by amelioration
in macrophage functionality [26,27]. Although the liver has several
types of immune cells such as natural killer cells, natural killer T cells,
neutrophils, γδT cells, dendritic cells and lymphocytes T and B, mac-
rophages represent one third of hepatic non-parenchymal cells and are
considered the first response to liver injury, playing a major role in
repair and regeneration processes [28].

Energy metabolism in the livers of CPLKO mice was also partially
restored when compared with PLKO mice and suggested an important
role of lactate and β-hydroxybutyrate as primary CAC substrates and in
controlling the release of pro-inflammatory cytokines [29,30]. In ad-
dition, the restoration of branched chain amino acid metabolism ob-
served in CPLKO mice might also contribute to the alleviation of liver
steatosis and liver injury [31].

The AMPK signaling pathway coordinates autophagy and metabo-
lism [32]. The heterotrimeric (αβγ) complex AMPK is a key player in
maintaining cellular energy balance, and in these genetically modified
mice, activation through phosphorylation at T172 of its catalytic sub-
unit is significantly inhibited. Oxidative stress and energy stress may
also differentially regulate AMPK activity through oxidation at several

cysteine residues, a mechanism apparently dependent on the source of
ROS, abundance of nutrients and the antioxidant capacity of cells [33].
AMPK activity and mTORC1 activation were inversely related, and
autophagy was inhibited in both PLKO and CPLKO mice precluding the
conjugation of LC3-I to phosphatidylethanolamine (LC3-II), which in-
duced a low LC3-II/LC3-I ratio [34]. Therefore, the livers of these mice
were deprived of a crucial mechanism to cope with a variety of cellular
stresses. However, when we examined LAMP2A as a proxy for cha-
perone-mediated autophagy (CMA), we found that pon1 deficiency al-
tered this mechanism, which was completely reversed by the addition
of ccl2 deficiency. Accumulating evidence highlights the importance of
autophagy in the maintenance of liver homeostasis and the involvement
in the pathogenesis of NAFLD affecting hepatocytes and other hepatic
cell types [18,35,36]. Our results suggest a possible link between CMA
and NAFLD progression. CMA participates in protein quality control by
degrading oxidized and damaged proteins under stress conditions and
contributes amino acids through the degradation of proteins. The role
of CMA in cellular fate has already been established by modulating
carbohydrate and lipid metabolism, transcriptional programs, immune
responses and the cell cycle through selective degradation of key en-
zymes in these pathways [37–39]. Indeed, it has been reported that
high lipid concentrations can stimulate LAMP2A degradation through
the modification of the lysosome membranes [40].

Previous studies suggest that the heterogeneous histological grades
found in human biopsies were proportional to oxidative flux [24]. Our
findings suggest that PON1 and CCL2 are key molecules modulating
hepatic oxidative stress and inflammation that appear to be associated
with increased oxidative metabolism, likely altering anabolic pathways.
Both molecules are circulating in the blood at easily measurable con-
centrations and may represent possible predictive and diagnostic bio-
markers of liver disease, but future research requires standardization of
reagents and methods to overcome difficulties in interpretation [7].
Data may also suggest and/or potentiate novel therapeutic targets,
which is important because there is no specific pharmacotherapy ap-
proved for NAFLD. For instance, it is plausible that increased PON1
activity may have beneficial effects in humans. Molecular mechanisms

Fig. 6. The relative impact of dietary fat on the levels of metabolites associated with the methionine cycle and transsulfuration pathways in the liver. PLKO denotes
ccl2+/+, pon1−/−, ldlr−/− and CPLKO denotes ccl2−/−, pon1−/−, ldlr−/−. Values are mean ± SEM (n=8 per genotype and dietary condition) bP < 0.001, with
respect to WT; dP < 0.001, with respect to PLKO.
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involved in the regulation of hepatic PON1 gene expression have not
been explored, but several compounds may increase gene transcription,
including probucol, several statins, vitamins and polyphenols (e.g.,
quercetin, naringenin, catechins, punicalagins, silymarin, and resvera-
trol) [41]. Similarly, polyphenol-rich foods may modulate plasma CCL2
in humans [42], and several anti-CCL2 antibodies and antagonists of its
functional receptor (CCR2) are currently under investigation. Pre-
clinical and clinical data on the dual CCR2/CCR5 inhibitor cenicriviroc
are advanced in the path to approval (phase 3 trial) to specifically
manage NASH and liver fibrosis [43,44]. Finally, our data also suggest
that combination therapies are more likely to benefit patients with
NAFLD than a single therapy and that drugs that may target AMPK
activity and/or autophagy might be useful.

In summary, this study demonstrates that CCL2 is a key molecule for
the development of metabolic and histological alterations in the liver of
mice sensitive to the development of hyperlipidemia and hepatic stea-
tosis, a finding with potential to identify new therapeutic targets in liver
diseases.

4. Materials and methods

4.1. Mice generation, genotyping and experimental design

Low density lipoprotein receptor single deficient mice (Ldlr−/−)
and CCL2 single deficient mice (ccl2−/−) were purchased from Jackson
Laboratories (Bar Harbor, Maine, USA) and the University of California
in Los Angeles kindly donated pon1−/− mice. All strains were back-
crossed>10 generations to ensure C57BL/6J genetic background.
From their progeny, we first generated by breeding double-deficient
mice in pon1 and ldlr (pon1−/−, ldlr−/−; PLKO). Then, we generated
another strain adding ccl2 deficiency (ccl2−/−, pon1−/−, ldlr−/−;
CPLKO). PLKO mice and littermates without mutations (wild type, WT)
were used as controls to investigate the effects of CCL2 deficiency. For
some additional experiments, we used CCR2 single deficient mice
(Ccr−/−) purchased from Jackson Laboratories (Bar Harbor, Maine,
USA), and fed a HFD.

Mice genotyping was performed using DNA isolated from the tail.
ccl2 and/or pon1 mRNA expressions were analyzed from homogenized
tails (Fig. 8) and livers (Supplementary Fig. S5) [45,46]. Handling of
animals was performed by dedicated staff in accordance with current
regulations and supervision by the Ethics Committee on Animal

Fig. 7. Overall assessment of autophagy-lysosomal function through Western blot analysis of selected molecules, including microtubule-associated protein 1A/1B
light chain 3B (LC3), autophagy-related protein 7 (Atg7), mammalian target of rapamycin (mTOR), mTOR-p S448, eukaryotic translation initiation factor 4E-binding
protein 1 (P4EBP1), AMP-activated protein kinase (AMPK) AMPK-p T172, protein kinase B (AKT), AKT-pS473, phosphoinositide 3-kinase p85 subunit (PI3K-p85),
lysosome associated membrane protein 2 (LAMP2A), and fumarylacetoacetate hydrolase (FAH). PLKO denotes ccl2+/+, pon1−/−, ldlr−/− and CPLKO denotes ccl2−/

−, pon1−/−, ldlr−/−. Representative bands are from pooled liver homogenates from randomly selected samples. Values for calculations are mean ± SEM (n=8 per
genotype and dietary condition); aP < 0.05, bP < 0.01, with respect to WT; cP < 0.05, with respect to PLKO.
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Experimentation of the Universitat Rovira i Virgili (protocols 4815 and
GC-URV-0235-03.18.2014) following European guidelines (Directive
2010/63/EU).

Homozygous strains were viable and reproduced without difficulty
under controlled temperature (22 °C), humidity (50%) and light/dark
cycle 12/12 h in a stress-free environment and fed a CD prepared by
Scientific Animal Food & Engineering, Augy, France and water ad li-
bitum. The animals were randomly allocated to experimental groups,
and the investigators responsible for the assessment of outcomes had no
previous knowledge of the experimental group to which the animals
belonged. No animals were excluded from the analysis. Selected male
CPLKO, PLKO and WT mice (n=16, each) at 10 weeks of age were
allocated into two dietary groups (n= 8, each) to compare the pon1-
and ccl2-related effects and to assess the differential response against
caloric intake provided by CD or HFD (Ssniff Spezialdiäten GmbH,
Soest, Germany), over 14 weeks. At the beginning of the study, other
littermates (n=3–4 for each strain) were used to confirm similar his-
tologic features in their livers at this age. Information on supplied nu-
trients by both diets may be found in Supplementary Table S1.

4.2. Sample collection and biochemical analyses

One week before sacrifice, glucose tolerance tests (GTT) were per-
formed on fasted (4 h) mice after intraperitoneal glucose (2 g/kg body
weight) administration. Glucose concentrations were determined in

blood from the tail immediately before and 15, 30, 60 and 120min with
test strips adapted to the Accuchek sensor system (Roche Diagnostics,
Barcelona, Spain). At sacrifice, blood was obtained by intracardiac
puncture to measure serum glucose, cholesterol, and triglyceride con-
centrations, and AST and ALT activities in an automated analyzer
Roche Cobas Mira Plus (Roche Diagnostics).

4.3. Quantitative RT-PCR

Total RNA was extracted using the RNeasy kit (Qiagen, Barcelona,
Spain) and was retrotranscribed using the Reverse Transcription System
kit (Applied Biosystems; Invitrogen, Barcelona, Spain). Real-time PCR
(qPCR) was conducted on a 7900HT Fast Real-Time PCR System using
TaqMan Gene Expression Assays (Applied Biosystems). The results
normalized according to the expression level of Beta-2-Microglobulin
(B2M) mRNA.

4.4. Histological analyses and immunochemistry

Livers were frozen in liquid N2 and stored at −80 °C and/or fixed in
formalin (formaldehyde 3.7–4% buffered to pH=7 and stabilized with
methanol 1–1.5%) until analysis. Adequate sections were stained with
hematoxylin and eosin to evaluate liver impairment according to a
scoring system as described [47]. For immunohistochemistry, proce-
dures were performed as described with few modifications [46]. Briefly,

Fig. 8. Genotyping and liver mRNA expression in mice generation. (A) Electrophoretic assessment and primers used in genotyping. (B) Expression of pon1 and ccl2
mRNA in liver homogenates of 24-week-old male genetically modified mice and control littermates (WT). PLKO denotes ccl2+/+, pon1−/−, ldl−/− and CPLKO
denotes ccl2−/−, pon1−/−, ldlr−/−.
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after deparaffinization and rehydration of 2 μm liver sections, antigens
were retrieved in 0.15mol/L sodium citrate or Tris 10mM/EDTA 1mM
buffer at pH=6 or pH=9 in a microwave oven until reaching 90 °C.
Bovine serum albumin (2%) and hydrogen peroxide (1%) were se-
quentially used to block nonspecific binding sites and endogenous
peroxidase and rinsed with phosphate buffered saline. Then, sections
were incubated with the corresponding primary antibody, the appro-
priate secondary antibody and detected with reagents described in
Supplementary Table S2. All sections were counterstained with Mayer's
hematoxylin and quantified via image analysis (at least 10 fields for
each sample) using ImageJ software (National Institutes of Health,
USA). To assess differences in oxidation and inflammation and to ex-
plore macrophage heterogeneity in healthy and diseased liver, we
stained macrophages for CLEC4F, antigen F4/80, CD11b, CD163, and 4-
HNE [11,48,49].

4.5. Western blot analyses

Frozen liver tissue (20mg) from each animal was homogenized in
300 μL of lysis buffer composed of 0.25M sucrose, 1 mM Pefabloc SC
(Sigma-Aldrich, Saint Louis, MI, USA), and a phosphatase inhibitor
cocktail (Hoffman-La Roche, Basel, Switzerland) using a sonicator
(Branson Sonifer 150, Thistle Scientific, Glasgow, UK). Western blotting
was performed by denaturing 50 μg of protein at 100 °C for 5min in
Laemmli sample buffer and β-mercaptoethanol. For protein separation,
8%–14% sodium dodecyl sulfate-polyacrylamide gel was used, and
proteins were transferred onto a polyvinylidene difluoride or ni-
trocellulose membrane (Thermo Fisher, Barcelona, Spain). Before the
primary antibody incubation, membranes were blocked with nonfat
milk or bovine serum albumin at 5% in Tris, sodium chloride and 1%
Tween-20 (pH=7.4). Reagents and further details may be found in
Supplementary Table S2. Bands were detected with a SuperSignal West
Femto chemiluminescent substrate (Pierce, Rockford, IL, USA), and the
analysis was performed with a ChemiDoc system (Bio-Rad Laboratories,
Madrid, Spain). Bands were analyzed and quantified using Image Lab
2.0 software (Bio-Rad Laboratories). Specifically, we measured the ex-
pression of molecules involved in the regulation of energy metabolism
and autophagy-lysosomal function, including the phosphoinositide 3-
kinase p85 subunit (PI3K-p85), protein kinase B (AKT), phospho-AKT
Ser 473 (AKT- pS473), mTOR, phospho-mTOR Ser 2448 (mTOR-
pS2448), AMPK, AMPK- pT172, eukaryotic translation initiation factor
4E-binding protein 1 (P4EBP1), the microtubule-associated protein 1A/
1B light chain 3B (LC3-I and LC3-II) and LAMP2A [16,50–52]. Fu-
marylacetoacetate hydrolase (FAH) was used as a reference protein.

4.6. Measurement of energy-balance metabolites in liver tissue (gas
chromatography)

Metabolomic analysis was performed as previously reported [53].
Briefly, 100mg of liver tissue was placed in 1mL of methanol/water
(8:2), mixed with D4-succinic acid (MeOH-D4s) as a standard at a final
concentration of 0.01 μM, and homogenized with a Precellys 24
homogenizer (Izasa, Barcelona, Spain). Samples were stored at −20 °C
for 2 h to precipitate the proteins and centrifuged at 15,000 rpm for
10min at 4 °C. The supernatants were collected and stored at −80 °C.
At the moment of analysis, samples were dried with N2 and derivatized
with methoxylamine hydrochloride dissolved in pyridine (40mg/mL)
and N-methyl-N-trimethylsilyl trifluoroacetamide. Analyses were per-
formed with a 7890A gas chromatograph coupled with an electron
impact source to a 7200 quadrupole time-of-flight mass spectrometer
(GC-MS-EI) (Agilent Technologies, Santa Clara, USA).

4.7. Measurement of glutathione, glutathione disulfide and methionine
cycle-related metabolites (liquid chromatography)

Metabolites were measured as described [54]. For the most common

methionine cycle-related metabolites, 25mg of liver tissue was added
to 1mL of an extraction solution containing methanol:water (8:2 v/v),
1% ascorbic acid (m/v) and 0.5% β-mercaptoethanol (v/v) and
homogenized with Precellys 24 homogenizer (Izasa). After protein
precipitation, samples were centrifuged at 14,000 rpm for 10min at
4 °C, the supernatant was collected, dried under N2, resuspended in
100 μL of ultrapure type 1 water containing 50mM ammonium acetate
+0.2% formic acid and placed into vials for analysis. Five milliliters of
sample was injected into an ultrahigh-pressure liquid chromatography-
quadrupole time of flight mass spectrometer (Agilent Technologies,
Santa Clara, USA) (UHPLC). To attain optimal results, GSH and GSSG
were measured individually. Briefly, 50mg of liver tissue was added to
500 μL of 100mM N-ethylmaleimide, 152mM NaCl in 1mM acetic
acid, and homogenized with a Precellys 24 homogenizer (Izasa). We
used 200 μL of 8M trichloroacetic acid for cell lysis and protein pre-
cipitation. Then, N-ethylmaleimide was removed by adding 10mL of
dichloromethane. Samples were centrifuged at 14,000 rpm, 4 °C for
10min, and 10 μL were injected into the UHPLC. Data quantification
was performed using the calibration curves of each standard.

4.8. Statistical analyses

We used the nonparametric Mann-Whitney U tests for comparisons
between two groups according to the distribution of results in the
measured variables. For comparing more than two groups, the Kruskal-
Wallis was used. All statistical analyses and relevant graphics were
performed with GraphPad Prism software 6.01 (GraphPad Software,
San Diego, CA, USA), SPSS Software (IBM SPSS Statistics for Windows,
Version 21.00 Armonk, NY: IBM Corp) and MetaboAnalyst 3.0 (www.
metaboanalyst.ca). Differences were considered statistically significant
when the P value was ≤0.05. Unless otherwise indicated, the results
are expressed as the mean ± standard error of the mean.
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Supplementary Figure S1. Relative hepatic mRNA expression of CD11b and CD163 antigens 

in wild type (WT), PLKO and CPLKO mice. PLKO stands for ccl2+/+, pon1-/-, ldl-/- mice and 

CPLKO stands for ccl2-/-, pon1-/-, ldlr-/- animals. Values are mean ± SEM a P < 0.05, with respect 

to wild type mice; b P <0.05, with respect to PLKO mice. 
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Supplementary Figure S2. Representative microphotographs (bars indicate magnification) of 

liver sections stained with hematoxylin and eosin and immunohistochemical staining against 4-

hydroxy-2-nonenal (4-HNE) and F4/80 in wild type (WT) and Ccr2 deficient mice (ccr2KO ). 

Values reported for the calculated steatosis score, 4-HNE and F4/80 stained cells are mean ± 

SEM (n=8 per genotype and dietary condition) a P < 0.05, b P < 0.001, with respect to WT. 
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Supplementary Figure S3. Hepatic macrophage relative density. Representative 

microphotographs (bars indicate magnification) illustrating immunohistochemical staining 

against C-type lectin domain family 4-member F (CLEC4F), cluster of differentiation 163 

(CD163), and cluster of differentiation 11b (CD11b), in wild type (WT) and Ccr2 deficient mice 

(ccr2KO ). Values reported for the calculated stained cells are mean ± SEM.  
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Supplementary table S1. Hepatic energy-balance metabolites. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range)) illustrating dietary-based differences between 

standard chow diet (CD) or high fat diet (HFD) in all strains. PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO ccl2-/-, pon1-/-, ldlr-/-; a P < 0.05, b P < 0.001, with respect to WT; c P < 0.05, d P< 0.001 with 
respect to PLKO. 

 WT PL KO CPL KO 

Metabolites  CD HFD CD HFD CD HFD 

Glucose 6-phosphate 18.9 (14.6 - 18.9) 39.4 (37.4 - 39.4) 228.6 (201.1 - 266.4) b 410.8 (299.1 - 445.3) b 39.5 (30.6 - 54.6) b,d 50.9 (49.3 - 64.9) b,d 

Fructose-6-phosphate 2.6 (1.9 - 3.2) 4.5 (2.6 - 5.4) 13.9 (10.4 - 17.2) b 5.3 (4.6 - 7.5) 5.4 (4.1 - 6.06) b,d 13.4 (13.1 - 18.7)  b,d 

Fructose 1.6-bisphosphate 8.3 (7.6 - 8.6) 12.6 (10.9 - 12.9) 42.1 (30.7 - 45.7) b 17.3 (14.6 - 22.9) b 14.1 (12.1 - 18.8)  b,d 42.4 (35.5 - 49.5)  b,d 

Glyceraldehide 3-phosphate  7.1 (5.3 - 7.1) 3.6 (1.2 - 5.4) 4.7 (4.4 - 5.8) a 3.3 (2.8 - 3.4) 6.1 (4.6 - 11.1) 3.2 (2.5 - 5) 

3-phosphoglycerate 36.6 (18.3 - 72.9) 26.2 (25.7 - 45.6) 22.4 (19.6 - 24.4) 9.5 (9.2 - 1)  b 27.1 (18.7- 33.6) 5.9 (4.7 - 7.4)  b,d 

Phosphoenolpyruvate 73.3 (58.0 - 148.6) 58.1 (57.8 - 82.4) 86.4 (67.6 - 95.6) 64.2 (53.1 - 75.6) 86.6 (72.7 - 89.9) 47.2 (39.3 - 68.6) 

Pyruvate 18.7 (15.7 - 20.8) 13.5 (12 - 15.5) 16.7 (16.1 - 18.2) 14.9 (12.6 - 16.8) 16.6 (14.9 - 23.2) 11.7 (11.7 - 14.7) d 

Lactate 4942.2 (4941.4 -1509.5) 6248 (4984.5 - 8331) 11273.9 (9990.7 - 13532.1) 8608.5 (5800.8 - 10465.9) 15947.9 (15799.6 - 16145.6)  b,d 9058.5 (3654.5 - 11769.1) 

6 phosphogluconate 40 (37.5 - 62.5) 30.3 (18.3 - 43.7) 8.5 (7.7 - 11.1) b 5.9 (4.5 - 7.4)  b 34.4 (18.2 - 51.4), d 14.6 (6.1 - 23.5) b, c 

Ribose-5-phosphate 7.3 (7.1 - 21.7) 3.4 (2.5 - 7.9) 77.5 (67.2 - 97.6) b 71.1 (51.1 - 97.6) b 14.9 (9.8 - 44.7)  b,d 24.5 (13.5 - 56.0)  b,d 

Citrate-isocitrate 1.1 (0.8 - 1.5) 0.8 (0.3 - 2.) 3.4 (1.3 - 4.7) a 2.3 (1.7 - 3.4) 1.5 (0.9 - 2.3)c 0.3 (0.3 - 0.8) d 

Aconitate 393.9 (232.5 - 461.5) 36.6 (23.6 - 45.8) 275.1 (238.6 - 328.9) 88.1 (72.1 - 130.7) b 268.7 (210.5 - 385.6) 279.4 (205.4 - 324.2)  b,d 

α-ketoglutarate 0.7 (0.5 - 0.8) 0.5 (0.7 - 0.8) 0.6 (0.5 - 0.6) 0.5 (0.4 - 0.6) 0.5 (0.4 - 0.6) 0.4(0.3 - 0.5) 

Succinyl-coa 152.8 (152.8 - 173.7) 304.9 (281.2 - 304.9) 37.8 (29.2 - 44.2) b 13.3 (13.2- 14.5)  b 121.8 (120.5 - 128.3)  b,d 22.2 (19.4 - 62.2)  b,d 

Succinate 75.1 (55.5 - 82.9) 41.4 (38.1 - 57.7) 75.3 (70.7 - 81.2) 60.7 (47.1 - 83.6) a 73.9 (48.5 - 170.3) 64.9 (57.1 - 73.3) b 

Fumarate 7.5 (5 - 9.3) 3.7 (3.2 - 7.1) 5.8 (4.2 - 6.01) 3.6 (2.3 - 5.3) 6.2 (3.9 - 9.7) 4.2 (3.8 – 7.1) 

Malate 328.7 (163.7 - 469.9) 299.6 (170.1 - 299.6) 149.08 (107.7 -173.1) a 71.5 (58.3 - 121.8) b 247.4 (129.7 - 335.3)  103.9 (102.9 - 113.6) b 

Malonyl-coa 9.7 (8.1 - 12.6) 6.1 (3.3 - 7.1) 4.7 (3.8 - 5.5) b 1.1 (0.9 - 1.4)  b 5.7 (5.549 - 7.373)  b,d 1.5 (0.5 - 2.1) b 

β-Hydroxybutirate 14.8 (12.6 - 14.8) 9.8 (7.4 - 11.9) 9.01 (6.9 - 10.6) b 10.2 (7.7 - 13.4) 13.239 (9.505 - 25.309)  14.5 (13.6 - 15.2)  b,d 

Glutamate 229.1(211.8 - 417.8) 98.6 (97.3 - 103.4) 121.3 (84.2 - 145.4) b 47.6 (29.6 - 69.9) b 158.5 (136.5 - 202.5)  b,d 132.2 (101.4 - 160.8) d 

Glutamine 1.2 (0.9 - 2.2) 1.8 (0.6 - 3.1) 3.4 (3.1 – 4.4) b 2.4 (1.6 - 3.1) 1.6 (0.9 - 2.2), d 0.4 (0.4 - 0.7)   b,d 

Alanine 931.1 (847.1 - 1135.4) 879.6 (874.2 – 885.1) 896.8 (674.9 - 1094.1) 564.1 (470.9 - 707.7) b 908.1 (742.9 - 1112.7) 655.9 (568.2 - 1144.4) 

Serine 1447.4 (804.6 - 2419.3) 1653.3 (1591.3 - 1715.3) 392.4 (305.4 - 446.3) b 150.5 (136.9 - 211.1)  b 935.4 (876.1 - 1225.9), d 495.5 (205.9 - 725.3) b, c 

Valine 292 (239.1 - 405.1) 345.8 (243.5 - 397.8) 141.9 (130.2 - 47.5) b 87.2 (85.3 - 91.4)  b 283.9 (189.1 - 359.3), d 132.7 (108.8 - 148.1) b, d 

Isoleucine 50.7 (43.6 - 53.9) 92.9 (81.8 - 92.9) 32.6 (30.9 - 38.1) b 21.4 (20.7 - 31.1)  b 49.2 (36.3 - 50.9) d 25.9 (20.8 - 33.7) b 

Leucine 578.6 (467.4 - 578.6) 770.4 (758.6 - 782.2) 277.9 (243.8 - 295.8) b 142.3 (133.3 - 215.6) b 517.6 (403.3 - 686.3) d 200.5 (160.1 - 260.1) b 

Aspartate 204.5 (199.4 - 697.5) 506.1 (296.3 – 715.8) 310.3 (203.3 - 446.6) 146.3 (76.1 - 211.6)  b 198.8 (161.9 - 281.9) d 290.3 (270.5 - 301.1)  b,d 
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Supplementary table S2. Metabolites in methionine cycle and transsulfuration pathway. Values are expressed in μM/ 100 mg of tissue (mean (interquartile range)) illustrating dietary-   

based differences between standard chow diet (CD) or high fat diet (HFD) in all strains. PLKO denotes ccl2+/+, pon1-/-, ldlr-/- and CPLKO ccl2-/-, pon1-/-, ldlr-/-; a P < 0.05, b P < 0.001, with respect to 
WT; c P < 0.05, d P< 0.001 with respect to PLKO. 

 

Metabolite WT PLKO CPLKO 

 
CD HFD CD HFD CD HFD 

Homocysteine 2.4 (2.1 - 2.9) 2.3 (2.1 - 2.7) 1.2 (1 - 1.4) 1.441 (1 - 1.6)d 2.1 (1.4 - 4.1) 2 (1.4 - 2.7) 

Choline-Dimethlyglycine 15 (10.8 - 22.6) 10 (7.4 - 10.4) 11.7 (6.7 - 15.1) 12.9 (9 - 18.8)a 27.9 (21.4 - 48.4)a,d 15.6 (9.6 - 20.9) d 

Betaine 0.02 (0.01 - 0.06) 0.1 (0.01 - 0.2) 0.1 (0.04 - 0.09) 0.1 (0.04 - 0.1) 0.003 (0.003 - 0.01) b,d 0.04 (0.03 - 0.1) d 

Methionine 99 (70.2 - 231.3) 99.4 (72 - 185.6) 28.9 (19.2 - 48.4)b 11.5 (8.7 - 27.9)a 89.3 (47.3 - 118.2)d 64.1 (51 -120) 

SAM 0.6 (0.4 - 1.2) 1.4 (1.1 - 1.9) 0.4 (0.3 - 0.7) 0.9 (0.7 - 0.9) a 0.6 (0.4 - 1) 1.3 (0.5 - 1.7) 

SAH 0.001 (0.001 - 0.002) 0.0003 (0.0001 - 0.001) 0.01 (0.01 - 0.03) b 0.01 (0.01 - 0.02)b 0.001 (0.0003 - 0.001) 0.001 (0.001-0.004)a 

AMP 10 (8.4 - 11.4) 7.3 (5.3 - 8.5) 15.8 (9.1 - 26.1) 16.5 (13.6 - 20.1)b 8.5 (5.8 - 24) 12.2 (8.6 - 22.3)a 

Cystathionine 0.004 (0.003 - 0.011) 0.007 (0.002 - 0.01) 0.004 (0.002 - 0.01) 0.002 (0.001 - 0.005) 0.004 (0.002 - 0.01) 0.003 (0.001 - 0.01) 

Taurine 93.3 (85.9 - 210.2) 1827.3 (1291.8 - 2577.1) 363.3 (311.8 - 501.)b 1171.1 (1118.7 - 1695.8) 1192.9 (361.1 - 1769.5)b 1313.9 (356.5 - 2485.2) 

Glutathione disulfide (GSSG) 13.4 (11.4 - 13.9) 8.4 (7.1 - 13.6) 240.605 (238.4 - 266.2) b 772.9 (543.1 - 7313.6)b 14.1 (10.1-21.4)d 15.3 (12.9 - 18.9)a 

Glutathione (GSH) 439.7 (351.1 - 581.7) 453.2 (361.5 - 476.3) 653.328 (596.1 - 725.2)b 1171.1 (1118.7 - 1695.8)a 414.4 (320.1 - 475.6)d 513.8 (425.5 - 688.3) 
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Supplementary Figure S4. Relative hepatic mRNA expression of glutathione peroxidase (Gpx) 

and glutathione reductase (Gsr) in wild type (WT), PLKO and CPLKO mice. PLKO stands for 

ccl2+/+, pon1-/-, ldl-/- mice, and CPLKO stands for ccl2-/-, pon1-/-, ldlr-/- animals. Values are mean ± 

SEM a P < 0.05, with respect to wild type mice; b P <0.05, with respect to PLKO mice. 
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Supplementary Figure S5. Relative hepatic mRNA expression of the chemokine (C-C motif) 

ligand 2 (Ccl2) and paraoxonase-1 (Pon1) in wild type (WT), PLKO and CPLKO mice. PLKO 

stands for ccl2+/+, pon1-/-, ldl-/- and CPLKO stands for ccl2-/-, pon1-/-, ldlr-/-. Values are mean ± 

SEM. a P < 0.001, with respect to wild type mice; b P <0.001, with respect to PLKO animals.
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 CD HFD 
Crude protein (%) 16.1 24.1 

Crude fat (%) 3.1 34.6 
Crude fibre (%) 3.9 7.2 

Carbohydrate (available) (%) 71.8 24.8 
Crude ash (%) 4.2 8.5 

Nitrogen free extracts (%) 43.5 23.3 
Energy density (Kcal/g (Kj/g)) 3.3 (14.0) 5.7 (24) 

Calories from protein (%) 19.3 19 
Calories from fat (%) 8.4 60 

Calories from carbohydrate (%) 72.4 21 
Calcium (%) 1.4 1.0 

Phosphorus (%) 1.0 0.7 
Sodium (%) 0.5 0.2 

Magnesium (%) 0.3 0.2 
Potassium (%) 1.5 1.0 

Chloride (%) 0.7 - 
Caprid acid (C10:0) (%) ND 0.04 
Lauric acid (C12:0) (%) ND 0.1 

Myristic acid (C14:0) (%) ND 0.4 
Palmitic acid (C16:0) (%) 0.9 7.7 

Palmitoleic acid (C16:1) (%) 0.03 0.9 
Margaric acid (C17:0) (%) ND - 

Stearic acid (C18:0) (%) 0.1 4.3 
Oleic acid (C18:1) (%) 0.5 13.6 

Linoleic acid (C18:2) (%) 1.3 4.8 
Linolenic acid (C18:3) (%) 0.2 0.5 
Arachidic acid (C20:0) (%) ND 0.02 
Paullinic acid (C20:1) (%) ND 0.01 

Arachidonic acid (C20:4) (%) ND 0.5 
Cholesterol (mg/kg) ND 265 

Lysine (%) 3.9 2 
Methionine (%) 1.5 0.8 

Cystine (%) 1.1 0.5 
Met+Cys (%) ND 1.3 

Threonine (%) ND 1.1 
Tryptophan (%) 0.9 0.3 

Arginine (%) 4.8 0.9 
Histidine (%) ND 0.8 

Valine (%) ND 1.6 
Isoleucine (%) ND 1.3 

Leucine (%) ND 2.4 
Phenylalanine (%) ND 1.3 

Phe+Tyr (%) ND 2.6 
Glycine (%) 0.4 0.5 

Glutamic acid (%) ND 5.4 
Aspartic acid (%) ND 1.8 

Proline (%) ND 2.8 
Alanine (%) ND 0.8 
Serine (%) ND 1.4 

Vitamin A (IU/kg) 7500 15000 
Vitamin D3 (IU/kg) 1000 1500 
Vitamin E (IU/kg) 120 225 

Vitamin K (as menadione) (mg/Kg) 2.5 20 
Vitamin C (mg/Kg) ND 30 

Thiamin (B1) (mg/Kg) 7 16 
Riboflavin (B2) (mg/Kg) 6.5 16 

Pyridoxime (B6) (mg/Kg) 2.6 18 
Cyanocobalamin (B12) (µg/Kg) 20 30 

Nicotinic acid (mg/Kg) 75 45 
Pantothenic acid (mg/Kg) 17 55 

Folic acid (mg/Kg) 0.5 19 
Biotin (µg/Kg) 40 310 

Choline-Chloride (mg/Kg) 1600 2300 
Inositol (mg/Kg) ND 80 

Iron (mg/Kg) 280 139 
Manganese (mg/Kg) 90 82 

Zinc (mg/Kg) 64 56 
Copper (mg/Kg) 18 12 
Iodine (mg/Kg) ND 1.0 

Selenium (mg/Kg) ND 0.1 
Cobalt (mg/Kg) ND 0.1 

 
 
 

Supplementary table S3. Nutritional composition of chow diet (CD) and high fat diet (HFD). 
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Supplementary table S4. Antibodies and dilutions used in immunohistochemical and western blot analyses.  
 

 Antigen Antibody 
1ry 

Dilution 
2ry Antibody 

2ry 
Dilution 

Macrophage marker F4.80 
F4.80 antibody, ab100790 (Abcam, 

Cambridge, UK) 
1:100 

Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:200 

Kupffer cells CLEC4F 
CLEC4F/CLECSF13 Antibody,  

AF2784 
( AF2784,  Minneapolis,  USA) 

1:100 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:200 

Pro-inflammatory 
macrophages marker  

CD11b 
CD11b antibody, ab133357 
(Abcam, Cambridge, UK) 

1:4000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:200 

Anti-inflammatory 
macrophages markers 

CD163 
CD163, antibody, ab182422 (Abcam, 

Cambridge, UK) 
1:500 

Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:200 

Oxidative stress marker 
 

4HNE 
Anti-HNE, MHN­100P 

(Genox, Baltimore, MD, USA) 
1:1000 

Goat anti-rabbit IgG, BA-1000 
(Vector) 

1:200 

Insulin receptor 

PI3K-p85 
PI3K antibody, #4257  

(Cell signalling,  Massachusetts, USA) 
1:1000 

Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

Akt-p S473 
p-Akt antibody, #4060 

(Cell signalling,  Massachusetts, USA) 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

Akt 
AKT antibody, #4685 (Cell signalling,  

Massachusetts, USA) 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

Energy sensors 

mTOR-p 
S2448 

pmTOR antibody,#2971 (Cell signalling,  
Massachusetts, USA) 

 

 
1:1000 

Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 

 
1:2000 

mTOR 

mTOR Antibody, #2972 
(Cell signalling,  Massachusetts, USA) 

 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:2000 

P4E-BP1 
P4E-BP1 antibody  #2855 

(Cell signalling,  Massachusetts, USA) 
 

1:100 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

AMPK-P 
T172 

pAMPK antibody, #2531 
(Cell signalling,  Massachusetts, USA) 

 
 

1:1000 

Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
 

1:5000 

AMPK 
AMPK antibody #2532S  

(Cell signalling,  Massachusetts, USA) 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

Autophagy markers 

Atg7 
Atg7 Antibody, #8558 

(Cell signalling,  Massachusetts, USA) 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

LC3 

LC3B Antibody, #2775S 
(Cell signalling,  Massachusetts, USA) 

 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:5000 

 
 

LAMP2A 

LAMP2A antibody, ab125068 
(Abcam, Cambridge, UK) 

 
 

1:1000 
Goat α-rabbit HRP,  P0448 
(Dako, Agilent, California, 

USA) 
1:2000 
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