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Summary 

Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly 

known as nonalcoholic fatty liver disease (NAFLD), is the most common chronic liver 

disease around the world, affecting more than 30% of the global population. MASLD 

ranges from isolated lipid accumulation or steatosis to its active inflammatory form, 

metabolic dysfunction-associated steatohepatitis (MASH). MASH is a serious 

progressive liver disease in which liver inflammation may lead to liver fibrosis and liver 

dysfunction over time. MASH is often associated with other health problems [e.g. 

hypertension and type 2 diabetes mellitus (T2DM)] and is a leading cause of liver-

related mortality. The increasing burden of MASH on global health systems has created 

an urgent need to develop effective and safe treatments. In this regard, peroxisome 

proliferator-activated receptor (PPAR)-β/δ agonists have been proven to be effective in 

attenuating the progression of MASLD by ameliorating insulin resistance (IR), 

reducing lipogenesis, and alleviating inflammation and endoplasmic reticulum (ER) 

stress. However, the role of PPAR-β/δ in hepatic fibrosis remains controversial. In the 

present thesis, we show that two PPAR-β/δ agonists, elafibranor and GW501516, 

prevented glucose intolerance and IR and reduced collagen accumulation in the liver of 

MASH mice. Surprisingly, elafibranor, a dual PPAR-α/-β/δ agonist, increased the 

levels of the EMT-promoting protein S100A4 via PPAR-β/δ activation, as confirmed 

in liver cells. Additionally, it decreased the levels of ASB2, a protein promoting 

S100A4 degradation. Conversely, GW501516, a specific PPAR-β/δ ligand, inhibited 

TGF-β1-induced HSC activation by reducing the suppressor of mothers against 
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decapentaplegic (SMAD)3, as well as the levels of the SMAD3 co-activator p300 via 

AMP-activated protein kinase (AMPK) activation and the subsequent inhibition of 

extracellular signal-regulated kinase-1/2 (ERK1/2). Overall, these findings reveal novel 

mechanisms underlying the therapeutic effects of PPAR-β/δ agonists in liver diseases. 
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1. Metabolic dysfunction-associated steatotic liver disease (MASLD): 

definition, incidence, and new nomenclature 

Nonalcoholic fatty liver disease (NAFLD) is the most common global pandemic, 

with the highest prevalence in the Middle East (32%) and South America (31%), 24% 

in North America, and the lowest prevalence in Africa (14%) (Younossi, Koenig et al. 

2016). Moreover, in recent years global prevalence has increased from 25% in 2016 to 

32% in 2022 (Riazi, Azhari et al. 2022). This increase has important health implications 

since NAFLD is an important cause of liver-related morbidity and mortality (Chan, 

Chuah et al. 2023). NAFLD is diagnosed when steatosis, or fat accumulation, is present 

in more than 5% of liver cells without significant alcohol consumption (Sheka, Adeyi 

et al. 2020), and its occurrence is commonly associated with type 2 diabetes mellitus 

(T2DM), insulin resistance (IR), dyslipidemia, and obesity. NAFLD ranges from 

isolated steatosis (NAFL), characterized by the presence of hepatic steatosis without 

significant necroinflammation in histology, to nonalcoholic steatohepatitis (NASH) in 

an ongoing process. NASH is the advanced form of NAFLD with hepatocytes 

ballooning and lobular inflammation (Figure 1), with or without progression to fibrosis 

(Singh, Allen et al. 2015) that may increase the risk of more serious conditions such as 

cirrhosis, hepatocellular carcinoma (HCC, 0.5%-2.6% in NASH cirrhosis) (Huang, El-

Serag et al. 2021) and cardiovascular disease (CVD). The diagnosis of NASH is based 

on histological features and its prevalence is 1.5%-6.5% (7%-30% in NAFLD patients) 

(Younossi, Koenig et al. 2016). NASH has become the leading indication for liver 

transplantation in many countries with a growing rate, whereas the waiting list for 
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patients with hepatitis C virus (HCV)-related cirrhosis has decreased significantly after 

the advent of direct-acting antivirals (Ferrarese, Battistella et al. 2022). The 

pathogenesis of NASH has not yet been fully elucidated, and recent advances in 

knowledge may soon lead to the development of more effective treatments.  

 

 

Figure 1. The spectrum of nonalcoholic fatty liver disease (NAFLD). NAFLD encompasses 

a spectrum of diseases, including steatosis in which there is noninflammatory isolated fat 

accretion in hepatocytes. Nonalcoholic steatohepatitis (NASH), a more aggressive form of the 

disease, is characterized by steatosis, inflammatory changes (arrowhead), and hepatocyte cell 

ballooning (black arrows) associated with varying degrees of liver fibrosis. Cirrhosis is 

characterized by the presence of collagen bands surrounding liver nodules (white arrows). 

Hepatocellular carcinoma can arise from both precirrhotic NASH and cirrhosis (Arab, Arrese 

et al. 2018). 
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The terms NAFLD, NAFL, and NASH are widely used, but it has long been 

believed that the term "non-alcoholic" does not accurately describe the disease's 

etiology, and some also feel that the term "fatty" is shameful. Recently, a vast majority 

of research members from 56 countries believed that the terms NAFLD and NASH 

were too limited and unanimously agreed to rename them as metabolic dysfunction-

associated steatotic liver disease (MASLD) and metabolic dysfunction-associated 

steatohepatitis (MASH) (Rinella, Lazarus et al. 2023). In addition, a new category 

called metabolic dysfunction-associated alcohol-related liver disease (MetALD) is used 

to describe MASLD patients who consume excessive alcohol weekly (140 g/week for 

females and 210 g/week for males). It is worth noting that the new terms emphasize 

nomenclature and definition, rather than determining what constitutes liver fat 

deposition or assessing disease severity, which is beneficial for raising disease 

awareness, reducing stigma, and accelerating the development of drugs and biomarkers. 

 

2. Metabolic functions of the liver 

Liver, the largest metabolic organ of the human body (approximately 2% to 3% of 

the average body weight), is located beneath the rib cage in the right upper abdomen, 

and its structure is essential for performing over 500 vital functions (Adams 2003), 

including albumin production, bile production, filtering blood, and processing glucose. 

The liver consists of four lobes: the large right lobe and left lobe, and the smaller 

caudate lobe and quadrate lobe (Figure 2). The biggest difference between rat liver and 
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human liver is that it lacks a gallbladder. The liver is a storehouse of large amounts of 

blood, mainly derived from the hepatic portal vein (around 75%) and hepatic artery, 

thereby promoting material exchange between blood and hepatocytes (Shneider 2008).  

 

 

Figure 2. The Structure of the human liver. Britannica, The Editors of Encyclopedia. 

"Liver". Encyclopedia Britannica, https://www.britannica.com/science/liver. Accessed 19 

November 2023. 

 

The hepatocyte plate constitutes the hepatic lobule, the most basic structural unit 

of the liver. Hepatocytes are arranged in flat plates separated by sinusoids, which are 

lined with fenestrated endothelial cells (Figure 3). The extravascular gap between liver 

sinusoids and hepatocytes is called the perisinusoidal space or diss space (Ramadori 

and Ramadori 2010). Bile canaliculi are small channels between adjacent hepatocytes 

that carry bile into the intrahepatic bile ducts. The liver tissue is mainly composed of 

parenchymal cells (approximately 70%-80% of the liver volume) and non-parenchymal 

cells (6.5% of the liver volume) (Kmieć 2001). Hepatocytes represent the primary 

https://www.britannica.com/science/liver
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parenchymal cells pivotal for the execution of essential physiological functions within 

the liver, including blood filtration, the regulation of insulin and glucose, protein 

metabolism, and lipophagy. Additionally, the liver comprises other significant cell types 

(Figure 3), including biliary epithelium, Kupffer cells (remove pathogens in the 

circulation and release cytokines to inhibit many kinds of inflammation), sinusoidal 

endothelial cells (SECs, an important medium for the exchange of substances between 

the blood and hepatocytes), and hepatic stellate cells (HSCs, participate in the process 

of fibrogenesis and regulation of sinusoidal blood flow) (Dutta, Mishra et al. 2021).  

 

 

Figure 3. Liver portal trial (left) and hepatic lobule structure (right). Hepatocytes are 

organized in plates interspersed by liver blood sinusoids, which are encased by fenestrated 

endothelial cells. The interstitial area between the liver sinusoids and hepatocytes is termed the 

perisinusoidal space or space of Disse (Dufour and Mertens 2015).  

 

2.1. Protein and biliary secretion 

Hepatocytes contain many secretory organelles and mitochondria, which are 
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central in the metabolism of proteins while synthesizing the vast majority of circulating 

proteins for the organism. In general, hepatocytes secrete proteins similar to most cells. 

Proteins are initially synthesized by ribosomes, and nascent polypeptides enter the 

endoplasmic reticulum (ER) groove via transport through Sec61/SecY channels. Finally, 

proteins are transported from the Golgi to the basolateral plasma membrane via separate 

vesicular carriers and in the process known as exocytosis (Saucan and Palade 1994, 

Rapoport, Li et al. 2017). Hepatocytes secrete many serum proteins into circulation 

including carrier proteins, immune-related proteins, and coagulation factors (Table 1). 

At the same time, hepatocytes play a regulatory role in amino acid metabolic 

homeostasis (Paulusma, Lamers et al. 2022), and hepatocyte amino acid catabolism into 

keto acids, ammonia, and glutamine directly affects the concentration of amino acids in 

portal blood. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

are two of the central enzymes of amino acid metabolism, which are released from the 

hepatocytes when the liver undergoes damage such as inflammation, necrosis, and 

toxicity (Kasarala and Tillmann 2016).  

 

Protein Function 

Albumin 
Carrier protein and main protein maintaining 

normal oncotic pressure 

Transferrin Iron binding/transport 

Ceruloplasmin Central regulator of copper homeostasis 
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Haptoglobin Protects kidneys from hemoglobin damage 

Lipoproteins 
Involve in metabolism/oxygen 

transport/inflammation 

Acute‐phase proteins (APPs) 

Group of approximately 30 different 

biochemically and functionally unrelated 

immune‐related plasma proteins involved in 

systemic inflammatory response 

Clotting factors Coagulation and fibrinolysis 

Table 1. Selected secreted and membrane-localized proteins of the hepatocyte. 

 

Bile, a unique and important aqueous solute produced by the liver, serves two 

primary functions: firstly, the excretion of hepatocyte’s metabolites and secondly, the 

facilitation of intestinal absorption of lipids and fat-soluble vitamins. Following the 

synthesis of bile, it undergoes transport across the parietal membrane into bile canaliculi 

formed between adjacent hepatocytes. Facilitated by an osmotic gradient, bile traverses 

ductules and ultimately reaches the bile ducts, undergoing additional modifications by 

bile duct cells and ductal epithelial cells during the transportation. Subsequently, bile 

enters the gallbladder and is released into the intestine in response to a stimulatory 

signal (Banales, Huebert et al. 2019). An amount of 750 to 1000 ml of bile is produced 

daily from the liver (Pitt and Nakeeb 2017), which consists of two-thirds of canalicular 

bile secreted by apical membrane of hepatocytes and one-third of ductular bile that is 
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secreted by bile ducts. Bile consists of approximately 95% water and dissolves a variety 

of organic solutes, such as bile salts, cholesterol, bilirubin, and phospholipids (Schiff, 

Maddrey et al. 2017). The hepatic uptake mechanism on the basolateral membrane of 

hepatocytes plays a decisive role in the entry of organic solutes into the liver (Boyer 

2013). Sodium taurocholate co-transporting polypeptide (NTCP) is primarily involved 

in the uptake of bound bile salts from sinusoidal blood. In contrast, unbound bile salts 

are taken up by the liver at the basolateral sinusoidal membrane of hepatocytes via a 

sodium-independent mechanism on the SLCO superfamily of carriers. Hepatocyte 

apical ATP-binding cassette (ABC) superfamily transporter proteins excrete cytotoxic 

and xenobiotic substances into the bile in response to ATP-dependent depletion, and 

disruption of the multidrug resistance 1 (MDR1) or ABCB1 gene leads to elevated levels 

of the drug in many tissues in mice (Schinkel, Smit et al. 1994). Furthermore, various 

other ABC transporter proteins, such as bile salt export pump (BSEP)/ABCB11, 

multidrug resistance protein 2 (MRP2)/ABCC2, and human breast cancer resistance 

protein (BCRP)/ABCG2, facilitate the transport of diverse bile constituents, 

encompassing an array of drugs, bilirubin diglucuronide, and sulfate conjugates, into 

the bile ducts. 

 

2.2. Detoxification 

The human organism may be exposed to a variety of exogenous chemical 

substances in food, water, pharmaceutical agents, and environmental contaminants 
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every day, many of which are highly lipophilic and extremely toxic. The liver is the 

primary organ protecting body from toxification by converting lipophiles into water-

soluble metabolites that can be excreted in the urine (Apte and Krishnamurthy 2011). 

This protective capacity of hepatocytes stems primarily from biotransformation, which 

can be divided into phase I and phase II reactions. Phase I, including oxidation, 

reduction and hydrolysis, centers on the cytochrome P450 (CYP) system, which 

identifies more than 100 genes that encode CYP. Only about a dozen enzymes 

(belonging to the CYP1, 2, and 3 families) are responsible for the biotransformation of 

most exogenous substances, with CYP 3A4, 2C9, 2C8, 2E1, and 1A2 being the most 

highly expressed forms in the liver (Zanger and Schwab 2013), and its reducing 

equivalents are transferred from NADPH via CYP reductase co-localized with smooth 

endoplasmic reticulum (SER). The phase II reaction is mainly a conjugation or 

synthesis reaction of the phase I product i.e. the addition of water-soluble side groups 

to make it suitable for renal or intestinal excretion (Grant 1991). 

 

The human organism synthesizes approximately 300 mg of bilirubin daily, 

primarily derived from the heme molecule of senescent erythrocytes. A sinusoidal 

membrane transport protein facilitates the uptake of bilirubin from the blood into 

hepatocytes. Subsequently, bilirubin is predominantly excreted in the form of bilirubin 

glucuronide through the bile canalicular membrane into the bile (Kamisako, Kobayashi 

et al. 2000), thereby averting intracellular toxicity. Hepatocytes primarily metabolize 

alcohol by converting it to acetaldehyde using the enzyme ethanol dehydrogenase and 
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then further converting acetaldehyde to acetic acid with the enzyme acetaldehyde 

dehydrogenase in the mitochondria. This metabolism heavily relies on NAD+, and 

depletion of this cofactor would alter the redox state of ethanol-exposed hepatocytes. 

In chronic alcohol metabolism, the microsomal P450 enzyme system becomes more 

involved in the metabolic process (Lieber 2005). 

 

2.3. Role of the liver in the modulation of glucose and insulin 

In healthy individuals, during the postprandial period the liver takes up glucose to 

minimize the fluctuation of glycemia via glucose transporter proteins (GLUTs). The 

transport of glucose by GLUTs may not require consumptive capacity, and GLUT2 is 

generally recognized as the major hepatic GLUT in humans. In the hepatocyte, free 

glucose is phosphorylated by hexokinase isoenzymes to produce glucose 6-phosphate 

(G-6-P) further modified to G-1-P, and finally stored as glycogen (100-200 g) to form 

a fuel reserve that can be used during fasting (Adeva-Andany, Pérez-Felpete et al. 2016).  

 

Insulin serves as a critical regulator of hepatic glucose uptake (HGU), under 

hyperinsulinemic/hyperglycemic conditions. Direct hepatic insulin action was able to 

fully stimulate HGU, whereas an indirect effect was not required (Kraft, Coate et al. 

2021). Insulin is transcribed and expressed in the β-cells of the pancreas, and 50% - 80% 

of the insulin reaching the liver via the portal vein is cleared by the hepatocytes before 

reaching the muscle and adipocytes, where it promotes the translocation of GLUT4 and 
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facilitates glucose uptake (Tokarz, MacDonald et al. 2018). Under low blood glucose 

levels, glucagon secreted by pancreatic α-cells induces cyclic adenosine 

monophosphate (cAMP)-mediated activation of α-phosphatase, which stimulates 

hepatic glycogenolysis and gluconeogenesis to restore glucose homeostasis (Habegger, 

Heppner et al. 2010). 

 

2.4. Lipid metabolism 

The liver is an important site for lipid uptake, storage, breakdown, and release. 

The hepatocytes acquire lipids in the form of free fatty acids (FFA), which emanate 

either from adipocytes following the lipolysis of stored triglycerides (TG) or from 

dietary fat bound to albumin and lipoproteins. Long-chain fatty acids (LCFAs) enter the 

hepatocytes through passive diffusion and protein-mediated FA translocation across the 

plasma membrane. Fatty acid binding protein-plasma membrane (FABPpm), fatty acid 

translocase/CD36 (FAT/CD36), fatty acid transport protein (FATP), and caveolin-1 

have critical functions in facilitating this process. The LCFAs bind to FABP, leading to 

the formation of LCFA-coenzyme-A (CoA) with an active acyl-CoA, which is 

subsequently utilized in the esterification of phospholipids, TG, cholesteryl esters, and 

other specific lipids for storage and metabolism (He, Chen et al. 2023).  

 

Intracellular FAs, upon entry, undergo either oxidation within the mitochondria or 

esterification of TG in the ER through a pathway mediated by diacylglycerol 
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acyltransferase (DGAT). The three potential sources of FAs entering the hepatic TG 

storage pool are plasma non-esterified fatty acids (NEFA), de novo lipogenesis (DNL), 

and residual lipoproteins, whereas the main export products are mainly very-low-

density lipoproteins (VLDL) and ketone bodies (Gibbons 1990). Insulin stimulates the 

synthesis of FFA from hepatic DNL by activating glucokinase, thereby enhancing 

glucose metabolism. Subsequently, this process involves the activation of the 

transcription factor sterol regulatory element-binding protein-1c (SREBP-1c), which 

belongs to a transcription factors family involved in the regulation of genes based on 

cellular cholesterol availability (Musso, Gambino et al. 2009). The acetyl-CoA 

carboxylation to malonyl-CoA is stimulated by insulin via activating acetyl-CoA 

carboxylase (ACC). A high level of malonyl-CoA reflects active DNL, wherein FFAs 

are preserved from oxidation and directed toward esterification for TG synthesis, and 

lower malonyl-CoA enhances carnitine palmitoyltransferase-1 (CPT-1) activity, 

thereby facilitating the transport of FAs to the mitochondria for β-oxidation (Tessari, 

Coracina et al. 2009).  

 

There appears to be a link between TG lipolytic activity and VLDL secretion rate, 

stabilized by apo-B lipoproteins (Gibbons, Islam et al. 2000). At the same time, the 

expression of apo-B is impacted by TG and FFA levels, as well as microsomal transfer 

protein (MTP). Insulin inhibits apo-B synthesis, whereas it stimulates lipogenesis 

through SREBP-1 activation (Figure 4), so the balance between FFA and insulin action 

plays a critical role in whether TG binds to apo-B VLDL particles and is secreted or 
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retained in the liver (Tessari, Coracina et al. 2009).  

 

 

Figure 4. Role of insulin in the regulation of VLDL-apo-B synthesis and secretion in the 

liver. Insulin inhibits apo-B synthesis and stimulates lipogenesis through SREBP-1 activation. 

VLDL synthesis and secretion may be indirectly affected by insulin (Tessari, Coracina et al. 

2009). 

 

A highly conserved master regulator of energy metabolism and/or IR is AMP-

dependent protein kinase (AMPK). Activation of AMPK inhibits the synthesis of FA 

and sterol, resulting in activating ATP-producing catabolic pathways, while switching 

off ATP-consuming processes (Viollet, Foretz et al. 2006). AMPK phosphorylates 

multiple proteins in the liver, such as ACC1 and ACC2, to control cellular lipid 

metabolism. AMPK inhibits malonyl-CoA produced by ACC1 to reduce FA synthesis 

and promotes FA oxidation in mitochondria by alleviating the inhibition of carnitine 

palmitoyltransferase 1 (CPT1) by malonyl-CoA produced by ACC2 (Viollet, Foretz et 
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al. 2006). AMPK also phosphorylates and inhibits 3-hydroxy-3-methyl-glutaryl-

coenzyne A reductase (HMGCR) (Liu, Jing et al. 2015), a key enzyme in FA and 

cholesterol synthesis.  

 

3. The pathogenesis of MASLD 

3.1. The “multiple-hit” hypothesis in MASLD 

The rationale for the intricate nature of MASH pathogenesis has transitioned from 

the conventional "two-hit" hypothesis to the "multiple-hit" hypothesis (Figure 5). This 

revised perspective incorporates factors such as gut-derived bacterial toxins, adipokine 

imbalance, mitochondrial dysfunction, oxidative damage, dysregulated apoptosis, 

activation of pro-inflammatory mediators and pro-fibrogenic factors, and activation of 

HSCs and Kupffer cells (Jung and Choi 2014).  

 

IR and imbalanced lipid metabolism are considered as “first hit” due to the 

increase of DNL, reduction of FFAs oxidation, and hepatic VLDL secretion resulting 

in steatosis and hypertriglyceridemia. Overload of FFAs influx from adipose tissue to 

the liver affects the offset between DNL and TGs, and VLDL secretion (Green and 

Hodson 2014, Oseini and Sanyal 2017), and causes an increase in hepatocyte 

lipotoxicity accompanied by mitochondrial dysfunction (Mota, Banini et al. 2016), 

ultimately leading to liver cell injury. The increased production of reactive oxygen 

species (ROS) caused by tumor necrosis factor-α (TNF-α) and ceramides or the excess 
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free cholesterol results in apoptosis and ER stress. This imbalance changes within ER 

stress and leads to the activation of unfolded protein response (UPR)-mediated 

transmembrane protein to restore ER function.  

 

In MASH, pro-inflammatory cytokines, including interleukin (IL)-1, IL-6, and 

TNF-α, play a vital role. The initiation of pathogen recognition receptors (PRRs), 

including toll-like receptors (TLRs), nod-like receptors (NLRs), and C-type lectin 

receptors (CLRs), leads to the activation of pro-inflammatory factor cascades. 

Consequently, this process recruits diverse immune cell populations such as 

macrophages and T cells, culminating in the induction of IR and the progression of fatty 

liver disease (Meli, Mattace Raso et al. 2014). Kupffer cells can contribute to the 

pathogenesis of the liver disease, with the stimulation of the lipopolysaccharide (LPS)-

TLR4 pathway producing a variety of cytokines, such as TNF-α, IL-1β, IL-6, IL-12, 

and IL-18 (Seki, Tsutsui et al. 2001). IL-1β and TNF-α, similar to transforming growth 

(TGF)-β, can activate HSCs in a quiescent state into myofibroblasts, leading to liver 

fibrosis (De Minicis and Svegliati-Baroni 2011).  
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Figure 5. Major risk factors and pathophysiology of MASLD. Genetically predisposed 

people are susceptible to MASLD under unfavorable environmental conditions such as 

smoking, or a poor diet rich in fat/fructose. Obesity, multiple sclerosis, T2DM, dyslipidemia 

and age all increase the risk of developing fatty liver. Lipotoxicity due to elevated lipid levels 

in the liver induces ROS production due to increased lipid oxidation and endoplasmic reticulum 

stress. ROS and pro-inflammatory cytokine production drive HSC activation and collagen 

deposition, which induces hepatic fibrosis and the progression of liver disease from simple 

steatosis to steatohepatitis, cirrhosis, and hepatocellular carcinoma (Juanola, Martínez-López 

et al. 2021). 

 

3.2. Metabolic risk factors and gut microbiome composition 

Different studies have shown a strong relationship between MASLD and obesity, 

with body mass index (BMI) and waist circumference positively correlating with 

disease progression. The prevalence of MASLD in the obese population was 75.3%, 



Ⅰ. Introduction 

29 

 

whereas that of MASH was 33.7% (Quek, Chan et al. 2023). Despite this, there exists 

a proportion of MASLD patients with relatively normal BMI, with 8%-19% of subjects 

found to have MASLD in Asia (BMI <25 kg/m2) (Fan, Kim et al. 2017). Excessive fat 

accumulation in the liver is more common in obese patients due to the involvement of 

different mechanisms, mainly oxidative stress and mitochondrial dysfunction (Angulo 

2006). Adipokines are polypeptides produced by adipose tissue, such as adiponectin 

and leptin. However, as adipose tissue expands, adipokine alterations occur, including 

an increase in leptin levels and a decrease in adiponectin levels, contributing to the 

progression of MASH and even cirrhosis.  

 

Although the pathogenesis of T2DM and MASLD is complex and not fully 

understood, the prevalence of MASLD and MASH in the patients with T2DM is 55%-

70% and 30%-40%, respectively (Younossi, Golabi et al. 2019). IR is an integral feature 

of the metabolic syndrome and contributes to the development of T2DM. Systemic IR 

induces lipolysis, leading to elevated levels of circulating FFA, which results in an 

accumulation in the liver and contributes to the development and exacerbation of 

hepatic IR (Ziolkowska, Binienda et al. 2021). Indeed, insulin-resistant patients with or 

without T2DM have similar dyslipidemia, caused primarily by excessive hepatic 

production of VLDL (Adiels, Olofsson et al. 2008). This dyslipidemia is mainly 

characterized by a high plasma TG concentration, a decrease in anti-atherosclerotic 

HDL cholesterol and an increase in small dense LDL-cholesterol particles, leading to a 

high risk of suffering from CVD (Mooradian 2009). Accordingly, CVD exhibits a 
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robust association with MASLD, representing a significant contributor to both its 

morbidity and mortality (Henson, Simon et al. 2020). 

 

The gut microbiota exerts influence over hepatic carbohydrate and lipid 

metabolism, concurrently contributing to inflammatory responses and the progression 

of hepatic fibrosis, affecting MASLD and its progression to MASH (Boursier and Diehl 

2015). It has been demonstrated a correlation between the severity of MASLD and the 

alterations in gut microbiota composition, indicative of gut dysbiosis and metabolic 

functional changes. Notably, patients with MASH and fibrosis stage F ≥ 2 (Table 2) 

exhibited a noteworthy rise in the Bacteroides abundance and a decrease in Prevotella 

abundance (Boursier, Mueller et al. 2016). The gut microbiome of patients with 

MASLD is dominated by members of the Firmicutes and Bacteroidetes, followed by 

Proteobacteria and Actinobacteria. However, the abundance of the Proteobacteria 

phylum increases significantly with the development of advanced fibrosis, whereas the 

abundance of Firmicutes phylum decreases (Loomba, Seguritan et al. 2017). Another 

study showed significant enrichment of Enterococcus sp and oral species, such as 

Streptococcus oralis and Streptococcus parasanguinis in cirrhotic patients compared to 

healthy subjects (Solé, Guilly et al. 2021). All in all, an in-depth comprehension of the 

reciprocal interactions between the gut microbiota and the liver holds the potential for 

the development of efficacious microbiota-based therapeutic interventions.  
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Stage Severity of fibrosis Description 

F0 No fibrosis None 

F1 Mild fibrosis 
A small amount of scar tissue around some of the 

portal area. 

F2 Moderate fibrosis 
Scar tissue begins extending between the portal area 

and occasional nodules. 

F3 Severe fibrosis 
Presence of lots of scar tissue across most of the 

portal area, marked bridging, and occasional nodules. 

F4 Cirrhosis 
Permanent scarring and damage of the liver with liver 

dysfunction. 

Table 2. The scoring systems and fibrosis stages. 

 

The causes of MASH are complex and, in addition to metabolism and gut 

microbiology as described above, are associated with interactions between 

environmental factors, demographics, genetics and epigenetics (Figure 5) (Juanola, 

Martínez-López et al. 2021).  

 

3.3. Hepatic liver inflammation 

Hepatocytes are a pivotal trigger of liver inflammation and fibrosis via 

intercellular communication (Wree, Holtmann et al. 2019), and their injury and 

inflammation lead to the development of chronic liver disease. The severity of 

hepatocyte injury may be influenced by organelle damage such as mitochondria, 

lysosomes, and ER. Increasing evidence suggests that hepatocytes constitutively 
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generate and release various factors that are pivotal in immunomodulation and 

fibrogenesis (Seki and Schwabe 2015). Damage-associated molecular patterns 

(DAMPs), liberated from apoptotic or necrotic cells, are thought to trigger sterile 

inflammation in immune cells subsequent to tissue injury (Luedde, Kaplowitz et al. 

2014). Hepatocyte lipotoxicity causes cellular stress leading to cell death, which 

activates DAMPs to restore homeostasis (Ibrahim, Hirsova et al. 2018).  

 

3.3.1. The molecular link between ER stress and liver inflammation 

The ER is an important organelle in eukaryotic cells for the synthesis and secretion 

of membrane proteins, the synthesis and transport of lipid, and calcium homeostasis. 

ER stress arises from an excessive buildup of unfolded and misfolded proteins within 

the ER, or from the depletion of calcium stores.  

 

During ER stress, the UPR is activated by the activation of transmembrane sensors 

[i.e., inositol-requiring enzyme 1α (IRE1α), double-stranded RNA-dependent protein 

kinase (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6)], 

initiating the downstream UPR signaling cascades to restore ER homeostasis and to 

promote cell survival (Malhotra and Kaufman 2007). These three ER stress sensors are 

activated by dissociation of the ER protein chaperone binding immunoglobulin protein 

(BiP) and/or direct association with unfolded/misfolded proteins (Figure 6): 1) the 

kinase IRE1α induces transcriptionally active X-box binding protein 1 (XBP1) through 
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an atypical splicing mechanism as well as a regulated IRE1-dependent RNA decay 

(RIDD)-dependent preemptive mechanism. In addition, it also recruits tumor necrosis 

factor receptor-associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 

(ASK1) to mediate the activation of c-Jun N-terminal kinase (JNK) and nuclear factor 

(NF-κB) pathways. 2) Phosphorylation of eukaryotic translation initiation factor 2α (p-

eIF2α) by active PERK selectively increases ATF4 that promotes adaptation to ER 

stress through activation of UPR target genes encoding proteins required for antioxidant 

response and amino acid metabolism, and inhibits global translation and decrease 

protein influx into the ER thereby alleviated ER stress. 3) ATF6 dissociates from BiP 

to produce ATF6N and transcriptionally regulates the expression of target genes 

associated with ER stress, including XBP1, CCAAT-enhancer-binding protein (C/EBP) 

homologous protein (CHOP), and BiP (Karagöz, Acosta-Alvear et al. 2019, Liu and 

Green 2019)  
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Figure 6. The UPR pathways in ER stress. During ER stress, three ER stress sensors are 

activated through dissociation of the ER protein chaperone BiP and/or direct binding to 

unfolded/unfolded poorly folded proteins (Liu and Green 2019).  

 

ER stress stimulates several processes that contribute to the development of 

MASLD/MASH. Thus, hepatocytes with chronic ER stress activate inflammatory and 

apoptotic pathways (Mollica, Lionetti et al. 2011). Moreover, chronic ER stress has 

been reported to play a critical role in MASLD progression by promoting lipid 

accumulation (Baiceanu, Mesdom et al. 2016), IR (Jurczak, Lee et al. 2012) and 

regulating hepatic autophagic flux (González-Rodríguez, Mayoral et al. 2014). In fact, 

ER homeostasis is closely related to lipid metabolism, since the ER is the location for 

TG synthesis and VLDL assembly before reaching the Golgi apparatus. Likewise, the 

induction of ER stress stimulates hepatic steatosis by increasing VLDL receptor 

(VLDLR) expression (Jo, Choe et al. 2013), activating SREBPs (Kammoun, Chabanon 

et al. 2009), and decreasing FA oxidation. Likewise, hepatocyte-specific deletion of 

IRE1α decreases lipid partitioning into the ER lumen and reduces VLDL secretion, 

contributing to hepatic steatosis and hypolipidemia (Wang, Chen et al. 2012). Finally, 

it has been shown that ER stress markers in adipose tissue decrease significantly in 

subjects who lose weight after bariatric surgery (Gregor, Yang et al. 2009), suggesting 

that ER stress develops with obesity.  

 

In line with a role of ER in the development of hepatic steatosis, mice with 
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hyperactive IRE1α RNase activity induced by deletion of the negative IRE1α regulator 

bax inhibitor-1 (BI-1) are more susceptible to hepatic steatosis caused by the 

pharmacological ER stress activator tunicamycin (TM) or a high-fat diet (HFD), as well 

as hepatocellular injury augmented by inflammasome signaling, hepatocellular death, 

fibrosis, and dysregulated lipid homeostasis (Lebeaupin, Vallée et al. 2018). In addition, 

BI-1 overexpression downregulates the C/EBPα gene to prevent IR associated with 

obesity (Bailly-Maitre, Belgardt et al. 2010). 

 

The PERK/p-eIF2α/ATF4 pathway also regulates lipid homeostasis, since the 

deletion of eIF2α in mice inhibited the expression of C/EBPα protein, and enhanced c-

Jun and adipose differentiation related protein (ADRP) expression, and hepatic steatosis 

(Rutkowski, Wu et al. 2008). Likewise, p-eIF2α-mediated UPR signaling was 

compromised in growth-arrest and DNA damage-inducible protein 34 (GADD34) in 

transgenic mice, which resulted in downregulation of peroxisome proliferator-activated 

receptor (PPAR)-γ, C/EBPα and C/EBPβ, lower liver glycogen levels and 

hepatosteatosis (Oyadomari, Harding et al. 2008). In a study, patients with isolated 

steatosis and MASH displayed increased eIF2α phosphorylation and enhanced levels 

of ATF4, but with no significant changes in other UPR markers (Malhi and Kaufman 

2011).  

 

ATF6 is also involved in the regulation of lipid metabolism by enhancing the 
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transcriptional activity of PPAR-α, thereby activating its downstream targets to promote 

mitochondrial FA oxidation. Moreover, hepatic overexpression of the active form of 

ATF6 promotes hepatic FA oxidation and prevents hepatic steatosis in diet-induced 

insulin-resistant mice, yet the opposite is true for the inactivated form of ATF6 (Chen, 

Zhang et al. 2016). Lack of ATF6α cells initially promotes recovery from acute stress, 

but is ineffective at recovering from exposure to persistent chronic stress (Wu, 

Rutkowski et al. 2007). Likewise, ER stress leads to hepatic lipid accumulation and 

inhibition of FA oxidation in ATF6α knockout mice (DeZwaan-McCabe, Sheldon et al. 

2017). In addition, ATF6 regulates lipid and glucose homeostasis by repressing 

SREBP-2-regulated transcription (Zeng, Lu et al. 2004).  

 

Moreover, hepatitis B virus (HBV) and HCV cause chronic infections, and ER 

stress occurs during viral infection, which initiates autophagy to enhance HBV viral 

replication (Wang, Wei et al. 2022). Likewise, HCV envelope protein expression 

regulates PERK-dependent CHOP expression and XBP1 splicing (Chan and Egan 

2005). 

 

In conclusion, ER stress and UPR activation are important in the pathogenesis of 

many chronic liver diseases, and further studies may provide the opportunity to identify 

novel therapeutic targets for their treatment. 
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3.3.2. Hepatic cytokines involved in liver inflammation 

Cytokines are important players in systemic inflammation-associated diseases, 

and pro-inflammatory factors exert significant influence over various features in liver 

disease. Hepatocytes have the capacity to generate a diverse array of cytokines aimed 

at regulating processes involved in liver injury, repair, and inflammatory responses 

within the context of hepatic injury.  

 

The pleiotropic cytokine IL-6 activates a variety of cells (e.g., immune cells, 

hepatocytes, hematopoietic stem cells, and osteoblasts), resulting in a wide range of 

biological activities in inflammation, hematopoiesis, tumorigenesis, and 

immunomodulation (Kishimoto 2010). In alcoholic liver disease, IL-6 is thought to 

have a protective role because it prevents ethanol-induced oxidative stress and 

mitochondrial dysfunction in hepatocytes by inducing metallothionein expression (El-

Assal, Hong et al. 2004). Moreover, multiple studies have shown that IL-6 trans-

signaling plays a protective role in chronic liver damage (Giraldez, Carneros et al. 2021). 

In fact, IL-6 levels were reported to be significantly increased in patients with MASLD 

compared to normal subjects and were positively correlated with the severity of 

MASLD (Das and Balakrishnan 2011). Notably, IL-6 improves liver regeneration and 

repair, but it can also sensitize the liver to injury, stimulate hepatocyte apoptosis, and 

induce IR (Yamaguchi, Itoh et al. 2010). Another investigation illustrated that moderate 

blockade of enhanced IL-6/STAT3 signaling may be beneficial in MASH. However, a 
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profound defect in IL-6/STAT3 activation may lead to the progression of MASH 

(Yamaguchi, Itoh et al. 2011). 

 

IL-1α/β contributes to the pathogenesis of both steatosis and steatohepatitis. The 

Il-1 gene was significantly expressed in diet-induced steatosis and steatohepatitis 

mouse models. In fact, the transition from steatosis to steatohepatitis and liver fibrosis 

were significantly reduced in the absence of IL-1α or IL-1β (Kamari, Shaish et al. 2011). 

Furthermore, IL-1β production was inhibited in TLR9-deficient mice, which exhibited 

less steatohepatitis and liver fibrosis, as well as IL-1R knockout mice (Miura, Kodama 

et al. 2010). IL-1β-deficient mice exhibited mild adipose proinflammation and a 

significant reduction in adipose tissue macrophage lipid content (Nov, Shapiro et al. 

2013).  

 

IL-10 is considered an anti-inflammatory factor, and its secretion during high-fat 

feeding prevents hepatic steatosis but does not improve insulin sensitivity (den Boer, 

Voshol et al. 2006). In humans, Esposito and co-workers showed an inverse correlation 

between IL-10 levels and metabolic syndrome in obese women, suggesting a potential 

IL-10-mediated benefit in metabolic syndrome patients also affected by MASLD 

(Esposito, Pontillo et al. 2003). An overabundance of lipid accumulation in hepatocytes 

induces the secretion of IL-11 protein, and autocrine IL-11 activity leads to hepatocyte 

death and underlies the transition from MASLD to MASH (Dong, Viswanathan et al. 
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2021). IL-32 plays a key role in the pathogenesis of MASLD, mediating IR and 

regulating cholesterol homeostasis, and its expression is significantly elevated in the 

liver of MASLD patients (Dali-Youcef, Vix et al. 2019). IL-33 is an "alarmin" released 

from hepatocytes during cell death, and the alarm function is mediated by the release 

of large amounts of the active form of IL-33, which affects the recruitment and 

activation of suppression of tumorigenicity 2 (ST2) receptor positive target immune 

cells in the liver (Arshad, Piquet-Pellorce et al. 2012). 

 

TNF-α is an inflammatory factor synthesized by macrophages/monocytes or other 

cells/tissues in response to acute inflammation, exerting its activity across multiple cell 

types. In the liver, TNF-α is secreted directly by hepatocytes and Kupffer cells and 

indirectly by abdominal fat, resulting in hepatocyte apoptosis (Montecucco and Mach 

2008). A growing number of studies showed that TNF-α plays a pivotal role and is 

elevated in MASH. In fact, the degree of liver fibrosis in MASH patients showed a 

positive correlation with TNF-α expression (Lesmana, Hasan et al. 2009). Another 

investigation similarly evidenced elevated TNF-α gene expression in both the liver and 

adipose tissue of MASH patients with significant fibrosis compared to patients with 

mild or no fibrosis (Crespo, Cayn et al. 2001). The relationship between TNF-α and IR 

in obesity was first described by Hotamisligil et al. (Hotamisligil, Shargill et al. 1993). 

This study demonstrated that adipose tissue triggers inflammation and IR through TNF-

α expression. Furthermore, supporting the essential role of TNF-α in IR, increased 

TNF-α expression was observed in adipose tissue of different animal models of obesity 
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and diabetes (Hotamisligil, Shargill et al. 1993). TNF-α or TNFR deficiency led to 

significantly improved insulin sensitivity in diet-induced and genetic (ob/ob) animal 

models of obesity (Uysal, Wiesbrock et al. 1997). Likewise, the efficacy of anti-TNF-

α antibody was demonstrated against necrosis, inflammation, and fibrosis in an 

experimental model of methionine-choline-deficient (MCD) diet-induced MASH 

(Koca, Bahcecioglu et al. 2008). Despite the positive effects of TNF-α inhibition in 

animal models of MASH, the association of TNF-α with IR and MASH remains 

controversial. Several studies found no direct correlation between IR and TNF-α, 

casting doubts about its true biological activity (Lucero, Zago et al. 2011). The 

detrimental impacts of TNF-α in the liver might be modulated by additional soluble 

mediators, including adiponectin, leptin, and IL-6.  

 

Apart from the above, hepatocytes can also generate several chemokines to recruit 

immune cells in response to liver injury, such as chemokine (C-C motif) ligand 2 (CCL2) 

(also known as monocyte chemoattractant protein 1, MCP-1) and C-X-C motif 

chemokine ligand 1 (CXCL1). CCL2 is mainly derived from damaged hepatocytes and 

activated Kupffer cells, while HSCs and hepatic SECs also secrete CCL2 (Saiman and 

Friedman 2012). The increase of CCL2 expression in the liver facilitates the recruitment 

of myeloid cells, which in the presence of dietary fat induces hepatosteatosis (Obstfeld, 

Sugaru et al. 2010). Hepatocytes produce CXCL1 in response to necrotic cell challenge 

via Kupffer cell sense DAMPs and release TNF-α to activate the NF-κB pathway, which 

ultimately leads to dead cell clearance (Su, Li et al. 2018). 
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3.4. Hepatic stellate cells (HSCs) in liver fibrosis 

Different hepatotoxic substances and mechanisms may induce parenchymal cell 

injury, leading to fibrogenesis. Fibrosis is usually benign during wound healing and 

maintains tissue integrity, but persistent and progressive fibrosis can be pathogenic, 

which ultimately leads to the main cause of mortality in MASH patients (Heyens, 

Busschots et al. 2021). Several cell types are involved in the progression to MASH, but 

the most notable are hepatic myofibroblasts (MFBs), initially derived from HSCs, 

portal fibroblasts (PFs), and mesothelial cells. Notably, HSCs activation and fibrosis 

are closely related to many signaling pathways such as TGF-β, hedgehog, 

inflammasome (NLRP3)-caspase 1, and Wnt/β-catenin. In addition to the above, it was 

simultaneously proposed that hepatic epithelial cells, and perhaps even endothelial cells, 

might be an extra source of hepatic MFBs through the process of epithelial-

mesenchymal transition (EMT) or endothelial-mesenchymal transition (EndMT) 

(Figure 7) (Dewidar, Meyer et al. 2019). 
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Figure 7. Activation of hepatic stellate cells (HSCs) and origin of myofibroblasts (MFBs) 

in chronic liver diseases. During activation, HSCs lose intracellular lipid droplets, develop a 

fibroblast-like shape, and express large amounts of α-smooth muscle actin (α-SMA) and 

extracellular matrix proteins (ECM). Also, endothelial cells and epithelial cells, i.e., 

hepatocytes and cholangiocytes, might contribute to liver MFBs pool through an epithelial-

mesenchymal transition (EMT) and endothelial-mesenchymal transition (EndMT), respectively 

(Dewidar, Meyer et al. 2019). 

 

In general, HSCs are in a quiescent non-proliferative state, with a star-shaped 

appearance that exhibits the ability to store containing vitamin A as retinyl palmitate 

(Tsuchida and Friedman 2017). HSCs activation involves a complex cascade of events, 
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which includes fibrotic mediators or cell-cell interactions that promote HSC activation 

and transformation into MFBs by triggering different signaling cascades. The novel 

method of single-cell RNA sequencing has been employed to delineate the activation 

profiles of HSCs/MFBs, revealing inherent heterogeneity among these cell populations 

(Krenkel, Hundertmark et al. 2019).  

 

The differentiation of HSCs into MFBs is the most significant type in liver fibrosis, 

accompanied by losing retinoid content, the excessive expression and accumulation of 

the contractile protein α-smooth-muscle actin (α-SMA) and extracellular matrix (ECM) 

components, which includes the secretion of fibrillar collagens (collagen I and III) 

(Figure 7) (Tsukamoto, Zhu et al. 2011). Generally, short-term tissue repair can reverse 

MFBs to differentiated cells. For example, following HSC activation, matrix 

metalloproteinases (MMPs) such as MMP-9 significantly increase and bind to collagen 

Ⅲ, leading to the breakdown of ECM products (Veidal, Vassiliadis et al. 2010). 

However, MMPs are inhibited by tissue inhibitors of metalloproteinase (TIMPs), and 

abundant expression of TIMP1 causes MMP/TIMP imbalance in CCl4-induced mice, 

thereby promoting ECM synthesis and fibrosis (Yoshiji, Kuriyama et al. 2000). 

Likewise, profibrogenic molecules such as leptin stimulate the expression of TIMP1 

and collagen I and represses the production of MMP1 in HSCs. 
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3.4.1. The transforming growth factor β (TGF-β) pathway in liver fibrosis 

3.4.1.1. TGF-β family  

TGF-β members, consisting of 33 genes in mammals, encompass TGF-βs, growth 

and differentiation factors (GDFs), nodal proteins, activins, and bone morphogenetic 

proteins (BMPs) (Table 3) (Heldin and Moustakas 2016). In contrast to the numerous 

TGF-β ligands, there are fewer receptors (TβRI and TβRII) and downstream 

intracellular effectors [suppressor of mothers against decapentaplegic (SMAD) proteins] 

to mediate the transduction of intracellular signaling. There are seven type I receptors 

and five type II receptors in mammalian, and type I receptors induce receptor-regulated 

SMAD family (R-SMADs) by phosphorylating two C-terminal serine residues. TGF-β 

induces SMAD2 and SMAD3 phosphorylation to play a central role in pathological 

processes, whereas BMP phosphorylates SMAD1, SMAD5 and SMAD8 (Morikawa, 

Derynck et al. 2016). SMAD4, also known as co-SMAD, is not directly phosphorylated 

or binds to the receptor complex, but it interacts with phosphorylated R-SMAD and 

they translocate to the nucleus as heterotrimers. 

 

Subfamily 
Members of the 

family 
Biological function  Receptor 

Activin/ 

Inhibin 

Activin A/B, 

Inhibin C/E/A, Nodal, 

Lefty1, Lefty 2 

Involved in mesoderm 

induction, inflammation, or 

immunity, required for body 

pattern determination and cell 

stemness. 

Alk4, Alk7, 

Cripto, 

ActR-Ⅱ/Ⅱb 
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TGF-β 
TGF-β1, TGF-β2 and 

TGFβ3 

Proliferation and 

differentiation regulators in 

multiple cell types. Dual role 

function in cancer 

progression. 

Alk1/Alk5, 

TβR-Ⅱ 

BMPs and 

GDFs 

BMP-2/4, BMP-

5/6/7/8, BMP-9/10, 

GDF-5/6/7, GDF-8/11, 

GDF-1/3, GDF-

10/BMP/3 

BMPs can induce bone 

growth with different potency 

depending on the cell type. 

Involved in heart 

development, skeletogenesis, 

neurogenesis, or muscle 

growth control. 

Alk1/2/3/4/5/6, 

Cripto, 

BMPR-Ⅱ, 

ActR-Ⅱ, ActR-

ⅡB 

Distant 

members 

Anti-muellerian 

hormone (AMH), 

GDNFs (GDNF, 

Artemin, Persephin, 

Neurturin), GDF15 

GDNFs act as neurotrophic 

factors that promote neuron 

survival and control dopamine 

uptake. GDF15 is an anti-

inflammatory cytokine with 

no affinity to other family 

receptors, becoming the most 

distant member. 

Alk3/6, GFRa, 

GFRAL, 

AMHR-Ⅱret 

Table 3. TGF-β subfamily members. 

 

TGF-βs are synthesized in the ribosomes and fold in the ER to form latent 

precursor proteins that are proteolytically processed by furin-like proteases, resulting 

in the formation of an N-terminal precursor remnant (LAP) and a C-terminal 

polypeptide (mature TGF-β) (Figure 8) (Tzavlaki and Moustakas 2020). After cleavage, 
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the LAP remains non-covalently bound to the mature TGF-β to form a complex named 

the small latent complex (SLC) and keeps TGF-βs latent (Ten Dijke and Arthur 2007). 

Subsequently, the SLC is covalently bound to the large TGF-β binding protein (LTBP), 

thereby forming the large latent complex (LLC) (Robertson and Rifkin 2016). Finally, 

the complex can be cleaved by various proteases to release active TGF-β. All TGF-β 

isoforms undergo this process to be secreted as latent complexes, whereas some BMPs 

and activins are not released as latent complexes (Derynck and Budi 2019). There are 

three TGF-β isoforms: TGF-β1, -β2, and -β3. TGF-β1 expression and activation 

exacerbate fibroblast proliferation and ECM protein deposition. Similar to TGF-β1, 

TGF-β2 shows robust fibrotic activity, while TGF-β3 seems to exhibit antifibrotic 

activity in certain tissues (Walton, Johnson et al. 2017). 

 

 

Figure 8. Biosynthesis and extracellular deposition of TGF-β. Ribosomes attached to the 

endoplasmic reticulum (ER) translate TGF-β mRNA into TGF-β protein. This is followed by a 
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series of biochemical events leading to the formation of a large latent complex (LLC), which 

can eventually be cleaved by a variety of proteases, releasing the active TGF-β. 

 

3.4.1.2. TGF-β pathway 

TGF-β binds to TβR-II, forming a receptor complex, and subsequently recruits and 

phosphorylates TβR-I in the Gly-Ser-rich (GS) domain, resulting in a tetrameric 

receptor complex (Meng, Nikolic-Paterson et al. 2016). The activation of kinase 

domains within the receptor complex potentiates phosphorylation cascades acting on 

SMADs (i.e., SMAD2 and SMAD3) transcription factors (Figure 9). After being 

activated by phosphorylation, pSMAD2 and pSMAD3 interact with SMAD4 (also 

known as deleted in pancreatic carcinoma locus 4, DPC4) to form heterocomplexes that 

translocate into the nucleus. There, they bind to the SMAD binding element (SBE) and 

activate transcription of multiple genomic levels (Chung, Chan et al. 2021), including 

α-SMA, collagens, fibronectin, and plasminogen activator inhibitor-1 (PAI-1). In the 

absence of SMAD4, R-SMADs can induce the activation of a few TGF-β target genes. 

SMAD3 shows a weak DNA-binding affinity whereas SMAD2 does not directly bind 

to DNA (Morikawa, Koinuma et al. 2013); consequently, these heterocomplexes 

typically interact with extra transcriptional co-activators to stabilize the transactivation 

complexes. 

 

The p300/cAMP-response-element-binding-protein-binding protein (CBP)-
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associated factor (P/CAF) augmented the transcriptional responses induced by TGF-

β/SMAD3, a process further bolstered by co-activators histone acetyltransferase p300 

and SMAD4. Furthermore, P/CAF might thus engage in the activation of SMAD-

mediated transcriptional responses either autonomously or in collaboration with 

p300/CBP (Itoh, Ericsson et al. 2000). Likewise, p300/CBP modulates transcription by 

enhancing SMAD3 transactivation in response to TGF-β receptor activation in a 

SMAD4/DPC4-dependent manner, which acts as a transcriptional co-activator (Feng, 

Zhang et al. 1998). SMAD2-mediated transcription involves the recruitment of p300 

and presents changed substrate specificity, particularly in acetylated nucleosome 

histone H3 (Ross, Cheung et al. 2006). 

 

SMAD7, an inhibitory SMAD (I-SMAD), is a nuclear protein secreted from the 

nucleus to the cytoplasm and is a predominant negative regulator of the TGF-β 

signaling pathway. For example, SMAD7 not only inhibits phosphorylation of 

SMAD2/SMAD3 by TGF-β-receptor polymers, but also induces degradation of TGF-

β-TβRI and SMAD2/SMAD3, thus disrupting the heterodimerization of 

SMAD2/SMAD3 with SMAD4 (Hu, He et al. 2021). Furthermore, SMAD7 combines 

with SBE-containing DNA sequences, thereby influencing the assembly of functional 

SMAD-DNA complex triggered by TGF-β signaling (Li 2015). Hence, regulating the 

stability or degradation of SMAD7 influences TGF-β signaling activity. For instance, 

p300 induces acetylation at the N-terminus of SMAD7 to prevent subsequent 

ubiquitination, which in turn protects against degradation of the TGF-β pathway 
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(Grönroos, Hellman et al. 2002).  

 

 

Figure 9. Canonical pathway of TGF-β signaling. In a canonical signaling cascade, activated 

TGF-β-TβRI leads to phosphorylation of SMAD2/3, which then binds to SMAD4 and 

translocates to the nucleus to induce gene transcription. In a negative feedback loop, SMAD7 

inhibits TGF-β signaling by providing competition of TβRI, blocking phosphorylation and 

activation of SMAD2. 

 

Besides, emerging evidence supports that there are non-canonical signaling 

pathways (Figure 10) activated by TGF-β including mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK), mammalian target of rapamycin 
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(mTOR)/phosphatidylinositol-3-kinase (PI3K)/V-Akt murine thymoma viral oncogene 

homolog (AKT), and Rho-like guanosine triphosphate (GTP)ase pathways. The TGF-

β non-canonical pathway offers an extensive platform for intracellular crosstalk. For 

instance, R-SMAD signaling to the nucleus may undergo interactions with other 

pathways, as demonstrated by the capacity of SMAD2/SMAD3 to activate ERK and 

protein kinase A (PKA).  

 

 

Figure 10. Non-canonical pathway of TGF-β signaling. Phosphorylation of TGF-β type I and 

type II receptors also activates downstream non-canonical pathways, including Rho, PI3K/Akt, 

and Grb2/SOS signaling, in a SMAD-independent manner (Chung, Chan et al. 2021). 
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After activation and phosphorylation of TβRI/TβRⅡ by TGFβ, induced src 

homology and collagen A (ShcA) tyrosine phosphorylation promotes ShcA/growth 

factor receptor-bound protein 2 (Grb2)/son of sevenless (Sos) complex formation and 

promotes the exchange of guanosine diphosphate (GDP) to GTP for inducing GTPase 

Ras activation (Lee, Pardoux et al. 2007). The formation of a small GTPase Ras causes 

the recruitment of Raf, a MAP kinase kinase kinase (MAP3K), leading to the activation 

of ERK1/2 via MEK1/2, which in turn triggers the genetic regulation (Figure 11). For 

instance, the stimulation significantly increased transcriptional factors such as Fos-

related antigen 2 (Fra-2) expression and induced DNA binding of Fra-2 in a 

phosphorylated ERK-dependent manner (Reich, Maurer et al. 2010). 
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Figure 11. The ERK non-SMAD pathway. Phosphorylation of tyrosine residues in 

TβRI/TβRⅡ leads to the recruitment of Grb2/Sos, which activates ERK through Ras, Raf, 

and its downstream MAPK cascade, and then ERK controls EMT through its downstream 

transcription factors that work together with SMADs to regulate target gene transcription 

(Zhang 2009). 

 

Mounting evidence has revealed that PI3K/AKT plays an important role in TGF-

β signaling. PI3K can be activated by TGF-β via induction of physical association 

between TβRⅠ receptor and p85 (Yi, Shin et al. 2005), which induces activation of AKT. 

Subsequently, the activation PI3K/AKT pathway then regulates the transcription 

reactions via mTOR/S6K, which in turn interacts indirectly with SMAD-mediated 

transcriptional processes in the EMT process (Zhang 2009). In addition, AKT has the 

ability to antagonize TGF-β-induced apoptosis and growth arrest by suppressing the 

activation of FoxO transcription factor.  

 

The Rho-like GTPases, including RhoA, Rac and cell division control protein 42 

(Cdc42) contribute to the regulation of dynamical cytoskeletal organization, cell 

movement, and genetic expression via a variety of effectors such as Rho-associated 

protein kinases (ROCKs) (Jaffe and Hall 2005). Similar to the ERK/MAPK pathway, 

RhoA and ROCK can be regulated by TGF-β stimulation through either SMAD-

independent or SMAD-dependent manner to induce stress fiber formation in the EMT 

progress (Zhang 2017). Par6 is a scaffolding protein that binds to TβRI at tight junctions 
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and modulates cell polarity in polarized epithelial cells. Interestingly, TβRII possesses 

the capability to directly induce the phosphorylation of Par6 (Figure 12), consequently 

facilitating the recruitment of the E3 ubiquitin ligase SMAD ubiquitination regulatory 

factor 1 (Smurf1), which targets RhoA for proteasomal degradation (Ozdamar, Bose et 

al. 2005). Additionally, TGF-β also recruits Cdc42 or Rac within the TGF-β receptor 

complex, thereby activating p21-activated kinase (PAK) signaling (Wilkes, Murphy et 

al. 2003), which is implicated in tight junction dissociation and cell migration during 

the EMT process. 

 

 

Figure 12. TGF-β-induced regulation of the Rho family of small GTPases. RhoA can be 

activated by TGF-β via either SAMD-dependent or independent routes to induce actin stress 

fiber formation during EMT (Zhang 2009). 
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3.4.1.3. The TGF-β/SMAD pathway in liver fibrosis 

TGF-β1 plays a central role in fibrogenesis and is thought to be a mediator of 

fibrosis in numerous liver diseases, especially in chronic liver injury. The Tgfb1 gene 

is significantly overexpressed in patients with MetALD and cirrhosis (Chen, Li et al. 

2002). Moreover, TGF-β1 levels were markedly elevated in patients with MASLD and 

positively correlated with this condition (Das and Balakrishnan 2011). Animal models 

of MASH exhibit HSC activation and collagen deposition accompanied by elevated 

Tgfb1 gene expression (Stärkel, Sempoux et al. 2003). The increased expression and 

activation of TGF-β1 released by necrotic hepatocytes leads to trans-differentiation of 

adjacent quiescent HSCs into MFBs, thereby producing ECM (Liu, Hu et al. 2006).  

 

Notably, TGF-β1 promotes fibrogenesis by 1) inhibiting MMP expression and 

promoting the repression of ECM degradation by TIMP, 2) activating SMAD-

dependent/non-SMAD-dependent mechanisms to induce ECM production, 3) 

promoting EMT-induced MFBs formation (detailed description in the next section). 

 

In addition to the ECM, activated HSC increases MMP-2 and -9 expression, which 

act as regulators of ECM accumulation, as well as increased TIMP expression. 

Generally, the synthesis and accumulation of ECM are tightly regulated by MMP-

mediated turnover of ECM proteins, and the activity of MMP is in turn monitored by 

TIMP, with this coordination being essential for organ homeostasis (Tsukada, Parsons 
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et al. 2006). However, when the liver is challenged by pro-fibrotic injury, the 

MMP/TIMP ratio is unbalanced. In particular, MMP-2, which is significantly expressed 

in activated HSC, induces HSC migration and proliferation through TGF-β1-mediated 

signaling pathways, further promoting the fibrotic process (Yang, Zeisberg et al. 2003). 

Interestingly, activated HSC is a primary source of TIMP-1 and -2, and it has been 

reported that TIMP-1 expression inhibits apoptosis of activated HSC in vitro (Murphy, 

Issa et al. 2002), thereby abrogating the degradation of ECM by MMP. 

 

It has been shown that SMAD3 and SMAD4 are crucial inducers within the 

context of hepatic fibrosis, while SMAD2 and SMAD7 confer antifibrotic protection 

(Xu, Liu et al. 2016). Many fibrogenic genes (collagen) and markers (α-SMA and E-

cadherin) are dependent on SMAD3, which binds directly to the DNA sequences that 

regulates these target genes (Latella, Vetuschi et al. 2009). In addition, TGF-β inhibits 

ECM degradation by phosphorylating SMAD3 to induce TIMP-1, and overexpression 

of SMAD3 inhibits MMP-1 activity in fibroblasts (Xu, Liu et al. 2016). Interestingly, 

the knockdown of SMAD2 in LX-2 cells increased SMAD3 phosphorylation, nuclear 

translocation, and type I collagen promoter binding, thereby enhancing SMAD3-

dependent liver fibrosis (Zhang, Liu et al. 2015). According to the above-mentioned, 

TGF-β exerts its biological effects through activation of the downstream mediators 

SMAD2/SMAD3, while being negatively regulated by the inhibitory SMAD7 (Lan and 

Chung 2011). SMAD7 expression was significantly reduced in fibrotic livers during 

TGF-β1-induced HSC activation and in MFB-like cells across the course of chronic 
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liver injury (Bian, Huang et al. 2014). Moreover, disruption of the Smad-7 gene 

enhances CCl4-dependent hepatic injury and fiber formation in mice (Hamzavi, Ehnert 

et al. 2008). 

 

Leptin, a circulating adipogenic hormone with pro-fibrogenic effects, is essential 

for the induction of TGF-β1 activity in the setting of chronic liver injury (Leclercq, 

Farrell et al. 2002). Leptin upregulates microRNA21, which targets and inhibits 

SMAD7 to promote SMAD2/3-SMAD4 co-localization in the nucleus (Arab, Arrese et 

al. 2018). Likewise, leptin activates HSC by mediating the downregulation of Ppar-γ 

gene expression, an antifibrotic nuclear receptor that reverses HSC activation and 

sustains HSC quiescence (Zhou, Jia et al. 2009). During the progression of MASH by 

feeding mice with a MCD diet, HSC was progressively activated, along with the 

decrease in hepatic PPAR-γ expression and activation of the TGF-β/SMAD signaling 

pathway in the liver (Ni, Li et al. 2021). This study also demonstrated that PPAR-γ 

agonists reduce the expression of TGF-β1 and p-SMAD2/3 while increasing SMAD7 

expression. Treatment of activated HSCs with forced expression of PPAR-γ reversed 

MFBs to differentiated cells and restored lipid and vitamin A stores (Hazra, Xiong et al. 

2004).  

 

In addition, PPAR-γ is involved in the crosstalk between TGF-β1 and other 

signaling pathways. For example, TGF-β1 significantly down-regulated PPAR-γ 



Ⅰ. Introduction 

57 

 

expression and activity in cultured HSCs through the β-catenin/Wnt pathway and 

promoted β-catenin protein expression and stability via the ERK1/2-glycogen synthase 

kinase-3β (GSK-3β) axis (Qian, Niu et al. 2012). Along this line, activated HSC 

displays enhanced signaling of canonical Wnt (Wnt3a and Wnt10b) (Cheng, She et al. 

2008), which effectively inhibits adipocyte differentiation by suppressing the 

adipogenic transcription factors C/EBP-α and PPAR-γ (Ross, Hemati et al. 2000).  

 

3.4.2. The epithelial to mesenchymal transition (EMT) process and fibrosis 

It is well known that EMT is a process by which polarized epithelial cells are 

transformed into mesenchymal cells and acquire migratory capacity. When EMT 

dominates mesenchymal‐to‐epithelial transition (MET), liver repair occurs primarily 

through fibrosis, whereas when MET exceeds EMT, normal epithelial proliferation and 

fibrosis are reduced (Chen, Fan et al. 2020). Thereby, EMT is a potential target for 

antifibrotic strategies, since epithelial cells can acquire fibroblastic phenotype and 

contribute to fibrogenesis (Yu, Li et al. 2018). EMT is classified into three types: type 

I EMT is mainly associated with the development of cellular bioembryos, type II EMT 

is involved in organ fibrosis, damage repair and tissue regeneration, and type III EMT 

is closely related to tumor invasion and metastasis (Kalluri and Weinberg 2009).  

 

Furthermore, a portion of EMT refers to an intermediate phenotype of cellular 

transformation, with a progressive loss of epithelial markers (E-cadherin, ZO-1) and 
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progressive mesenchymal markers such as vimentin and S100 calcium-binding protein 

A4 (S100A4, also known as fibroblast-specific protein 1; FSP1) (Figure 13) (Kalluri 

and Weinberg 2009).  

 

 

Figure 13. Schematic cellular processes during EMT. The EMT process requires intercellular 

contacts, apical-basal polarity, and loss of adhesion molecules (e.g., E-cadherin). Expression of 

mesenchymal markers is increased in transformed epithelial cells. 

 

A previous study showed that 45% of S100A4-positive fibroblasts originated from 

hepatocytes EMT in CCl4-induced liver fibrosis (Zeisberg, Yang et al. 2007). Indeed, 

S100A4 is considered an inducer of the EMT program (Li, Wang et al. 2020). 

Interestingly, S100A4-knockout mice fed a MCD diet show attenuated liver fibrosis 

and inflammation, as well as an inhibition of hepatocyte apoptosis (Helfman, Kim et al. 

2005). S100A4 also seems to play a role in liver tumorigeneses, since S100A4-deficient 

mice develop significantly fewer and smaller liver tumor nodules, while showing 

decreases in liver fibrosis and the expression of stem cell markers in the HCC tissues 

(Kalluri and Weinberg 2009). In fact, increased S100A4 protein levels correlate with 

poor prognosis in several cancers, with S100A4 promoting the development of 
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metastasis in mouse models of cancer (Helfman, Kim et al. 2005). The effects of 

S100A4 have been associated with the formation of oligomers of this protein, which is 

stimulated by oxidation (Garrett, Varney et al. 2006). Moreover, S100A4 does not 

possess enzymatic activity, but instead interacts with target proteins and regulates their 

activity. Intracellular targets of S100A4 include p53 and non-muscle myosin IIA 

(NMIIA) (Santamaria-Kisiel, Rintala-Dempsey et al. 2006). Overall, these findings 

point to S100A4 as a regulator of both fibrogenesis and tumorigeneses in the liver. 

 

Studies have shown that critical intracellular EMT signaling pathways involve the 

TGF-β/non-SMAD signaling pathway, as well as the Notch and hedgehog pathways. 

Importantly, TGF-β is a key regulator of fibrogenesis and EMT, and TGF-β can directly 

activate neighboring hepatocytes via SMAD signaling to induce EMT, leading to ECM 

accumulation and fibrosis (Xue, Wu et al. 2013). In addition, several EMT-related 

signaling pathways facilitate the expression of transcription factors, such as Snail1, 

Snail2 (Slug), and ZEB1, with Snail proteins being the most common, which repress 

the expression of E-cadherin and other epithelial markers, and upregulate mesenchymal 

markers (Cano, Pérez-Moreno et al. 2000). TGF-β induces Snail and activates the 

SMAD2/3 pathway, mediating phenotypic changes and plasticity toward EMT 

(Kaimori, Potter et al. 2007). 

 

In conclusion, multiple cells of the liver are converted to MFBs by EMT and are 
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coordinately regulated by various signaling pathways. Hepatic fibrogenesis is a 

complex process, and the activation and EMT of HSCs into MFBs are usually 

considered to be the most critical processes. 

 

3.5. AMP-activated protein kinase (AMPK) pathway in hepatic metabolism 

AMPK, a highly evolutionarily conservative serine/threonine kinase across all 

eukaryotes, has attracted intense interest because of its vital role in the modulation of 

energy homeostasis and acts as a signaling hub to balance nutrient supply and energy 

demand in the cell. AMPK protects cells from ATP depletion and inhibition of ATP 

synthesis. In general, AMPK is sensitive to the relative change in AMP:ATP and 

ADP:ATP ratios and restores energy homeostasis by inhibiting non-essential anabolic 

ATP-consuming processes, while promoting ATP-generating catabolic pathway (Garcia 

and Shaw 2017). Moreover, AMPK modulates cellular energy metabolism via the 

phosphorylation of central enzymes in carbohydrates, lipids, and proteins for short-term 

impact, and phosphorylation of transcription factors for longer-term regulatory effects 

(Cantó and Auwerx 2010).  

 

Considering these properties, AMPK has attracted widespread attention as a 

therapeutic target for pathological conditions characterized by metabolic diseases, 

especially diabetes, but also obesity, inflammation, and cancer. It is now recognized 

that pharmacological activation of AMPK improves glucose homeostasis, lipids, and 
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blood pressure in insulin-resistant rodents. 

 

3.5.1. Structure and regulation of AMPK 

AMPK exists as a heterotrimeric enzyme consisting of a catalytic subunit α, a 

scaffolding β subunit, and a regulatory γ subunit. In mammals, the α subunit is encoded 

by two isoforms (α1 and α2), and the β and γ subunit are encoded by two (β1 and β2) 

and three isoforms (γ1, γ2, and γ3), respectively (Ross, MacKintosh et al. 2016).  

 

The α subunit undergoes phosphorylation at Thr172 site by an upstream kinase, 

which is a process essential for its kinase activity, as well as the C-terminal region is 

required for binding to the β subunit (Figure 14). The C-terminal region of the β subunit 

forms a heterotrimeric complex by interacting with the α and γ subunits and contains a 

central carbohydrate-binding module (CBM), which is essential for the heterotrimeric 

complex formation. The γ subunit isoform encompasses a variable N-terminal region 

and features four consecutive repeats in its C-terminal region known as the 

cystathionine-β-synthase (CBS) motif. This motif serves as a binding site for the 

regulatory nucleotides AMP, ADP, and ATP (Yan, Zhou et al. 2018).  
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Figure 14. The Structure of AMPK. Schematic representation of AMPK subunit isoforms 

showing regions implicated in the regulation of AMPK activity. α subunits: AID, autoinhibitory 

domain; β‐SID, β-subunit interacting domain; β subunits: CBM, carbohydrate‐binding module; 

αγ‐SBS, αγ‐subunit binding sequence; γ subunits: CBS1, CBS2, CBS3, CBS4, cystathione β‐

synthase repeats; NES, nuclear export signal (Dufour and Clavien). 

 

All of these subunits are encoded by separate genes and variable splice variants, 

resulting in a diverse collection of αβγ heterotrimer combinations. However, not all 

combinations are present in all tissues. It has been demonstrated that each 

heterotrimeric combination exhibits a different activation profile and phosphorylation 

profile in human skeletal muscle in response to physical exercise (Jensen, Wojtaszewski 

et al. 2009). In hepatocytes, immunodetection and chemical proteomics analyses 

revealed that only a limited number of AMPK heterotrimeric assemblies were present 

and that there were significant differences in abundance. In human hepatocytes, α1β2γ1 

was identified as the predominant AMPK heterotrimeric complex, whereas in dog and 

rodent hepatocytes, α1β1γ1 and α1/α2β1γ1 complexes were predominantly expressed, 

respectively (Figure 15) (Stephenne, Foretz et al. 2011, Wu, Puppala et al. 2013).  
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Figure 15. Expression of AMPK subunit isoforms in hepatocytes from different species. A 

cartoon of predominant AMPK heterotrimers in HepG2 cells and hepatocytes of human, dog, 

rat, and mouse (Dufour and Clavien). 

 

The reversible phosphorylation of the Thr172 site in the activation loop of the 

structural domain of the α-subunit kinase, and the stimulated metastable binding of 

AMP to the CBS motif within the γ subunit, are two essential steps in the activation 

mechanism of AMPK (Viollet and Foretz 2015). In the normal energy state, ATP 

competitively binds to the γ subunit, which allows the phosphatase to enter Thr172. 

Under metabolic stress, the AMP:ATP and ADP:ATP ratios are elevated, resulting in 

the replacement of ATP by AMP and ADP at the two exchange sites on the γ subunit. 
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When AMP and ADP bind to γ-regulatory subunit causes AMPK to be metastable, 

which prevents Thr172 residue from entering phosphatase protein 2A (PP2A), thereby 

inhibiting dephosphorylation and inactivation of the enzyme (Figure 16). AMP, but not 

ADP, leads to further conformational activation of phosphorylated AMPK. In addition, 

this alteration in conformation also enables the upstream kinase with AMPK kinase 

(AMPKK) activity to phosphorylate the α subunit, thereby increasing the overall 

activation of AMPK. This phosphorylation process is primarily mediated by a complex 

involving two upstream kinases the tumor suppressor liver kinase B1 (LKB1) or 

Ca2+/calmodulin-dependent protein kinase β (CaMKKβ) (Oakhill, Steel et al. 2011, 

Xiao, Sanders et al. 2011).  

 

 

Figure 16. Allosteric and functional activation of AMPK. AMPK remains in an inactive state 
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when the AMP/ATP ratio is low. AMP binding to the γ subunit allosterically activates AMPK 

by inducing a conformational change in the enzyme, allowing LKB1 to phosphorylate AMPK 

and become functionally active. An increase in intracellular Ca2+ may also induce AMPK 

phosphorylation by CaMKKβ. Active AMPK positively regulates catabolic pathways that 

produce ATP and inhibit anabolic pathways that consume ATP (Aguilar Recarte 2021). 

 

3.5.2. AMPK activation in the liver 

AMPK activation attenuates MASLD primarily through three pathways: inhibiting 

hepatic lipogenesis, increasing hepatic FA oxidation, and enhancing mitochondrial 

functional integrity in adipose tissue (Smith, Marcinko et al. 2016). For instance, 

AMPK activation suppresses FA and cholesterol synthesis by downregulating the 

expression of adipogenic genes, such as Srebp-1c, Acc, and Hmgcr (Fang, Pan et al. 

2022). Moreover, AMPK signaling pathway-related proteins not only effectively 

balance dietary influences and energy consumption, but also facilitate mitochondrial 

FA oxidation and mitochondrial biogenesis, which further enhance FA and glucose 

metabolism and ultimately inhibit the progression of fatty liver (Dahlhoff, Worsch et al. 

2014). Recently, liver-specific Ampk gene activation has been established by genetic 

engineering techniques to decrease hepatic steatosis and inhibit the expression of 

inflammatory and fibrotic genes (Garcia, Hellberg et al. 2019). Consistent with this 

protective role of this kinase, liver-specific AMPK knockdown mediated caspase-6 

activation, leads to exacerbated liver injury in the mouse MASH model (Zhao, Sun et 

al. 2020). These findings further support the role of AMPK as a potential preventive 

and therapeutic target for MASLD. 
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To test the potential of AMPK as a therapeutic target, reliable pharmacological 

tools are needed to specifically activate AMPK and decipher its cellular function. 

Unlike other pharmacological AMPK activators, A-769662 directly activates natural 

AMPK in cell-free assays, suggesting that it is a variant activator. Notably, there was 

no effect on cellular ATP levels and mitochondrial oxidative phosphorylation in A-

769662-treated hepatocytes (Guigas, Sakamoto et al. 2009). In addition, A-769662 had 

the highest concentrations in the liver and relatively low concentrations in extrahepatic 

tissues (Cool, Zinker et al. 2006). Metformin is a first-line therapeutic agent for T2DM 

and most studies have attributed the hypoglycemic effect of metformin to inhibition of 

mitochondrial respiratory chain complex I activity. Pharmacological concentrations of 

metformin directly activate AMPK, whereas supra-pharmacological metformin 

concentrations (~5 mM) suppress glucose production by inhibiting mitochondrial 

respiratory chain complex I, thereby enhancing AMP and subsequently activating 

AMPK (Figure 17) (He and Wondisford 2015). However, a recent study has 

demonstrated that metformin reduces glycerol-derived hepatic gluconeogenesis by 

inhibiting complex IV activity (LaMoia, Butrico et al. 2022). 
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Figure 17. Metformin directly or indirectly causes AMPK activation mechanisms. At low 

metformin concentrations, AMPK is directly activated in the liver by promoting Thr172 

phosphorylation of AMPKα, whereas at high metformin concentrations AMPK is activated 

indirectly by inhibition of mitochondrial respiratory chain complex I. 

 

Besides, ERK1/2 has been reported to be involved in a negative crosstalk with 

AMPK in myotubes (Salvadó, Barroso et al. 2014). In fact, ER stress-mediated 

reduction of AMPK was restored when ERK function was blocked by its selective 

inhibitor U0126 (Hwang, Jeong et al. 2013). The negative regulatory mechanism 

between AMPK and ERK is a key therapeutic target for ER stress-induced IR. 
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3.6. Peroxisome proliferator-activated receptors (PPARs) 

PPARs are a superfamily of nuclear hormone receptors that act as transcription 

factors in response to the binding of ligands. This family consists of three subtypes, 

namely PPAR-α, PPAR-β (also known as PPAR-δ), and PPAR-γ. Of these, PPAR-α was 

first identified in rodent hepatocytes, while PPAR-β/δ and PPAR-γ were subsequently 

discovered and characterized. PPAR-α is particularly abundant in the liver but is also 

found in muscle, bone, and heart (Figure 18), and is mainly associated with FA 

metabolism (Figure 19). PPAR-γ is expressed in white and brown adipose tissue, colon 

and spleen and plays a key role in the regulation of adipogenesis, energy homeostasis 

and lipid biosynthesis, as well as in lipoprotein metabolism and insulin sensitivity. 

PPAR-β/δ is expressed in most tissues of the body, but it is particularly abundant in the 

liver, intestine, kidney, and abdominal adipose tissue, all of which are involved in lipid 

metabolism (Grygiel-Górniak 2014). 
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Figure 18. The expression of PPARs in specific tissues (Grygiel-Górniak 2014). 

 

 

Figure 19. The role of PPARs (↑ - increase, ↓ - decrease). 
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3.6.1. Structure of PPARs 

As nuclear receptors, the structural domains of each subtype of PPAR are very 

similar. PPARs have four typical domain organizations: A/B, C, D, and E/F, which are 

the amino-terminal domain (A/B domain) containing ligand-independent activation 

function 1 (AF1), the central zinc-finger DNA-binding domain (DBD, C domain), the 

carboxyl-terminal ligand-binding domain (LBD, E/F domain) containing a ligand-

dependent activation function (AF2), and a minor hinge region (D) connecting the DBD 

to the LBD (Figure 20a) (Poulsen, Siersbæk et al. 2012). 

 

The DBD and the LBD are the most conserved regions among the three PPARs. 

PPARs form specialized heterodimers with retinoid X receptors (RXR) and bind to 

specific DNA sites consisting of direct repeats of hexametric sequences separated by a 

single base pair, located in the promoter/enhancer regions of target genes (Figure 20b) 

(Wang 2010). In the target gene, the peroxisome proliferator response element (PPRE) 

is a specialized DNA region that interacts with PPAR. The heterodimerization between 

PPAR and RXR is ligand-independent and dependent on the heterodimerization 

interface in the LBD and DBD of the two receptors. PPAR is activated by FAs and FA 

derivatives, and its activity is regulated by post-translational modifications (PTMs) in 

the AF1, whereas RXR is activated by 9-cis retinoic acid (9cRA) and certain FAs 

(Figure 20b) (Poulsen, Siersbæk et al. 2012). 
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The unusually large ligand-binding pocket of PPAR compared to other nuclear 

receptors, allows PPAR to accommodate a wide range of endogenous lipids, including 

FAs, eicosanoids, oxidized and nitrated FAs, and derivatives of linoleic acid (Bensinger 

and Tontonoz 2008).  

 

The AF2 helix is important for co-activator binding and transcriptional activation 

and is located at the C-terminal end of the LBD. In addition, although more than four-

fifths of the ligand-binding cavity residues are conserved across all PPAR isoforms, the 

remaining one-fifth yields ligand specificity between isoforms. For example, in PPAR-

β/δ, the cavity adjacent to the AF2 helix and Arm I is significantly narrower, which 

prevents PPAR-β/δ from accommodating the large headed thiazolidinediones (TZD) 

and L-tyrosine agonists.  
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Figure 20. The structure of PPARs and their mode of action. (a) Domain structure of nuclear 

receptors. The N-terminal domain (NTD, A/B domain) contains the ligand-independent 

activation function (AF1). The highly conserved DNA-binding domain (DBD, C domain) 

contains two zinc fingers. The hinge region (D domain) is highly flexible. The ligand binding 

domain (LBD, E domain) contains the ligand-dependent activation function (AF2). (b) 

Simplified model of the PPAR: RXR transcriptional complex. PPAR:RXR binds the 

peroxisome proliferator response element (PPRE) in a head-to-tail fashion (Poulsen, Siersbæk 

et al. 2012) 

 

3.6.2. PPAR activation in the liver 

PPAR regulates many of the processes impaired in MASLD (Figure 21), such as 

lipid and glucose metabolism and inflammation. 
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Figure 21. The role of PPARs in MASLD. PPAR-α plays a crucial role in enhancing lipid 

metabolism by regulating lipid flow, controlling FA transport, and promoting β-oxidation. 

PPAR-β/δ suppresses the inflammatory phenotype of macrophages and contributes to the 

selective activation of the desired phenotype. PPAR-γ, which primarily regulates insulin 

sensitivity within adipose tissue, is a key regulator of HSCs (Yang, Danzeng et al. 2024).  

 

PPAR-α assumes a pivotal role in augmenting lipid metabolism through the 

regulation of lipid flux, modulation of FA transport, and the facilitation of FA β-

oxidation. In addition, PPAR-α is a major regulator of the hepatic response to fasting, 

and consistent with this, PPAR-α-deficient mice exhibited elevated FFA levels and 

hypoketonemia after fasting (Kersten, Seydoux et al. 1999). In this case, Ppar-α gene 

expression is induced during fasting in wild-type (WT) mice in response to increased 
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hepatic FA oxidation (Leone, Weinheimer et al. 1999). During fasting, PPAR-α is also 

important for the induction of fibroblast growth factor 21 (FGF21), which is required 

for the normal activation of FA oxidation, TG clearance, and ketogenesis due to the 

ketogenic diet (KD) (Badman, Pissios et al. 2007). In glucose metabolism, PPAR-α 

regulates the expression of genes involved in the hepatic gluconeogenesis pathway, the 

process by which the liver produces glucose from non-carbohydrate sources (Kersten 

2014). It was shown that PPAR-α expression was negatively correlated with MASH 

histologic severity, but increased with improvement in histologic status with weight 

management (Francque, Verrijken et al. 2015). Another study showed that 8 weeks of 

aerobic exercise in MASLD reduced the progression of steatosis and inflammation via 

the AMPK-PPAR-α signaling pathway (Diniz, de Lima Junior et al. 2021). However, 

hepatocyte PPAR-α deficiency disrupts FA homeostasis, stimulates hepatic steatosis in 

aging (Montagner, Polizzi et al. 2016), and promotes MASLD and liver inflammation 

in HFD-fed mice (Régnier, Polizzi et al. 2020). In addition, PPAR-α acts as a modulator 

of systemic inflammation and related vascular responses, as it negatively regulates 

TNF-α, IL-1, and IL-6 cytokines (Mansouri, Baugé et al. 2008).  

 

PPAR-γ primarily governs insulin sensitivity within adipose tissue and acts as a 

key regulator of HSC differentiation. Through the inhibition of HSC activation, PPAR-

γ assumes a pivotal role in mitigating fibrogenesis. In fact, aP2-Cre mice with specific 

deletion of PPAR-γ in HSCs showed exacerbated liver damage and fibrogenic response 

to CCl4 (Morán-Salvador, Titos et al. 2013). It seems that there is a positive correlation 
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between PPAR-γ and fibrosis in activated HSCs. However, it has been shown that 

hepatocyte PPAR-γ promotes steatosis in mice on a high-fat diet. Likewise, hepatocyte-

specific PPAR-γ deletion protects mice from diet-induced MASH and enhances the 

benefits of TZD on MASH (Lee, Pusec et al. 2021). PPAR-γ expression is generally 

low in lean livers whereas Ppar-γ gene is increased in the livers of obese MASLD 

patients with steatosis and steatohepatitis (Pettinelli and Videla 2011).  

 

PPAR-β/δ has multiple metabolic effects and physiological roles, and activation 

of PPAR-β/δ may inhibit and ameliorate metabolic disorders associated with obesity. 

For instance, PPAR-β/δ regulates hepatic metabolic programs through transcriptional 

mechanisms, and increases monounsaturated FA (MUFA) production and decreases 

saturated FA (SFA) production (Liu, Hatano et al. 2011). MASLD is characterized by 

the accumulation of hepatic TGs, which are synthesized from FAs, the main sources of 

which are NEFAs and DNL. The decrease in serum NEFAs caused by PPAR-β/δ 

activation is also a consequence of increased FA oxidation in tissues such as the liver 

and skeletal muscle (Barroso, Rodríguez-Calvo et al. 2011). Interestingly, activation of 

PPAR-β/δ increased hepatic levels of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (16:0/18:1-PC), an endogenous ligand for PPAR-α (Barroso, 

Rodríguez-Calvo et al. 2011). In turn, this 16:0/18:1-PC is regulated by circadian 

hepatic PPAR-β/δ activity, which reduces postprandial lipid levels, while increasing 

muscle use of FAs through activation of PPAR-α (Liu, Brown et al. 2013). Furthermore, 

PPAR-β/δ regulates hepatic levels of PPAR-γ co-activator (PGC)-1α, a major regulator 
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of mitochondrial biogenesis, which regulates FA oxidation (Barroso, Rodríguez-Calvo 

et al. 2011). SREBP-1c is a critical transcription factor involved in the regulation of 

genes in the DNL pathway, and PPAR-β/δ-deficient mice exhibit increased SREBP-1c 

activity leading to steatosis compared to WT mice (Goudarzi, Koga et al. 2013). Thus, 

overexpression or activation of PPAR-β/δ ameliorates hepatic steatosis by inhibiting 

the role of SREBP-1c in DNL pathway. Moreover, it has been reported that PPAR-β/δ 

inhibits hepatic steatosis and prevents MASLD progression by regulating VLDLR 

(Zarei, Barroso et al. 2018). However, the expression and the activity of this 

transcription factor are reduced in the liver of patients with MASLD, compared to 

healthy subjects. The progression of MASH involves the development of inflammation 

and hepatocyte damage. The adipocyte-derived cytokine IL-4 induces PPAR-β/δ 

expression, which promotes alternative activation of Kupffer cells (macrophages 

residing in the liver) toward an anti-inflammatory M2 phenotype (Vázquez-Carrera 

2016). A recent study found that PPAR-β/δ activation ameliorated histologic features of 

steatohepatitis in mice, as well as reduced macrophage activation (Lefere, Puengel et 

al. 2020). Consistent with this, macrophages lacking PPAR-β/δ show significantly 

impaired alternative activation, leading to adipocyte dysfunction, IR, and 

hepatosteatosis (Kang, Reilly et al. 2008). In addition, PPAR-β/δ has been reported to 

exhibit inhibitory effects in hepatocyte proliferation and HCC (Vacca, D'Amore et al. 

2014). 

 

Collectively, these findings suggest that activation of PPARs provides a valuable 
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strategy for preventing the progression of MASLD and MASH. 

 

The above evidence supports the positive effects of PPAR-β/δ in the treatment of 

obesity, inflammation, and steatosis. However, there has been controversy regarding 

the role of PPAR-β/δ in various diseases, and the use of PPAR-β/δ-targeted drugs 

require caution. For instance, studies have shown that the activation of PPAR-β/δ 

attenuates chemically induced colon carcinogenesis (Harman, Nicol et al. 2004, Marin, 

Peraza et al. 2006). In contrast, other studies support the aberrant expression of PPAR-

β/δ in colorectal cancer through adenomatous polyposis coli (APC)/β-catenin/T cell 

factor 4 (TCF4) target genes (He, Chan et al. 1999, Gupta, Tan et al. 2000, Takayama, 

Yamamoto et al. 2006). Likewise, ultraviolet (UV)-induced PPAR-β/δ activity, which 

upregulates Src expression and the EGFR/ERK1/2 signaling pathway, leads to skin 

cancer in mice (Montagner, Delgado et al. 2014). Furthermore, the PPAR-β/δ agonist 

GW501516 was not only involved in CCl4-induced mice hepatic fibrosis but also 

stimulated HSC proliferation through the p38-JNK pathways (Kostadinova, Montagner 

et al. 2012). However, in another study, PPAR-β/δ agonists exhibited antifibrotic effects 

in mice with liver injury (Iwaisako, Haimerl et al. 2012). These findings further 

illustrate the complexity of PPAR-β/δ mechanisms in cancer. 

 

4. Current and future therapies in MASLD 

MASH has become the leading cause of liver-related mortality and a growing 
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burden on healthcare systems worldwide. Despite a wealth of emerging evidence 

providing explanations for the pathogenesis of MASH disease, effective therapies are 

currently limited. Of note, the U.S. Food and Drug Administration (FDA) recently 

approved the activator of thyroid hormone receptor (THR) resmetirom (Rezdiffra®) as 

the first treatment for adults with non-cirrhotic MASH who suffer from intermediate to 

advanced hepatic scarring (fibrosis), along with diet and exercise. 

 

4.1. Lifestyle intervention 

Although the FDA has recently approved the first treatment for MASH, lifestyle 

modifications remain the safest and most effective treatment, but they are not effective 

for advanced fibrosis or cirrhosis. Controlling body weight and metabolic dysregulation 

can be achieved by increasing physical activity and altering dietary habits (controlling 

calorie intake) (Figure 22). The challenge lies in implementing these measures in the 

long term. 
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Figure 22. Lifestyle recommendations for patients with MASLD. BMI, body mass index; 

MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic 

dysfunction-associated steatohepatitis (Dufour, Anstee et al. 2022). 

 

Physical exercise: The population with transitional obesity, metabolic syndrome, 

and T2DM often engage in sedentary behaviors, and as sedentary time increases, it can 

lead to an increased susceptibility to MASLD. It is recommended that MASLD patients 

engage in more physical exercise, which may reduce the likelihood of IR and impaired 

glucose tolerance. Exercise can reduce the risk of diabetes, hypertension, and metabolic 

syndrome, thus reducing the likelihood of MASH occurrence. Although moderate 

weight loss of about 3%-5% may reduce hepatic steatosis, in MASH patients, a weight 

loss of up to 10% or more is needed to reduce inflammation and fibrosis regression, 

which is challenging (Vilar-Gomez, Martinez-Perez et al. 2015). 
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Dietary habits: Excessive calorie intake may lead to obesity, while calorie control 

can effectively utilize body fuel and reduce oxidative damage to cells. Carbohydrate 

intake is associated with MASLD. A low-carbohydrate diet can reduce blood glucose 

load, improve IR and pancreatic β-cell insulin secretion, increase HDL, and lower 

serum TGs and glucose (Ludwig and Ebbeling 2018). There has been a sharp increase 

in the consumption of processed foods, which are a major source of added sugars and 

saturated fats, as well as being energy-dense with low nutritional value. Therefore, 

changing dietary habits is an important starting point. The best evidence of the benefits 

of this change comes from the Mediterranean diet, characterized by an abundant intake 

of olive oil, vegetables, fruits, nuts, legumes, whole grains, and seafood, and a low 

intake of red meat and processed meat, especially with reduced carbohydrate intake (40% 

of calories vs. 50%-60% in a typical low-fat diet), particularly sugars (Dufour, Anstee 

et al. 2022). 

 

4.2. Pharmacological therapies 

Besides the first specific drug recently approved by the FDA for the treatment of 

MASH, many compounds have been developed for this condition (Figure 23), which 

include (1) PPAR agonists (elafibranor, saroglitazar), farnesoid X receptor (FXR) 

agonists (obeticholic acid; OCA, tropifexor, LJN-452), glucagon-like peptide (GLP)-1 

receptor agonists (tirzepatide, semaglutide), (2) agents with antioxidant and 

antiapoptotic activity, such as apoptosis signaling kinase 1 (ASK1) inhibitor, (3) 
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lipotoxicity-based targets such as inhibitors of DNL (aramchol, ACC inhibitor), (4) 

several hepatic antifibrotic agents, such as cysteine–cysteine motif chemokine receptor-

2/5 antagonists (cenicriviroc; CVC) and galectin 3 (Gal-3) antagonists (Raza, Rajak et 

al. 2021).  

 

 

Figure 23. Potential therapeutic targets for MASLD/MASH. ACC, Acetyl-CoA 

Carboxylase; ASK, Apoptosis signal-regulating kinase; DNL, de novo lipogenesis; ER, 

endoplasmic reticulum; FGF, fibroblast growth factor; FFA, free fatty acids; FXR, Farnesoid X 

receptor; IL, interleukin; LPS, lipopolysaccharide; ROS, reactive oxygen species; SHP, small 

heterodimer partner; SREBP, Sterol regulatory element binding proteins; TGF, Transforming 

growth factor; TNF, tumor necrosis factor; UPR, unfolded protein response; VLDL, very low-

density lipoprotein (Staufer and Stauber 2023). 
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Several different drugs including OCA, resmetirom, aramchol, tirzepatide, 

selonsertib, and CVC are currently undergoing evaluation in a global phase Ⅲ clinical 

trial for the treatment of MASH (Table 4), among a range of other medications in 

development. Interestingly, even though saroglitazar is still in phase II trial, this drug 

has been approved for the treatment of non-cirrhotic MASH in India. Notably, 

resmetirom had been approved by the FDA, but the phase Ⅲ clinical trial is still 

ongoing, which will evaluate the clinical efficacy of resmetirom after 54 months of 

treatment.  

 

The trial design and endpoints for assessing the effectiveness of drugs in treating 

MASLD must adhere to predetermined criteria before receiving approval from 

regulatory authorities. Due to the current lack of effective treatments for MASH, the 

FDA and EMA have conditionally approved phase Ⅲ trials for MASH drug 

development, demonstrating histological endpoints of fibrosis improvement [≥ stage of 

fibrosis in MASH Clinical Research Network (CRN) fibrosis score)] without worsening 

MASH and/or MASH resolution [NAFLD activity score (NAS) of 0-1 for inflammation, 

0 for ballooning] but without worsening fibrosis (Loomba, Ratziu et al. 2022). The 

search for effective drugs targeting suitable therapy target remains the most urgent.  
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Drug Mechanism of action 
Phase in clinic 

trial 
ClinicalTrials.gov number 

Elafibranor PPAR-α/-β/δ agonist III 

NCT01694849 

NCT02704403 

Saroglitazar PPAR-α/-γ agonists II NCT03061721 

Obeticholic acid FXR agonist III NCT02548351 

Tropifexor FXR agonist IIb NCT02855164 

Resmetirom THR-β agonist III 

NCT03900429 

NCT04197479 

Selonsertib ASK1 inhibitor III 

NCT03053050 

NCT03053063 

Aramchol SCD1 inhibitor III NCT04104321 

Tirzepatide GLP-1-GIP co-agonist III NCT03861039 

Cotadutide 
GLP-1-glucagon 

agonist 
II NCT04515849 

Cenicriviroc CCR2/CCR5 inhibitor III NCT03028740 

GR-MD-02 Galectin-3 inhibitor II 

NCT02462967 

NCT02421094 

NCT04365868 

Table 4. List of clinical trials for the anti-MASH drugs. 



Ⅰ. Introduction 

84 

 

4.2.1. PPAR agonists 

As depicted previously, PPAR ligands play a key role in the transcriptional 

regulation of glucose and lipid metabolism, exerting a dominant role in MASLD and 

MASH (Figure 24). The activation of only one PPAR subtype renders limited efficacy, 

while the broad activation with pan-PPAR agonist may have a more effective and 

curative therapeutic potential for MASH through multiple pathological mechanisms. 

 

 

Figure 24. PPAR agonists for MASLD/MASH (Sumida and Yoneda 2018). 

 

4.2.1.1. Elafibranor 

Elafibranor [also known as GTF-505 or 2-(2,6-dimethyl-4-(3-(4-(methylthio) 

phenyl)-3-oxo-1-propenyl) phenoxyl)-2-methylpropanoic acid, Genfit, France] is a 

dual PPAR-α/-β/δ agonist, known to improve lipid metabolism, insulin sensitivity and 
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glucose homeostasis, and it also reduces inflammation in MASLD and MASH. In 

PPAR-α knockout mice, elafibranor prevents liver steatosis and inflammation, 

suggesting that these actions are mediated by PPAR-β/δ activation (Staels, Rubenstrunk 

et al. 2013). 

 

A multicenter, randomized, double-blind, placebo-controlled phase IIb trial 

(NCT01694849, Europe and USA) was conducted to evaluate the efficacy and safety 

of elafibranor at doses of 80 mg and 120 mg once daily in reversing MASH and 

preventing fibrosis progression (Ratziu, Harrison et al. 2016). The study enrolled 276 

patients (18-75 years of age) with non-cirrhotic MASH allocated into three groups: 92 

patients in the placebo group, 93 patients in the elafibranor 80 mg group, and 91 patients 

in the elafibranor 120 mg group. Each patient underwent a screening period (4 to 16 

weeks) prior to the 52-week double-blind treatment phase and 3 months of follow-up, 

with a total study duration of 80 weeks. Compared to the placebo group, a higher 

proportion of patients in the 120 mg elafibranor group showed resolution of MASH 

without worsening fibrosis (19% vs. 12%; odds ratio=2.31). In a post-hoc analysis of 

patients with NAS ≥4 (n=234), elafibranor 120 mg resolved MASH in higher 

proportions of patients than placebo (20% vs. 11%; odds ratio=3.16). Compared with 

the placebo group, the elafibranor 120 mg group showed significant reductions in liver 

enzymes, lipids, glucose profile, and systemic inflammatory markers. Elafibranor was 

well tolerated, and did not cause weight gain or cardiac events, but led to a mild, 

reversible increase in serum creatinine (4.31 ± 1.19 μmol/l). 



Ⅰ. Introduction 

86 

 

The RESOLVE-IT phase Ⅲ trial of elafibranor treatment compared to placebo for 

MASH and fibrosis patients started in 2016, recruiting a total of 1,070 patients in the 

intention to treat (ITT) population. Patients were randomly allocated in a 2:1 ratio to 

receive either elafibranor 120 mg (n=717) or placebo (n=353) once daily, with liver 

biopsies performed at week 72 to assess histological endpoints (MASH resolution, 

fibrosis non-worsening, or at least one stage improvement in fibrosis). Elafibranor did 

not demonstrate a statistically significant impact on the primary endpoint of MASH 

resolution and did not worsen fibrosis. The rate of resolution in patients treated with 

elafibranor 120 mg was 19.2%, while the rate in the placebo group was 14.7%. For the 

fibrosis key secondary endpoint, 24.5% of patients in the elafibranor 120 mg treatment 

group achieved at least one stage improvement in fibrosis, compared to 22.4% in the 

placebo group. The trial was prematurely terminated and will no longer continue 

(https://www.fiercebiotech.com/biotech/genfit-cans-phase-3-nashtrial-after-failing-

interim-analysis). 

 

4.2.1.2. Saroglitazar 

Saroglitazar is a dual PPAR-α/-γ agonist that can improve insulin sensitivity as 

well as lipid and glucose parameters. In animal models, saroglitazar improved MASH 

histology, with a significant decrease in the liver index and correction of ALT, AST, 

leptin, and adiponectin levels (Akbari, Behdarvand et al. 2021). In a randomized, 

double-blind clinical trial, EVIDENCES IV phase II RCT (NCT03061721), a total of 

https://www.fiercebiotech.com/biotech/genfit-cans-phase-3-nashtrial-after-failing-interim-analysis
https://www.fiercebiotech.com/biotech/genfit-cans-phase-3-nashtrial-after-failing-interim-analysis
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106 patients with MASLD/MASH were randomly assigned to receive placebo or 

saroglitazar at 1 mg, 2 mg, or 4 mg for 16 weeks. The primary efficacy endpoint was 

the percentage change in ALT levels relative to baseline at week 16, assessed through 

magnetic resonance imaging (MRI) proton density fat fraction for liver fat content 

(LFC). The least-squares mean percent change from baseline in ALT for saroglitazar at 

1 mg, 2 mg, and 4 mg were -25.5% (SE=5.8), -27.7% (SE=5.9), and -45.8% (SE=5.7) 

respectively, while the placebo group showed a change of 3.4% (SE=5.6). Compared 

to placebo, saroglitazar at 4 mg significantly improved LFC, adiponectin, IR, and 

atherogenic dyslipidemia in participants with MASLD/MASH, and also improved the 

composition and size of lipoprotein particles while reducing the levels of atherogenic 

lipid species (Gawrieh, Noureddin et al. 2021). 

 

4.2.1.3. GW501516 

In animal models, the PPAR-β/δ agonist GW501516 (CAS ID 317318-70-0) 

treatment protected mice from obesity induced by an HFD. Rat L6 myotubes treated 

with GW501516 showed increased FA oxidation by regulating genes involved in FA 

transport, β-oxidation, and mitochondrial respiration (Tanaka, Yamamoto et al. 2003). 

Furthermore, administration of GW501516 to mice fed an HFD improved diet-induced 

obesity and IR. Similar reports suggested that GW501516 significantly improves blood 

lipid abnormalities and IR in monosodium L-glutamate metabolic syndrome mice 

(Chen, Wang et al. 2008). In mice fed with a MCD diet, the administration of 
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GW501516 (10 mg/kg/day) once a day for 5 weeks inhibited the elevation of hepatic 

TG and thioacetamide-reactive substances, as well as the histopathological increase in 

hepatic lipid droplets, liver inflammation, and activated HSC count, while decreasing 

levels associated with inflammatory cytokines or chemokines (Nagasawa, Inada et al. 

2006). In an early limited trial, 6 healthy subjects were given the PPAR-β/δ agonist 

GW501516 (10 mg) and a placebo for a period of 2 weeks. In addition to improving 

lipid profiles, GW501516 treatment also resulted in a 20% reduction in LFC (P <0.05) 

and a 30% decrease in urinary prostaglandin (P=0.01) (Risérus, Sprecher et al. 2008). 

The validity of the results was compromised by the limited number of patients, short 

duration, and broad exclusion criteria in this study, reducing its generalizability. A total 

of 268 patients with HDL cholesterol (1.16 mmol/L) were given GW501516 (2.5, 5.0, 

or 10.0 mg) or a placebo for 12 weeks. GW501516 (10 mg) increased HDL cholesterol 

by 16.9% and apo-A-I by 6.6%, and decreased LDL cholesterol by -7.3%, TGs by -

16.9%, apo-B by -14.9%, and FFAs by -19.4% (Olson, Pearce et al. 2012). Although 

GW501516 appeared very promising in initial clinical trials, it was withdrawn due to 

safety concerns and it is currently used in research studies to evaluate the effects of 

PPAR-β/δ activation in cellular and animal models. 
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4.2.2. Other Pharmacological Therapies 

4.2.2.1. Compounds targeting metabolic regulation 

4.2.2.1.1. Farnesoid X receptor (FXR) agonists 

FXR, a bile acid (BA)-activated nuclear receptor, regulates the metabolism of BA 

and lipids as well as serves as a key regulator in hepatic steatosis, inflammation, and 

fibrosis. Activating the FXR-SREBP-1 signaling pathway can reduce HFD-induced 

lipid accumulation in the liver, thereby maintaining metabolic homeostasis (Liu, Zhang 

et al. 2020). Moreover, FXR activation prevents the development of lipid-mediated 

tubule-interstitial fibrosis through β-catenin signaling in HFD-fed mice (Sun, Yuan et 

al. 2024). Regulation of endothelial nitric oxide synthase (eNOS) in hepatocytes may 

be an important target in the development and progression of MASLD to MASH. The 

FXR agonist could potentially elevate eNOS levels by influencing serum asymmetric 

dimethylarginine (ADMA) levels through direct regulation of hepatic dimethylarginine 

dimethylaminohydrolase-1 (Ddah1) gene expression (Hu, Chouinard et al. 2006). A 

dual agonist of FXR and liver X receptor-α (LXR-α), withaferin A, has been reported 

to suppress hepatic inflammation and liver fibrosis in a MASLD model mice and in 

vitro, it also attenuated lipid accumulation by inhibiting NF-κB and TGF-β pathways 

(Shiragannavar, Sannappa Gowda et al. 2023).  

 

OCA is a potent FXR agonist and synthetic BA derivative that inhibits the 

progression of MASH by preventing disruption of the intestinal epithelial and intestinal 
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vascular barriers (Mouries, Brescia et al. 2019). The FLINT trial (a multicenter, 

randomized, double-blind, placebo-controlled study, NCT01265498) included 283 

patients with biopsy evidence of MASH receiving a daily dose of 25 mg OCA (n=141) 

or placebo (n=140) for 72 weeks. The results of this study showed a significant 

improvement in histologic status in the OCA group (45% vs. 21% of the control group; 

P=0.0002), as well as an improvement in fibrosis scores (35% vs. 19% of the control 

group; P=0.004). However, OCA has not yet been approved by FDA for the treatment 

of MASH, as itching has been observed in treated patients (23%), as well as an increase 

in patients' total cholesterol and LDL cholesterol, raising concerns about the drug's 

tolerability (Siddiqui, Van Natta et al. 2020). Notably, the phase Ⅲ trial (NCT02548351, 

2,480 patients) evaluating the safety and efficacy of OCA in MASH subjects was 

completed in September 2023, and the FDA has now indicated that the review is 

complete and determined that it cannot be approved. 

 

4.2.2.1.2. Thyroid hormone receptor (THR) β agonists  

Thyroid hormone (TH) regulates many processes of hepatic TG and cholesterol 

metabolism to lower serum cholesterol and intrahepatic lipid content, and it acts as a 

ligand for two receptors, THR-α and THR-β (Sinha, Bruinstroop et al. 2019). THRβ is 

mainly expressed in the liver and plays a crucial role in lowering TGs and cholesterol, 

improving insulin sensitivity, promoting liver regeneration, and reducing apoptosis. 

Patients with MASLD or MASH have a higher incidence of clinical and subclinical 
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hypothyroidism than the general population, which may be related to reduced hepatic 

TH levels. Therefore, treatment of MASLD or MASH with liver-specific thyroid-

stimulating drugs is an attractive option because of its additional metabolic benefits. 

 

Resmetirom (MGL-3196) is an orally active liver-directed and selective THR-β 

agonist (> 28-fold of THR-α) that has demonstrated an excellent safety profile in a rat 

cardiac model (Kelly, Pietranico-Cole et al. 2014). A phase IIb clinical trial 

(NCT02912260) evaluated its effect in 125 patients with MASH (fibrosis stage 1-3) 

and > 10% hepatic fat received resmetirom (n=84) or placebo (n=41) once a day for 12 

or 36 weeks. Based on magnetic resonance imaging proton density fat fraction (MRI-

PDFF), resmetirom-treated patients (n=78) showed a relative reduction of hepatic fat 

compared with placebo (n=38) at week 12 (-32.9% resmetirom vs. -10.4% placebo), 

which is closed to week 36 [-37.3% resmetirom (n=74) vs. -8.5% placebo (n=34)]. The 

MASH resolution in the resmetirom group was increased by 27% (n=73) compared to 

the placebo group (6%, n=31) via liver biopsy, and an increase of up to 39% in the 46 

patients with MRI-PDFF response in the resmetirom group (p=0.0013). In addition, 

resmetirom showed a significant reduction in atherogenic lipids and lipoproteins, such 

as LDL cholesterol (-22.3%), apo-B (-27.6%), TGs (-30.8%), and lipoprotein (a) (-

37.9%).  

 

Additionally, a 52-week phase Ⅲ trial involving 1,143 patients to evaluate the 
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safety and biomarkers of resmetirom in MASLD (MAESTRO-MASLD-1, 

NCT04197479) was completed in 2023. Resmetirom was safe and well tolerated, the 

treatment-emergent adverse events (TEAEs) occurred in 86.1% (100 mg resmetirom), 

88.4% (80 mg resmetirom) and 81.8% (placebo) of patients. The higher incidence of 

TEAEs in the patients treated with resmetirom than in the placebo group included 

diarrhea and nausea at the initiation of treatment (Harrison, Taub et al. 2023).  

 

Meanwhile, another double-blind, randomized phase Ⅲ trial (MAESTRO-MASH, 

NCT03900429) enrolling 1,759 patients is ongoing and is scheduled to conclude in 

2028. This trial aims to determine whether 80 or 100 mg of resmetirom may resolve 

MASH and/or reduce fibrosis on liver biopsy and prevent progression to cirrhosis 

and/or advanced liver disease compared to placebo. Based on the partial results of this 

trial, MAESTRO-MASH achieved both primary endpoints. MASH resolution without 

worsening fibrosis was achieved in 25.9% of subjects who received 80 mg resmetirom 

and 29.9% of subjects who received 100 mg resmetirom, compared to 9.7% of those 

who received a placebo. Fibrosis improvement by at least one stage without worsening 

of the NAS was achieved in 24.2% of subjects in the 80 mg resmetirom group and 25.9% 

of those in the 100 mg resmetirom, as compared with 14.2% of those in the placebo 

group (Harrison, Bedossa et al. 2024). Currently, resmetirom has been approved by 

FDA as the first treatment for patients with liver fibrosis due to fatty liver disease, but 

MAESTRO-MASH is ongoing, which will assess clinical benefit after 54 months of 

resmetirom treatment. 
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4.2.2.1.3. Glucagon-like peptide (GLP)-1 receptor agonists 

GLP-1, an intestinal hormone secreted by ileum cells in response to food intake, 

has multiple effects including lowering glucose by stimulating insulin secretion and 

inhibiting glucagon secretion from islet cells, delaying gastric emptying, appetite 

suppression, enhancing peripheral insulin sensitivity, and hepatic lipogenesis 

suppression. These metabolic functions of GLP-1 suggested that the potential role of 

GLP-1 agonists is relevant to the treatment of MASLD and MASH.  

 

Tirzepatide (LY3298176) is a novel and dual agonist of glucose-dependent 

insulinotropic polypeptide (GIP) and GLP-1 receptors, and its therapeutic efficacy on 

MASH and fibrosis in patients with T2DM had been reported previously in a clinical 

trial (NCT03131687). This study showed that tirzepatide significantly reduced MASH-

related biomarkers [ALT, AST, keratin-18 (K-18), procollagen III (Pro-C3)] and 

increased adiponectin in patients receiving higher doses (Hartman, Sanyal et al. 2020). 

However, tirzepatide is associated with some of the most common gastrointestinal side 

effects, including vomiting, nausea, decreased appetite, diarrhea, and abdominal 

distension, which were dose-dependent and considered mild to moderate in severity 

(Coskun, Sloop et al. 2018). Semaglutide, another GLP-1 receptor agonist, was 

evaluated for efficacy and safety in a 72-week phase Ⅱ trial (NCT02970942) involving 

320 patients with biopsy-confirmed MASH. The 59% of patients in the 0.4 mg 

semaglutide showed MASH resolution without worsening of fibrosis compared to the 
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placebo group (17%) (Newsome, Buchholtz et al. 2021). However, it was unable to 

achieve the secondary outcome of improved fibrosis without worsening of MASH, even 

though semaglutide treatment resulted in a significantly higher proportion of patients 

with MASH resolution than placebo. In addition, semaglutide treatment was also 

associated with common gastrointestinal side effects.  

 

4.2.2.1.4. Fibroblast growth factor (FGF) analogues 

Within the FGF peptide family, FGF19 (FGF15) and FGF21 have emerged as 

attractive new targets for MASLD and MASH drug development due to their 

immunomodulatory effects, improved hepatic steatosis, and metabolic regulation 

(Ocker 2020). Nevertheless, the upregulation of FGF1 and FGF2 expression is 

observed in the context of chronic liver disease, fibrogenesis, and HCC. These growth 

factors play a pivotal role in mediating fibrosis by activating HSC, establishing a 

linkage between the regulation of the ECM and the processes of carcinogenesis in the 

context of MASLD and MASH. 

 

FGF19 is a hormone that regulates BA balance, glycogen synthesis and energy 

homeostasis. FGF19 provides cytoprotection against ER stress by activating the 

FGFR4-GSK3β-Nrf2 signaling cascade (Teng, Zhao et al. 2017). NGM282 is a 

recombinant non-tumorigenic variant of FGF19 that selectively targets binding to 

FGFR4/β-Klotho and inhibits CYP7A1 but does not activate STAT3 signaling (Zhou, 
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Wang et al. 2014). In a placebo-controlled phase Ⅱ study, 82 patients were randomly 

assigned to receive a placebo (n=27), 3 mg of NGM282 (n=27) or 6 mg of NGM282 

(n=28), which significantly reduced LFC in patients with MASH (Harrison, Rinella et 

al. 2018). In a new trial, patients treated with NGM282 1 mg or 3 mg had ≥ 2-point of 

improvement in NAS without worsening of fibrosis (50% and 63%, respectively), and 

≤ 1-stage of improvement in liver fibrosis without worsening of steatohepatitis (25% 

and 42%, respectively) (Harrison, Rossi et al. 2020). 

 

Growing evidence indicated that cellular expression of klotho β (KLB) allows 

FGF21 to bind to FGFR1, 2, and 3, but not to FGFR4 (Wu, Ge et al. 2010). FGF21 is 

acknowledged as a prominent regulator of glucose and lipid homeostasis. In murine 

models of genetic (ob/ob) and diet-induced obesity (DIO), the administration of FGF21 

induces a swift reduction in blood glucose levels, resulting in immediate enhancements 

in glucose tolerance and insulin sensitivity (Xu, Stanislaus et al. 2009). FGF21 is 

subject to regulation by PPAR-α, contributing to the amelioration of associated lipid 

metabolism (Badman, Pissios et al. 2007). Moreover, FGF21 exerts mitigating effects 

on hepatic steatosis and peroxidative damage in MASH through the modulation of FA 

activation and oxidation pathways within the liver (Fisher, Chui et al. 2014). BMS-

986036 (Pegbelfermin) is a recombinant polyethylene glycolated analog of human 

FGF21 and has been shown to significantly increase lipocalin levels and decrease serum 

Pro-C3 in T2DM patients predisposed to fatty liver (Charles, Neuschwander-Tetri et al. 

2019). In a placebo-controlled phase Ⅱ trial in patients with confirmed MASH, fibrosis, 
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and obesity (NCT02413372), 184 patients were given injections of BMS-986036 in a 

daily (10 mg/d) or a weekly (20 mg/week) frequency for 16 weeks (Sanyal, Charles et 

al. 2019). There was a significant decrease in hepatic fat fraction in the BMS-986036 

treatment (-6.8% and -5.2%, respectively) compared with placebo (-1.3%) and 

improvement in serum ALT. In addition, a significant proportion of patients 

demonstrated improvements in serum Pro-C3 (30% and 19%) and liver stiffness (36.4% 

and 33.3%), as well as adiponectin (> 15%). 

 

4.2.2.2. Compounds targeting oxidative stress and apoptosis 

4.2.2.2.1. Vitamin E 

Vitamin E is a fat-soluble compound present in a variety of compounds and the 

phospholipid bilayer of the cell membrane, which belongs to tocopherol and tocotrienol. 

Vitamin E, as a powerful biological antioxidant, has a protective effect on against 

mitochondrial damage and inhibits the intrinsic apoptotic pathway, thereby reducing 

liver injury (Soden, Devereaux et al. 2007).  

 

In a successful PIVENS trial (NCT00063622), 247 adults with MASH and non-

diabetes received vitamin E at a dose of 800 IU daily (n=84), pioglitazone at a dose of 

30 mg daily (n=80), or placebo (n=83) for 96 weeks. This study showed vitamin E was 

associated with a significantly higher rate of improvement in MASH resolution (43% 
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vs. 19%, p=0.001) compared with placebo, and improved hepatic steatosis (P=0.005) 

and lobular inflammation (P=0.02), but without improvement in fibrosis scores (P=0.24) 

(Sanyal, Chalasani et al. 2010). Although vitamin E has not been specifically studied in 

diabetic MASH patients, the results of this PIVENS trial suggest that indirect evidence 

of vitamin E's superiority to placebo also supports the efficacy of vitamin E in diabetic 

patients. It is important to note that unknown long-term adverse events that may occur 

with vitamin E therapy must be considered when deciding whether to use this vitamin 

(Miller, Pastor-Barriuso et al. 2005). 

 

4.2.2.2.2. Apoptosis signal-regulating kinase 1 (ASK1) inhibitor  

ASK1, a member of the MAP3K family, is activated by TNF-α, ER stress and LPS, 

which causes oxidative stress-related apoptosis and hepatic inflammation, leading to 

liver fibrogenesis through the activation of MAPK and p38/JNK (Yoon, Fang et al. 

2020). The inhibition of ASK1-mediated activation of the P38/JNK cascade abrogates 

the exacerbating effects of inflammation and hepatic lipid accumulation (Xiang, Wang 

et al. 2016). 

 

Selonsertib (GS-4997) is a selective ASK1 inhibitor that may play a role in hepatic 

steatosis and fibrosis, which has been evaluated in patients with MASH or liver fibrosis 

(F2/F3). In this open-label phase Ⅱ trial, patients received 6 or 18 mg of selonsertib 

orally once daily (± simtuzumab) for 24-week, and the effect of treatment was assessed 
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by liver biopsies and MRI-PDFF. The proportion of patients with ≥ 1-stage reduction 

in fibrosis in the 18 mg and 6 mg selonsertib groups was 43% and 30%, respectively 

(Loomba, Lawitz et al. 2018). A phase III trial was conducted in patients with MASH 

and bridging fibrosis (F3, STELLAR-3) or compensated cirrhosis (F4, STELLAR-4) 

to receive selonsertib 18 mg/6 mg, or placebo once daily for 48 weeks. Even in 

STELLAR-3, improvement in fibrosis was observed in 10% (P=0.49 vs. placebo), 12% 

(P=0.93 vs. placebo), and 13% of patients in the selonsertib 18 mg, selonsertib 6 mg, 

and placebo groups, respectively, without worsening of MASH. As improvements 

appeared to be limited, STELLAR 4 did not meet its primary endpoint, therefore the 

STELLAR program was also canceled (Harrison, Wong et al. 2020). 

 

4.2.2.3. Lipotoxicity-based targets 

4.2.2.3.1. Stearoyl-CoA desaturase 1 (SCD-1) inhibitor  

SCD1 catalyzes the rate-limiting step in the synthesis of MUFAs such as oleic acid, 

a major component of tissue lipids. SCD1 expression plays an important role in lipid 

metabolism, and alterations in SCD1 expression differentially affect cellular functions 

(Liu, Strable et al. 2011). High expression of SCD1 is associated with metabolic 

diseases such as obesity and IR, and obese individuals with MASH have higher SCD1 

activity (Walle, Takkunen et al. 2016). In contrast, the inhibition or deficiency of SCD1 

activity reduces hepatic steatosis, prevents inflammation in white adipose tissue and 

improves insulin signaling (Liu, Miyazaki et al. 2010). Despite the beneficial metabolic 
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effects provided by SCD1 deficiency, abnormal skin function is observed in SCD1-

deficient mice (MacDonald, van Eck et al. 2009). 

 

Aramchol, a partial SCD1 inhibitor, is a cholic-arachidic acid conjugate that 

impacts fat synthesis and was evaluated in a multicenter, Phase IIb, randomized, 

double-blind, placebo-controlled trial (NCT02279524, ARREST). In the ARREST 

clinical trial, 247 patients with MASH were randomly divided into aramchol 400 mg 

(n=101), 600 mg (n=98) and placebo arms (n=48), respectively. Although aramchol 600 

mg reduced the levels of liver fat (-3.1%), it did not meet the prespecified significance 

level (p=0.05). The rate of MASH resolution without worsening fibrosis was 16.7% (vs. 

5% in the placebo group) and the proportion of those with ≥ 1-stage of fibrosis 

improvement without worsening MASH was 29.5% (vs. 17% in the placebo group) 

(Ratziu, de Guevara et al. 2021). A phase III trial to evaluate the efficacy and safety of 

aramchol in subjects with MASH (ARMOR) is ongoing. 

 

4.2.2.3.2. Acetyl-CoA carboxylase (ACC) inhibitors 

Individuals diagnosed with MASH exhibit a notable augmentation in DNL, 

fostering the accumulation of TG within hepatocytes and instigating persistent steatosis, 

thereby contributing to lipotoxicity, inflammation, and fibrosis. ACC stands out as the 

pivotal enzymatic determinant governing DNL, with ACC1/ACC2 serving as critical 

regulators orchestrating FA synthesis and metabolism, respectively (Wu and Huang 
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2020). Consequently, an inhibitor could serve as a therapeutic avenue for mitigating 

MASH by curtailing DNL and augmenting mitochondrial FA β-oxidation.  

 

Currently, ACC inhibitors, namely GS-0976 (Firsocostat) and PF-05221304, are 

undergoing phase IIa clinical trials. In an open-label clinical trial of GS-0976, 10 

patients with MASH received 20 mg once daily for 12-week. There was a 22% 

reduction in median hepatic DNL in patients with MASH, and the reduction of LFC 

measured by MRI-PDFF was -15.7% vs. -9.1% at baseline, while liver stiffness, 

measured by magnetic resonance elastography (MRE), was 3.4 kPa vs. 3.1 kPa at 

baseline (Lawitz, Coste et al. 2018). A similar phase II trial enrolled 126 patients with 

hepatic steatosis (liver stiffness ≥ 2.5kPa or F1-F3 fibrosis) who received GS-0976 at 

20 mg or 5 mg, or placebo daily for 12 weeks. GS-0976 20 mg administration reduced 

hepatic steatosis, fibrosis markers, and liver biochemical levels (Loomba, Kayali et al. 

2018). Based on safety and efficacy data, the ATLAS phase II trial (NCT03449446) 

evaluated the safety and tolerability of GS-0976, selonsertib, and cilofexor by 

administering them alone or in combination. The cilofexor/firsocostat combination met 

the primary endpoint (21%; P=0.17) and was well tolerated, with significant reductions 

in the machine learning (ML) MASH CRN fibrosis score (P=0.040) and ≥ 2-point NAS 

(Loomba, Noureddin et al. 2021).  

 

Two parallel phase Ⅱa studies investigated the effects of liver-targeted ACC1/2 
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inhibitors in adult patients with MASLD, including NCT03248882, which examined 

the effects of monotherapy with the novel ACC1/2 inhibitor PF-05221304 (2, 10, 25, 

and 50 mg) vs. placebo for 16 weeks, and NCT03776175, which examined the effects 

of the combination of PF-05221304 (15 mg) with the diacylglycerol acyltransferase 2 

(DGAT2) inhibitor PF-06865571 (300 mg) vs. placebo after 6 weeks of treatment (Calle, 

Amin et al. 2021). PF-05221304 monotherapy at doses ≥ 10 mg resulted in dose-

dependent reductions in liver fat of 50%-65%, and 49.9%, 55.9% and 64.8% at 10, 25 

and 50 mg, respectively. Adverse effects may occur with monotherapy, including 

elevated serum TG levels with increasing doses. However, it is possible to mitigate 

these limitations by co-administering with PF-05221304 and PF-06865571. 

 

4.2.2.4. Compounds targeting inflammation and fibrogenesis 

4.2.2.4.1. CCR2/CCR5 inhibitor 

Cenicriviroc (CVC) is a dual CCR2/CCR5 chemokine receptor antagonist, located 

on HSCs and Kupffer cells, causing inhibition of monocyte/macrophage recruitment 

and the disruption of signals that activate HSCs, effectively addressing both 

inflammation and fibrogenesis in animal models (Lefebvre, Moyle et al. 2016). 

According to phase Ⅱb trial (CENTAUR; NCT02217475), CVC treatment significantly 

achieved the key secondary endpoint, with improvement in fibrosis and no worsening 

of steatohepatitis reaching 20% (vs. 10% of placebo) after 1 year (Friedman, Ratziu et 

al. 2018). Based on these findings, a phase III trial (AURORA, NCT03028740) was 
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conducted involving 1,778 adult patients (part 1: n=1293; part 2: n=485) with 

histological evidence of MASH with stage F2/F3 fibrosis that received CVC 150 mg or 

placebo daily (Anstee, Neuschwander-Tetri et al. 2024). This study did not demonstrate 

the efficacy of CVC treatment in mitigating liver fibrosis. Both the CVC and placebo 

groups exhibited comparable proportions in achieving the primary endpoint (22.3% vs. 

25.5%) and complete resolution of steatohepatitis and no worsening of fibrosis (23.0% 

vs. 27.2%). 

 

4.2.2.4.2. Galectin-3 (Gal-3) inhibitor 

Gal-3 is a β-galactoside-binding mammalian lectin with potent pro-fibrotic effects 

that modulates fibroblast and macrophage activity in chronically inflamed organs 

(Slack, Mills et al. 2021). Thus, inhibition of Gal-3 may slow common fibrotic 

pathways. GR-DM-02 (belapectin) is a novel complex carbohydrate galectin inhibitor, 

that significantly reduces hepatic fibrosis and reverses cirrhosis in vivo (Traber, Chou 

et al. 2013). Two phase Ⅱ clinic trials have evaluated GR-DM-02 in MASH patients 

with fibrosis/cirrhosis (NCT02462967 and NCT02421094). A phase II clinical trial 

involved the enrollment of 30 patients diagnosed with MASH exhibiting advanced 

fibrosis and the assessment of fibrotic changes was conducted through MRI. Ultimately, 

this investigation did not achieve the predefined primary endpoint. In a subsequent 

phase Ⅱ trial, GR-DM-02 exhibited no statistically significant impact on liver fibrosis 

or NAS. However, the administration of 2 mg/kg of GR-DM-02 demonstrated a 
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reduction in hepatic venous pressure gradient (HVPG) and the development of varicose 

veins in a subgroup analysis (Chalasani, Abdelmalek et al. 2020).  
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MASLD, which is the most common global pandemic usually associated with 

T2DM and obesity, ranges from hepatic steatosis to a more severe condition known as 

MASH. MASH is characterized by hepatocyte ballooning and liver inflammation, with 

or without fibrosis. Despite a wealth of emerging evidence providing explanations for 

the pathogenesis of MASH disease, effective therapies are currently limited.  

 

The role of PPAR-β/δ in liver fibrosis remains controversial, with studies 

presenting conflicting evidence regarding its role in the progression or alleviation of 

fibrotic processes. While some research suggests that activation of PPAR-β/δ may 

mitigate liver fibrosis by regulating inflammatory responses and promoting lipid 

metabolism, other studies propose that its activation could exacerbate fibrosis by 

enhancing HSC activation and collagen deposition. 

 

Considering this, the overall goal of this PhD thesis is to reveal the effects of a 

PPAR-α/-β/δ agonist on the development of MASH and to clarify the controversy over 

the role of PPAR-β/δ in the pathogenesis of liver fibrosis. For this purpose, the thesis 

has set the following objectives: 

 

Objective 1: To examine the effects of the PPAR-α/-β/δ agonist elafibranor in mice 

fed a CD-HFD. 

Objective 2: To assess the effects of a PPAR-β/δ ligand on the pathogenesis of liver 

fibrosis and the activation of HSC in response to the pro-fibrotic stimulus TGF-β.
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1. Animal studies 

Male C57BL/6 mice (10-12-week-old) (Envigo, Barcelona, Spain) and Ppard-null 

(Ppard-/-) mice (8-9-week-old) with their WT littermates (Ppard+/+) with the same 

genetic background (C57BL/6 × 129/SV) were housed and maintained under a constant 

temperature (22 ± 2 ℃), humidity (55%) and lighting (12-h light-dark cycles). The mice 

had free access to a standard diet and a continuous supply of fresh water. After 

acclimatization (1 week), the mice were randomly divided into experimental groups of 

n=6 per group. 

 

All the experiments were performed in accordance with European Community 

Council directive 86/609/EEC. The experimental procedures and the number of animals 

were determined according to the expected effects and were approved by the 

Institutional Animal Care and Use Committee of the University of Barcelona. The 

research of animals complied with the ARRIVE Guidelines. All animals received a 

humane treatment, always trying to minimize the suffering in the experiments. 

 

1.1. PPAR-α/-β/δ agonist (elafibranor) administration to C57BL/6 mice 

Male C57BL/6 mice (10-12-week-old) were randomly distributed into three 

different experimental groups (n=6): the control group fed a daily standard chow and 

the treated group received a choline-deficient high-fat diet (CD-HFD; 44.9 kcal% fat, 

35.1 kcal% carbohydrates, and 20.0 kcal% protein, without added chlorine; D050402, 



Ⅲ. Materials and methods 

112 

 

Research diets, New Brunswick, NJ, USA) for 12 weeks. The standard group and one 

of the treated groups received one daily administration of vehicle [0.5% (w/v) 

carboxymethylcellulose medium viscosity] by oral (per os, P.O.) gavage and the 

remaining treated group received one daily P.O. gavage dose of 10 mg/kg/day of PPAR-

α/-β/δ agonist elafibranor (Table 5) dissolved in the vehicle during the last 4 weeks. The 

final administered volume of vehicle and elafibranor was 1 ml/kg. After the treatment, 

mice were sacrificed by cervical dislocation under isoflurane (IsoFlo, Esteve) 

anesthesia, liver samples were frozen in liquid nitrogen and then stored at - 80℃ and 

blood was collected in blood collection tubes to obtain the serum.  

 

1.2. PPAR-β/δ agonist (GW501516) administration to C57BL/6 mice 

Ten to twelve-week-old male C57BL/6 mice were randomly distributed into three 

different experimental groups (n=6), the control group was fed a daily standard chow 

and the treated group received a choline-deficient high-fat diet (CD-HFD; D050402, 

Research diets) for 12 weeks. The standard group and one of the treated groups received 

one daily administration of vehicle [0.5% (w/v) carboxymethylcellulose medium 

viscosity] by P.O. gavage, while the remaining treated group received one daily P.O. 

gavage dose of 5 mg/kg/day of the PPAR-β/δ agonist GW501516 (Table 5) dissolved 

in the vehicle during the last 4 weeks. The final administered volume of the vehicle and 

GW501516 was 1 ml/kg. At the end of treatment, mice were sacrificed by cervical 

dislocation under isoflurane (IsoFlo, Esteve) anesthesia, liver samples were frozen in 
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liquid nitrogen and then stored at - 80℃ and blood was collected in blood collection 

tubes to obtain the serum. 

 

1.3. Wild-type (WT) and Ppard -/- mice 

Ppard -/- mice (8-9-week-old) with their WT littermates (Ppard +/+) received a daily 

control diet. Mice were sacrificed by cervical dislocation under isoflurane anesthesia, 

liver samples were frozen in liquid nitrogen and then stored at - 80℃. 

 

Product Manufacturer Reference Conditions 

Elafibranor AXON Medchem Axon 2727 10 mg/kg/day 

GW501516 Sigma-Aldrich SML1491 5 mg/kg/day 

Table 5. Drugs used in in vivo studies. 

 

2. Glucose tolerance test (GTT) and insulin tolerance test (ITT) 

Four hours before the end of the treatment, a glucose tolerance test (GTT) and 

insulin tolerance test (ITT) were performed on mice. The body weight of mice was 

checked regularly during the treatment. Mice received 2 g/kg body weight of glucose 

or 0.75 IU/kg body weight of insulin, respectively, through an intraperitoneal injection. 

Blood was collected from the tail vein at 0, 15, 30, 60 and 120 min and a small drop of 
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blood was placed along the edge of glucose meter (Accu-Chek). The Area under the 

Curve (AUC) was obtained through calculating the area generated by the glucose 

disappearance curve vs. time.   

 

3. Liver histology 

For histological staining studies, fresh liver sections were collected in 4% 

paraformaldehyde in PBS or embedded in a cryomold optimal cutting temperature 

(OCT, Tissue-Tek) compound. 4-μm sections obtained from fixed paraffin-embedded 

samples were washed with xylene and ethanol at different concentrations and were 

stained with hematoxylin and eosin (H&E) to assess liver histology, as well as Sirius 

Red to assess fibrosis. Oil Red O (ORO) staining (Sigma-Aldrich) to assess lipid 

content was performed in cryopreserved 10-μm liver sections. Trichrome staining was 

used to assess fibrosis and stain collagen blue. 

 

Fifteen images at a magnification of 20 × were captured to quantify the red-stained 

collagen or lipid droplets, with the red-stained area evaluated per total area using the 

IHC profiler plugin of the Image J software. 
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4. Analysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(16:0/18:1-PC) 

Total lipids from liver homogenates were extracted according to Bligh and Dyer 

(Bligh and Dyer 1959), evaporated, and redissolved in methanol-water (9:1). Total lipid 

separation, identification, and quantification were carried out by liquid 

chromatography/mass spectrometry using a Hitachi LaChrom Elite L-2130 binary 

pump and a Hitachi autosampler L-2200 (Merck, Darmstadt, Germany) coupled to a 

Bruker esquire 6000 ion-trap mass spectrometer (Balgoma, Astudillo et al. 2010). The 

effluent was split, entering at 0.2 ml/min into the electrospray interface of the mass 

spectrometer. The nebulizer was set to 30 ψ, the dry gas to 8 l/min, and the dry 

temperature to 350ºC. A Supelcosil LC-18 column of 5 μm particle size, measuring 250 

× 2.1 mm and with a particle size of 5 μm (Sigma-Aldrich) was used, protected by a 

Supelguard LC-18 guard cartridge column measuring 20- × 2.1 -mm guard cartridge 

column (Sigma-Aldrich). The mobile phase was used a gradient of solvent A 

[methanol/water/hexane/ammonium hydroxide, 87.5:10.5:1.5:0.5 (vol/vol/vol/vol)], 

solvent B [methanol/hexane/ammonium hydroxide, 87.5:12:0.5 (vol/vol/vol)], and 

solvent C [methanol/water, 9:1 (vol/vol)]. The gradient started at 100% A, decreased 

linearly to 50% A (50% B) in 17.5 min and to 0% A (100% B) in 12.5 min, before being 

maintained at 100% B for 5 min, changed to 100% C in 3 min, maintained at 100% C 

for 9 min, and then changed to 100% B in 3 min. The flow rate was 0.5 ml/min and the 

injection volume was 80 μl. Data acquisition was carried out in the full scan and positive 

mode, detecting PC species as [M+H] + ions with the capillary current set at - 4000 V. 
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The 16:0/18:1-PC species were characterized by tandem mass spectrometry in the 

multiple reaction monitoring and negative mode, with a post-column addition of acetic 

acid for [M+CH3CO2]-adduct formation (100 μl/h). 1,2-Dinonadecanoyl-sn-glycero-3-

phosphocoline (m/z=818.6) was used as the internal standard and in a calibration curve 

for quantification. 

 

5. Cell culture 

The different cell lines were utilized in a series of studies (reagents are in Table 6). 

After the different treatments, cells were washed 1-2 times with PBS 1× (Sigma) and 

the excess liquid was absorbed. Then, protein lysis solution was added to the culture 

plate, and cells were collected from wells using a cell scratcher and centrifuged at 

10,000 g for 20 min at 4℃ to collect the supernatant. For RNA extraction, cells were 

collected by direct homogenization using TRItidy (PanReac AppliChem, Spain) reagent 

to isolate RNA. 

 

Product Manufacturer References Condition 

A769662 Tocris Bioscience 3336 60 μM 

AMPKα1/2 siRNA Santa Cruz sc-45312 70 nM 

ASB2 CRISPR/Cas9 

activation plasmid 
Santa Cruz sc-425766-ACT 1.5 μg/well 
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Control CRISPR/Cas9 

activation plasmid 
Santa Cruz sc-437275 1.5 μg/well 

Control siRNA Santa Cruz sc-37007 100 nM 

DMEM Gibco 10569010 - 

DMSO Sigma-Aldrich 5895690100 - 

FBS Gibco 10100147 - 

GSK0660 Sigma-Aldrich G5797 60 μM 

H2O2 Sigma-Aldrich H1009 0.5 mM 

L-glutamine Gibco 11510626 - 

Lipofectamine 2000 Invitrogen 11668019 6 μL/ml 

N-acetylcysteine Sigma-Aldrich A7250 2 mM 

Opti-MEM Gibco 31985070 - 

PBS 1× Thermo Scientific J61196-AP - 

penicillin/streptomycin Gibco 15140122 - 

S100A4 siRNA 
Thermo Fisher 

Scientific 
10167104 100 nM 

TGF-β1 R & D systems 240-B-010 10 ng/ml 

Trypsin 1× Sigma-Aldrich R001100 - 
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U0126 Sigma-Aldrich 662005 
10 μM and 20 

μM 

Table 6. The list of reagents used for cell culture. 

 

5.1. BRL-3A cell line 

The hepatocyte cell line BRL-3A (P9-13, RRID: CVCL_0606), a fibroblast-like 

cell isolated from the liver of rat, was purchased from the European Collection of 

Authenticated Cell Cultures (ECACC, Salisbury, United Kingdom). BRL-3A were 

cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM, Thermo-Fisher 

Scientific) containing 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin/streptomycin (Thermo-Fisher Scientific) under standard culture conditions 

(37℃, 5% CO2). Cells were passaged using trypsin/EDTA (Sigma) solution when it 

reached 70-80% confluence and replated at approximately 1:4 dilution or stored in 

complete medium containing 10% DMSO at - 80℃. Different treatments were 

performed when the cell reached 90%-100% confluency and incubated in serum-free 

DMEM in the absence or presence of the drug. 

 

Elafibranor: BRL-3A cells were plated in 6-wells plated at 1.5 × 105 cells/well 

with serum-free DMEM, after 8-12 h, changed to DMEM in the presence of the PPAR-

α/-β/δ agonist elafibranor (30 μM or 60 μM) or DMSO. At the end of treatment, cells 

were collected for protein or RNA extraction.  
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GW501516: GW501516 was resuspended in DMSO to produce a stock solution 

of 20 mM and BRL3A was treated at a final concentration of 10 μM for 24 h.  

 

GSK0660: The PPAR-β/δ antagonist GSK0660 (60 μM) was added into the 

culture medium 2 hours before exposing the cells to elafibranor (30 μM) for 24 hours. 

 

U0126: The MEK inhibitor U0126 at concentrations of 10 μM or 20 μM was used 

in BRL-3A cells exposed to elafibranor for 24 h.  

 

Hydrogen Peroxide (H2O2) and N-acetylcysteine (NAC): BRL-3A cells were 

exposed to 0.5 mM H2O2 for 90 min, and then the medium was changed to completed 

medium. Cells exposed to 60 μM elafibranor alone or co-incubated with the antioxidant 

NAC (2 mM). 

 

siRNA transfection: The siRNA transfection allows to knockdown of target genes 

to reduce their expression. Cells were seeded in 6-well plates with antibiotic-free 

normal growth medium containing FBS. After cells reached 50%-70% confluency, one 

hour before transfection cells were incubated in free medium to avoid interferences with 

the siRNAs. BRL-3A cells were transiently transfected with 100 nM siRNA against 

S100A4 or control siRNA in Opti-MEM medium (Gibco) using Lipofectamine 2000 
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(Invitrogen, Carlsbad, CA, USA) (13.2 μl per 2.2-ml/well) in a final volume of 500 μl 

per well according to the manufacturer’s instructions. The siRNA transfection reagent 

mixture was incubated at room temperature for 30-45 min, then added to each well 

containing 1 ml of incubation Opti-MEM medium. After 6 hours from the first step of 

the transfection, the medium was aspirated and replaced with complete normal growth 

medium. Finally, 24 hours later the different treatments were performed.   

 

CRISPR/dCas 9 transfection: To overexpress ASB2 in the BRL-3A cells, the 

CRISPR/dCas9 activation system was used. The ASB2 CRISPR/dCas9 activation 

plasmid consisted of a pool of three plasmids designed to overexpress the Asb2 gene 

and the control CRISPR/dCas9 activation plasmid was used as a negative control. Cells 

were counted using complete media without antibiotics to seed 1.0 × 105 cells per well 

in 6-well culture plates 24 h before transfection. Cells were used at 50%-60% 

confluence to avoid the negative impact of high confluence. Diluted ASB2 

CRISPR/dCas9 activation system (1.5 μg) or Lipofectamine 2000 in Opti-MEN and 

incubated for 5 min, then the transfection complexes were incubated at room 

temperature for 25-30 min and added to the cell plates. Cells were incubated under 

standard culture conditions in a humidified incubator for 48 h and then the different 

treatments were conducted.    
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5.2. Primary mouse hepatocytes 

Primary mouse hepatocytes were isolated from non-fasting male C57BL/6 mice 

(10-12-week-old) by perfusion with collagenase as described elsewhere (Benveniste, 

Danoff et al. 1988). The liver was exposed through an abdominal incision and 

cannulated through the inferior vena cava via the right atrium. An initial perfusion with 

calcium- and magnesium-free buffer was performed to disrupt the bridge particles that 

form the tight junctions between cells, followed by a second perfusion with calcium-

rich buffer containing collagenase to further digest the cellular junctions. 

 

At the end of the perfusion period, the liver was removed from the body cavity, 

the hepatocytes were separated, filtered through two layers of gauze, and washed twice 

with DMEM. The viable cells were grown in 24-well tissue-culture plates containing 

complete medium and incubated at 37°C in a humidified of 5% CO2 - 95% air 

atmosphere. The primary mouse hepatocytes were exposed to 30 μM elafibranor or 10 

μM GW501516 for 24 h. 

 

5.3. LX-2 cell line 

The LX-2 human HSC line (was kindly donated by Dr. Jiménez from Biomedical 

Diagnostic Center, Spain) was cultured in high glucose DMEM supplement with 2% 

FBS, 1% L-glutamine, and 1% penicillin/streptomycin. Cells were passaged every 3-4 

days and cells below 10 passages were cryopreserved in liquid nitrogen. LX-2 cells 
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were starved for 8-12 hours before different treatments. 

 

TGF-β1: TGF-β1 with bovine serum albumin (BSA) as a carrier protein was 

reconstituted at 10 μg/ml in sterile 4 mM HCl. LX-2 cells were exposed to 10 ng/ml 

TGF-β1 after GW501516 (10 μM) incubation or DMSO (in control cells) for 24 h.      

 

A769662: A769662 activates AMPK by inhibiting AMPK dephosphorylation on 

Thr172 and was added into serum-free medium at a concentration of 60 μM in the 

absence or presence of TGF-β1.   

 

U0126: The MEK inhibitor U0126 at concentrations of 10 μM was co-incubated 

with TGF-β1 in LX-2 cells. 

 

siRNA transfection: LX-2 cells were transiently transfected with 70 nM siRNA 

against AMPKα1/2, or control siRNA in Opti-MEM medium using Lipofectamine 2000 

in a final volume of 500 μl per well according to the manufacturer’s instructions. The 

siRNA transfection reagent mixture was incubated at room temperature for 30-45 min, 

then added to each well containing 1 ml of incubation Opti-MEM medium. After 6 

hours from the first step of the transfection, the medium was aspirated and replaced 

with complete normal growth medium. After 24 hours, LX-2 cells were exposed to 
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TGFβ1 in the presence or absence of GW501516. 

 

Cell migration: LX-2 cells were seeded in 12-well culture plates and treated with 

TGF-β1 or TGF-β1 combined with GW501516. After the treatment, a sterile tip was 

used to obtain the scratched band of the cells and the migration distances were measured 

at 0 and 24 h under the microscope. At least triplicate pictures were obtained in each 

group and then Image J was used for area calculation. The following formula was used 

to calculate the relative migration distance and then normalized based on the control 

group. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  [(𝐷0 − 𝐷24)/𝐷0] × 100% 

 

5.4. HSCs 

Primary HSCs were isolated from the livers of male (8-9 weeks old) Ppard-/- mice 

(n=6) and their WT littermates (Ppard+/+) perfused in situ with collagenase: HSCs were 

purified by arabinogalactan density centrifugation and the purity of HSCs was assessed 

by an ultraviolet excited fluorescence microscope and exceeded 94%. 

 

6. Quantitative polymerase chain reaction (qPCR) 

Total RNA extraction 

For total RNA extraction, 1 ml of PBS was used to wash cell plates or liver pellet 
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one time and TRItidy reagent (Table 7) was added to isolate intact total RNA. 

Chloroform can effectively separate RNA from DNA and protein into the aqueous 

phase and then added isopropanol precipitates RNA from the aqueous phase through -

OH hydrophilic interaction. The precipitated pellet was washed once with 75% ethanol 

to remove all remaining proteins and inorganic salts, then dried and redissolved. 

Quantification of RNA was conducted using a NanoDrop 1000 (Thermo-Fisher 

Scientific) and then proceeded with subsequent experimental steps. 

 

Plate TRItidy (ml) Chloroform (ml) Isopropanol (ml) 75% ethanol (ml) 

P12 0.5 0.1 0.25 0.5 

P6 1 0.2 0.5 1 

Table 7. Reagents used for RNA extraction. 

 

Reverse transcription and RT-qPCR 

Isolated RNA was reversed transcribed to obtain 1 μg of complementary DNA 

(cDNA) using Random Hexamers (Thermo Scientific), 10 mM deoxynucleotide (dNTP) 

mix (Table 8) and the reverse transcriptase enzyme derived from the Moloney murine 

leukemia virus (M-MLV, Thermo-Fisher). The experiment was run in a thermocycler 

(BioRad) and consisted of a program with different steps and the temperature: 65 ℃ 

for 5 min, 4 ℃ for 5 min, 37 ℃ for 2 min, 25 ℃ for 2 10 min, 37 ℃ for 50 min, and 
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70 ℃ for 15 min.  

 

Reagents Dose 

dNTP (10 mM) 0.5 mM 

Random Hexamers (50 μM) 0.3 μM 

Buffer 5× 1× 

DTT (100 mM) 10 mM 

RNaseOUTTM (40 U/μl) 1 U/μl 

M-MLV RT (200 U/μl) 10 U/μl 

Table 8. Reagents used for reverse transcription. 

 

The relative levels of specific mRNA (cell or tissues) were assessed by real-time 

PCR in a Mini 48-well T100TM (Bio-Rad) or a 98-well StepOnePlusTM (Applied 

Biosystems) thermal cycling block, using the SYBR Green Master Mix (Applied 

Biosystems), as previously described. Briefly, samples had a final volume of 20 ml, 

with 20 ng of total cDNA, 0.9 mM of the primer mix, and 10 ml of 2× SYBR Green 

Master Mix (For StepOnePlusTM, will pre-added 4 μl ROS per 1 ml SYBR Green). The 

thermal cycler protocol for real-time PCR included a first step of denaturation at 95℃ 

for 10 min followed by 40 repeated cycles of 95 ℃ for 15 s, 60℃ for 30 s, and 72 ℃ 
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for 30 s for denaturation, primer annealing, and amplification respectively. Primer 

sequences were designed using the Primer-BLAST tool (NCBI), based on the full 

mRNA sequences to find the optimal primers for amplification, and evaluated with the 

Oligo-Analyzer Tool (Integrated DNA Technologies) to ensure an optimal melting 

temperature™ and avoid the formation of homo/heterodimers or non-specific structures 

that can interfere with the interpretation of the results. The primer sequences were 

designed specifically to span the junction between the exons. The primer sequences 

used are provided in Table 9. Values were normalized to the glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) or adenine phosphoribosyltransferase (APRT) 

expression levels, and measurements were performed in triplicate. All changes in 

expression were normalized to the control group. 

 

Gene Primer sequences 

 Forward (5’-3’) Reverse (5’-3’) 

m Aprt CAGCGGCAAGATCGACTACA AGCTAGGGAAGGGCCAAACA 

m Arg1 CATTGGCTTGCGAGACGTAGAC GCTGAAGGTCTCTTCCATCACC 

m Asb2 CTTGACATGGAGCCCATATA GGGGTCCATAGCCGCCATC 

m Ccl2 GCTACAAGAGGATCACCAGCAG GTCTGGACCCATTCCTTCTTGG 

m Col1a1 ACGCCATCAAGGTCTACTGC ACTCGAACGGGAATCCATCG 
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m Col3a1 
GACCAAAAGGTGATGCTGGACA

G 

CAAGACCTCGTGCTCCAGTTAG 

m Ctgf GCAGCGGTGAGTCCTTCC AATGTGTCTTCCAGTCGGTAGG 

m Ep300 
GTGATGACCCTTCCCAACCTCA CTCGTGGTGAAGGACACAGAT

C 

m Fgf21 CAGGGAGGATGGAACAGTGGTA TGACACCCAGGATTTGAATGAC 

m Gapdh AGACGGCCGCATCTTCTT TTCACACCGACCTTCACCAT 

m Il-6 
ACACATGTTCTCTGGGAAATCGT AAGTGCATCATCGTTGTTCATA

CA 

m Nos2 GGTGAAGGGACTGAGCTGTT ACGTTCTCCGTTCTCTTGCAG 

m Ppard GCCACAACGCACCCTTTG CCACACCAGGCCCTTCTCT 

m S100a4 AGCACTTCCTCTCTCTTGGTC TCATCTGTCCTTTTCCCCAGG 

m Serpine1 TCAGCCCTTGCTTGCCTCAT GCATAGCCAGCACCGAGGA 

m Tgfb GCTGCGCTTGCAGAGATTAA GTAACGCCAGGAATTGTTGCTA 

m Tnfa ATGGCCCAGACCCTCACA TTGCTACGACTGGGCTACA 

r Aprt CAGCGGCAAGATCGACTACA AGCTAGGGAAGGGCCAAACA 

r Gapdh AAGTTCAACGGCACAGTCAAGG CATACTCAGCACCAGCATCACC 

r S100a4 CTCTCTCTTGGTCTGGTCTCAA TCACCCTCGTTGCCTGAGTA 

Table 9. Primer sequences designed for qPCR. r: rat genes, m: mouse genes. 
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7. Immunoblotting 

Total protein extraction 

To extract total proteins from tissue (which needed to be ground in advance) or 

cells, lysis buffer was added to the pellets containing RIPA: Cocktail inhibitor: Sodium 

orthovanadate (OvNa): Phenylmethylsulfonyl fluoride (PMSF) =100: 1: 1: 1 (v/v/v/v) 

(Table 10), and incubated for 20 min (cell samples) or 2 hours (tissue samples) on a 

rotator under a condition of 30 rpm at 4 ℃. Next, the lysate was centrifuged at 10,000 

g at 4 ℃ for 20 min and the supernatant fraction was collected. 

 

Reagent Dose 

Cell lysis buffer, RIPA 1X 1 ml 

Sodium orthovanadate (100 mM) 1 mM 

Cocktail inhibitor (100 mM) 1 mM 

PMSF (200 mM) 2 mM 

Table 10. Cells lysis buffer system. 

 

Quantification of protein 

The Bradford (Bio-Rad) method was used to quantify protein and BSA was the 

standard (range of 2.5-20 μg/ml). The protein-pigment conjugate has a maximum light 
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absorption at a wavelength of 595 nm and the light absorption value is proportional to 

the protein content. Samples (10-50 μg per well) were heated at 95°C for 5 minutes in 

a heat block to obtain loading sample.  

 

SDA-PAGE 

Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (8%-

15%) was used to separate the total protein based on the molecular weight. Samples 

and molecular weight markers were loaded in wells of the gel and the electrophoresis 

was at 120 Volts until the sample buffer reached the bottom of the gel (90-120 min). 

Methanol was used to activate the polyvinylidene difluoride (PVDF) membrane (Bio-

Rad) in advance and then the SDS-PAGE gel transfer was conducted (200 mA, 105 

min). After transference, the PVDF membrane was blocked with a commercially 

available blocking agent (WestVisionTM Block and Diluent, Vector Lab) on a shaker for 

1 hour at room temperature, and then the membrane was incubated with the primary 

antibody (diluted 1:500-1:2000 in the blocking solution, see Table 11) at 4℃ overnight. 

The membrane was washed 3 times for 5 min with Tris-buffered saline (TBS) solution 

containing 0.1% Tween® 20 detergent (Sigma) (TBS-T) and then was incubated with 

secondary antibody (1:2500-1:5000 dilution in TBS-T) working solution for 1 hour at 

room temperature. The membrane was washed with TBS-T 3 times for 5 min to remove 

an excessive amount of secondary antibody, and then protein was detected by 

chemiluminescence using an ECL reagents kit (Millipore). Signal acquisition was 
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obtained with the Bio-Rad ChemiDoc or Amersham Imager 680 instrument and 

quantification of the immunoblot signal was performed with Bio-Rad Image Lab 

software. The quantification of protein was normalized to the levels of housekeeping 

protein (GAPDH, α-Tubulin or β-actin) to avoid unwanted sources of variation.     

 

Primary antibody Manufacturers References Condition 

(p)P44/42 MAPK Cell signaling 9194s 1:1000 

AMPK Cell Signaling #2532 1:1000 

COL1A1 Cell signaling 91144s 1:1000 

E-Cadherin Santa Cruz sc-8426 1:500 

Filamin A Santa Cruz sc-376241 1:1000 

GAPDH (G-9) Santa Cruz sc-365062 1:2000 

p300 Santa Cruz sc-585 1:1000 

P44/42 MAPK Cell signaling 9101s 1:1000 

p-AMPK Cell Signaling #9271 1:1000 

p-SMAD3 Santa Cruz sc-517575 1:1000 

S100A4/FSP1 EMD Millipore 07-2274 1:800 

SMAD3 Santa Cruz sc-101154 1:1000 
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Vimentin Santa Cruz sc-6260 1:1000 

α-SMA Invitrogen 14-9760-82 1:1000 

α-Tubulin Sigma T6074 1:2000 

β-actin Sigma A5441 1:2000 

Table 11. The list of primary antibodies used for western blot. 

 

8. Statistical analysis and illustrations 

All the results were at least triplicate and were expressed as the mean ± standard 

error of the mean (SEM). Significant differences were assessed by either Student’s T-

test or one-way ANOVA, according to the number of groups compared, using the 

GraphPad Prism program (version 9.0.2) (GraphPad Software Inc, Sandiego, CA, 

USA). When significant variations were found by ANOVA, Tukey’s post-hoc test for 

multiple comparisons was performed only if F achieved a p-value <0.05. Differences 

were considered significant at p <0.05 (*), p <0.01 (**) and p <0.005(***).  

 

Part of the illustrations in the introduction come from the bibliography, while the 

rest were created with the online design tool BioRender (BioRender.com) and have 

been made public under a licensing agreement.  
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Objective 1. Elafibranor upregulates the EMT-inducer S100A4 via 

PPAR-β/δ 
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1.1. The dual PPAR-α/-β/δ agonist elafibranor improves MASLD, but 

upregulates hepatic S100A4 levels in mice fed a CD-HFD 

In order to accomplish the first objective, first, we evaluated the effects of 

elafibranor on body weight and glucose metabolism. Elafibranor treatment did not 

reduce the body weight gain caused by the CD-HFD, but it did ameliorate the glucose 

intolerance and peripheral IR caused by the CD-HFD (Figure 25A-C). Although PPAR-

β/δ activation has been reported to increase the hepatic levels of the PPAR-α 

endogenous ligand 16:0/18:1-PC (Chakravarthy, Lodhi et al. 2009), it is unknown 

whether elafibranor affects the amount of this ligand that may potentiate the beneficial 

actions of the drug. The CD-HFD did not affect the hepatic levels of 16:0/18:1-PC 

(Figure 25D). However, elafibranor markedly increased the levels of this PPAR-α 

ligand in the liver. This effect of elafibranor has been reported previously for the PPAR-

β/δ activator GW501516 (Barroso, Rodriguez-Calvo et al. 2011). Therefore, the fact 

that 16:0/18:1-PC levels were reduced in the livers of Ppard-/- mice compared with WT 

mice (Figure 25E) suggests that the effect of elafibranor on 16:0/18:1-PC levels is 

mediated by PPAR-β/δ. These findings indicate that elafibranor, besides its direct effect 

on PPAR-α, may also indirectly activate this nuclear receptor by increasing the amount 

of 16:0/18:1-PC. Since FGF21 is a target in the treatment of MASH and given that 

PPAR-α activation increases its levels (Zarei, Aguilar-Recarte et al. 2021), we 

determined the hepatic mRNA levels of Fgf21. The CD-HFD had no significant 

increase in Fgf21 mRNA levels, whereas treatment with elafibranor significantly 

increased Fgf21 expression (Figure 25F).   
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Figure 25. Elafibranor improves insulin sensitivity in mice fed a CD-HFD. (A) Final body 

weight in mice (n=6 animals) fed a standard diet (control) or a choline-deficient high-fat diet 

(CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 
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4 weeks. (B) Glucose tolerance test (GTT) and area under the curve (AUC) (n=6 animals). (C) 

Insulin tolerance test (ITT) and AUC (n=6 animals). (D) Hepatic levels of the PPAR-α 

endogenous ligand 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-PC). (E) 

16:0/18:1-PC hepatic levels in wild-type (WT) and Ppard-/- mice (n=5 animals). (F) Fgf21 

mRNA levels in mice (n=6 animals) fed a standard diet (control) or a CD-HFD and treated with 

vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Data are presented as the mean 

± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control or WT. ##p < 0.01 and ###p < 0.001 vs. 

CD-HFD-fed mice. P-values were determined by one-way ANOVA with Tukey’s post hoc test 

(A, B, C, D, and F) or two-tailed unpaired Student’s t-test (E). 

 

H&E and ORO staining showed that the CD-HFD caused significant hepatic lipid 

accumulation that was reduced by elafibranor (Figure 26A, B). The CD-HFD led to a 

non-significant increase in the accumulation of collagen in the liver, as demonstrated 

by the Sirius Red staining, suggesting that a longer exposure to the CD-HFD is required 

to induce clear fibrosis. Remarkably, elafibranor decreased collagen accumulation 

(Figure 26C). Consistent with findings of the Sirius Red staining, the CD-HFD did not 

significantly increase the protein levels of the fibrosis markers α-SMA and collagen 

type I alpha 1 (COL1A1), but treatment with elafibranor caused a significant reduction 

(Figure 26D, E).  
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Figure 26. Elafibranor decreases markers of fibrosis in mice fed a CD-HFD. (A) 

Hematoxylin and eosin (H&E), (B) Oil Red O (ORO) and (C) Sirius Red staining of liver 

sections and quantification of ORO and Sirius Red staining of samples from mice (n=6 animals) 

fed a standard diet (control) or a CD-HFD for 12 weeks and treated with vehicle or 10 

mg/kg/day of elafibranor during the last 4 weeks. Scale bar: 100 μm. Liver cell lysate extracts 

were assayed via western blot analysis with antibodies against α-SMA (D) and COL1A1 (E) 
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(n=6 animals). Data are presented as the mean ± SEM. *p < 0.05 vs. control. #p < 0.05, ##p < 

0.01, and ###p < 0.001 vs. CD-HFD-fed mice. P-values were determined by one-way ANOVA 

with Tukey’s post hoc test. 

 

When we examined the effects of elafibranor on S100A4 expression, we observed 

that the CD-HFD in mice treated with vehicle and in those administered elafibranor did 

not significantly affect the mRNA levels of this gene (Figure 27A). The S100A4 protein 

can be detected either as a monomer or a dimer, the latter being S-glutathionylated, 

with apparent molecular weights of 11.5-kDa and approximately 21-29-kDa, 

respectively (Tanaka, Yamamoto et al. 2003, Malashkevich, Dulyaninova et al. 2010). 

No changes were observed in the hepatic protein levels of S100A4 in mice fed the CD-

HFD. By contrast, mice fed the CD-HFD and treated with elafibranor displayed a robust 

increase in the protein with a molecular weight of ~ 23-kDa (Figure 27B). The effect 

of elafibranor on S100A4 was likely to be the result of PPAR-β/δ activation, since the 

mice treated with the selective agonist for this receptor, GW501516, also showed 

increased hepatic protein levels of S100A4 (Figure 27C). Moreover, the band 

corresponding to S100A4 was reduced in the livers of Ppard-/- mice compared to their 

WT littermates, indicating that this protein is regulated by this nuclear receptor (Figure 

27D). Since an increase in the mesenchymal marker S100A4 might indicate that 

elafibranor activates the EMT program, we analyzed the other markers of this program 

such as the epithelial marker E-cadherin and the mesenchymal marker vimentin. In 

agreement with the increase in S100A4 levels and the subsequent induction of the EMT 
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program, elafibranor reduced the protein levels of E-cadherin and increased those of 

vimentin (Figure 27E, F). These findings suggest that PPAR-β/δ activation by 

elafibranor increases the hepatic protein levels of S100A4 and activates the EMT 

program in the liver. 
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Figure 27. Elafibranor upregulates S100A4 protein levels in the liver. (A) mRNA levels of 

S100a4 in the livers of mice (n=6 animals) fed a standard diet (control) or a CD-HFD for 12 

weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. (B) 

Liver cell lysate extracts were assayed via western blot analysis with antibodies against S100A4 

(n=6 animals). (C) S100A4 protein levels in the livers of mice (n=6 animals) fed a standard 

diet (control) or a CD-HFD for 12 weeks and treated with vehicle or 5 mg/kg/day of GW501516 

during the last 4 weeks. (D) S100A4 protein levels in the livers of WT and Ppard-/- mice (n=5 

animals). E-cadherin (E) and vimentin (F) protein levels in the livers of mice (n=6 animals) fed 

a standard diet (control) or a CD-HFD for 12 weeks and treated with vehicle or 10 mg/kg/day 

of elafibranor during the last 4 weeks. Data are presented as the mean ± SEM. *p < 0.05 and 

***p < 0.001 vs. control. ##p < 0.01 and ###p < 0.001 vs. CD-HFD fed mice. P-values were 

determined by one-way ANOVA with Tukey’s post-hoc test. 

 

1.2. Elafibranor increases S100A4 protein levels in BRL-3A rat liver cells 

and in a mouse primary culture of hepatocytes 

Treatment of the rat liver cell line BRL-3A with either GW501516 (a selective 

agonist of PPAR-β/δ at concentrations of up to 10 μM (House, Pozzuto et al. 2011)) or 
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elafibranor (at a concentration of 30 or 60 µM) did not increase S100a4 mRNA levels 

compared to control cells (Figure 28A). By contrast, elafibranor at both concentrations 

increased S100A4 protein levels, whereas GW501516 had no effect (Figure 28B). The 

S100A4 protein upregulated by elafibranor in the rat BRL-3A cells showed a higher 

molecular weight than that detected in mice, suggesting interspecies differences in the 

S-glutathionylation of this protein (Bowers, Manevich et al. 2012). S100A4 knockdown 

by siRNA transfection in the BRL-3A cells caused a reduction in the protein levels of 

S100A4, confirming that the protein band detected was S100A4 (Supplementary Figure 

1A). Elafibranor at 60 µM reduced E-cadherin protein levels (Figure 28C) and 

increased vimentin protein levels (Figure 27D), while GW501516 only increased 

vimentin levels without affecting E-cadherin levels (Figure 28C, D). The increase in 

S100A4 protein levels caused by elafibranor was prevented by the PPAR-β/δ antagonist 

GSK0660 (Figure 28E), confirming the involvement of PPAR-β/δ in the changes 

caused by its activation. The effects of elafibranor were confirmed in a mouse primary 

culture of hepatocytes, where elafibranor increased S100A4 protein levels (Figure 28F). 

In these primary hepatocytes, GW501516 increased S100A4 protein levels, in contrast 

to that observed in the BRL-3A cells, suggesting that the primary hepatocytes respond 

better than the rat BRL-3A cells (Figure 28G). Overall, these findings indicate that 

elafibranor increases the protein levels of S100A4 in hepatocytes via PPAR-β/δ. 
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Figure 28. Elafibranor increases S100A4 protein levels in hepatocytes. S100A4 mRNA 

levels (A) and S100A4 protein levels (B) in the rat liver cell line BRL-3A exposed to 10 μM 

GW501516 or elafibranor (30 or 60 μM) for 24 h. E-cadherin (C) and vimentin (D) protein 

levels in the BRL-3A cells exposed to elafibranor (30 or 60 μM) for 24 h. S100A4 protein 

levels (E) in the BRL-3A cells exposed to 30 μM elafibranor in the presence or absence of 60 

μM of the PPAR-β/δ antagonist GSK0660 for 24 h. S100A4 protein levels in the mouse 

primary culture of hepatocytes exposed to 30 μM elafibranor (F) or 10 μM GW501516 (G) 

for 24 h. Data are presented as the mean ± SEM. **p < 0.01 and ***p < 0.001 vs. control. #p < 

0.05, ##p < 0.01, and ###p < 0.001 vs. GW501516-treated cells. &&&p < 0.001 vs. elafibranor-

treated cells. P-values were determined by one-way ANOVA with Tukey’s post-hoc test (A-

E) or two-tailed unpaired Student’s t-test (F, G). 

 

1.3. Elafibranor increases S100A4 by reducing the protein levels of the ubiquitin 

E3 ligase ASB2  

Next, we examined whether there was a potential post-transcriptional mechanism 

by which elafibranor increased S100A4 protein levels. Since ROS modifies S100A4 

activity and dimerization (Tsuchiya, Yamaguchi et al. 2014), we explored the 

involvement of ROS in the effects of elafibranor. Under our conditions, the incubation 
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of BRL-3A cells with H2O2 or the co-incubation of elafibranor-exposed cells with the 

antioxidant N-acetylcysteine did not affect S100A4 protein levels, indicating that ROS 

were not involved (Supplementary Figure 1B). 

 

Interestingly, it has been reported that the inhibition of the activities of ERK1/2 

reduces the activity of several E3 ubiquitin ligases (Zakaria, Lamsoul et al. 2013). Since 

we have previously reported that PPAR-β/δ activation inhibits ERK1/2 activity 

(Rodriguez-Calvo, Serrano et al. 2008), we evaluated whether the inhibition of this 

kinase mediated the effects of elafibranor on S100A4. Consistent with the previous 

findings reported for PPAR-β/δ activation (Rodriguez-Calvo, Serrano et al. 2008, 

Braumann, Thottakara et al. 2018), elafibranor reduced phosphorylated ERK1/2 levels 

in the livers of mice fed the CD-HFD (Figure 29A). However, the ERK1/2 inhibitor 

U0126, which reduced phosphorylated ERK1/2 levels even more than elafibranor 

(Figure 29B), did not increase the protein levels of S100A4 in the BRL-3A cells (Figure 

29C), thereby indicating that ERK1/2 inhibition was not the mechanism responsible for 

the elafibranor-induced increase in S100A4 levels.  
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Figure 29. ERK1/2 inhibition is not likely to be involved in the increase in S100A4 protein 

levels caused by elafibranor. (A) Total and phosphorylated ERK1/2 levels in the livers of 

mice (n=6 animals) fed a standard diet (control) or a CD-HFD for 12 weeks and treated with 

vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Total and phosphorylated 
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ERK1/2 levels (B) and S100A4 protein levels (C) in the BRL-3A cells exposed to 60 μM 

elafibranor or the ERK1/2 inhibitor U0126 (10 or 20 μM). Data are presented as the mean ± 

SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control cells. #p < 0.05, ##p < 0.01, and ###p < 

0.001 vs. CD-HFD or control cells. &&p < 0.01 and &&&p < 0.001 vs. U0126-treated cells. P-

values were determined by one-way ANOVA with Tukey’s post-hoc test. 

 

ASB2β is the specificity subunit of a multimeric E3 ubiquitin ligase (Bello, 

Lamsoul et al. 2009) that has been reported to induce the degradation of S100A4 

(Braumann, Thottakara et al. 2018). We therefore speculated that the increased S100A4 

protein levels induced by elafibranor were due to the reduced expression of ASB2β. In 

the protein lysates of both mouse livers and BRL-3A cells, a 70-kDa band 

corresponding to ASB2β was detected with an antibody raised against a peptide 

common to both the ASB2 and ASB2 isoforms (Figure 30A, B). The amount of this 

protein was reduced in the livers of the CD-HFD-fed mice treated with elafibranor 

(Figure 30A). Likewise, elafibranor reduced the amount of this protein in the BRL-3A 

cells (Figure 30B), and a similar behavior was observed in the mouse primary culture 

of hepatocytes (Figure 30C). Since ASB2α but not ASB2 induces the proteasomal 

degradation of filamin A (Heuze, Lamsoul et al. 2008, Bello, Lamsoul et al. 2009), we 

examined the levels of filamin A in the BRL-3A cells. Indeed, we observed that 

elafibranor did not affect filamin A levels (Figure 30D), suggesting that this isoform of 

ASB2 was not affected by elafibranor. Thus, ASB2β isoform was affected by 

elafibranor treatment. These findings suggested that elafibranor increases S100A4 

protein levels by reducing its ASB2β-mediated degradation. To confirm this, we used 
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CRISPR/dCas9 activation plasmids designed to specifically upregulate the Asb2 gene. 

Overexpression of Asb2 (Supplementary Figure 1C, D) in the BRL-3A cells treated 

with vehicle reduced the basal protein levels of S100A4, confirming that this E3 

ubiquitin ligase degrades S100A4 (Figure 30E). Interestingly, the increase in S100A4 

levels caused by elafibranor was prevented by Asb2 overexpression, indicating that 

ASB2 is involved in the effects of elafibranor on S100A4 levels. 
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Figure 30. Asb2 overexpression prevents the upregulation of S100A4 by elafibranor. (A) 

ASB2 protein levels in the livers of mice (n=6 animals) fed a standard diet (control) or a CD-

HFD for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 

weeks. ASB2 protein levels in the BRL-3A cells exposed to 60 μM elafibranor for 24 h (B) or 

in the mouse primary culture of hepatocytes exposed to 30 μM elafibranor for 24 h (C). Filamin 

A protein levels (D) in the BRL-3A cells exposed to 60 μM elafibranor for 24 h. S100A4 protein 

levels (E) in the BRL-3A cells transfected with the ASB2 CRISPR/dCas9 activation plasmids 

or control CRISPR/dCas9 activation plasmids and treated with either vehicle or 60 μM 

elafibranor for 24 h. Data are presented as the mean ± SEM. *p < 0.05 and ***p < 0.001 vs. 

control. #p < 0.05 and ##p < 0.01 vs. CD-HFD-fed mice or CT CRISPR and elafibranor. p-values 

were determined by one-way ANOVA with Tukey’s post-hoc test (A, E) or two-tailed unpaired 

Student’s t-test (B, C, D). 
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Supplementary Figure 1. (A) S100A4 protein levels in BRL-3 cells transfected with Control 

siRNA and S100A4 siRNA for 6 hours, after 24 hours the BRL-3A cells exposed to 60 μM 

elafibranor for 24 h. (B) S100A4 protein levels in BRL-3A cells incubated with H2O2 and co-

incubation of elafibranor-exposed cells with the antioxidant N-acetylcysteine. ASB2 protein 

levels (C) and Asb2 mRNA levels (D) in the BRL-3A cells transfected with the ASB2 

CRISPR/dCas9 activation plasmids or control CRISPR/dCas9 activation plasmids and treated 

with either vehicle or 60 μM elafibranor for 24 h. Data are presented as the mean ± SEM. *p < 

0.05 and **p < 0.01 vs. control. #p < 0.05, ##p < 0.01 and ###p < 0.01 vs. CD-HFD-fed mice or 

CT CRISPR and elafibranor. p-values determined by one-way ANOVA with Tukey’s post-hoc 

test (C) or two-tailed unpaired Student’s t-test (A, B, D).
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Objective 2. PPAR-β/δ activation attenuates hepatic fibrosis by inhibiting the 

SMAD3 pathway via modulation of the negative crosstalk between AMPK and 

ERK1/2 in HSCs 
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2.1. PPAR-β/δ activation improves hepatic fibrosis in mice fed a CD-HFD 

diet 

To achieve the second objective, we first assessed whether the PPAR-β/δ agonist 

GW501516 improved the metabolic alterations caused by the CD-HFD in mice. 

GW5101516 did not reduce the increase in body weight caused by the CD-HFD (Figure 

31A), but completely prevented glucose intolerance and peripheral IR caused by this 

diet (Figure 31B, C). H&E and ORO staining of liver sections showed that the CD-

HFD caused a significant hepatic lipid accumulation, which was reduced by the 

GW501516 treatment (Figure 31D, E). In addition, feeding the CD-HFD resulted in a 

significant increase in the accumulation of collagen in the liver, as demonstrated by the 

Sirius Red staining, whereas Trichrome staining caused a non-significant increase 

(Figure 31F, G). In both cases, GW501516 reduced collagen accumulation to values 

similar to those present in control mice.  
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Figure 31. PPAR-β/δ activation improves hepatic fibrosis in mice fed a CD-HFD. (A) Body 

weight gain in control mice, mice fed the CD-HFD for 12 weeks, and mice fed the CD-HFD 

for 12 weeks and treated with the PPAR-β/δ agonist GW501516 for the last 4 weeks. n=6 per 

group. (B) GTT and area under the curve (AUC). n=6 per group. (C) ITT and AUC. n=6 per 
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group. Representative images of liver sections and quantification of H&E (D), ORO (E), Sirius 

red (F) and Masson’s trichrome (G) staining in control mice, mice fed the CD-HFD for 12 

weeks, and mice fed the CD-HFD for 12 weeks and treated with the PPAR-β/δ agonist 

GW501516 for the last 4 weeks. Scale bar: 100 μm. n=9 per group. Data are presented as the 

mean ± SEM. Significant differences were established by ANOVA. ***p < 0.001, **p < 0.01 and 

*p < 0.05 vs. control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. mice fed the CD-HFD.   

 

Consistent with the histology findings, the CH-HFD increased the expression 

levels of Col1a1 and Col3a1 and GW501516 attenuated this increase, although in the 

case of the latter differences were not significant (Figure 32A). Moreover, the increase 

in the expression of the inflammatory genes Il6, Ccl2 (also known as Mcp1) and Tnfa 

caused by the CD-HFD was abrogated by the treatment with the PPAR-β/δ agonist 

(Figure 32B). Treatment with GW501516 reduced the hepatic expression of Tgfb as 

well as that of the SMAD3-target gene Ctgf, whereas the expression of Serpine1, which 

codes PAI-1, was not affected (Figure 32C). Interestingly, it has been reported that 

PPAR-β/δ regulates macrophage polarization toward the anti-inflammatory M2 

phenotype (Kang, Reilly et al. 2008). In agreement with this, GW501516 completely 

abolished the increase in the expression of the M1 marker Nos2 caused by the CD-HFD, 

while preventing the reduction in the M2 marker Arg1 (Figure 32D). Collectively, these 

findings show that PPAR-β/δ activation improves the metabolic alterations caused by 

feeding the CD-HFD and prevents liver fibrosis.  
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Figure 32. PPAR-β/δ activation regulates hepatic mRNA levels of markers of fibrosis, 

inflammation and macrophage polarization in mice fed a CD-HFD. (A) mRNA levels of 

fibrotic markers Col1a1 and Col3a1 in the livers of control mice, mice fed the CD-HFD for 12 

weeks, and mice fed the CD-HFD for 12 weeks and treated with the PPAR-β/δ agonist 

GW501516 for the last 4 weeks. (B) mRNA levels of inflammatory markers Il6, Ccl2 and Tnfa. 

(D) mRNA levels of Tgfb and the SMAD3-target genes Ctgf and Serpine1. (E) mRNA levels 

of the macrophage polarization markers Nos2 and Arg1. n=4-6 per group. Data are presented 

as the mean ± SEM. Significant differences were established by ANOVA. ***p < 0.001, **p < 

0.01 and *p < 0.05 vs. control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. mice fed the CD-HFD.   
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2.2. Primary HSCs isolated from Ppard-/- mice show increased mRNA levels 

of Col1a1 

Since HSCs are the central effector in hepatic fibrosis, we next focused on the role 

of PPAR-β/δ in these cells. In primary HSCs isolated from WT and Ppard-/- mice 

(Figure 33A), we observed that deficiency of this nuclear receptor increased the 

expression levels of Col1a1 (Figure 33B), whereas no changes were observed in the 

expression of Tgfb and Col3a1(Figure 33C, D). These findings suggest that, at least in 

part, Ppard deficiency impacts the regulation of a marker of liver fibrosis and HSC 

activation.  
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Figure 33. Primary HSC isolated from Ppard-/- mice show increased mRNA levels of 

Col1a1. mRNA levels of (A) Ppard, (B) Col1a1, (C) Tgfb and (D) Col3a1 in primary HSC 

isolated from WT and Ppard-/- mice. n=3 per group. Data are presented as the mean ± SEM. 

Significant differences were established by the Student’s t-test. *p < 0.05, **p < 0.01 and ***p < 

0.001 vs. WT.  

 

2.3. PPAR-β/δ activation abrogates TGF-β1-mediated cell migration and 

SMAD3 activation in LX-2 cells  

To evaluate whether antifibrogenic effects observed in the liver of mice fed a CD-

HFD could occur through an independent action on HSCs, direct effects of GW501516 

were assessed in the LX-2 human HSC line, which provides a valuable tool in the study 

of liver fibrosis (Xu, Hui et al. 2005). Since the increase in HSC migrating activity is 

indicative of cell activation, we examined the effects of GW501516 on cell migration 

in response to TGF-β1 by conducting wound-healing analysis in which cells were 

serum starved for 16 hours and plates scratched to form cell-free paths. The remaining 

cells were then incubated in medium for 24 hours, in the presence or the absence of 

TGF-β1 with or without GW501516. In response to TGF-β1, cells migrated faster and 

GW501516 elicited a robust inhibition of TGF-β1-triggered closure of scratch (Figure 

34A). Consistent with this, GW501516 completely abolished the increase in the protein 

levels of COL1A1 and α-SMA, two reliable markers of HSC activation and liver 

fibrosis (Figure 34B). Next, we determine the activation of SMAD3. This transcription 

factor is activated by phosphorylation via type I TGF-β receptors, but also by 

intracellular kinases such as ERK1/2 (Dong, Chowdhury et al. 2021). Once 
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phosphorylated, SMAD3 interacts with SMAD4 and translocates to the nucleus, where 

it binds to the co-activator p300 to activate transcription (Dong, Chowdhury et al. 2021). 

As expected, TGF-β1 increased SMAD3 phosphorylation, but this was not observed 

when LX-2 cells were co-incubated with GW501516 (Figure 34C). Similarly, 

GW501516 abolished the increase in p300 caused by TGF-β1 (Figure 34D). Consistent 

with this, the livers of Ppard-/- mice exhibited increased p300 protein levels compared 

to WT mice (Figure 34E) and primary HSC isolated from Ppard-/- mice displayed 

enhanced Ep300 mRNA levels (Figure 34F). Overall, these results show that PPAR-β/δ 

activation abolishes TGF-β1 signaling in HSCs and prevents HSC activation, SMAD3 

activation by phosphorylation and the increase in p300.  
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Figure 34. PPAR-β/δ activation abrogates TGF-β1-mediated cell migration and SMAD3 

activation in LX-2 cells. (A) The wound healing assay was used to detect the ability of PPAR-

β/δ activation to attenuate TGF-β1-induced migration. The bars on the right represent relative 

migration distance in percentage. Immunoblot analysis of (B) COL1A1 and α-SMA, (C) total 

and phosphorylated SMAD3 and (D) p300 in LX-2 cells exposed to 10 ng/ml TGF-β1 in the 

presence or absence of 10 µM GW501516 for 24 h. n=3 per group. Data are presented as the 

mean ± SEM. Significant differences were established by ANOVA. ***p < 0.001, **p < 0.01 and 

*p < 0.05 vs. control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. TGF-β1-incubated cells. (E) 

Immunoblot analysis of p300 in the liver of WT and Ppard-/- mice. n=5 per group. (F) mRNA 

levels of Ep300 in primary HSC isolated from WT and Ppard-/- mice. n=3 per group. Data are 

presented as the mean ± SEM. Significant differences were established by the Student’s t-test. 

*p < 0.05 vs. WT.  
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2.4. PPAR-β/δ activation prevents the reduction in phosphorylated AMPK 

and the increase in phosphorylated ERK1/2 caused by TGF-β1 in LX-2 cells 

Of note, PPAR-β/δ ligands activate AMPK (Vazquez-Carrera 2016, Zarei, Aguilar-

Recarte et al. 2021) and activation of this kinase has been reported to reduce hepatic 

fibrosis in animal models and to suppress the expression of fibrogenic genes in HSCs 

(Lim, Oh et al. 2012, Zhao, Sun et al. 2020, Dong, Chowdhury et al. 2021). In addition, 

TGF-β1 also activates ERK1/2, which directly phosphorylates SMAD3 (Zhang 2017). 

Likewise, the presence of the inhibitory crosstalk between AMPK and ERK1/2 reported 

in myotubes (Hwang, Jeong et al. 2013, Salvado, Barroso et al. 2014), but not in HSCs, 

might regulate SMAD3 activity and fibrosis. Considering this, we examined the levels 

of AMPK and ERK1/2 in LX-2 cells exposed to TGF-β1. Treatment with this cytokine 

reduced phosphorylated AMPK levels in HSCs (Figure 35A). Interestingly, co-

incubation of the cells with GW501516 increased AMPK phosphorylation (Figure 35B) 

and prevented the increase in phosphorylated ERK1/2 caused by TGF-β1 (Figure 35C).  
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Figure 35. PPAR-β/δ activation prevents the reduction in phosphorylated AMPK and the 

increase in phosphorylated ERK1/2 caused by TGF-β1 in LX-2 cells. (A) Immunoblot 

analysis of total and phosphorylated AMPK in LX-2 cells exposed to 10 ng/ml TGF-β1 for 24 

h. n=3 per group. Data are presented as the mean ± SEM. Significant differences were 

established by the Student’s t-test. *p < 0.05 vs. WT. Immunoblot analysis of (B) total and 

phosphorylated AMPK and (C) total and phosphorylated ERK1/2 in LX-2 cells exposed to 10 

ng/ml TGF-β1 in the presence or absence of 10 µM GW501516 for 24 h. n=3 per group. Data 

are presented as the mean ± SEM. Significant differences were established by ANOVA. **p < 

0.01 and *p < 0.05 vs. control. ##p < 0.01, #p < 0.05 vs. TGF-β1-incubated cells.   

 

To deepen into the effects of AMPK activation on HSC in our conditions, we used 

the specific AMPK activator A769662. Activation of AMPK with this compound 

prevented the reduction in phosphorylated AMPK caused by TGF-β1 in LX-2 (Figure 

36A) and this was accompanied by the complete abolishment of the upregulation of 

COL1A1 (Figure 36B) and α-SMA (Figure 36C). Moreover, the A769662 treatment 

caused a significant reduction in the phosphorylation of SMAD3 (Figure 36D) and in 
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the increase in p300 observed in cells exposed to TGF-β1 (Figure 36E). 

 

 It is worth noting that in agreement with the presence of the inhibitory crosstalk 

between AMPK and ERK1/2, the AMPK activator A769662 reduced the levels of 

phosphorylated ERK1/2 (Figure 36F).  
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Figure 36. AMPK activation prevents the increase in fibrosis markers, the 

phosphorylation of ERK1/2, and the increase in p300 caused by TGF-β1 in LX-2 cells. 

Immunoblot analysis of (A) total and phosphorylated AMPK, (B) COL1A1, (C) α-SMA and 

(D) total and phosphorylated SMAD3, (E) p300 and (F) total and phosphorylated ERK1/2 in 

LX-2 cells exposed to 10 ng/ml TGF-β1 in the presence or absence of 60 µM A769662 for 24 

h. n=3 or 4 per group. Data are presented as the mean ± SEM. Significant differences were 

established by ANOVA. ***p < 0.001, **p < 0.01 and *p < 0.05 vs. control. ###p < 0.001, ##p < 

0.01, #p < 0.05 vs. TGF-β1-incubated cells.   

 

Next, we assessed whether ERK1/2 inhibition by the specific inhibitor U0126 

influenced the parameters studied in LX-2 cells. Thus, the reduction in phosphorylated 

ERK1/2 caused by treatment with U0126 (Figure 37A) was accompanied by an increase 

in phosphorylated AMPK (Figure 37B), supporting the presence of the negative 

crosstalk between these two kinases in LX-2 cells. Treatment with the ERK1/2 inhibitor 

also mitigated the increase in COL1A1 (Figure 37C) and α-SMA (Figure 37D) caused 

by the exposure to TGF-β1. Similar to what we observed with A769662, the U0126 

inhibitor also attenuated the increase in phosphorylated SMAD3 (Figure 37E) and p300 
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(Figure 37F) caused by TGF-β1.  

 

Collectively, these findings suggest that the activation of AMPK prevents the 

increase in SMAD3 phosphorylation and p300 levels in HSC by reducing ERK1/2 

activation. Therefore, these findings point to ERK1/2 inhibition as a new target 

responsible for the antifibrotic effect of PPAR-β/δ and AMPK activation. 
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Figure 37. ERK1/2 inhibition leads to AMPK phosphorylation and prevents the increase 

in fibrosis markers and in p300 caused by TGF-β1 in LX-2 cells. Immunoblot analysis of 

(A) total and phosphorylated ERK1/2, (B) total and phosphorylated AMPK, (C) COL1A1, (D) 

α-SMA, (E) total and phosphorylated SMAD3 and (F) p300 in LX-2 cells exposed to 10 ng/ml 

TGF-β1 in the presence or absence of 10 µM U0126 for 24 h. n=4 per group. Data are presented 

as the mean ± SEM. Significant differences were established by ANOVA. ***p < 0.001, **p < 

0.01 and *p < 0.05 vs. control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. TGF-β1-incubated cells.   

 

2.5. PPAR-β/δ activation attenuates the increase in phosphorylated ERK1/2 

and p300 caused by TGF-β1 in LX-2 cells via AMPK 

To clearly demonstrate that the effects of PPAR-β/δ activation on HSC activation, 

fibrosis and p300 increase are mediated by AMPK, we transfected LX-2 cells with 

control (scrambled) and AMPKα1/2 siRNA. Knockdown of AMPKα1/2 

(Supplementary Figure 2A) blocked the increase in phosphorylated AMPK caused by 

incubation with GW501516 (Figure 38A). Consistent with a role for AMPK in the 

effects of GW501516, the beneficial effect of the PPAR-β/δ ligand on both 

phosphorylated SMAD3 and ERK1/2, and COL1A1 caused by TGF-β1 was attenuated 
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by knocking down AMPKα1/2 (Figure 38A). Likewise, the reduction in p300 caused 

by GW501516 in cells stimulated with TGF-β1 completely disappeared when 

AMPKα1/2 was knocked down (Figure 38B). Altogether, these findings confirm that 

in HSCs stimulated with TGF-β1, the activation of PPAR-β/δ prevents the increase in 

ERK1/2 phosphorylation, as well as fibrosis and the upregulation of p300 via AMPK.  
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Figure 38. PPAR-β/δ activation attenuates the increase in phosphorylated ERK1/2 and 

p300 caused by TGF-β1 via AMPK in LX-2 cells. Immunoblot analysis of (A) total and 

phosphorylated AMPK, total and phosphorylated SMAD3, total and phosphorylated ERK1/2, 

COL1A1 and (B) p300 in LX-2 cells transfected with control (CT) (scrambled) siRNA or 

AMPKα1/2 siRNA and exposed to 10 ng/ml TGF-β1 in the presence or in the absence of 10 

µM GW501516 for 24 h. n=3 per group. Data are presented as the mean ± SEM. Significant 

differences were established by ANOVA. ***p < 0.001, **p < 0.01 and *p < 0.05 vs. siRNA CT 

control. ###p < 0.001, ##p < 0.01, #p < 0.05 vs. siRNA CT + TGF-β1. &&&p < 0.001, &&p < 0.01, 

&p < 0.05 vs. siRNA CT + TGF-β1 + GW. $$$p < 0.001, $p < 0.05 vs. siRNA AMPK control. 

@@ p < 0.01 vs. siRNA AMPK control + TGF-β1. 
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Supplementary Figure 2. (A) Immunoblot analysis of total and phosphorylated AMPK in LX-

2 cells transfected with control (CT) (scrambled) siRNA or AMPKα1/2 siRNA. n=3 per group. 

Data are presented as the mean ± SEM. Significant differences were established by the 

Student’s t-test. *p < 0.05. 
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The development of novel therapeutics for the treatment of MASH poses 

challenges, with PPAR-β/δ agonists typically among the investigational therapeutic 

agents being explored. In both of our studies, we have reported that PPAR-β/δ activation 

hinders the progression of MASLD by ameliorating IR, steatosis, inflammation, and 

fibrogenesis in mice, which is consistent with previous studies (Ratziu, Harrison et al. 

2016, Zarei, Aguilar-Recarte et al. 2021). However, the use of PPAR-β/δ agonists as 

therapeutic agents for MASLD requires caution, since the function of PPAR-β/δ in liver 

fibrosis remains controversial. 

 

Surprisingly, elafibranor increased the protein level of the EMT-inducer S100A4 

through PPAR-β/δ activation. The increase in S100A4 protein levels caused by 

elafibranor was accompanied by changes in the levels of the markers associated with 

the EMT program, a process involved in fibrogenesis, which is in agreement with the 

controversy of PPAR-β/δ in hepatic fibrosis.  

 

Our findings also show that PPAR-β/δ activation abrogates TGF-β1-induced HSC 

activation and SMAD3 phosphorylation in LX-2 cells via AMPK activation and the 

subsequent inhibition of the ERK1/2 pathway. 

 

The conflicting outcomes underscore the complexity of PPAR-β/δ signaling in 

liver fibrosis, warranting further investigation to elucidate its precise role in this 

pathological condition. 
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Objective 1. Elafibranor upregulates the EMT-inducer S100A4 via PPAR-

β/δ 

The development of new drugs for the treatment of MASH is challenging, since 

findings from animal models have not been fully reproduced in clinical trials. This has 

also been the case for elafibranor, a drug with promising findings in preclinical studies 

that was discontinued in 2020 as it failed to show a statistically significant effect in 

patients with MASH during the phase III RESOLVE-IT clinical trial. Several factors 

can explain why promising preclinical drugs have failed in humans. For example, many 

of these compounds only target a few pathways involved in the development of MASH, 

when it is well-known that many pathways contribute to MASH. This limited action 

might result in a modest effect or it might be attenuated by the activation of 

compensatory mechanisms. Therefore, no single agent is likely to control all the aspects 

of this complex liver disease. After the negative outcome for elafibranor in monotherapy, 

the efficacy of elafibranor will be evaluated in combination with other drugs for the 

treatment of MASH (NASH). Moreover, the efficacy of this drug is also currently being 

examined in primary biliary cholangitis (Schattenberg, Pares et al. 2021).  

 

In agreement with previous studies reporting the beneficial effects of elafibranor 

on glucose metabolism (Westerouen Van Meeteren, Drenth et al. 2020), we show here 

that the administration of this drug to mice fed a CD-HFD, ameliorates glucose 

intolerance and IR, which is one of the main drivers of MASH. These changes were 
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observed without a reduction in body weight. In addition, consistent with the findings 

of previous studies (van den Hoek, Verschuren et al. 2021), elafibranor reduced the 

levels of markers of fibrosis such as α-SMA and COL1A1.  

 

Surprisingly, we observed that elafibranor increased the protein levels of S100A4, 

but barely affected its mRNA levels, pointing to the involvement of a post-

transcriptional mechanism. This is an unexpected finding, since S100A4 upregulation 

was reported to induce EMT (Song, Chen et al. 2019), which in turn promotes fibrosis. 

Consistent with the role of S100A4 in liver fibrosis, S100A4-knockout mice show an 

attenuation in hepatic fibrosis induced by different stimuli (Helfman, Kim et al. 2005, 

Chen, Li et al. 2015). S100A4 regulates the tissue fibrosis associated with type II EMT 

via various signaling pathways (Fei, Qu et al. 2017). In fact, S100A4 is commonly used 

as a marker to identify epithelial cells undergoing EMT during tissue fibrogenesis 

(Iwano, Plieth et al. 2002), with S100A4 being used as proof of EMT in hepatocytes 

and cholangiocytes (Zeisberg, Yang et al. 2007, Omenetti, Porrello et al. 2008, Rygiel, 

Robertson et al. 2008). In line with the induction of EMT by elafibranor, this drug 

upregulated the mesenchymal marker vimentin and downregulated the epithelial 

marker E-cadherin. Moreover, the increase in S100A4 protein levels caused by 

elafibranor was mediated by PPAR-β/δ, since an antagonist of this receptor attenuated 

the increase in S100A4 protein levels, while the amount of this protein was reduced in 

the livers of Ppard-null mice compared to their WT littermates. The induction of EMT 

in the liver by elafibranor via PPAR-β/δ is in accordance with the regulation of EMT 
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by PPAR-β/δ in the human colorectal carcinoma cell line HCT116 (Zuo, Xu et al. 2017). 

Ppard knockdown in these cells upregulates E-cadherin and downregulates vimentin. 

Likewise, a PPAR-β/δ antagonist has been previously reported to block the EMT-

promoting effect of stromal cell-derived factor-1 on lung cancer cells (Wang, Lan et al. 

2021), while EMT markers have been reported to be increased in keratinocytes by the 

PPAR-β/δ-Src pathway (Montagner, Delgado et al. 2014). 

 

The effects of PPAR-β/δ on liver fibrosis are controversial. While it has been 

demonstrated that Ppard-/- mice show exacerbated hepatotoxicity when treated with 

CCl4 (Shan, Nicol et al. 2008) and that PPAR-β/δ agonists attenuate hepatic fibrosis in 

MASLD (Iwaisako, Haimerl et al. 2012), other studies have reported that these 

compounds enhance the proliferation of HSCs and promote liver fibrosis (Hellemans, 

Michalik et al. 2003, Kostadinova, Montagner et al. 2012). These differences indicate 

that PPAR-β/δ agonists may activate anti- and pro-fibrotic pathways and, depending on 

the model used to promote fibrosis or other factors yet to be determined, the effects of 

these compounds may result in either the amelioration or the promotion of liver fibrosis. 

Given the relationship between increased S100A4 protein levels and the development 

of fibrosis, the increase in S100A4 protein levels and the induction of EMT might be 

some of the factors contributing to fibrosis in mice treated with PPAR-β/δ agonists. 

Further studies are needed to explore this possibility and to determine whether the 

induction of S100A4 and EMT contributes to liver fibrosis or attenuates the beneficial 

effects of PPAR-β/δ agonists in this condition. 
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The present study also provides a potential mechanism by which elafibranor 

increases the protein levels of S100A4. This protein is a target of ASB2, which mediates 

its proteasomal degradation (Braumann, Thottakara et al. 2018). We observed that 

elafibranor reduced the protein levels of ASB2 in vivo and in vitro, thereby providing 

an explanation for the increase in S100A4 protein levels following elafibranor treatment. 

In fact, Asb2 overexpression prevented the elafibranor-mediated increase in S100A4 

protein levels.  

 

S100A4 also promotes cancer progression and metastasis (Helfman, Kim et al. 

2005). Although the anti-inflammatory effects of PPAR-β/δ can prevent cancer 

development, PPAR-β/δ activation after the development of cancer can stimulate 

angiogenesis and tumor growth (Peters, Gonzalez et al. 2015). Moreover, PPAR-β/δ 

modulation in cancer cells profoundly influences metastasis development in commonly 

used preclinical models in vivo (Zuo, Xu et al. 2017). It remains to be determined 

whether S100A4 upregulation by PPAR-β/δ impacts cancer progression and metastasis.  

 

Collectively, the findings of this study highlight a regulatory mechanism by which 

elafibranor increases the hepatic protein levels of S100A4 (Figure 39). Further studies 

are needed to evaluate the potential implications of the induction of S100A4 and EMT 

by elafibranor, particularly in the context of MASH and cancer.  
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Figure 39. Elafibranor upregulates the EMT-inducer S100A4 via PPAR-β/δ. Elafibranor 

increases S100A4 by reducing the protein levels of the ubiquitin E3 ligase ASB2, thereby 

inducing the process of EMT. 
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Objective 2. PPAR-β/δ activation attenuates hepatic fibrosis by inhibiting the 

SMAD3 pathway via modulation of the negative crosstalk between AMPK and 

ERK1/2 in HSCs 

HSC activation is a central event in the occurrence and progression of liver fibrosis. 

In response to liver injury, the repair process comprises HSC activation and trans-

differentiation to a proliferative, migratory, fibrogenic MFB-like cell type, causing 

excessive accumulation of ECM, subsequent matrix remodeling, and finally, 

hepatocellular dysfunction in the liver. Likewise, several studies have defined a unique 

transcriptional program that regulates the deactivation of HSC, which includes 

transcription factors such as PPAR-γ (Li, Chen et al. 2015, Wang and Friedman 2023). 

However, the role of PPAR-β/δ in HSC activation and proliferation and hepatic fibrosis 

remains controversial, with studies showing that PPAR-β/δ promotes (Hellemans, 

Michalik et al. 2003, Kostadinova, Montagner et al. 2012) or inhibits (Shan, Palkar et 

al. 2008, Iwaisako, Haimerl et al. 2012) these processes. In this study, we show that 

PPAR-β/δ activation improves hepatic fibrosis in mice fed a CD-HFD diet. Consistent 

with this, primary HSC isolated from Ppard-/- mice showed increased mRNA levels of 

Col1a1 and PPAR-β/δ activation abrogated TGF-β1-mediated cell migration and 

SMAD3 activation in LX-2 cells.  

 

Our findings also point to AMPK activation as the mechanism responsible for the 

inhibition of TGF-β1-mediated HSC activation and fibrosis by the PPAR-β/δ ligand 
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GW501516. In fact, AMPK activation is recognized as a target for treating hepatic 

fibrosis (Liang, Li et al. 2017, Zhao and Saltiel 2020, Gluais-Dagorn, Foretz et al. 2022). 

Thus, several studies demonstrated that the induction of AMPK activity represses TGF-

β1-induced expression of fibrogenic genes in HSC (Kumar, Smith et al. 2014, Dong, 

Su et al. 2015, Zhai, Qiao et al. 2015). AMPK may prevent the activation of HSC and 

the development of fibrosis through several mechanisms. For instance, AMPK 

activation in HSC attenuates ROS production and HSC activation (Caligiuri, Bertolani 

et al. 2008, Yang, Zhao et al. 2015), thereby protecting against liver injury and fibrosis. 

Consistent with this, a recent study reported that the direct AMPK activator PXL770 

reduces activation and proliferation of HSCs (Gluais-Dagorn, Foretz et al. 2022). In 

human HSCs, this AMPK activator suppressed the expression of key activation markers 

ACTA2 (a gene that encodes α-SMA) and COL1a1, along with a strong reduction in 

COL1A1 (procollagen alpha 1) protein secretion. Moreover, it has been reported that 

AMPK activation disrupts the interaction between SMAD3 and its transcriptional co-

activator p300 and induces the proteasomal degradation of p300 to reduce fibrogenic 

gene expression in HSCs (Lim, Oh et al. 2012). Additionally, AMPK may also inhibit 

HSC proliferation and promote apoptosis of these cells via increased nitric oxide 

production (Dong, Su et al. 2015).  

 

Here, we report a new pathway by which PPAR-β/δ activation and the subsequent 

AMPK phosphorylation contributes to prevent HSC activation and fibrosis. Our 

findings indicate that AMPK activation caused by the PPAR-β/δ ligand GW501516 
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inhibits TGF-β1-mediated HSC activation and fibrosis in LX-2 cells by reducing the 

levels of phosphorylated ERK1/2. The potent profibrotic mediator TGF-β1 regulates 

fibrosis through two pathways: the canonical SMAD-dependent pathway and a non-

SMAD signaling pathway (Zhang 2017). ERK1/2 signaling pathway forms part of this 

second noncanonical TGF-β1-dependent pathway and increasing evidence 

demonstrates its involvement in fibrosis (Zhang 2017). Our findings reinforce the role 

of ERK1/2 in HSC activation and fibrosis since we observed that inhibition of ERK1/2 

with U0126 attenuated the increase of COL1A1 and α-SMA protein levels as well as 

the phosphorylation of SMAD3. Interestingly, we (Salvado, Barroso et al. 2014) and 

others (Hwang, Jeong et al. 2013) have demonstrated previously that an inhibitory 

crosstalk between AMPK and ERK1/2 exists in mouse myotubes, but it was unknown 

if this mechanism operates in human LX-2 cells. Our findings confirm the presence of 

this inhibitory crosstalk in HSC and provide a new mechanism by which AMPK inhibits 

HSC activation and fibrosis through the blockade of the ERK1/2 pathway. Therefore, 

according to the data of this study, we propose that the activation of AMPK by a PPAR-

β/δ ligand inhibits ERK1/2 phosphorylation, thereby attenuating TGF-β1-mediated 

HSC activation and fibrosis.  

 

Interestingly, it has been reported that TGF-β1 diminishes AMPK phosphorylation, 

concurrently with increased fibrosis in kidney fibrosis and AMPK inhibition mimics 

the effect of TGF-β1 or exacerbates its effects in renal fibrosis (Thakur, 

Viswanadhapalli et al. 2015). These findings suggest that TGF-β1 might also induce 
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fibrosis and HSC activation via AMPK downregulation and the subsequent activation 

of ERK1/2. In this line, our findings show that HSC cells exposed to TGF-β1 reduce 

AMPK phosphorylation, whereas it increases the phosphorylation of ERK1/2. 

Therefore, this seems to confirm that the modulation of the negative crosstalk between 

AMPK and ERK1/2 has an impact on HSC activation and fibrosis.    

 

p300 interacts with SMAD3 in a ligand-dependent manner and enhances its 

transcriptional activity (Nishihara, Hanai et al. 1998). The findings of this study now 

provide a role for PPAR-β/δ and ERK1/2 on p300 via AMPK, as demonstrated by the 

knockdown of AMPK in LX-2 cells. Accordingly, primary HSC isolated from Ppard-/- 

mice showed increased mRNA levels of Ep300, indicating that this nuclear receptor 

controls the expression of this co-activator. In addition, either pharmacological 

inhibition of ERK1/2 increased AMPK phosphorylation and prevented the increase in 

p300 caused by TGF-β1, thereby suggesting that the negative crosstalk between these 

two kinases regulates p300 levels.  

 

Overall, the findings of our study uncover that PPAR-β/δ activation reduces 

hepatic fibrosis by attenuating the TGF-β1-mediated activation of HSCs via the 

activation of AMPK (Figure 40). This kinase inhibits the phosphorylation of ERK1/2, 

thereby reducing SMAD3 phosphorylation and HSC activation. In addition, inhibition 

of the ERK1/2 pathway by PPAR-β/δ and AMPK also reduces the levels of the SMAD3 
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co-activator p300 in LX-2 cells. The data of this study suggest that targeting ERK1/2 

might be a therapeutic avenue to attenuate HSC activation and fibrosis. 

 

 

Figure 40. PPAR-β/δ activation prevents HSC activation and fibrosis by phosphorylating 

AMPK. This kinase inhibits the noncanonical pathway of SMAD3, thereby reducing the 

activation of SMAD3 and the increase in p300 co-activator caused by TGF-β1 in HSCs. 
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The results obtained in the present doctoral thesis led to the following conclusions: 

 

Objective 1: 

1. Elafibranor treatment ameliorated steatosis, inflammation, and fibrogenesis in 

the livers of CD-HFD-fed mice. 

2. Elafibranor increased the levels of the EMT-promoting protein S100A4 via 

PPAR-β/δ activation. 

3. Elafibranor reduced the levels of ASB2, a protein that promotes S100A4 

degradation, with Asb2 overexpression preventing the stimulating effect of elafibranor 

on S100A4. 

 

Objective 2: 

1. GW5101516 treatment completely prevented glucose intolerance and peripheral 

IR caused by the CD-HFD as well as the accumulation of collagen in the liver and 

attenuated the expression of inflammatory and fibrogenic genes. 

2. PPAR-β/δ activation abrogated TGF-β1-mediated cell migration, an indicative 

of cell activation, in LX-2 cells. 

3. GW501516 attenuated the phosphorylation of the main downstream 

intracellular protein of TGF-β1, SMAD3, as well as the levels of the SMAD3 co-

activator p300 via AMPK activation and the subsequent inhibition of ERK1/2 in LX-2 

cells. 
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k Instituto de Biología y Gen ética Molecular, Consejo Superior de Investigaciones Científicas, Valladolid, Spain 
l Center for Integrative Genomics, University of Lausanne, CH-1015 Lausanne, Switzerland 
m Lee Kong Chian School of Medicine, Nanyang Technological University Singapore, 308232, Singapore 
n INRA ToxAlim, UMR1331, Chemin de Tournefeuille, F-31027 Toulouse Cedex 3, France 

 

 

A  R  T  I  C  L  E I  N  F  O  

 
Keywords: 

MASLD 

Elafibranor 

PPARβ/δ 

S100A4 

ASB2 

EMT 

A  B  S  T  R  A  C  T  
 

Elafibranor is a dual peroxisome proliferator-activated receptor (PPAR)α and β/δ agonist that has reached a 

phase III clinical trial for the treatment of metabolic dysfunction-associated steatotic liver disease (MASLD). 

Here, we examined the effects of elafibranor in mice fed a choline-deficient high-fat diet (CD-HFD), a model of 

metabolic dysfunction-associated steatohepatitis (MASH) that presents obesity and insulin resistance. Our 

findings revealed that elafibranor treatment ameliorated steatosis, inflammation, and fibrogenesis in the livers of 

CD-HFD-fed mice. Unexpectedly, elafibranor also increased the levels of the epithelial-mesenchymal transition 

(EMT)-promoting protein S100A4 via PPARβ/δ activation. The increase in S100A4 protein levels caused by 

elafibranor was accompanied by changes in the levels of markers associated with the EMT program. The S100A4 

induction caused by elafibranor was confirmed in the BRL-3A rat liver cells and a mouse primary hepatocyte 

culture. Furthermore, elafibranor reduced the levels of ASB2, a protein that promotes S100A4 degradation, while 

ASB2 overexpression prevented the stimulating effect of elafibranor on S100A4. Collectively, these findings 

reveal an unexpected hepatic effect of elafibranor on increasing S100A4 and promoting the EMT program. 
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1. Introduction 

 

Metabolic dysfunction-associated steatotic liver disease (MASLD) is 

the most common cause of chronic liver disease in individuals without 

significant alcohol consumption. Its major drivers are obesity and in- 

sulin resistance. The global prevalence of MASLD in the general popu- 

lation is 25% [1], with this percentage increasing to 90% in subjects 

with morbid obesity [2]. MASLD ranges from hepatic steatosis (without 

hepatocyte injury in the form of hepatocyte ballooning) to a more severe 

condition known as metabolic dysfunction-associated steatohepatitis 

(MASH, steatosis with ballooning, inflammation, with or without 

fibrosis). MASH increases the risk of developing more serious diseases 

such as cirrhosis, hepatocellular carcinoma (HCC), and cardiovascular 

disease [3–5]. 

Although many pharmacotherapies are being evaluated for the 

treatment of MASH, there are currently no US Food and Drug Admin- 

istration (FDA) approved specific pharmacological drugs for the treat- 

ment of this condition. As a result, given the complexity of its 

pathophysiology, the best treatment for this disease might be the use of 

compounds activating several targets or a combination of drugs target- 

ing different mechanistic pathways [6]. Following this rationale, elafi- 

branor (also known as GFT505), a dual peroxisome 

proliferator-activated receptor α (PPARα) and β/δ agonist was devel- 

oped, and has reached a phase III clinical trial. In humans, elafibranor 

was observed to show a modest effect on the histological resolution of 

MASH, but did not demonstrate any significant effect on fibrosis [7], the 

main driver of all-cause and liver-related mortality in MASH patients 

[8]. As a result, elafibranor was discontinued in 2020 because it did not 

meet the predefined primary surrogate endpoint of MASH resolution 

without the worsening of fibrosis [9]. Despite this negative outcome, the 

efficacy of elafibranor will be evaluated in combination with other drugs 

for the treatment of MASH [10]. In PPARα knockout mice, elafibranor 

prevents liver steatosis and inflammation, suggesting that these actions 

are mediated by PPARβ/δ activation [11]. PPARβ/δ is expressed in the 

main liver cell types (hepatocytes, Kupffer cells, cholangiocytes and 

hepatic stellate cells) [12] and its activation hinders the progression of 

MASLD by ameliorating insulin resistance, reducing lipogenesis, and 

alleviating inflammation and endoplasmic reticulum stress [13]. How- 

ever, the use of PPARβ/δ agonists as therapeutic agents needs to be 

performed with caution as the activation of this nuclear receptor may 

have tumorigenic effects, although the role of PPARβ/δ in cancer is 

controversial [14]. 

An important process propagating the progression of liver fibrosis is 

the epithelial-mesenchymal transition (EMT). This is a program by 

which epithelial cells, such as hepatocytes and cholangiocytes, lose their 

epithelial phenotype (polarity and adherence) and acquire mesen- 

chymal characteristics (motility and invasiveness) [15]. Hepatocyte 

EMT is induced by transforming growth factor β (TGF-β) and carbon 

tetrachloride (CCl4), and is characterized by the downregulation of 

epithelial markers (e.g. E-cadherin) and the upregulation of mesen- 

chymal markers such as vimentin and S100 calcium binding protein A4 

(S100A4, also known as fibroblast-specific protein 1, FSP1). Indeed, 

S100A4 is considered an inducer of the EMT program [16]. Interest- 

ingly, S100A4-knockout mice fed a methionine-choline-deficient (MCD) 

diet show attenuated liver fibrosis and inflammation, as well as an in- 

hibition of hepatocyte apoptosis [17]. S100A4 also seems to play a role 

in liver tumorigeneses, since S100A4-deficient mice develop signifi- 

cantly fewer and smaller liver tumor nodules, while showing decreases 

in liver fibrosis and the expression of stem cell markers in the HCC tis- 

sues [15]. In fact, increased S100A4 protein levels correlate with poor 

prognosis in several cancers, with S100A4 promoting the development 

of metastasis in mouse models of cancer [17]. The effects of S100A4 

have been associated with the formation of oligomers of this protein, 

which is stimulated by oxidation [18]. Moreover, S100A4 does not 

possess enzymatic activity, but rather interacts with target proteins and 

regulates their activity. Intracellular targets of S100A4 include p53 and 

non-muscle myosin IIA (NMIIA) [19]. Overall, these findings suggest 

that S100A4 is a regulator of both fibrogenesis and tumorigenesis in the 

liver. 

In the present study, we examined the effects of elafibranor in mice 

fed a choline-deficient high-fat diet (CD-HFD), a model of MASH that 

presents obesity and insulin resistance and thus closely resembles 

human MASH [20,21]. Elafibranor treatment improved steatosis, 

inflammation, and fibrogenesis in these mice, but, surprisingly, it 

increased protein level of the EMT-inducer S100A4 through PPARβ/δ 

activation and this increase was accompanied by changes in the levels of 

the markers associated with the EMT program. Our findings also 

revealed that elafibranor reduced levels of the S100A4-degrading E3 

ubiquitin ligase, ankyrin repeat and suppressor of cytokine signaling box 

containing protein 2 (ASB2). Likewise, the increased S100A4 levels 

caused by elafibranor was prevented by the overexpression of ASB2, 

indicating that the reduction of this E3 ubiquitin ligase is the underlying 

mechanism involved in S100A4 upregulation. Overall, these findings 

indicate that PPARβ/δ is a new player in the control of hepatic EMT in 

mice, with potential implications in the regulation of MASH develop- 

ment and the promotion of liver tumors. 

 
2. Materials and methods 

 

2.1. Reagents 

 
Control siRNA and S100A4 siRNA were purchased from Santa Cruz 

(Dallas, TX, USA). GW501516, GSK0660 and U0126 were purchased 

from Sigma-Aldrich (Madrid, Spain) and elafibranor from AXON Med- 

chem (Groningen, the Netherlands). 

 

2.2. Mice 

 

Male C57BL/6 mice (10–12 weeks old) (Envigo, Barcelona, Spain) 

were housed and maintained under a constant temperature (22 ± 2 ◦C) 

and humidity (55%). The mice had free access to water and food and 

were subjected to 12-h light-dark cycles. After 1 week of acclimatiza- 

tion, the mice were randomly distributed into three experimental groups 

(n = 6 each) and fed either standard chow (one group) or a choline- 

deficient high-fat diet (CD-HFD; 44.9 kcal% fat, 35.1 kcal% carbohy- 

drates, and 20.0 kcal% protein, without added choline; D05010402, 

Research diets, New Brunswick, NJ, USA) (two groups) for 12 weeks. 

Mice fed standard chow and one of the groups of mice fed the CD-HFD 

received one daily p.o. gavage of vehicle (0.5% w/v carboxymethyl- 

cellulose), while the remaining group fed the CD-HFD received one daily 

p.o. dose of 10 mg/kg/day of elafibranor dissolved in the vehicle (vol- 

ume administered, 1 ml/kg) during the last 4 weeks. In a second study, 

the mice were randomly distributed in three experimental groups (n = 6 

each) and fed either standard chow (one group) or the CD-HFD 

(D05010402, Research Diets) for 12 weeks. Mice fed standard chow 

and one of the groups fed the CD-HFD received one daily p.o. gavage of 

vehicle (0.5% w/v carboxymethylcellulose), while the remaining group 

fed the CD-HFD received one daily p.o. dose of 5 mg/kg/day of the 

PPARβ/δ agonist GW501516 dissolved in the vehicle (volume admin- 

istered, 1 ml/kg) during the last 4 weeks. At the end of the treatment, the 

mice were sacrificed, and liver samples were frozen in liquid nitrogen 

and then stored at — 80ºC. In a third study, male (8–9 weeks old) Ppard- 

knockout (Ppard-/-) mice (n = 6) and their wild-type littermates (Ppard+/ 

+) (n = 6) with the same genetic background (C57BL/6 ×129/SV) [50], 

all fed a control diet, were used. The mice were sacrificed, and liver 

samples were frozen in liquid nitrogen and then stored at — 80ºC. 

For the glucose tolerance test (GTT) and insulin tolerance test (ITT), 

the animals received 2 g/kg body weight of glucose and 0.75 IU/kg body 

weight of insulin respectively through an intraperitoneal injection. 

Blood was collected from the tail at 0, 15, 30, 60, and 120 min 

All experiments were performed in accordance with European 

Community Council directive 86/609/EEC. The experimental protocols 
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as well as the number of animals, determined based on the expected 

effect size, were approved by the Institutional Animal Care and Use 

Committee of the University of Barcelona. The reporting of the animal 

studies complied with the ARRIVE guidelines [51]. 

 
2.3. Liver histology 

 

For histological staining studies, 4-μm sections obtained from 

formalin-fixed paraffin-embedded samples were stained with hematox- 

ylin and eosin (H&E) to assess liver histology, as well as Sirius Red to 

assess fibrosis. Oil Red O staining (Sigma-Aldrich) to assess lipid content 

was performed in frozen 10-μm liver sections. Fifteen images at a 

magnification of 20x were captured to quantify the red-stained collagen 

or lipid droplets, with the red-stained area evaluated per total area using 

Image J. 

 

2.4. Analysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/ 

18:1-PC) 

 
Total lipids from liver homogenates were extracted according to 

Bligh and Dyer [52], evaporated, and redissolved in methanol-water 

(9:1). Total lipid separation, identification, and quantification were 

carried out by liquid chromatography/mass spectrometry using a Hita- 

chi LaChrom Elite L-2130 binary pump and a Hitachi autosampler 

L-2200 (Merck, Darmstadt, Germany) coupled to a Bruker esquire6000 

ion-trap mass spectrometer [53]. The effluent was split, entering at 0.2 

ml/min into the electrospray interface of the mass spectrometer. The 

nebulizer was set to 30 ψ, the dry gas to 8 l/min, and the dry temper- 

ature to 350ºC. A Supelcosil LC-18 column of 5 µm particle size, 

measuring 250 × 2.1 mm and with a particle size of 5 µm (Sigma-Al- 

drich) was used, protected with by a Supelguard LC-18 guard cartridge 

column measuring 20- × 2.1 -mm guard cartridge column (Sigma-Al- 

drich). The mobile phase used was a gradient of solvent A [meth- 

anol/water/hexane/ammonium hydroxide, 87.5:10.5:1.5:0.5 

(vol/vol/vol/vol)], solvent B [methanol/hexane/ammonium hydroxide, 

87.5:12:0.5 (vol/vol/vol)], and solvent C [methanol/water, 9:1 (vol/- 

vol)]. The gradient started at 100% A, decreased linearly to 50% A (50% 

B) in 17.5 min and to 0% A (100% B) in 12.5 min, before being main- 

tained at 100% B for 5 min, changed to 100% C in 3 min, maintained at 

100% C for 9 min, and then changed to 100% B in 3 min. The flow rate 

was 0.5 ml/min and the injection volume was 80 μl. Data acquisition 

was carried out in the full scan and positive mode, detecting PC species 

as [M+H]+ ions with the capillary current set at — 4000 V. The PC 

(16:0/18:1) species were characterized by tandem mass spectrometry in 

the multiple reaction monitoring and negative mode, with a postcolumn 

addition of acetic acid for [M + CH3CO2]-adduct formation (100 μl/h). 

1,2-Dinonadecanoyl-sn-glycero-3-phosphocoline (m/z = 818.6) was 

used as the internal standard and in a calibration curve for 

quantification. 

 

2.5. Cell culture 

 

The rat hepatocyte cell line BRL-3 A (P9–13, RRID:CVCL_0606) was 

purchased from the European Collection of Authenticated Cell Cultures 

(ECACC, Salisbury, United Kingdom). Cells were cultured under stan- 

dard culture conditions (37 ◦C, 5% CO2) in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin. BRL-3 A cells were incubated in serum-free 

DMEM in the absence (control cells) or presence of elafibranor (different 

concentrations), U0126 (different concentrations), GW501516 (10 µM), 

or GSK0660 (60 µM). 

BRL-3A cells were transiently transfected with 100 nM siRNA against 

S100A4 or the control siRNA in Opti-MEM medium (Thermo Fisher, MA, 

USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) (13.2 μl 

per 2.2-ml well) according to the manufacturer’s instructions. 

Mouse primary hepatocytes were isolated from non-fasting male 

C57BL/6 mice (10–12 weeks old) by perfusion with collagenase, as 

described elsewhere [54], and incubated in either the absence (control 

cells) or presence of drugs (elafibranor or GW501516). 

All the cell experiments were repeated at least 4 times and there were 

2 replicates in each experiment. 

 

2.6. Transfection of the Asb2 CRISPR/dCas9 activation plasmids in BRL- 

3A cells 

 
To overexpress Asb2 in the BRL-3A cells, the CRISPR/dCas9 activa- 

tion system was used. The Asb2 CRISPR/dCas9 activation plasmid (sc- 

425766-ACT; Santa Cruz Biotechnology) consisted of a pool of three 

plasmids designed to overexpress the Asb2 gene. The control CRISPR/ 

dCas9 activation plasmid (sc-437275; Santa Cruz Biotechnology) was 

used as a negative control. Plasmid transfection medium and Lipofect- 

amine 2000 were used according to the manufacturer’s protocol. Briefly, 

cells (1 ×105 cells per well) were seeded in 6-well culture plates of 1.5 

ml antibiotic-free DMEM 24 h before transfection and grown to 50–60% 

confluence. Cells were transfected with 1.5 µg of the Asb2 CRISPR/ 

dCas9 activation system (Santa Cruz Biotechnology), using Lipofect- 

amine 2000 in Opti-MEM medium (Santa Cruz Biotechnology) and 

incubated at 37ºC with 5% CO2. Three days after transfection, the cells 

were used for evaluation. 

 
2.7. Reverse transcription-polymerase chain reaction and quantitative 

polymerase chain reaction 

 

Isolated RNA was reverse transcribed to obtain 1 μg of complemen- 

tary DNA (cDNA) using Random Hexamers (Thermo Scientific), 10 mM 

deoxynucleotide (dNTP) mix and the reverse transcriptase enzyme 

derived from the Moloney murine leukemia virus (MMLV, Thermo 

Fisher). The experiment was run in a thermocycler (BioRad) and con- 

sisted of a program with different steps and temperatures: 65 ◦C for 5 

min, 4 ◦C for 5 min, 37 ◦C for 2 min, 25 ◦C for 10 min, 37 ◦C for 50 min, 

and 70 ◦C for 15 min. The relative levels of specific mRNAs were 

assessed by real-time RT-PCR in a Mini 48-Well T100™ thermal cycler 

(Bio-Rad), using the SYBR Green Master Mix (Applied Biosystems), as 

previously described [55]. Briefly, samples had a final volume of 20 μl, 

with 20 ng of total cDNA, 0.9 μM of the primer mix, and 10 μl of 2x SYBR 

Green Master Mix. The thermal cycler protocol for real-time PCR 

included a first step of denaturation at 95 ◦C for 10 min followed by 40 

repeated cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s for 

denaturation, primer annealing, and amplification respectively. Primer 

sequences were designed using the Primer-BLAST tool (NCBI), based on 

the full mRNA sequences to find the optimal primers for amplification, 

and evaluated with the Oligo-Analyzer Tool (Integrated DNA Technol- 

ogies) to ensure an optimal melting temperature (Tm) and avoid the 

formation of homo/heterodimers or non-specific structures that can 

interfere with the interpretation of the results. The primer sequences 

were designed specifically to span the junction between the exons. The 

primer sequences used are provided in Supplementary Table 1. Values 

were normalized to the glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh) or adenine phosphoribosyltransferase (Aprt) expression levels, 

and measurements were performed in triplicate. All changes in expres- 

sion were normalized to the untreated control. 

 
2.8. Immunoblotting 

 

The isolation of total protein extracts was performed as described 

elsewhere [25]. Immunoblotting was performed with antibodies against 

β-actin (Sigma, A5441), E-cadherin (Santa Cruz, sc-8426), COL1A1 (Cell 

Signaling, 91144 S), phosphorylated (p)44/42 MAPK (Erk1/2) (Cell 

Signaling, 9194 s), phosphorylated (p) p44/42 MAPK (Erk1/2) 

Thr202/Tyr204 (Cell Signaling, 9101 s), filamin A (Santa Cruz, 

sc-376241), GAPDH (G-9) (Santa Cruz, sc-365062), α-SMA (Invitrogen, 

14–9760–82), S100A4/FSP1 (EMD Millipore, o7–2274), α-tubulin 
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(Sigma, T6074), and vimentin (Santa Cruz, sc-6260). The serum raised 

against a peptide common to the ASB2α and ASB2β isoforms was pro- 

vided by C. Moog-Lutz (IPBS, Toulouse, France) [32]. Signal acquisition 

was conducted using the Bio-Rad ChemiDoc apparatus and quantifica- 

tion of the immunoblot signal was performed with the Bio-Rad Image 

Lab software. The results for protein quantification were normalized to 

the levels of a control protein (GAPDH, α-tubulin or β-actin) to avoid 

unwanted sources of variation. 

 
2.9. Statistical analysis 

 

Results are expressed as the mean ± SEM. Significant differences 

were assessed by either Student’s t-test or one-way and two-way 

ANOVA, according to the number of groups compared, using the 

GraphPad Prism program (version 9.0.2) (GraphPad Software Inc., San 

Diego, CA, USA). When significant variations were found by ANOVA, 

Tukey’s post-hoc test for multiple comparisons was performed only if F 

achieved a p value < 0.05. Differences were considered significant at p 

< 0.05. 

 

3. Results 

 

3.1. The dual PPARα and β/δ agonist elafibranor improves MASLD, but 

upregulates hepatic S100A4 levels in mice fed a CD-HFD 

 

First, we evaluated the effects of elafibranor on body weight and 

glucose metabolism. Elafibranor treatment did not reduce the body 

weight gain caused by the CD-HFD, but it did improve the glucose 

intolerance and peripheral insulin resistance caused by the CD-HFD 

(Fig. 1A-C). Although PPARβ/δ activation has been reported to in- 

crease hepatic levels of the PPARα endogenous ligand 1-palmitoyl-2- 

oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-PC) [22], it is un- 

known whether elafibranor affects the amount of this ligand that may 

potentiate the beneficial actions of the drug via PPARα. We found that 

the CD-HFD did not affect hepatic levels of 16:0/18:1-PC (Fig. 1D). 

However, elafibranor markedly increased the levels of this PPARα ligand 

in the liver. This effect of elafibranor has been reported previously for 

the PPARβ/δ activator GW501516 [23]. Therefore, the fact that 

16:0/18:1-PC levels were reduced in the livers of Ppard-/- mice 

compared with wild-type (WT) mice (Fig. 1E) suggests that the effect of 

elafibranor on 16:0/18:1-PC levels is mediated by PPARβ/δ. These 

findings indicate that elafibranor, besides its direct effect on PPARα, 

may also indirectly activate this nuclear receptor by increasing the 

amount of 16:0/18:1-PC. Since fibroblast growth factor 21 (FGF21) is a 

target in the treatment of MASH and given that PPARα activation in- 

creases its levels [24], we determined the hepatic mRNA levels of 

FGF21. The CD-HFD did no present a significant increase in Fgf21 mRNA 

levels, whereas treatment with elafibranor significantly raised Fgf21 

expression (Fig. 1F). 

Hematoxylin-eosin and Oil Red O (ORO) staining showed that the 

CD-HFD caused significant hepatic lipid accumulation, which was 

reduced by elafibranor (Fig. 2A-B). The CD-HFD led to a non-significant 

increase in the accumulation of collagen in the liver, as demonstrated by 

the Sirius Red staining, suggesting that a longer exposure to the CD-HFD 

is required to induce clear fibrosis. Notably, elafibranor decreased 

collagen accumulation (Fig. 2C). Consistent with findings of the Sirius 

Red staining, the CD-HFD did not significantly increase the protein 

levels of the fibrosis markers α-smooth muscle actin (α-SMA) and 

collagen type I α1 (COL1A1), but treatment with elafibranor caused a 

significant reduction of their levels (Fig. 2D-E). 

When we examined the effects of elafibranor on S100A4 expression, 

we observed that the CD-HFD in mice treated with vehicle and in those 

administered elafibranor did not significantly affect the mRNA levels of 

this gene (Fig. 3A). The S100A4 protein can be detected either as a 

monomer or a dimer, the latter being S-glutathionylated, with apparent 

molecular  weights  of  11.5 kDa  and  approximately  21–29 kDa 

respectively [25,26]. No changes were observed in the hepatic protein 

levels of S100A4 in mice fed the CD-HFD. By contrast, mice fed the 

CD-HFD and treated with elafibranor displayed a robust increase in the 

protein with a molecular weight of ~ 23 kDa (Fig. 3B). The effect of 

elafibranor on S100A4 was probably the result of PPARβ/δ activation, 

since the mice treated with the selective agonist for this receptor, 

GW501516, also showed increased hepatic protein levels of S100A4 

(Fig. 3C). Moreover, the band corresponding to S100A4 was reduced in 

the livers of Ppard-/- mice compared to their wild-type littermates, 

indicating that S100A4 is regulated by PPARβ/δ (Fig. 3D). Since an in- 

crease in the mesenchymal marker S100A4 might indicate that elafi- 

branor activates the EMT program, we analyzed other markers of this 

program such as the epithelial marker E-cadherin and the mesenchymal 

marker vimentin. In agreement with the increase in S100A4 levels and 

the subsequent induction of the EMT program, elafibranor reduced the 

protein levels of E-cadherin and increased those of vimentin (Fig. 3E, F). 

These findings suggest that PPARβ/δ activation by elafibranor increases 

the hepatic protein levels of S100A4 and activates the EMT program in 

the liver. 

 

3.2. Elafibranor increases S100A4 protein levels in BRL-3A rat liver cells 

and in a mouse primary hepatocyte culture 

 

Treatment of the rat liver cell line BRL-3A with either GW501516 (a 

selective agonist of PPARβ/δ at concentrations of up to 10 μM [27]), or 

elafibranor (at a concentration of 30 or 60 µM) did not increase S100A4 

mRNA levels compared to control cells (Fig. 4A). By contrast, elafi- 

branor at both concentrations increased S100A4 protein levels, whereas 

GW501516 had no effect (Fig. 4B). The S100A4 protein upregulated by 

elafibranor in the rat BRL-3A cells showed a higher molecular weight 

than that detected in mice, suggesting interspecies differences in the 

S-glutathionylation of this protein [28]. S100A4 knockdown by siRNA 

transfection in the BRL-3A cells caused a reduction in the protein levels 

of S100A4, confirming that the protein band detected was S100A4 

(Supplementary Figure 1 A). Elafibranor at 60 µM reduced E-cadherin 

protein levels (Fig. 4C) and increased vimentin protein levels (Fig. 4D), 

while GW501516 only increased vimentin levels without affecting 

E-cadherin levels (Fig. 4C, D). The increase in S100A4 protein levels 

caused by elafibranor was prevented by the PPARβ/δ antagonist 

GSK0660 (Fig. 4E), confirming the involvement of PPARβ/δ in the 

changes caused by its activation. The effects of elafibranor were 

confirmed in a mouse primary culture of hepatocytes, where elafibranor 

increased S100A4 protein levels (Fig. 4F). In these primary hepatocytes, 

GW501516 increased S100A4 protein levels, in contrast to the obser- 

vations in the BRL-3A cells, suggesting that the primary hepatocytes 

respond better than the rat BRL-3A cells (Fig. 4G). Overall, these find- 

ings indicate that elafibranor increases the protein levels of S100A4 in 

hepatocytes via PPARβ/δ. 

 

3.3. Elafibranor increases S100A4 by reducing the protein levels of the E3 

ubiquitin ligase ASB2 

 
Next, we examined whether, as suggested by the results above, there 

was a potential post-transcriptional mechanism by which elafibranor 

increased S100A4 protein levels. Since reactive oxygen species (ROS) 

modify S100A4 activity and dimerization [20], we explored the 

involvement of ROS in the effects of elafibranor. Under our conditions, 

the incubation of BRL-3A cells with H2O2 or the co-incubation of 

elafibranor-exposed cells with the antioxidant N-acetylcysteine did not 

affect S100A4 protein levels, indicating that ROS were not involved 

(Supplementary Figure 1B). 

Interestingly, it has been reported that the inhibition of the activities 

of extracellular signal- regulated kinases 1 and 2 (ERK1/2) reduces the 

activity of several E3 ubiquitin ligases [29]. Since we have previously 

reported that PPARβ/δ activation inhibits ERK1/2 activity [30], we 

evaluated whether the inhibition of this kinase mediated the effects of 
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Fig. 1. Elafibranor improves insulin sensitivity in mice fed a CD-HFD. (A) Final body weight in mice (n = 6 animals) fed a standard diet (control) or a choline- 

deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. (B) Glucose tolerance test (GTT) and 

area under the curve (AUC) (n = 6 animals). (C) Insulin tolerance test (ITT) and AUC (n = 6 animals). (D) Hepatic levels of the PPARα endogenous ligand 1-palmi- 

toyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-PC). (E) 16:0/18:1-PC hepatic levels in wild-type (WT) and Ppard-/- mice (n = 5 animals). (F) Fgf21 mRNA 

levels in mice (n = 6 animals) fed a standard diet (control) or a CD-HFD and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Data are 

presented as the mean ± SEM. *p < 0.05, * *p < 0.01, and * **p < 0.001 versus control or WT. ##p < 0.01 and ###p < 0.001 versus CD-HFD-fed mice. p-values 

determined by one-way ANOVA with Tukey’s post hoc test (A, B, C, D, and F) or two-tailed unpaired Student’s t-test (E). 
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Fig. 2. Elafibranor decreases markers of fibrosis in mice fed a CD-HFD. (A) Hematoxylin–eosin (H&E), (B) Oil Red O (ORO) and (C) Sirius Red staining of liver 

sections and quantification of ORO and Sirius Red staining of samples from mice (n = 6 animals) fed a standard diet (control) or a choline-deficient high-fat diet (CD- 

HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Scale bar: 100 µm. Liver cell lysate extracts were assayed via 

western blot analysis with antibodies against α-SMA (D) and COL1A1 (E) (n = 6 animals). Data are presented as the mean ± SEM. *p < 0.05 versus control. 
#p < 0.05, ##p < 0.01, and ###p < 0.001 versus CD-HFD-fed mice. p-values determined by one-way ANOVA with Tukey’s post hoc test. 

 

elafibranor on S100A4. Consistent with the previous findings reported 

for PPARβ/δ activation [30,31], elafibranor reduced phosphorylated 

ERK1/2 levels in the livers of mice fed the CD-HFD (Fig. 5A). However, 

the ERK1/2 inhibitor U0126, which reduced phosphorylated ERK1/2 

levels even more than elafibranor (Fig. 5B), did not increase the protein 

levels of S100A4 in the BRL-3A cells (Fig. 5C), thereby indicating that 

ERK1/2 inhibition was not the mechanism responsible for the 

elafibranor-induced increase in S100A4 levels. 

ASB2β is the specificity subunit of a multimeric E3 ubiquitin ligase 

[32] that has been reported to induce the degradation of S100A4 [31]. 

We therefore speculated that the increased S100A4 protein levels 

induced by elafibranor were due to a reduced expression of ASB2β. In 

the protein lysates of both mouse livers and BRL-3A cells, a 70-kDa band 

corresponding to ASB2β was detected with an antibody raised against a 

peptide common to both the ASB2α and ASB2β isoforms (Fig. 6A, B). The 

amount of this protein was reduced in the livers of the CD-HFD-fed mice 



M. Zhang et al. Biomedicine & Pharmacotherapy 167 (2023) 115623 

225 

Article 1  

 

 

 
 

Fig. 3. Elafibranor upregulates S100A4 protein levels in the liver. (A) mRNA levels of S100A4 in the livers of mice (n = 6 animals) fed a standard diet (control) 

or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. (B) Liver cell lysate 

extracts were assayed via western blot analysis with antibodies against S100A4 (n = 6 animals). (C) S100A4 protein levels in the livers of mice (n = 6 animals) fed a 

standard diet (control) or a CD-HFD for 12 weeks and treated with vehicle or 5 mg/kg/day of GW501516 during the last 4 weeks. (D) S100A4 protein levels in the 

livers of WT and Ppard-/- mice (n = 5 animals). E-cadherin (E) and vimentin (F) protein levels in the livers of mice (n = 6 animals) fed a standard diet (control) or a 

CD-HFD for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Data are presented as the mean ± SEM. *p < 0.05 and 

* **p < 0.001 versus control. ##p < 0.01 and ###p < 0.001 versus CD-HFDfed mice. p-values determined by one-way ANOVA with Tukey’s post-hoc test. 

 

treated with elafibranor (Fig. 6A). Likewise, elafibranor reduced the 

amount of this protein in the BRL-3A cells (Fig. 6B), and a similar 

behavior was observed in the mouse primary hepatocyte culture 

(Fig. 6C). Since ASB2α but not ASB2β induces the proteasomal degra- 

dation of filamin A [32,33], we examined the levels of filamin A in the 

BRL-3A cells. We observed that elafibranor did not affect filamin A levels 

(Fig. 6D), suggesting that this isoform of ASB2 was not affected by 

elafibranor, but rather the ASB2β isoform. These findings suggested that 

elafibranor increases S100A4 protein levels by reducing its 

ASB2β-mediated degradation. To confirm this, we used CRISPR/dCas9 

activation plasmids designed to specifically upregulate the Asb2 gene. 

Overexpression of Asb2 (Supplementary Figure 1C-D) in the BRL-3A 

cells treated with vehicle reduced the basal protein levels of S100A4, 

confirming that this E3 ubiquitin ligase degrades S100A4 (Fig. 6E). 
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Fig. 4. Elafibranor increases S100A4 protein levels in hepatocytes. S100A4 mRNA levels (A) and S100A4 protein levels (B) in the rat liver cell line BRL-3A 

exposed to 10 µM GW501516 or elafibranor (30 or 60 µM) for 24 h. E-cadherin (C) and vimentin (D) protein levels in the BRL-3A cells exposed to elafibranor 

(30 or 60 µM) for 24 h. S100A4 protein levels (E) in the BRL-3A cells exposed to 30 µM elafibranor in the presence or absence of 60 µM of the PPARβ/δ antagonist 

GSK0660 for 24 h. S100A4 protein levels in the mouse primary culture of hepatocytes exposed to 30 µM elafibranor (F) or 10 µM GW501516 (G) for 24 h. Data are 

presented as the mean ± SEM. * *p < 0.01 and * **p < 0.001 versus control. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus GW501516-treated cells. 

&&&p < 0.001 versus elafibranor-treated cells p-values determined by one-way ANOVA with Tukey’s post- hoc test (A-E) or two-tailed unpaired Student’s t-test (F, G). 
 

 

Interestingly, the increase in S100A4 levels caused by elafibranor was 

prevented by Asb2 overexpression, indicating that ASB2 is involved in 

the effects of elafibranor on S100A4 levels. Altogether, these results 

suggest that elafibranor reduces the ASB2β-mediated degradation of 

S100A4. 

 
4. Discussion 

 

The development of new drugs for the treatment of MASH is chal- 

lenging since findings from animal models have not been fully repro- 

duced in clinical trials. This has also been the case of elafibranor, a drug 

which presented promising findings in preclinical studies, but which was 

discontinued in 2020 as it failed to show a statistically significant effect 

in patients with MASH during the phase III RESOLVE-IT clinical trial. 

Several factors can explain why promising preclinical drugs have failed 

in humans. For example, many of these compounds often target a few of 

the many pathways involved in the development of MASH. This limited 

action may result in a modest effect, or it might be attenuated by the 

activation of compensatory mechanisms. Therefore, no single agent is 

likely to control all the aspects of this complex liver disease. After the 

negative outcome for elafibranor in monotherapy, the efficacy of elafi- 

branor will be evaluated in combination with other drugs for the 

treatment of MASH [10]. Moreover, the efficacy of this drug is also 

currently being examined in primary biliary cholangitis [34]. 

In agreement with previous studies reporting the beneficial effects of 

elafibranor on glucose metabolism [7], we show here that the admin- 

istration of this drug to mice fed a CD-HFD, improves glucose intoler- 

ance and insulin resistance, which are among the main drivers of MASH. 

These changes were observed without a reduction in body weight. In 

addition, consistent with the findings of previous studies [35], elafi- 

branor reduced the levels of markers of fibrosis such as α-SMA and 

COL1A1. Surprisingly, we observed that elafibranor increased the pro- 

tein levels of S100A4, but barely affected its mRNA levels. This points to 

the involvement of a post-transcriptional mechanism that affects protein 

levels without interfering with mRNA levels. This is an unexpected 

finding, since S100A4 upregulation was reported to induce EMT [36], 

which in turn promotes fibrosis. Consistent with the role of S100A4 in 

liver fibrosis, S100A4-knockout mice show an attenuation in hepatic 

fibrosis induced by different stimuli [17,37]. S100A4 regulates the tissue 

fibrosis associated with type II EMT via various signaling pathways [38]. 

In fact, S100A4 is commonly used as a marker to identify epithelial cells 

undergoing EMT during tissue fibrogenesis [39], and is used as proof of 

EMT in hepatocytes and cholangiocytes [40–42]. In line with its in- 

duction of EMT, elafibranor upregulated the mesenchymal marker 

vimentin and downregulated the epithelial marker E-cadherin in the 

mouse liver. Moreover, the increase in S100A4 protein levels caused by 

elafibranor was mediated by PPARβ/δ, since an antagonist of this re- 

ceptor attenuated the increase in S100A4 protein levels, while the 

amount of this protein was reduced in the livers of Ppard-null mice 

compared to their WT littermates. The induction of EMT in the liver by 

elafibranor via PPARβ/δ is in accordance with the regulation of EMT by 

PPARβ/δ in the human colorectal carcinoma cell line HCT116 [43]. 

Ppard knockdown in these cells upregulates E-cadherin and down- 

regulates vimentin. Likewise, a PPARβ/δ antagonist was previously re- 

ported to block the EMT-promoting effect of stromal cell-derived 

factor-1 on lung cancer cells [44], while increases in EMT markers have 

been reported in keratinocytes by the PPARβ/δ-Src pathway [45]. 

The effects of PPARβ/δ on liver fibrosis are controversial. While it 

has been demonstrated that Ppard-/- mice show exacerbated hepato- 

toxicity when treated with CCl4 [46], and that PPARβ/δ agonists 

attenuate hepatic fibrosis in MASLD [12], other studies have reported 

that these compounds enhance the proliferation of hepatic stellate cells 

and promote liver fibrosis [47,48]. These differences indicate that 

PPARβ/δ agonists may activate anti- and pro-fibrotic pathways and, 

depending on the model used to promote fibrosis or other factors yet to 

be determined, the effects of these compounds may result in either the 

improvement or the promotion of liver fibrosis. Given the relationship 

between increased S100A4 protein levels and the development of 

fibrosis, the increase in S100A4 protein levels and the induction of EMT 

might be among the factors contributing to fibrosis in mice treated with 

PPARβ/δ agonists. Further studies are needed to explore this possibility 

and to determine whether the induction of S100A4 and EMT contributes 

to liver fibrosis and outweighs the beneficial effects of PPARβ/δ agonists 

in this condition. 

The present study also indicates a potential mechanism by which 

elafibranor increases the protein levels of S100A4. This protein is a 

target of ASB2, which mediates its proteasomal degradation [31]. We 

observed that elafibranor reduced the protein levels of ASB2 in vivo and 

in vitro, thereby providing an explanation for the increase in S100A4 

protein levels following elafibranor treatment. In fact, Asb2 over- 

expression prevented the elafibranor-mediated increase in S100A4 

protein levels. Therefore, we propose that elafibranor increases S100A4 

protein levels by reducing the amount of ASB2, thereby attenuating its 

proteasomal degradation. 

S100A4 also promotes cancer progression and metastasis [17]. 

Although the anti-inflammatory effects of PPARβ/δ can attenuate cancer 

development, PPARβ/δ activation after the development of cancer can 

stimulate angiogenesis and tumor growth [49]. Moreover, PPARβ/δ 

modulation in cancer cells profoundly influences metastasis develop- 

ment in commonly used preclinical models in vivo [43]. It remains to be 

determined to what extent S100A4 upregulation by PPARβ/δ impacts 

cancer progression and metastasis. 

Collectively, the findings of this study highlight a regulatory mech- 

anism by which elafibranor increases the hepatic protein levels of 

S100A4. Further studies are needed to evaluate the consequences of the 

drug’s induction of S100A4 and EMT, particularly in the context of 

MASH and cancer. 
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Fig. 5. ERK1/2 inhibition is not likely to be involved in the increase in S100A4 protein levels caused by elafibranor. (A) Total and phosphorylated ERK1/2 

levels in the livers of mice (n = 6 animals) fed a standard diet (control) or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/ 

kg/day of elafibranor during the last 4 weeks. Total and phosphorylated ERK1/2 levels (B) and S100A4 protein levels (C) in the BRL-3A cells exposed to 60 µM 

elafibranor or the ERK1/2 inhibitor U0126 (10 or 20 µM). Data are presented as the mean ± SEM. *p < 0.05, * *p < 0.01, and * **p < 0.001 versus control cells. 
#p < 0.05, ##p < 0.01, and ###p < 0.001 versus CD-HFD or control cells. &&p < 0.01 and &&&p < 0.001 versus U0126-treated cells. p-values determined by one-way 

ANOVA with Tukey’s post-hoc test. 
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Fig. 6. ASB2 overexpression prevents the upregulation of S100A4 by elafibranor. (A) ASB2 protein levels in the livers of mice (n = 6 animals) fed a standard 

diet (control) or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. ASB2 

protein levels in the BRL-3A cells exposed to 60 µM elafibranor for 24 h (B) or in the mouse primary culture of hepatocytes exposed to 30 µM elafibranor for 24 h (C). 

Filamin A protein levels (D) in the BRL-3A cells exposed to 60 µM elafibranor for 24 h. S100A4 protein levels (E) in the BRL-3A cells transfected with the ASB2 

CRISPR/dCas9 activation plasmids or control CRISPR/dCas9 activation plasmids and treated with either vehicle or 60 µM elafibranor for 24 h. Data are presented as 

the mean ± SEM. *p < 0.05 and * **p < 0.001 versus control. #p < 0.05 and ##p < 0.01 versus CD-HFD-fed mice or CT CRISPR and elafibranor. p-values deter- 

mined by one-way ANOVA with Tukey’s post-hoc test (A, E) or two-tailed unpaired Student’s t-test (B, C, D). 
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Abstract: Targeting growth differentiation factor 15 (GDF15) is a recent strategy for the treatment of 

obesity and type 2 diabetes mellitus (T2DM). Here, we designed, synthesized, and pharmacologically 

evaluated in vitro a novel series of AMPK activators to upregulate GDF15 levels. These compounds 

were structurally based on the (1-dibenzylamino-3-phenoxy)propan-2-ol structure of the orphan 

ubiquitin E3 ligase subunit protein Fbxo48 inhibitor, BC1618. This molecule showed a better potency 

than metformin, increasing GDF15 mRNA levels in human Huh-7 hepatic cells. Based on BC1618, 

structural modifications have been performed to create a collection of diversely substituted new 

molecules.  Of the thirty-five new compounds evaluated, compound 21 showed a higher increase 

in GDF15 mRNA levels compared with BC1618. Metformin, BC1618, and compound 21 increased 

phosphorylated AMPK, but only 21 increased GDF15 protein levels. Overall, these findings indicate 

that 21 has a unique capacity to increase GDF15 protein levels in human hepatic cells compared with 

metformin and BC1618. 
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1. Introduction 

Growth differentiation factor 15 (GDF15) (also known as nonsteroidal anti-inflammatory 
drug-activated gene, placental bone morphogenetic protein, placental transforming growth 
factor-ß, and prostate-derived factor) is a stress-induced cytokine that is involved in appetite 
regulation [1]. In fact, the increase in GDF15 levels promotes an anorectic effect that leads 
to a reduction in body weight through its binding to its central receptor glial cell-line- 
derived neurotrophic factor (GDNF)-like alpha-1 (glial cell-derived neurotrophic factor 
family receptor alpha-like (GFRAL)) [1]. Consistent with this role of GDF15, transgenic 

mice overexpressing Gdf15 display a lean phenotype and a reduction in food intake and are 

more resistant to obesity, metabolic inflammation, and glucose intolerance [2,3]. Likewise, 
administration of recombinant GDF15 (rGDF15) has been reported to reduce food intake 

and body weight in mice, but these effects are absent in Gfral-knockout mice [2,4,5]. Overall, 

these findings suggest that pharmacological modulation of GDF15 shows promise for 
the treatment of obesity and its complications, such as type 2 diabetes mellitus (T2DM). 
Indeed, GDF15 analogs, which try to overcome the pharmacokinetic (e.g., a short half-life 
of ~3 h in mice and non-human primates) and physicochemical (e.g., high aggregation 
propensity) limitations of native GDF15 [1,6,7], have been developed for the treatment 
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of obesity. Another potential strategy to target the GDF15–GFRAL pathway involves the 

pharmacological regulation of endogenous GDF15 levels. Interestingly, metformin, the most 
prescribed drug for the treatment of T2DM, has been reported to increase serum GDF15 
in patients [8]. Subsequently, two studies reported that the anorectic response of mice to 

metformin requires an intact GDF15–GFRAL pathway [9,10]. In addition, the increase in 
GDF15 levels caused by metformin was associated with the reduction in body weight in 
patients with [10] or without [9] T2DM. Although a recent study reported that the effects 

of metformin on body weight were independent of the GDF15–GFRAL signaling in some 
circumstances [11], a new study confirmed the involvement of this pathway on the effects of 

metformin on body weight [12]. These findings validate that targeting endogenous GDF15 
may serve as a pharmacological approach to treat obesity and T2DM. Interestingly, many 
of the antidiabetic effects of metformin are mediated by the activation of the adenosine 

monophosphate-activated protein kinase (AMPK) [13], and we reported that the increase 
in GDF15 caused by metformin involves the activation of this kinase [14]. Moreover, 

we observed that the antidiabetic effect of a low dose of metformin is not observed in 

Gdf15-knockout mice [14]. These findings suggest that targeting AMPK may provide new 

possibilities to increase endogenous levels of GDF15 to treat obesity and T2DM. 

In this study, we designed,   synthesized,   and pharmacologically evaluated in vitro 

a novel series of AMPK activators, aiming at increasing GDF15 expression. These com- 

pounds are structurally based on the (1-dibenzylamino-3-phenoxy)propan-2-ol skeleton of 

the orphan ubiquitin E3 ligase subunit protein Fbxo48 inhibitor, BC1618, which exceeds 

metformin potency for stimulating AMPK [15]. In this context, we carried out conservative 
structural modifications on the substituents in the phenoxy ring and in the amine moiety. 

Our findings show that one of the new compounds synthesized, 21, exhibits substantially 

better potency compared to metformin and BC1618 towards increased GDF15 mRNA and 

protein levels in human hepatic cells. 

2. Results 

2.1. Synthesis of GDF15 Inducers 

The synthesis of BC1618 was performed as described [16]. The other products were 

synthetized following the same synthetic strategy (Scheme 1). In this manner, a methanol 
solution of the required phenol (1 equiv.) with epichlorohydrin (10 equiv.) in the presence of 
potassium carbonate (1.2 equiv.) was heated at reflux for 4 h, leading to the corresponding 
phenoxymethyloxirane intermediates. In a second synthetic step, an equimolecular mixture 
of the phenoxymethyloxirane derivatives and the required primary or secondary amine 

were heated at 70 ◦C for 24 h to afford the final compounds (1–35) in good yields (see 

Section 4 for further details). 

All the compounds synthesized for in vitro evaluation were fully characterized through 

their spectroscopic data (1H and 13C), infrared (IR), and high-resolution mass spectrom- 
etry (HMRS). The purity was determined by high-performance liquid chromatography 
(HPLC)/mass spectrometry, and only compounds with a purity >95% were considered for 
biological studies (see the Section 4 and the Supplementary Materials for further details). 

 
2.2. Assessment of the Activity of the New Compounds Increasing GDF15 mRNA Levels in Huh-7 
Human Hepatic Cells and Structural–Activity Relationship of the New Compounds 

To evaluate the activity of the synthesized compounds (Scheme 1A–C) in increasing 
GDF15 expression, we incubated Huh-7 human hepatic cells with the new compounds 

(30 µM) for 24 h, using metformin (5 mM) and BC1618 (30 µM) as standards for comparison 

purposes. Hepatic cells were used since circulating GDF15 is primarily derived from the 
liver [17]. As shown in Table 1, metformin caused a 2.7-fold increase in GDF15 mRNA 

levels compared with control cells. By contrast, a much lower concentration of BC1618 

caused a higher increase in GDF15 expression (10.4-fold induction), thereby indicating 
that this compound shows a higher potency, which is consistent with the reported higher 
activation of AMPK [15]. 



Molecules 2023, 28, 5468 Article 2  

235 
 

mRNA Levels (%) 

 

 

 

Scheme 1. General procedure for the synthesis of compounds (1–35) with modifications in the amino 

substituents (in blue) and in the substituents of the phenoxy group (in red). General structures, 

(A) variations in the substituents in the amino group of the p-trichlorophenyl general structure, 

(B) variations in the substituents in the phenoxy group, and (C) variations in the substituents in the 

amino group of the p-chlorophenyl general structure. 

 
Table 1. Assessment of the effects of the compounds 1–35 on human GDF15 expression. GDF15 

mRNA levels in the human liver cell line Huh-7 exposed to 5 mM metformin, 30 µM BC1618, or 30 

µM of new compound for 24 h. Data are presented as the mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, 

and *** p < 0.001 vs. control. p-values determined by one-way ANOVA with Tukey’s post hoc test. 
 

 

Entry Compound Structure GDF15 
GDF15 

mRNA Levels 
Regarding BC1618 (%) 

Activity Change 
Regarding BC1618 (%) 

 
 

1 Control - 100.00 ± 16.00 9.60 −90.40 

 
2 Metformin 273.49 ± 3.79 26.26 −73.74 

 

 
 

3 BC1618 R1 = R2 = Bn 1041.41 ± 83.58 * 100.00 0.00 

4 1 R1 = H, R2 = Bn 1692.98 ± 120.22 *** 162.57 +62.57 
 

5 2 R1 = Me, R2 = Bn 377.99 ± 71.33 36.30 −63.70 
 

6 3 R1 = R2 = Me 296.39 ± 7.77 28.46 −71.54 
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Table 1. Cont. 
 

Entry Compound Structure  GDF15  GDF15  Activity Change 
mRNA Levels (%) mRNA Levels Regarding BC1618 (%) Regarding BC1618 (%) 

7 4 R1 = Ph, R2 = Bn 986.69 ± 24.56 * 94.75 −5.25 

R1 = CH2-3-pyridine, 
R2 = Bn 

394.10 ± 75.18 37.84 −62.16 
 

 

 

 
 

 

9 6 R = H 1021.35 ± 167.60 *** 98.07 −1.93 

10 7 R = p-Cl 1249.04 ± 181.39 ** 119.94 +19.94 
 

11 8 R = p-Me 1107.44 ± 152.04 * 106.34 +6.34 
 

12 9 R = p-isopropyl 871.04 ± 91.59 ** 83.64 −16.36 

13 10 R = p-tert-butyl 640.00 ± 126.21 61.46 −38.54 

14 11 R = p-cyclohexyl 630.49 ± 160.87 * 60.54 39.46 

15 12 R = p-cyclopentyl 942.87 ± 291.40 *** 90.54 −9.46 
 

16 13 R = m,p-diMe 1807.01 ± 190.07 *** 173.52 +73.52 

17 14 R = p-OMe 988.06 ± 137.45 *** 94.88 −5.12 
 

18 15 R = p-OBn 275.85 ± 74.89 26.49 −73.51 
 

19 16 R = p-Opropyl 592.33 ± 220.72 56.88 −43.12 

20 17 R = m,p-diCl 664.89 ± 201.62 63.85 −36.15 
 

21 18 R = m-CF3,p-Cl 446.25 ± 34.9 42.85 −57.15 

22 19 R = m-CF3,p-NO2 520.63 ± 37.79 49.99 −50.01 
 

23 20 R = o,p-diCl 1172.43 ± 168.93 ** 112.58 +12.58 

24 21 R = p-Br 1464.51 ± 16.27 *** 140.63 +40.63 
 

25 22 R = p-NO2 1050.44 ± 69.45 *** 100.87 +0.87 
 

26 23 R = p-I 517.48 ± 196.49 49.69 −50.31 
 

27 24 R = p-SF5 720.70 ± 107.34 * 69.20 −30.80 
 

 

 
 

 

28 25 R1 = Bn, R2 = p-ClBn - - - 

29 26 R1 = R2 = p-ClBn 150.28 ± 18.68 14.43 −85.57 
 

30 27 R1 = Bn, R2 = p-MeBn 177.92 ± 58.52 17.08 −82.92 
 

31 28 R1 = R2 = p-MeBn 205.79 ± 22.24 * 19.76 −80.24 
 

lBn, R2 = 
eBn 

Bn, R2 = 
-diClBn 

lBn, R2 = 
-diClBn 

-Me, R2 = 
-diClBn 

R1 = Bn, R2 = 
p-MeOBn 

219.48 ± 21.63 * 21.08 −78.92 

176.61 ± 40.52 16.96 −83.04 

128.74 ± 11.19 12.36 −87.64 

143.90 ± 34.31 13.82 −86.18 

98.35 ± 65.89 9.44 −90.56 
 

 

37 34 R1 = R2 = p-MeOBn 161.63 ± 12.29 15.52 −84.48 
 

R1 = m,p-diClBn, R2 = 
p-MeOBn 

186.69 ± 27.81 17.93 −82.07 
 

 

 

To determine the impact that modifications in the different substituents could have 
in the biological activities (Table 1), we considered two main approximations starting 

from BC1618: (a) an exploration of the substituents in the amino moiety (right-hand side, 

8 5 

36 33 

38 35 

32 29 R1 = p-C 
p-M 

33 30 R1 = 
m,p 

34 31 R1 = p-C 
m,p 

35 32 R1 = p 
m,p 
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RHS; highlighted in blue in the general structure in the Scheme 1) and (b) a study of the 

substituents at the phenoxy group (left-hand side, LHS; highlighted in red in the general 

structure in the Scheme 1). 

In this context, the simplification of the dibenzylamino substituent of BC1618 to a 

benzylamino was considered, leading to compound 1, which exhibited important increases 
in GDF15 expression compared with BC1618 but also increased cell mortality, suggesting 
some toxicity that rendered it unsuitable for further work. Compared with BC1618, an N- 

benzyl,N-methylamine substituent in 2 or N,N-dimethylamine in 3 resulted in substantial 

reductions in the expression of GDF15. An N-benzyl-N-phenylamino moiety in 4 caused 

no significant changes in GDF15 levels compared with BC1618, whereas the presence of an 

electron-deficient aromatic ring such as a 3-pyridine in 5 caused a dramatic reduction in 
GDF15 levels. 

At this point, we maintained unaltered the RHS part of the initial scaffold (N-dibenzyla 
mino) and focused on the modifications of the substituents at the phenoxy moiety. Removal 
of the trifluoromethyl group, as in 6, had no effect on GDF15 levels compared with BC1618. 
Comprehensive exploration of the RHS involved the replacement of the trifluoromethyl 
group by a chlorine atom in 7 or a methyl group in 8, leading to small increases in the 

GDF15 mRNA levels. Other replacements, featuring bulkier p-alkyl substituents, such as 

those conducted in 9 (isopropyl), 10 (tert-butyl), 11 (cyclohexyl), or 12 (cyclopentyl), did 

not improve the levels of the biomarker. Compound 13, featuring a 3,4-dimethylphenoxy 
group, exhibited a remarkable increase in the GDF15 levels, although it was somehow 
toxic, showing an increase in the cell mortality. Compound 14, embodying a p-methoxy 

group, depicted similar activity as BC1618. With the aim of exploring alternative p-alkyloxy 

substituents, 15 with a p-benzyloxy group and 16 with a p-propyloxy unit were synthesized, 

leading to a significant reduction in GDF15 expression compared with BC1618.   Next, 

we undertook the synthesis of disubstituted compounds 17–19, featuring m,p-dichloro- 

, p-chloro,m-trifluoromethyl-, and p-nitro,m-trifluoromethyl-phenoxy units, respectively. 

The three new compounds did not improve the activity of BC1618. The presence of a 

o,p-dichloro atoms at the phenoxy group in 20 led to an increase in GDF15 expression. 
Considering the abovementioned results, in a final round, we selected compound 

7, with a p-chlorophenoxy group, and we introduced substituents in the dibenzylamino 

moiety. Therefore, we synthesized eleven new analogs, including 25 and 26, with a p-chloro 

in one or two of the benzyl groups, respectively; 27 and 28, with a p-methyl in one or two 

of the benzyl groups, respectively; and 29, with a p-chloro and a p-methyl group in each 

benzyl group. All these compounds depicted a very important decrease in the GDF15 levels 

compared with BC1618. Particularly, 25 was toxic for the cells, and the number of cells 

collected was too low to analyze GDF15 expression. Increasing the number of chloro atoms 

in the benzyl substituents, as in 30 (m,p-dichloro), 31 (m,p-dichloro and p-chloro), and 32 
(m,p-dichloro and p-methyl), resulted in a dramatical decrease in GDF15 levels. Finally, 

moving to electron-donating groups, such as a p-methoxy group (33 in one benzyl or 34 in 

both benzyl groups), or to a combination of m,p-dichloro on one ring and p-methoxy in the 

other ring (35) was deleterious for the biological activity. 

Considering that compound 7, featuring a dibenzylamino unit at the RHS of the 

molecule and a p-chlorophenoxy group at the LHS, provided the highest GDF15 levels 

without toxicity, we finally explored the effect of replacing the p-chlorine atom by another 

electron-withdrawing group. Thus, we synthesized compound 21, with a p-bromophenoxy 

group. Interestingly, this compound exhibited a marked increase in GDF15 expression 

without toxicity issues. When a nitro group or an iodine atom occupied the para posi- 

tion of the phenoxy group in 22 and 23, respectively, a decrease in GDF15 levels was 
observed. Our experience in the study of the rather scarcely explored pentafluorosulfanyl 
substituent [18] prompted us to prepare compound 24, which did not represent a biological 

improvement. Considering all the above-mentioned results, compound 21 was selected for 
further experiments. 
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2.3. Evaluation of the Activity of 21 on AMPK Activation and GDF15 Protein Levels in Huh-7 
Human Hepatic Cells 

The effect of compound 21 on GDF15 protein levels compared with metformin and 

BC1618 was evaluated in Huh-7 cells. The three compounds activated AMPK, determined 

by the increase in phosphorylated AMPK. However, of the three compounds, only 21 
increased the protein abundance of GDF15 (Figure 1). 

 

Figure 1. Compound 21 increases GDF15 protein abundance. GDF15 and phosphorylated AMPK 

protein levels in Huh-7 human hepatic cells exposed to metformin (MET) (5 mM), BC1618 (10 µM), 

or 21 (10 µM) for 72 h. Data are presented as the mean ± SEM (n = 3). * p < 0.05, and *** p < 0.001 

vs. control. # p < 0.05 vs. metformin-treated cells. & p < 0.05 vs. BC1618-treated cells. p-values 

determined by one-way ANOVA with Tukey’s post hoc test. 

3. Discussion 

There is conclusive evidence that GDF15 is an attractive target for the treatment of 

obesity and T2DM [1]. Indeed, recombinant GDF15 and its analogs reduce food intake 

and body weight and improve glucose intolerance in animal models of obesity [1,6,7]. 

In addition, metformin increases circulating GDF15 levels [8]. The metformin-mediated 

increase in GDF15 levels may mediate part of its effects on body weight and glucose 

metabolism [9,10,14]. Therefore, pharmacological modulation of endogenous GDF15 levels 

by small molecules offers promise for the treatment of obesity and T2DM. In this line, it has 

been reported that metformin increases GDF15 levels via AMPK [14], converting this kinase 

in a target to increase this cytokine. In this study, we synthesized new compounds based 

on the (1-dibenzylamino-3-propoxy)propan-2-ol group of the orphan ubiquitin E3 ligase 

subunit protein Fbxo48 inhibitor, BC1618 [15], to upregulate GDF15 levels. It is known 

that the potency of BC1618 activating AMPK exceeds that of metformin [15], but little was 

known about the capacity of this compound to increase GDF15. 
Here, we show that BC1618 (10 µM) causes a strong increase in GDF15 mRNA levels 

in human Huh-7 cells compared with metformin (5 mM). In addition, we synthesized and 
fully characterized thirty-five new analogues of BC1618, and we evaluated their effects 

on GDF15 expression. All the new compounds increased GDF15 mRNA levels over the 

control, and a few of them were more potent than BC1618. 

Compound 21, which features a bromine atom instead of the trifluoromethyl group 

of BC1618, caused a higher increase in GDF15 levels compared with BC1618 and was 
selected to evaluate its effects on GDF15 protein abundance compared with metformin 
and BC1618. The three compounds increased phosphorylated levels of AMPK. However, 
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only 21 increased GDF15 protein levels. Although previous studies have reported that 

metformin administration increases serum GDF15 levels,  the source tissue leading to 
the increase in this cytokine remains controversial [19]. Thus, two studies reported that 
metformin can induce GDF15 release from mouse primary hepatocytes [9,10], but one of 
these studies showed that metformin increased GDF15 levels in kidneys and intestines 
but not in the liver [9]. More recently, a new study demonstrated that acute metformin 
treatment elevated GDF15 levels in different tissues but not in the liver [11]. Therefore, it 

is likely that due to the slight increase in GDF15 expression caused by metformin, longer 

exposures are needed to detect an increase in GDF15 protein abundance in hepatic cells. 

However, BC1618 caused a higher increase in GDF15 mRNA levels compared to metformin, 

but this increase did not result in an elevation of the protein abundance of this cytokine. 

By contrast, 21 treatment increased GDF15 protein levels. These findings suggest that the 

substitution of the trifluoromethyl group by a bromine atom may contribute to increase 
GDF15 protein abundance. Although the reasons for this effect are unknown, several 
factors may contribute. For instance, a bigger atom such as bromine may affect the ability 
to interact with target proteins and receptors. In fact, a study investigating the effects 

of 3,3′-diindolylmethane and its synthetic halogenated derivatives found that a bromide 
derivative caused a higher activation of AMPK [20]. These findings suggest that the 

presence of bromide atoms in 21 could potentiate or sustain AMPK activation, leading to 

an increase in GDF15 protein levels. Although we did not observe a greater increase in 

phosphorylated AMPK following 21 treatment compared with BC1618, we only examined a 

single time point. Therefore, transient increases might have contributed to achieve a higher 
potency in AMPK activation. Further studies are needed to elucidate the mechanisms that 
contribute to increasing GDF15 protein levels. 

Overall, the findings of this study show that there is no correlation between GDF15 
mRNA and protein levels and that the presence of a bromine atom in the structure of 

molecules activating AMPK and increasing GDF15 expression allows to increase the pro- 

tein abundance of this stress cytokine in hepatic cells. Moreover, we describe that new 
compound 21 has a unique capacity to increase GDF15 protein levels in human hepatic 
cells compared with metformin and BC1618. 

4. Materials and Methods 

4.1. Chemical Synthesis 

4.1.1. General Methods 

Reagents, solvents, and starting products were acquired from commercial sources. 

When indicated, the reaction products were purified by “flash” chromatography on silica 

gel (35–70 µm) with the indicated solvent system. The melting points were measured in a 

MFB 59510M Gallenkamp instruments. IR spectra were performed in a spectrophotometer 

Nicolet Avantar 320 FTR-IR or in a Spectrum Two FT-IR Spectrometer, and only noteworthy 

IR absorptions (cm−1) are listed. NMR spectra were recorded in CDCl3 at 400 MHz (1H) 

and 101 MHz (13C), and chemical shifts are reported in δ values downfield from TMS or 

relative to residual chloroform (7.26 ppm, 77.0 ppm) as an internal standard. Data are 

reported in the following manner: chemical shift, multiplicity, coupling constant (J) in 

hertz (Hz), and integrated intensity and assignment (when possible). Multiplicities are 

reported using the following abbreviations: s, singlet; d, doublet; dd, doublet of doublets; 

t, triplet; q, quadruplet; m, multiplet;  br s, broad signal;  app, apparent.  Assignments 

and stereochemical determinations are given only when they are derived from definitive 

dimensional NMR experiments (g-HSQC). The accurate mass analyses were carried out 

using a LC/MSD-TOF spectrophotometer. HPLC-MS (Agilent 1260 Infinity II) analysis 

was conducted on a Poroshell 120 EC-C15 (4.6 mm 50 mm, 2.7 µm) at 40 ◦C with mobile 

phase A (H2O + 0.05% formic acid) and B (ACN + 0.05% formic acid) using a gradient 

elution and flow rate 0.6 mL/min. The DAD detector was set at 254 nm, the injection 

volume was 5 µL, and the oven temperature was 40 ◦C. 
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General procedure for the preparation of final aryloxypropanolamines from aryloxye- 

poxydes and amines. The corresponding amines (1 equivalent) and the corresponding 

oxiranes (1 equivalent) were stirred under N2 atmosphere at 70 ◦C for 24 h. The reaction 
mixture was concentrated, and the resulting residue was purified by column chromatogra- 
phy to afford pure products. 

4.1.2. 1-(Dibenzylamino)-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (BC1618) 

Following the general procedure, a mixture of dibenzylamine (CAS 103-49-1) (0.09 mL, 

0.47 mmol) and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (100 mg, 0.46 mmol) af- 

forded BC1618 (149 mg, 78%) as a white solid after column chromatography (hexane/DCM 

9:1 to 8:2). IR (ATR) 3412, 3029, 2924, 1613, 1451, 1261, 1034, 840, 745, 698 cm−1. 1H NMR 

(500 MHz, CDCl3) δ 2.69 (d, J = 7.0 Hz, 2H, CH2N), 3.56 (d, J = 13.5 Hz, 2H, CH2Ph), 3.82 (d, 

J = 13.5 Hz, 2H, CH2Ph), 3.85–3.94 (m, 2H, CH2O), 4.06–4.14 (m, 1H, CH), 6.88 (d, J = 8.5 Hz, 

2H, ArH), 7.24–7.30 (m, 2H, ArH), 7.31–7.35 (m, 8H, ArH), 7.51 (d, J = 8.5 Hz, 2H, ArH). 
13C NMR (126 MHz, CDCl3) δ 56.0 (CH2N), 59.0 (2CH2Ph), 66.4 (CH), 70.6 (CH2O), 114.6 

(2CHAr), 121.3 (CAr), 123.2 (q, J = 32.5 Hz, CF3), 125.6 (CAr), 127.0 (d, J = 4.0 Hz, 2CHAr), 

127.6 (2CHAr), 128.7 (4CHAr), 129.1 (CHAr), 129.3 (2CHAr), 130.0 (CHAr), 138.4 (CAr), 

161.2 (OCAr) [15]. Purity 96.90% (tR = 3.27 min). 

4.1.3. 1-(Benzylamino)-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (1) 

Following the general procedure, benzylamine (CAS 100-46-9) (0.05 mL, 0.46 mmol) 

and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (100 mg, 0.46 mmol) afforded 1 (82 mg, 
55%) as a white solid after column chromatography (hexane/EtOAc 9:1 to 8:2). Mp 102–

105 ◦C (EtOAc). IR (ATR) 3266, 1614, 1520, 1335, 1256, 1153, 1109, 1035, 836, 698 cm−1. 
1H NMR (400 MHz, CDCl3, HETCOR) δ 2.47 (s, 2H, OH, NH), 2.79 (dd, J = 12.0, 8.0 Hz, 1H, 

CH2N), 2.91 (dd, J = 12.0, 4.0, Hz, 1H, CH2N), 3.79–3.91 (m, 2H, CH2Ph), 4.02 (d, J = 5.5 Hz, 
2H, CH2O), 4.05–4.13 (m, 1H, CH), 6.96 (d, J = 8.5 Hz, 2H, ArH), 7.25–7.38 (m, 5H, ArH), 

7.54 (d, J = 8.5 Hz, 2H, ArH). 13C NMR (101 MHz, CDCl3) δ 51.1 (CH2N), 53.9 (CH2Ph), 
68.3 (CH), 70.7 (CH2O), 114.7 (2CHAr), 121.4–125.4 (m, CF3), 127.0 (2CHAr), 127.4 (2CHAr), 
128.3 (3CHAr), 128.7 (CAr), 139.8 (CAr), 161.2 (OCAr).  HRMS C17H19F3NO2 [M + H]+ 

326.1362; found 326.1366. Purity 95.23% (tR = 2.80 min). 

4.1.4. 1-[Methyl(phenyl)amino]-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (2) 

Following the general procedure, N-benzylmethylamine (CAS 103-67-3) (0.06 mL, 

0.46 mmol) and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (100 mg, 0.46 mmol) af- 
forded 2 (73 mg, 47%) as a white solid after a reversed-phase column chromatography 

(H2O:ACN 95:5). Mp 53–56 ◦C (EtOAc). IR (ATR) 3432, 2843, 1615, 1519, 1327, 1258, 1153, 
1107, 1068, 836, 699 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 2.36 (s, 3H, CH3), 2.61 

(dd, J = 12.5, 4.0, Hz, 1H, CH2), 2.71 (dd, J = 12.5, 10.0 Hz, 1H, CH2), 3.6 (br s, 1H, OH), 3.61 
(d, J = 13.0 Hz, 1H, CH2Ph), 3.76 (d, J = 13.0 Hz, 1H, CH2Ph), 4.00 (dd, J = 5.0, 1.0 Hz, 2H, 
CH2), 4.12–4.21 (m, 1H, CH), 6.96 (d, J = 8.5 Hz, 2H, ArH), 7.34 (dd, J = 8.0, 2.0 Hz, 5H, 

ArH), 7.54 (d, J = 8.5 Hz, 2H, ArH). 13C NMR (101 MHz, CDCl3) δ 42.3 (CH3), 59.5 (CH2N), 

62.6 (CH2Ph), 66.0 (CH), 70.5 (CH2O), 114.7 (2CHAr), 123.3 (q, J = 33.0 Hz, CF3), 127.0 (q, 
J = 4.0 Hz, 3CHAr), 127.8 (2CHAr), 128.7 (2CHAr), 129.4 (CAr), 137.3 (CAr), 161.2 (OCAr). 

HRMS C18H21F3NO2 [M + H]+ 340.1519; found 340.1523. Purity 100% (tR = 2.74 min). 

4.1.5. 1-(Dimethylamino)-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (3) 

Following the general procedure, dimethylamine (CAS 124-40-3) (0.04 mL, 0.55 mmol) 
and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (120 mg, 0.55 mmol) afforded 3 (48 mg, 
33%) as an oil after a reversed-phase column chromatography (H2O:ACN 95:5). IR (ATR) 

3348, 2926, 1615, 1520, 1461, 1257, 1033, 835, 775, 691 cm−1. 1H NMR (400 MHz, CDCl3, 

HETCOR) δ 2.66 (s, 6H, 2CH3), 2.84 (m, 1H, CH2N), 2.98 (m, 1H, CH2N), 4.00 (dd, J = 9.5, 

5.5 Hz, 1H, CH2O), 4.10 (dd, J = 9.5, 5.0 Hz, 1H, CH2O), 4.34 (m, 1H, CH), 6.97 (d, J = 8.5 Hz, 

2H, ArH), 7.53 (d, J = 9.0 Hz, 2H, ArH). 13C NMR (101 MHz, CDCl3) δ 45.1 (2CH3), 62.0 
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(CH2N), 65.2 (CH), 70.1 (CH2O), 114.6 (2CHAr), 121.6–124.3 (m, CF3), 125.8 (CAr), 127.1 (d, 

J = 4.0 Hz, 2CAr), 160.9 (OCAr). HRMS C12H17F3NO2 [M + H]+ 264.1206; found 264.1210. 
Purity 98.36% (tR = 2.47 min). 

4.1.6. 1-[Benzyl(phenyl)amino]-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (4) 

Following the general procedure, N-benzylaniline (CAS 103-32-2) (0.08 mL, 0.46 mmol) 
and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (100 mg, 0.46 mmol) afforded 4 (95 mg, 

52%) as a white solid after column chromatography (hexane/EtOAc 9:1 to 8:2). Mp 82–86 ◦C 
(EtOAc). IR (ATR) 3445, 1616, 1521, 1336, 1259, 1153, 1108, 1025, 839, 692 cm−1. 1H NMR 
(400 MHz, CDCl3, HETCOR) δ 2.36 (br s, 1H, OH), 3.63 (dd, J = 12.0, 4.5 Hz, 2H, CH2N), 4.00 

(dd, J = 12.0, 4.5 Hz, 2H, CH2Ph), 4.33 (br s, 1H, CH), 4.61 (d, J = 5.5 Hz, 2H, CH2O), 6.73 (t, 

J = 7.0 Hz, 1H, ArH), 6.81 (d, J = 8.0 Hz, 2H, ArH), 6.91 (d, J = 8.5 Hz, 2H, ArH), 7.17–7.24 

(m, 5H, ArH), 7.26–7.28 (m, 2H, ArH), 7.52 (d, J = 9.0 Hz, 2H, ArH). 13C NMR (101 MHz, 

CDCl3) δ 54.2 (CH2N), 55.8 (CH2Ph), 68.2 (CH), 70.1 (CH2O), 113.4 (2CHAr), 114.7 (2CHAr), 
117.8 (2CHAr), 122.0–125.2 (m, CF3), 126.9 (2CHAr), 127.2 (CAr), 128.8 (3CAr), 129.5 (3CAr), 
138.4 (CAr), 148.8 (CAr), 161.0 (OCAr).  HRMS C23H23F3NO2 [M + H]+  402.1675; found 

402.1673. Purity 98.66% (tR = 4.71 min). 

4.1.7. 1-[Benzyl(pyridin-3-ylmethyl)amino]-3-[4-(trifluoromethyl)phenoxy]propan-2-ol (5) 

Following the general procedure, N-benzyl-1-(pyridin-3-yl)methanamine (CAS 63361- 

56-8) (73 mg, 0.37 mmol) and 2-{[4-(trifluoromethyl)phenoxy]methyl}oxirane (80 mg, 
0.37 mmol) afforded 5 (40 mg, 26%) as a white solid after column chromatography (hex- 

ane/EtOAc 9:1 to 8:2). Mp 95–97 ◦C (EtOAc). IR (ATR) 2920, 1453, 1325, 1257, 1158, 1109, 

1068, 1028, 837, 701 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 2.66–2.77 (m, 2H, 

CH2N), 3.62 (dd, J = 10.5, 13.5 Hz, 2H, CH2Ph, CH2Pyr), 3.82 (dd, J = 13.5, 5.0 Hz, 2H, 

CH2Ph, CH2Pyr), 3.91 (d, J = 5.0 Hz, 2H, CH2O), 4.08–4.16 (m, 1H, CH), 6.88 (d, J = 8.5 Hz, 

2H, ArH), 7.26–7.37 (m, 6H, ArH), 7.52 (d, J = 8.5 Hz, 2H, ArH), 7.67 (d, J = 8.0 Hz, 1H, 

ArH), 8.53 (d J = 4.0 Hz, 1H, ArH), 8.57 (s, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 56.1 

(CH2N), 56.3 (CH2Pyr), 59.0 (CH2Ph), 66.7 (CH), 70.4 (CH2O), 114.6 (2CHAr), 123.0–123.6 

(m, CF3), 123.7 (CHAr), 125.6 (CAr) 127.0 (2CHAr), 127.9 (CHAr), 128.8 (2CHAr), 129.3 

(2CHAr), 133.8 (CAr), 137.0 (CHAr), 137.7 (CAr), 149.0 (CHAr), 150.4 (CHAr), 161.1 (CAr). 

HRMS C23H24F3N2O2 [M + H]+ 417.1784; found, 417.1794. Purity 100% (tR = 2.43 min). 

4.1.8. 1-(Dibenzylamino)-3-phenoxypropan-2-ol (6) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.57 mL, 2.96 mmol) 

and 2-(phenoxymethyl)oxirane (442 mg, 2.94 mmol) afforded 6 (698 mg, 68%) as an oil 
after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 3434, 3028, 1598, 1494, 

1452, 1242, 1927, 814, 747, 691 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 2.61–2.73 

(m, 2H, CH2N), 3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.80 (d, J = 13.5 Hz, 2H, CH2Ph), 3.87 

(d, J = 5.5 Hz, 2H, CH2O), 4.05–4.16 (m, 1H, CH), 6.84 (d, J = 8.0 Hz, 2H, ArH), 6.94 (t, 

J = 7.5 Hz, 1H, ArH), 7.21–7.38 (m, 12H, ArH). 13C NMR (101 MHz, CDCl3) δ 56.3 (CH2N), 

58.9 (2CH2Ph), 66.6 (CH), 70.4 (CH2O), 114.6 (2CHAr), 121.0 (CHAr), 127.5 (2CHAr), 128.6 

(4CHAr), 129.2 (4CHAr), 129.5 (2CHAr), 138.6 (2CAr), 158.8 (OCAr). HRMS C23H26NO2 

[M + H]+ 348.1958; found 348.1961. Purity 98.28% (tR = 3.16 min). 

4.1.9. 1-(4-Chlorophenoxy)-3-(dibenzylamino)propan-2-ol (7) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.33 mL, 1.71 mmol) 
and 2-[(4-chlorophenoxy)methyl]oxirane (316 mg, 1.71 mmol) afforded 7 (624 mg, 96%) 
as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 3426, 3027, 

1589, 1485, 1446, 1248, 1027, 827, 743, 697 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) 

δ 2.75 (d, J = 6.5 Hz, 2H, CH2N), 3.57 (d, J = 13.5 Hz, 2H, CH2), 3.81 (d, J = 13.5 Hz, 2H, 
CH2Ph), 3.89–3.99 (m, 2H, CH2O), 4.13 (m, 1H, CH), 6.81–6.93 (m, 2H, ArH), 7.18 (m, 1H, 

ArH), 7.22–7.30 (m, 2H, ArH), 7.30–7.36 (m, 9H, ArH). 13C NMR (101 MHz, CDCl3) δ 56.1 
(CH2N), 59.0 (2CH2Ph), 66.6 (CH), 71.3 (CH2O), 113.7 (2CHAr), 121.7 (2CHAr), 123.2 (CAr), 
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127.4 (2CHAr), 127.8 (2CHAr), 128.6 (2CHAr), 129.2 (2CHAr), 130.3 (2CHAr), 138.6 (2CAr), 

154.3 (OCAr).  HRMS C23H25ClNO2 [M + H]+  382.1568; found 382.1570.  Purity 96.90% 

(tR = 3.27 min). 

4.1.10. 1-(Dibenzylamino)-3-(p-tolyloxy)propan-2-ol (8) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.20 mL, 1.04 mmol) 
and 2-[(p-tolyloxy)methyl]oxirane (170 mg, 1.04 mmol) afforded 8 (300 mg, 80%) as a white 

solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 55–57 ◦C (EtOAc). IR (ATR) 

3419, 3028, 2938, 2805, 1615, 1511, 1238, 1044, 803, 744, 697 cm−1. 1H NMR (400 MHz, CDCl3, 
HETCOR) δ 2.27 (s, 3H, CH3), 2.66 (d, J = 7.5 Hz, 2H, CH2N), 3.18 (s, 1H, OH), 3.53 

(d, J = 13.5 Hz, 2H, CH2Ph), 3.79 (d, J = 13.5 Hz, 2H, CH2Ph), 3.84 (d, J = 5.5 Hz, 2H, CH2O), 
4.04–4.14 (m, 1H, CH), 6.74 (d, J = 8.5 Hz, 2H, ArH), 7.04 (d, 2H, ArH), 7.32 (m, J = 3.0 Hz, 

10H, ArH). 13C NMR (101 MHz, CDCl3) δ 20.6 (CH3), 56.3 (CH2N), 58.8 (2CH2Ph), 66.7 
(CH), 70.6 (CH2O), 114.5 (2CHAr), 127.4 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 130.0 
(CAr), 130.2 (2CHAr), 138.7 (2CAr), 156.7 (OCAr). HRMS C24H28NO2 [M + H]+ 362.2115; 

found 362.2115. Purity 97.23% (tR = 3.35 min). 

4.1.11. 1-(Dibenzylamino)-3-(4-isopropylphenoxy)propan-2-ol (9) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.25 mL, 1.30 mmol) 
and 2-[(4-isopropylphenoxy)methyl]oxirane (253 mg, 1.32 mmol) afforded 9 (320 mg, 62%) 

as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 70–72 ◦C 

(EtOAc). IR (ATR) 3449, 3027, 1609, 1513, 1455, 1245, 1039, 838, 745, 696 cm−1. 1H NMR (400 
MHz, CDCl3, HETCOR) δ 1.21 (d, J = 7.0 Hz, 6H, CH3), 2.63–2.69 (m, 2H, CH2N), 2.85 (m, 

J = 7.0 Hz, 1H, CH), 3.17 (s, 1H, OH), 3.53 (d, J = 13.5 Hz, 2H, CH2Ph), 3.79 (d, J = 13.5 Hz, 
2H, CH2Ph), 3.85 (d, J = 5.5 Hz, 2H, CH2O), 4.04–4.14 (m, 1H, CH), 6.77 (d, J = 9.0 Hz, 

2H, ArH), 7.11 (d, J = 8.5 Hz, 2H, ArH), 7.25–7.36 (m, 10H, ArH). 13C NMR (101 MHz, 

CDCl3) δ 24.3 (2CH3), 33.4 (CH), 56.4 (CH2N), 58.9 (2CH2Ph), 66.7 (CH), 70.5 (CH2O), 114.4 
(2CHAr), 127.3 (2CHAr), 127.4 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.7 (2CAr), 141.5 
(CAr), 156.9 (OCAr). HRMS C26H32NO2 [M + H]+ 390.2428; found 390.2427. Purity 98.32% 

(tR = 3.63 min). 

4.1.12. 1-[4-(Tert-butyl)phenoxy]-3-(dibenzylamino)propan-2-ol (10) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.24 mL, 1.25 mmol) 
and 2-{[4-(tert-butyl)phenoxy]methyl}oxirane (261 mg, 1.27 mmol) afforded 10 (375 mg, 

74%) as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 80–83 ◦C 

(EtOAc). IR (ATR) 3432, 3028, 2963, 1605, 1513, 1247, 1042, 828, 746, 698 cm−1. 1H NMR (400 
MHz, CDCl3, HETCOR) δ 1.29 (s, 9H, 3CH3), 2.61–2.70 (m, 2H, CH2N), 3.16 (s, 1H, OH), 

3.53 (d, J = 13.5 Hz, 2H, CH2Ph), 3.79 (d, J = 13.5 Hz, 2H, CH2Ph), 3.85 (d, J = 5.5 Hz, 2H, 
CH2O), 4.05–4.12 (m, 1H, CH), 6.78 (d, J = 9.0 Hz, 2H, ArH), 7.24 (m, 2H, ArH), 7.26–7.35 

(m, 10H, ArH). 13C NMR (101 MHz, CDCl3) δ 31.7 (3CH3), 34.2 (C), 56.4 (CH2N), 58.9 
(2CH2Ph), 66.7 (CH), 70.5 (CH2O), 114.1 (2CHAr), 126.3 (2CHAr), 127.4 (2CHAr), 128.6 
(4CHAr), 129.2 (4CHAr), 138.7 (2CAr), 143.7 (CAr), 156.5 (OCAr).  HRMS C27H34NO2 

[M + H]+ 404.2584; found 404.2590. Purity 100% (tR = 3.62 min). 

4.1.13. 1-(4-Cyclohexylphenoxy)-3-(dibenzylamino)propan-2-ol (11) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.21 mL, 1.09 mmol) 
and 2-[(4-cyclohexylphenoxy)methyl]oxirane (253 mg, 1.09 mmol) afforded 11 (340 mg, 73%) 

as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 113–115 ◦C 

(EtOAc). IR (ATR) 3427, 3028, 2928, 1512, 1515, 1248, 1047, 809, 744, 696 cm−1. 1H NMR 

(400 MHz, CDCl3, HETCOR) δ 1.18–1.31 (m, 1H, CH2cycl), 1.31–1.46 (m, 4H, 2CH2cycl), 

1.75 (m, 1H, CH2cycl), 1.78–1.91 (m, 4H, 2CH2cycl), 2.39–2.51 (m, 1H, CHcycl), 2.63–2.75 
(m, 2H, CH2N), 3.18 (s, 1H, OH), 3.55 (d, J = 13.5 Hz, 2H, CH2Ph), 3.80 (d, J = 13.5 Hz, 2H, 

CH2 Ph), 3.86 (d, J = 5.5 Hz, 2H, CH2O), 4.05–4.15 (m, 1H, CH), 6.78 (d, J = 9.8 Hz, 2H, 

ArH), 7.11 (d, J = 6.5 Hz, 2H, ArH), 7.24–7.31 (m, 2H, ArH), 7.30–7.39 (m, 8H, ArH). 13C 
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NMR (101 MHz, CDCl3) 26.3 (CH2cycl), 27.1 (2CH2cycl), 34.8 (2CH2cycl), 43.8 (CHcycl), 

56.4 (CH2N), 58.9 (2CH2Ph), 66.7 (CH), 70.5 (CH2O), 114.4 (2CHAr), 127.4 (2CHAr), 127.7 
(2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.7 (2CAr), 140.8 (CAr), 156.9 (OCAr). HRMS 

C29H36NO2 [M + H]+ 430.2741; found 430.2736. Purity 99.24% (tR = 3.88 min). 

4.1.14. 1-(4-Cyclopentylphenoxy)-3-(dibenzylamino)propan-2-ol (12) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.23 mL, 1.19 mmol) 
and 2-[(4-cyclopentylphenoxy)methyl]oxirane (257 mg, 1.18 mmol) afforded 12 (295 mg, 

60%) as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 88–90 ◦C 

(EtOAc). IR (ATR) 3413, 2938, 1610, 1511, 1451, 1242, 1044, 824, 747, 698 cm−1. 1H NMR 
(400 MHz, CDCl3, HETCOR) δ1.48–1.60 (m, 2H, CH2cycl), 1.62–1.71 (m, 2H, CH2cycl), 

1.73–1.83 (m, 2H, CH2cycl), 1.96–2.09 (m, 2H, CH2cycl), 2.63–2.69 (m, 2H, CH2N), 2.86–2.99 
(m, 1H, CHcycl), 3.53 (d, J = 13.5 Hz, 2H, CH2Ph), 3.79 (d, J = 13.5 Hz, 2H, CH2Ph), 3.84 (d, 
mboxemphJ = 5.5 Hz, 2H, CH2O), 4.05–4.11 (m, 1H, CH), 6.73–6.80 (d, 2H, ArH), 7.09–7.16 
(d, 2H, ArH), 7.22–7.37 (m, 10H, ArH). 13C NMR (101 MHz, CDCl3) δ 25.5 (2CH2cycl), 

34.8 (2CH2cycl), 45.3 (CHcycl), 56.3 (CH2), 58.9 (2CH2Ph), 66.7 (CH), 70.6 (CH2), 114.4 
(2CHAr), 127.4 (2CHAr), 128.0 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.7 (CAr), 139.0 

(2CAr), 156.9 (OCAr). HRMS C28H34NO2 [M + H]+ 416.2584; found 416.2591. Purity 100% 

(tR = 3.66 min). 

4.1.15. 1-(Dibenzylamino)-3-(3,4-dimethylphenoxy)propan-2-ol (13) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.37 mL, 1.92 mmol) 

and 2-[(3,4-dimethylphenoxy)methyl]oxirane (347 mg, 1.95 mmol) afforded 13 (555 mg, 
76%) as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 3435, 3026, 
2921, 1607, 1501, 1452, 1252, 1046, 735, 697 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) 

δ 2.18 (s, 3H, CH3), 2.21 (s, 3H, CH3), 2.62–2.73 (m, 2H, CH2N), 3.54 (d, J = 13.5 Hz, 2H, 
CH2Ph), 3.79 (d, J = 13.5 Hz, 2H, CH2Ph), 3.83 (d, J = 5.0 Hz, 2H, CH2O), 4.02–4.14 (m, 1H, 
CH), 6.58 (dd, J = 8.5, 3.0 Hz, 1H, ArH), 6.65 (d, J = 3.0 Hz, 1H, ArH), 7.00 (d, J = 8.3 Hz, 

1H, ArH), 7.21–7.42 (m, 10H, ArH). 13C NMR (101 MHz, CDCl3) δ 18.9 (CH3), 20.1 (CH3), 
56.3 (CH2N), 58.8 (2CH2Ph), 66.7 (CH), 70.6 (CH2O), 111.6 (CHAr), 116.2 (CHAr), 127.4 
(2CHAr), 128.6 (4CHAr), 129.0 (CHAr), 129.2 (4CHAr), 130.4 (CAr), 137.8 (CAr), 138.7 

(2CAr), 157.0 (OCAr). HRMS C25H30NO2 [M + H]+ 376.2271; found 376.2270. Purity 97.06% 

(tR = 3.35 min). 

4.1.16. 1-(Dibenzylamino)-3-(4-methoxyphenoxy)propan-2-ol (14) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.13 mL, 0.70 mmol) 
and 2-[(4-methoxyphenoxy)methyl]oxirane (126 mg, 0.70 mmol) afforded 14 (170 mg, 64%) as 

a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 61–63 ◦C (EtOAc). 
IR (ATR) 3417, 2925, 1505, 1451, 1231, 1044, 1028, 822, 744, 697 cm−1. 1H NMR (400 MHz, 
CDCl3, HETCOR) δ 2.67 (d, J = 7.5 Hz, 2H, CH2N), 3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.76 

(s, 3H, CH3), 3.77 (d, J = 13.5 Hz, 2H, CH2Ph), 3.78–3.85 (m, 2H, CH2O), 4.08 (m, 1H, CH), 

6.75–6.83 (m, 4H, ArH), 7.23–7.37 (m, 10H, ArH). 13C NMR (101 MHz, CDCl3) δ 55.9 (CH3), 
56.3 (CH2N), 58.9 (2CH2Ph), 66.7 (CH), 71.2 (CH2O), 114.7 (2CHAr), 115.6 (2CHAr), 127.4 
(2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.7 (2CAr), 153.0 (CAr), 154.1 (OCAr). HRMS 

C24H28NO3 [M + H]+ 378.2064; found 378.2062. Purity 98.43% (tR = 3.02 min). 

4.1.17. 1-[4-(Benzyloxy)phenoxy]-3-(dibenzylamino)propan-2-ol (15) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.19 mL, 0.99 mmol) 
and 2-{[4-(benzyloxy)phenoxy]methyl}oxirane (247 mg, 0.96 mmol) afforded 15 (325 mg, 

74%) as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 87–88 ◦C 
(EtOAc). IR (ATR) 3454, 3027, 2795, 1602, 1509, 1235, 1041, 825, 731, 696 cm−1. 1H 
NMR (400 MHz, CDCl3, HETCOR) δ 2.63–2.68 (m, 2H, CH2N), 3.17 (s, 1H, OH), 3.53 

(d, J = 13.5 Hz, 2H, CH2Ph), 3.75–3.84 (m, 4H, 2CH2Ph), 4.07 (m, J = 5.8 Hz, 1H, CH), 5.00 
(s, 2H, PhCH2O), 6.73–6.80 (m, 2H, ArH), 6.83–6.90 (m, 2H, ArH), 7.22–7.44 (m, 15H, ArH). 
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13C NMR (101 MHz, CDCl3) δ 56.3 (CH2N), 58.9 (2CH2Ph), 66.7 (CH), 70.8 (PhCH2O), 
71.1 (CH2O), 115.5 (2CHAr), 115.9 (2CHAr), 127.4 (2CHAr), 127.6 (2CHAr), 128.0 (CHAr), 
128.6 (4CHAr), 128.7 (2CHAr), 129.2 (4CHAr), 137.4 (2CAr), 138.7 (CAr), 153.1 (CAr), 

153.2 (OCAr).  HRMS C30H32NO3 [M + H]+  454.2377; found 454.2385.  Purity 96.19% 

(tR = 3.43 min). 

4.1.18. 1-(Dibenzylamino)-3-(4-propoxyphenoxy)propan-2-ol (16) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.46 mL, 2.38 mmol) 
and 2-[(4-propoxyphenoxy)methyl]oxirane (490 mg, 2.35 mmol) afforded 16 (620 mg, 65%) 

as a white solid after column chromatography (hexane/DCM 9:1 to 8:2). Mp 51–53 ◦C 
(EtOAc). IR (ATR) 3380, 3027, 2921, 1589, 1508, 1228, 1048, 827, 747, 697 cm−1. 1H NMR 
(400 MHz, CDCl3, HETCOR) δ 1.02 (t, J = 7.5 Hz, 3H, CH3), 1.71–1.84 (m, 2H, OCH2CH2), 2.63–

2.69 (m, 2H, CH2N), 3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.80 (d, J = 13.5 Hz, 2H, CH2Ph), 
3.86 (t, J = 6.4 Hz, 2H, OCH2), 4.08 (m, 1H, CH), 6.73–6.84 (m, 4H, ArH), 7.26–7.37 (m, 

10H, ArH).13C NMR (101 MHz, CDCl3) δ 10.7 (CH3), 22.8 (OCH2CH2), 56.3 (CH2N), 58.9 
(2CH2Ph), 66.7 (CH), 70.3 (CH2O), 71.2 (OCH2), 115.5 (2CHAr), 115.5 (2CHAr), 127.4 
(2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.7 (2CAr), 152.9 (CAr), 153.6 (OCAr). HRMS 

C26H32NO3 [M + H]+ 406.2377; found 406.2379. Purity 98.33% (tR = 3.33 min). 

4.1.19. 1-(Dibenzylamino)-3-(3,4-dichlorophenoxy)propan-2-ol (17) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.45 mL, 2.35 mmol) 

and 2-[(3,4-dichlorophenoxy)methyl]oxirane (510 mg, 2.33 mmol) afforded 17 (882 mg, 
91%) as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 3425, 3027, 

2931, 1592, 1451, 1230, 1026, 839, 735, 698 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 
2.61–2.67 (m, 2H, CH2N), 3.17 (s, 1H, OH), 3.53 (d, J = 13.0 Hz, 2H, CH2Ph), 3.73–3.78 (m, 
4H, CH2Ph, CH2O), 4.03 (m, 1H, CH), 6.67 (dd, J = 9.0, 3.0 Hz, 1H, ArH), 6.89 (d, J = 3.0 Hz, 

1H, ArH), 7.22–7.28 (m, 1H, ArH), 7.28–7.36 (m, 10H, ArH). 13C NMR (101 MHz, CDCl3) δ 
55.9 (CH2N), 59.0 (2CH2Ph), 66.4 (CH), 71.0 (CH2O), 114.7 (CHAr), 116.5 (CHAr), 124.3 

(CAr), 127.6 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 130.7 (CHAr), 132.9 (CAr), 138.5 

(2CAr), 157.9 (OCAr). HRMS C23H24Cl2NO2 [M + H]+ 416.1179; found 416.1176. Purity 
96.24% (tR = 3.59 min). 

4.1.20. 1-[4-Chloro-3-(trifluoromethyl)phenoxy]-3-(dibenzylamino)propan-2-ol (18) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.40 mL, 2.10 mmol) 

and 2-{[4-chloro-3-(trifluoromethyl)phenoxy]methyl}oxirane (529 mg, 2.10 mmol) afforded 
18 (878 mg, 93%) as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR 

(ATR) 3433, 3028, 1606, 1482, 1423, 1239, 1027, 816, 747, 698 cm−1. 1H NMR (400 MHz, 

CDCl3, HETCOR) δ 2.63–2.69 (m, 2H, CH2N), 3.20 (s, 1H, OH), 3.54 (d, J = 13.0 Hz, 2H, 

CH2Ph), 3.85 (m, 2H, CH2O), 4.04 (m, 1H, CH), 6.90 (dd, J = 9.0, 3.0 Hz, 1H, ArH), 7.11 (d, 
J = 3.0 Hz, 1H, ArH), 7.22–7.38 (m, 11H, ArH). 13C NMR (101 MHz, CDCl3) δ 55.8 (CH2N), 

59.0 (2CH2Ph), 66.4 (CH), 70.9 (CH2O), 114.2 (q, J = 5.5 Hz, CHAr), 118.7 (CHAr), 121.4 

(CAr), 123.5 (CF3), 124.1 (CAr), 127.6 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 132.4 (CHAr), 

138.5 (2CAr), 157.2 (OCAr). HRMS C24H24ClF3NO2 [M + H]+  450.1442; found 450.1448. 

Purity 99.79% (tR = 3.72 min). 

4.1.21. 1-(Dibenzylamino)-3-[4-nitro-3-(trifluoromethyl)phenoxy]propan-2-ol (19) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.45 mL, 2.34 mmol) 

and 2-{[4-nitro-3-(trifluoromethyl)phenoxy]methyl}oxirane (609 mg, 2.31 mmol) afforded 
19 (619 mg, 58%) as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 

3424, 2931, 1453, 1310, 1242, 1038, 1027, 834, 748, 698 cm−1. 1H NMR (400 MHz, CDCl3, 
HETCOR) δ 1H NMR (400 MHz, CDCl3) δ 2.56–2.75 (m, 2H, CH2N), 3.55 (d, J = 13.0 Hz, 

2H, CH2Ph), 3.80 (d, J = 13.0 Hz, 2H, CH2Ph), 3.88–4.01 (m, 2H, CH2O), 4.01–4.10 (m, 

1H, CH), 7.01 (dd, J = 9.0, 3.0 Hz, 1H, ArH), 7.18 (d, J = 2.5 Hz, 1H, ArH), 7.23–7.43 (m, 

10H, ArH), 7.95 (d, J = 9.5 Hz, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 55.5 (CH2N), 59.1 
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(2CH2Ph), 66.3 (CH), 71.3 (CH2O), 115.0 (q, J = 6.0 Hz, CF3), 116.8 (CHAr), 120.6 (CHAr), 

123.3 (CAr), 126.2 (q, J = 34.0 Hz, CF3), 127.6 (2CAr), 128.1 (CAr), 128.7 (4CAr), 129.2 (4CAr), 

138.4 (2CAr), 141.1 (CAr), 161.9 (OCAr). HRMS C24H24F3N2O4 [M + H]+ 461.1683; found 

461.1681. Purity 98.68% (tR = 3.50 min). 

4.1.22. 1-(Dibenzylamino)-3-(2,4-dichlorophenoxy)propan-2-ol (20) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.48 mL, 2.49 mmol) 

and 2-[(2,4-dichlorophenoxy)methyl]oxirane (551 mg, 2.52 mmol) afforded 20 (642 mg, 
61%) as an oil after column chromatography (hexane/DCM 9:1 to 8:2). IR (ATR) 3426, 3027, 
2803, 1585, 1482, 1290, 1062, 802, 744, 697 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) 

δ 2.64–2.70 (m, 2H, CH2N), 3.49 (d, J = 13.5 Hz, 2H, CH2Ph), 3.74 (d, J = 13.5 Hz, 2H, 
CH2Ph), 3.79–3.90 (m, 2H, CH2O), 3.99–4.08 (m, 1H, CH), 6.69 (d, J = 9.0 Hz, 1H, ArH), 
7.08 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 7.16–7.31 (m, 11H, ArH). 13C NMR (101 MHz, CDCl3) 

δ 55.9 (CH2N), 59.0 (2CH2Ph), 66.5 (CH), 71.6 (CH2O), 114.4 (CHAr), 124.0 (CHAr), 126.1 
(2CHAr), 127.5 (4CHAr), 127.6 (CAr), 128.6 (4CHAr), 129.2 (2CHAr), 130.0 (CAr), 138.6 

(2CAr), 153.2 (OCAr). HRMS C23H24Cl2NO2 [M + H]+  416.1179; found 416.1179. Purity 
95.03% (tR = 3.58 min). 

4.1.23. 1-(4-Bromophenoxy)-3-(dibenzylamino)propan-2-ol (21) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.42 mL, 2.21 mmol) 
and 2-[(4-bromophenoxy)methyl]oxirane (500 mg, 2.18 mmol) afforded 21 (800 mg, 86%) 

as a white solid after column chromatography (hexane/EtOAc 9:1 to 8:2). Mp 63–65 ◦C 

(EtOAc). IR (ATR) 3568, 3413, 3031, 2936, 1587, 1488, 1243, 1036, 830, 804, 744, 733, 698 cm−1. 
1H NMR (500 MHz, CDCl3, HETCOR) δ 2.66 (d, J = 7.0 Hz, 2H, CH2N), 3.19 (s, 1H, OH), 

3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.80 (d, J = 13.5 Hz, 2H, CH2Ph), 3.83 (m, 2H, CH2O), 
4.03–4.14 (m, 1H, CH), 6.68–6.74 (m, 2H, ArH), 7.23–7.30 (m, 2H, ArH), 7.30–7.42 (m, 10H, 

ArH). 13C NMR (101 MHz, CDCl3) δ 56.1 (CH2N), 58.9 (2CH2Ph), 66.5 (CH), 70.7 (CH2O), 

113.2 (CAr), 116.5 (2CHAr), 127.5 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 132.3 (2CHAr), 
138.6 (2CAr), 157.9 (OCAr).  HRMS C23H25BrNO2 [M + H]+  426.1063; found 426.1064. 

Purity 97.85% (tR = 4.17 min). 

4.1.24. 1-(Dibenzylamino)-3-(4-nitrophenoxy)propan-2-ol (22) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.45 mL, 2.33 mmol) 

and 2-[(4-nitrophenoxy)methyl]oxirane (450 mg, 2.31 mmol) afforded 22 (610 mg, 67.4%) as 
an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). IR (ATR) 3427, 3028, 2931, 

1592, 1509, 1496, 1331, 1259, 1109, 1026, 842, 750, 697 cm−1. 1H NMR (500 MHz, CDCl3, 

HETCOR) δ 2.60–2.74 (m, 2H, CH2N), 3.25 (s, 1H, OH), 3.55 (d, J = 13.5 Hz, 2H, CH2Ph), 

3.82 (d, J = 13.5 Hz, 2H, CH2Ph), 3.91 (dd, J = 10, 4.5 Hz, 1H, CH2O), 3.95 (dd, J = 10, 4.5 Hz, 
1H, CH2O), 4.08(m, 1H, CH), 6.87 (m, 2H, ArH), 7.23 -7.41 (m, 10H, ArH), 8.11–8.22 (m, 2H, 

ArH). 13C NMR (126 MHz, CDCl3) δ 55.8 (CH2N), 59.0 (2CH2Ph), 66.3 (CH), 71.1 (CH2O), 

114.7 (CHAr), 126.0 (2CHAr), 127.6 (2CHAr), 128.7 (4CHAr), 129.2 (4CHAr), 138.5 (2CAr), 
141.8 (CAr), 163.8 (OCAr). HRMS C23H24N2O4 [M + H]+ 393.1809; found 393.1814. Purity 

96.42% (tR = 4 min). 

4.1.25. 1-(Dibenzylamino)-3-(4-iodophenoxy)propan-2-ol (23) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.33 mL, 1.7 mmol) 
and 2-[(4-iodophenoxy)methyl]oxirane (465 mg, 1.68 mmol) afforded 23 (525 mg, 65.8%) 

as a white solid after column chromatography (hexane/EtOAc 9:1 to 8:2). Mp 103–105 ◦C 

(EtOAc). IR (ATR) 3406, 3030, 2936, 1580, 1484, 1282, 1246, 1035, 828, 803, 744, 697 cm−1. 
1H NMR (500 MHz, CDCl3, HETCOR) δ 2.66 (d, J = 7.0 Hz, 2H, CH2N), 3.19 (s, 1H, OH), 

3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.79 (d, J = 13.5 Hz, 2H, CH2Ph), 3.74–3.87 (m, 2H, CH2O), 
4.07 (m, 1H, CH), 6.58–6.64 (m, 2H, ArH), 7.19–7.38 (m, 10H, ArH), 7.49–7.56 (m, 2H, ArH). 
13C NMR (126 MHz, CDCl3) δ 56.1 (CH2N), 58.9 (2CH2Ph), 66.5 (CH), 70.5 (CH2O), 83.1 
(CAr), 117.1 (2CHAr), 127.5 (2CHAr), 128.6 (4CHAr), 129.2 (4CHAr), 138.3 (2CAr), 138.6 
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(2CHAr), 158.7 (CAr). HRMS C23H24INO2 [M + H]+ 474.0924; found 474.0927. Purity 

96.40% (tR = 4.26 min). 

4.1.26. 1-(Dibenzylamino)-3-[4-(pentafluoro-λ6-sulfaneyl)phenoxy]propan-2-ol (24) 

Following the general procedure, dibenzylamine (CAS 103-49-1) (0.45 mL, 2.33 mmol) 

and 2-[(4-(pentafluoro-λ6-sulfaneyl)phenoxy)methyl]oxirane (643 mg, 2.33 mmol) afforded 
24 (657 mg, 59.6%) as a white solid after column chromatography (hexane/EtOAc 9:1 to 

8:2). Mp 67–690C (EtOAc). IR (ATR) 3414, 3028, 2938, 1597, 1504, 1451, 1309, 1264, 1101, 

1037, 844, 826, 806, 745, 698, 595, 579 cm−1.  1H NMR (500 MHz, CDCl3, HETCOR) δ 
2.67 (d, J = 6.0 Hz, 2H, CH2N), 3.21 (s, 1H, OH), 3.54 (d, J = 13.5 Hz, 2H, CH2Ph), 3.81 (d, 
J = 13.5 Hz, 2H, CH2Ph), 3.85–3.94 (m, 2H, CH2O), 4.03–4.10 (m, 1H, CH), 6.83 (d, J = 9.5 Hz, 

2ArH), 7.19–7.38 (m, 10H, ArH), 7.61–7.68 (m, 2H, ArH).13C NMR (126 MHz, CDCl3) δ 56.0 
(CH2N), 59.0 (2CH2Ph), 66.4 (CH), 70.8 (CH2O), 114.2 (2CHAr), 127.6 (4CHAr), 127.7 (m, 
C-SF5), 128.7 (4CHAr), 129.2 (4CHAr), 138.5 (2CAr), 160.6 (OCAr). HRMS C23H24F5NO2S 

[M + H]+ 474.1521; found 474.1524. Purity 95.25% (tR = 4.36 min). 

4.1.27. 1-[Benzyl(4-chlorobenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (25) 

Following the general procedure, N-benzyl-1-(4-chlorophenyl)methanamine (CAS 13541- 
00-9) (0.14 mL, 0.70 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (130 mg, 0.70 mmol) 

afforded 25 (182.5 mg, 62.3%) as an oil after column chromatography (hexane/EtOAc 9:1 
to 8:2). IR (ATR) 3426, 3026, 2932, 1590, 1485, 1445, 1276, 1248, 1087, 1063, 1015, 801, 743, 

697 cm−1.  1H NMR (400 MHz, CDCl3, HETCOR) δ 2.72 (dd, J = 6.5, 2.0 Hz, 2H, CH2N), 

3.54 (dd, J = 13.5, 11 Hz, 2H, CH2Ph), 3.74 (t, J = 13.5 Hz, 2H, CH2Ph), 3.90–3.95 (m, 2H, 
CH2O), 4.06–4.13 (m, 1H, CH), 6.83 (dd, J = 8.5, 1.5 Hz, 1H, ArH), 6.88 (td, J = 7.5, 1.5 Hz, 1H, 

ArH), 7.18 (ddd, J = 8.5, 7.5, 1.5 Hz, 1H, ArH), 7.22–7.36 (m, 10H, ArH). 13C NMR (101 MHz, 

CDCl3) δ 56.1 (CH2N), 58.3 (CH2Ph), 59.0 (CH2Ph), 66.8 (CH), 71.2 (CH2O), 113.6 (CHAr), 
121.8 (CHAr), 123.2 (CAr), 127.5 (CHAr), 127.8 (CHAr), 128.6 (2CHAr), 128.7 (2CHAr), 129.2 

(2CHAr), 130.4 (CHAr), 130.5 (2CHAr), 133.2 (CAr), 137.3 (CAr), 138.5 (CAr), 154.2 (CAr). 

HRMS C23H23Cl2NO2 [M + H]+ 416.1179; found 4161191. Purity 95.59% (tR = 4.45 min). 

4.1.28. 1-[Bis(4-chlorobenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (26) 

Following the general procedure, bis(4-chlorobenzyl)amine (CAS 21913-13-3)(150 mg, 

0.56 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (104 mg, 0.56 mmol) afforded 26 
(194.2 mg, 76.4%) as an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). IR 

(ATR) 3438, 3058, 2921, 1740, 1589, 1486, 1447, 1248, 1087, 1062, 1014, 807, 746 cm−1. 1H 

NMR (400 MHz, CDCl3) δ 2.63–2.77 (m, 2H, CH2N), 2.96 (s, 1H, OH), 3.52 (d, J = 13.5 Hz, 

2H, CH2Ph), 3.69 (d, J = 13.5 Hz,  2H, CH2Ph),  3.90–3.94 (m,  2H, CH2O), 4.06–4.14 (m, 

1H, CH), 6.82 (dd, J = 8.5, 1.5 Hz, 1H, ArH), 6.89 (td, J = 7.5, 1.5 Hz, 1H, ArH), 7.15–7.29 

(m, 9H, ArH), 7.33 (dd, J = 8.0, 1.5 Hz, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 56.0 

(CH2N), 58.3 (2CH2Ph), 66.9 (CH), 71.0 (CH2O), 113.6 (CHAr), 121.9 (CHAr), 123.1 (CAr), 

127.9 (CHAr), 128.8 (4CHAr), 130.4 (CHAr), 130.4 (4CHAr), 133.3 (2CAr), 137.1 (2CAr), 

154.1 (CAr).  HRMS C23H22Cl3NO2  [M + H]+  450.0789; found 450.9787.  Purity 99.45% 

(tR = 5.24 min). 

4.1.29. 1-[Benzyl(4-methylbenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (27) 

Following the general procedure, N-benzyl-1-(p-tolyl)methanamine (CAS 55096-86- 1) 

(148.8 mg, 0.70 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (130 mg, 0.70 mmol) 

afforded 27 (119,5 mg, 42.9%) as an oil after column chromatography (hexane/EtOAc 9:1 
to 8:2). IR (ATR) 3436, 3028, 2924, 1589, 1485, 1446, 1277, 1249, 1061, 1028, 801, 744, 697 

cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 2.33 (s, 3H, CH3), 2.73 (d, J = 6.5 Hz, 2H, 

CH2N), 3.53 (t, J = 13.0 Hz, 2H, CH2Ph), 3.80 (t, J = 14.0 Hz, 2H, CH2Ph), 3.91–4.00 (m, 2H, 
CH2O), 4.11 (m, 1H, CH), 6.84 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 6.89 (td, J = 7.5, 1.5 Hz, 1H, 

ArH), 7.11–7.38 (m, 11H, ArH). 13C NMR (101 MHz, CDCl3) δ 21.3 (CH3), 56.0 (CH2N), 
58.6 (CH2Ph), 58.9 (CH2Ph), 66.6 (CH), 71.3 (CH2O), 113.6 (CHAr), 121.7 (CHAr), 123.2 
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(CAr), 127.4 (CHAr), 127.8 (CHAr), 128.6 (4CHAr), 129.1–129.3 (4CHAr), 130.3 (CHAr), 

135.5 (CAr), 137.0 (CAr), 138.8 (CAr), 154.3 (CAr). HRMS C24H26ClNO2 [M + H]+ 396.1729; 

found 396.1725. Purity 95.30% (tR = 4.12 min). 

4.1.30. 1-[Bis(4-methylbenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (28) 

Following the general procedure, bis(4-methylbenzyl)amine (CAS 98180-43-9) (100.0 mg, 

0.43 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (81.9 mg, 0.48 mmol) afforded 28 (219.8 
mg, 87.3%) as an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). IR (ATR) 2920, 
2843, 1590, 1510, 1485, 1445, 1278, 1253, 1061, 1036, 807, 741 cm−1. 1H NMR (400 MHz, CDCl3) 
δ 2.33 (s, 6H, 2CH3), 2.72 (d, J = 6.5 Hz, 2H, CH2N), 3.51 (d, J = 13.0 Hz, 2H, CH2Ph), 3.76 (d, 

J = 13.0 Hz, 2H, CH2Ph), 3.93 (d, J = 5.0 Hz, 2H, CH2O), 4.10 (m, 1H, CH), 6.84 (dd, J = 8.0, 

1.5 Hz, 1H, ArH), 6.88 (td, J = 7.5, 1.5 Hz, 1H, ArH), 7.10–7.15 (m, 4H, ArH), 7.16–7.18 (m, 

1H, ArH), 7.18–7.23 (m, 4H, ArH), 7.33 (dd, J = 8.0, 1.5 Hz, 1H, ArH). 13C NMR (101 MHz, 

CDCl3) δ 21.3 (2CH3), 55.9 (CH2N), 58.57 (2CH2Ph), 66.5 (CH), 71.25 (CH2O), 113.61 (2CHAr), 

121.67 (2CHAr), 123.17 (CAr), 127.7 (2CHAr), 129.2 (2CHAr), 130.3 (4CHAr), 135.6 (2CAr), 
137.0 (2CAr), 154.3 (CAr). HRMS C25H29ClNO2 [M + H]+ 464.0945; found 464.0947. 

4.1.31. 1-[(4-Chlorobenzyl)(4-methylbenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (29) 

Following the general procedure, N-(4-chlorobenzyl)-1-(p-tolyl)methanamine (150 mg, 

0.61 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (112.7 mg, 0.61 mmol) afforded 29 
(240 mg, 91.4%) as an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). IR (ATR) 

3445, 3024, 2924, 1736, 1588, 1485, 1446, 1277, 1247, 1062, 1015, 805, 746 cm−1. 1H NMR 

(400 MHz, CDCl3) δ 2.32 (s, 3H, CH3), 2.69–2.73 (m, 2H, CH2N), 3.42–3.55 (dd, J = 13.5, 

2 Hz, 2H, CH2Ph), 3.72 (d, J = 13.5 Hz, 2H, CH2Ph), 3.92 (d, J = 5.0 Hz, 2H, CH2O), 4.06–4.13 
(m, 1H, CH), 6.83 (dd, J = 8.5 Hz, 1.5 Hz, 1H, ArH), 6.88 (td, J = 7.5 Hz, 1.5 Hz, 1H, ArH), 

7.10–7.29 (m, 10H, ArH), 7.33 (dd, J = 8.0, 1.5 Hz, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 

21.3 (CH3), 56.0 (CH2N), 58.2 (CH2Ph), 58.6 (CH2Ph), 66.7 (CH), 71.1 (CH2O), 113.6 (CHAr), 

121.8 (CHAr), 123.2 (CAr), 127.8 (CHAr), 128.7 (2CHAr), 129.2 (2CHAr), 129.3 (2CHAr), 

130.4 (CHAr), 130.5 (2CHAr), 133.1 (CAr), 135.3 (CAr), 137.2 (CAr), 137.4 (CAr), 154.2 (CAr). 

HRMS C24H25Cl2NO2 [M + H]+ 430.1335; found 430.1341. Purity 94.16% (tR = 4.51 min). 

4.1.32. 1-[Benzyl(3,4-dichlorobenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (30) 

Following the general procedure, N-benzyl-1-(3,4-dichlorophenyl)methanamine (CAS 

14502-37-5) (271.6 mg, 1.02 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (188 mg, 1.02 mmol) 
afforded 30 (402.5 mg, 87.5%) as an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). 
IR (ATR) 3432, 3025, 2932, 1588, 1485, 1445, 1278, 1247, 1062, 1028, 812, 743, 698 cm−1.1H NMR 

(400 MHz, CDCl3) δ 2.68–2.79 (m, 2H, CH2N), 2.96 (s, 1H, OH), 3.51 (d, 

mboxemphJ = 13.5 Hz, 1H, CH2Ph), 3.57 (d, J = 13.5 Hz, 1H, CH2Ph), 3.70 (d, J = 13.5 Hz, 1H, 

CH2Ph), 3.74 (d, J = 13.5 Hz, 1H, CH2Ph), 3.98 (m, 2H, CH2O), 4.15 (m, 1H, CH), 6.82–6.95 (m, 

2H, ArH), 7.13–7.23 (m, 2H, ArH), 7.25–7.43 (m, 8H, ArH).13C NMR (101 MHz, CDCl3) δ 56.1 
(CH2N), 58.0 (CH2Ph), 59.1 (CH2Ph), 67.0 (CH), 71.1 (CH2O), 113.6 (CHAr), 121.9 (CHAr), 123.2 
(CAr), 127.6 (CHAr), 127.9 (CHAr), 128.4 (CHAr), 128.7 (2CHAr), 129.2 (2CHAr), 130.4 (CHAr), 

130.5 (CHAr), 131.0 (CHAr), 131.3 (CHAr), 132.6 (CAr), 138.2 (CAr), 139.3 (CAr), 154.2 (CAr). 

HRMS C23H22Cl3NO2 [M + H]+ 450.0789; found 450.0789. Purity 93.97% (tR = 5.36 min). 

4.1.33. 1-[(4-Chlorobenzyl)(3,4-dichlorobenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (31) 

Following the general procedure, N-(4-chlorobenzyl)-1-(3,4-dichlorophenyl)methan 

amine (150 mg, 0.5 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (92.1 mg, 0.5 mmol) 
afforded 31 (192.7 mg, 79.6%) as an oil after column chromatography (hexane/EtOAc 9:1 
to 8:2). IR (ATR) 3438, 3058, 2934, 1740, 1589, 1485, 1277, 1248, 1062, 1029, 815, 746 cm−1. 
1H NMR (400 MHz, CDCl3) δ 2.60–2.80 (m, 2H, CH2N), 2.88 (s, 1H, OH), 3.54 (dd, J = 13.5, 
11.5 Hz, 2H, CH2), 3.69 (dd, J = 13.5, 11.5 Hz, 2H, CH2), 3.89–3.99 (m, 2H, CH2O), 4.12 (m, 
1H, CH), 6.84 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 6.91 (td, J = 7.5, 1.5 Hz, 1H, ArH), 7.12–7.25 

(m, 4H, ArH), 7.27–7.40 (m, 5H, ArH). 13C NMR (101 MHz, CDCl3) δ 56.0 (CH2N), 58.0 
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(CH2Ph), 58.4 (CH2Ph), 67.2 (CH), 71.0 (CH2O), 113.6 (CHAr), 122.0 (CHAr), 123.1 (CAr), 

127.9 (CHAr), 128.3 (CHAr), 128.9 (2CHAr), 130.4 (3CHAr), 130.6 (CHAr), 130.9 (CHAr), 
131.5 (CAr), 132.7 (CAr), 133.4 (CAr), 136.8 (CAr), 139.1 (CAr), 154.1 (OCAr).  HRMS 

C23H21Cl4NO2 [M + H]+ 484.0399; found 484.04. Purity 92.14% (tR = 5.93 min). 

4.1.34.  
1-(4-Chlorophenoxy)-3-[(3,4-dichlorobenzyl)(4-methylbenzyl)amino]propan-2-ol (32) 

Following the general procedure, N-(3,4-dichlorobenzyl)-1-(p-tolyl)methanamine (151.8 mg, 

0.54 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (100 mg, 0.54 mmol) afforded 32 (219.8 
mg, 87.3%) as an oil after column chromatography (hexane/EtOAc 9:1 to 8:2). IR (ATR) 

3414, 3019, 2928, 1737, 1588, 1485, 1445, 1247, 1061, 1029, 814, 802, 746 cm−1. 1H NMR 
(400 MHz, CDCl3) δ 2.34 (s, 3H, CH3), 2.67–2.78 (m, 2H, CH2N), 3.50 (d, J = 13.5 Hz, 1H, 

CH2Ph), 3.53 (d, J = 13.5 Hz, 1H, CH2Ph), 3.68 (d, J = 13.5 Hz, 1H, CH2Ph), 3.71 (d, 

mboxemphJ = 13.5 Hz, 1H, CH2Ph), 3.90–3.98 (m, 2H, CH2O), 4.11 (m, 1H, CH), 6.85 

(dd, J = 8.5, 1.5 Hz, 1H, ArH), 6.90 (td, J = 7.5, 1.5 Hz, 1H, ArH), 7.10–7.22 (m, 6H, HAr), 

7.31–7.41 (m, 3H, 3HAr).  13C NMR (101 MHz, CDCl3) δ 21.3 (CH3), 56.0 (CH2N), 57.9 

(CH2Ph), 58.8 (CH2Ph), 66.9 (CH), 71.1 (CH2O), 113.6 (CHAr), 121.9 (CHAr), 123.1 (CAr), 

127.8 (CHAr), 128.4 (CHAr), 129.1 (2CHAr), 129.4 (2CHAr), 130.4 (CHAr), 130.5 (CHAr), 

130.9 (CHAr), 131.3 (CAr), 132.6 (CAr), 135.1 (CAr), 137.3 (CAr), 139.4 (CAr), 154.2 (OCAr). 

HRMS C24H24Cl3NO2 [M + H]+ 464.0945; found 464.0947. Purity 90.51% (tR = 5.34 min). 

4.1.35. 1-[Benzyl(4-methoxybenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (33) 

Following the general procedure, N-benzyl-1-(4-methoxyphenyl)methanamine (CAS 

14429-02-8) (184.6 mg, 0.45 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (104 mg, 0.81 
mmol) afforded 33 (283.1 mg, 84.6%) as an oil after column chromatography (hexane/EtOAc 
9:1 to 8:2). IR (ATR) 2932, 2828, 1612, 1587, 1509, 1485, 1447, 1244, 1063, 1029, 810, 742, 697 
cm−1. 1H NMR (400 MHz, CDCl3) δ 2.72 (d, J = 6.5 Hz, 2H, CH2N), 3.50 (d, J = 13.5 Hz, 

1H, CH2Ph), 3.51 (d, J = 13.5 Hz, 1H, CH2Ph), 3.53 (d, J = 13.5 Hz, 1H, CH2Ph), 3.71 (d, 

J = 13.5 Hz, 1H, CH2Ph), 3.79 (d, J = 13.5 Hz, 1H, CH2Ph), 3.79 (s, 3H, CH3), 3.92 (dd, 

J = 5.0, 1.5 Hz, 2H, CH2), 4.10 (m, 1H, CH), 6.81–6.86 (m, 2H, ArH), 6.88 (dd, J = 7.5, 
1.5 Hz, 2H, ArH), 7.17 (ddd, J = 8.0, 7.5, 1.5 Hz, 1H, ArH), 7.20–7.26 (m, 3H), 7.29–7.32 (m, 

3H, ArH), 7.33 (d, J = 1.5 Hz, 2H, ArH). 13C NMR (101 MHz, CDCl3) δ 55.2 (CH3), 55.8 

(CH2N), 58.1 (CH2Ph), 58.7 (CH2Ph), 66.4 (CH), 71.15 (CH2O), 113.5 (CHAr), 113.8 (CHAr), 

121.6 (2CHAr), 123.0 (2CHAr), 127.3 (2CHAr), 127.6 (CHAr), 128.4 (CAr), 129.1 (CAr), 

130.2 (CAr), 130.3 (CAr), 130.5 (2CAr), 138.6 (CAr), 154.2 (CAr), 158.8 (OCAr).  HRMS 

C24H27ClNO3 [M + H]+ 484.0399; found 484.04. Purity 92.14% (tR = 5.93 min). 

4.1.36. 1-[Bis(4-methoxybenzyl)amino]-3-(4-chlorophenoxy)propan-2-ol (34) 

Following the general procedure, bis(4-methoxybenzyl)amine (CAS 17061-62-0) (278.8 mg, 

1.08 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (200 mg, 1.08 mmol) afforded 34 
(405.6 mg, 84.7%) as a white solid after column chromatography (hexane/EtOAc 9:1 to 

8:2). Mp 112–114 ◦C (EtOAc). IR (ATR) 3409, 3005, 2932, 2834, 1586, 1510, 1486, 1446, 1249, 

1232, 1060, 1026, 808, 746, 696 cm−1. 1H NMR (400 MHz, CDCl3) δ 2.71 (d, J = 6.5 Hz, 

2H, CH2N), 3.48 (d, J = 13.5 Hz,  2H, CH2Ph),  3.72 (d,  J = 13.5 Hz,  2H, CH2Ph),  3.80 (s, 

4H, 2CH3), 3.92 (d, J = 5.0 Hz, 2H, CH2O), 4.05–4.12 (m, 1H, CH), 6.82–6.91 (m, 6H, ArH), 

7.14–7.24 (m,  5H, ArH), 7.33 (dd,  J = 8.0,  1.5 Hz,  1H, ArH). 13C NMR (101 MHz,  CDCl3) 

δ 55.4 (2CH3), 55.7 (CH2N), 58.1 (2CH2Ph), 66.5 (CH), 71.3 (CH2O), 113.6 (C-ipso), 113.9 

(4CHAr), 121.7 (CHAr), 123.2 (CAr), 127.8 (CHAr), 130.3 (CHAr), 130.4 (5CHAr), 130.7 

(CAr), 154.3 (CAr), 158.9 (2CAr). HRMS C25H28ClNO4 [M + H]+ 442.178; found 442.1777. 

Purity 95.65% (tR = 4.02 min). 

4.1.37. 1-(4-Chlorophenoxy)-3-[(3,4-dichlorobenzyl)(4-methoxybenzyl)amino]propan-2-ol (35) 

 
Following the general procedure, N-(3,4-dichlorobenzyl)-1-(4-methoxyphenyl)metha 

namine (160.4 mg, 0.54 mmol) and 2-[(4-chlorophenoxy)methyl]oxirane (100 mg, 0.54 mmol) 
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afforded 35 (251 mg, 96.4%) as an oil after column chromatography (hexane/EtOAc 9:1 to 

8:2). IR (ATR) 3451, 3006, 2934, 1588, 1511, 1486, 1245, 1061, 1028, 819, 746 cm−1. 1H NMR 

(400 MHz, CDCl3) δ 2.65–2.79 (m, 2H, CH2N), 2.99 (s, 1H, OH), 3.51 (dd, J = 13.5, 3.0 Hz, 2H, 
CH2), 3.69 (d, J = 13.5 Hz, 2H, CH2), 3.80 (s, 3H, CH3), 3.87–4.03 (m, 2H, CH2O), 4.06–4.15 
(m, 1H, CH), 6.83–6.93 (m, 4H, ArH), 7.12–7.23 (m, 4H, ArH), 7.31–7.40 (m, 3H, ArH). 13C 

NMR (101 MHz, CDCl3) δ 55.4 (CH3), 55.9 (CH2N), 57.8 (CH2Ph), 58.4 (CH2Ph), 66.9 (CH), 
71.1 (CH2O), 113.6 (CHAr), 114.1 (2CHAr), 121.9 (CHAr), 123.1 (CAr), 127.8 (CHAr), 128.4 
(CHAr), 130.1 (CAr), 130.4 (3CHAr), 130.5 (CHAr), 130.9 (CHAr), 131.3 (CAr), 132.6 (CAr), 

139.4 (CAr), 154.2 (CAr), 159.1 (OCAr). HRMS C24H24Cl3NO3 [M + H]+  480.0895; found 

480.0894. Purity 96.56% (tR = 4.71 min). 

4.2. Cell Culture 

Human Huh-7 hepatoma cells (kindly donated by Dr. Mayka Sanchez from the Josep 
Carreras Leukemia Research Institute, Barcelona) were cultured in DMEM supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin, at 37 ◦C under 5% CO2. 
 

4.3. Reverse Transcription-Polymerase Chain Reaction and Quantitative Polymerase Chain 
Reaction 

Isolated RNA was reverse transcribed to obtain 1 µg of complementary DNA (cDNA) 

using Random Hexamers (Thermo Fisher Scientific, Waltham, MA, USA), 10 mM deoxynu- 

cleotide (dNTP) mix, and the reverse transcriptase enzyme derived from the Moloney 

murine leukemia virus (MMLV, Thermo Fisher Scientific). The experiment was run in a 

thermocycler (BioRad, Hercules, CA, USA) and consisted of a program with different steps 

and temperatures: 65 ◦C for 5 min, 4 ◦C for 5 min, 37 ◦C for 2 min, 25 ◦C for 10 min, 37 ◦C 

for 50 min, and 70 ◦C for 15 min. The relative levels of specific mRNAs were assessed 

by real-time RT-PCR in a Mini 48-Well T100™ thermal cycler (Bio-Rad), using the SYBR 

Green Master Mix (Applied Biosystems, Waltham, MA, USA), as previously described [13]. 

Briefly, samples had a final volume of 20 µL, with 20 ng of total cDNA, 0.9 µM of the primer 

mix, and 10 µL of 2 SYBR Green Master Mix. The thermal cycler protocol for real-time 

PCR included a first step of denaturation at 95 ◦C for 10 min, followed by 40 repeated cycles 

of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s for denaturation, primer annealing, and 

amplification, respectively. Primer sequences were designed using the Primer-BLAST tool 

(NCBI), based on the full mRNA sequences to find the optimal primers for amplification, 

and evaluated with the Oligo-Analyzer Tool (Integrated DNA Technologies) to ensure 

an optimal melting temperature (Tm) and avoid the formation of homo/heterodimers 

or non-specific structures that can interfere with the interpretation of the results. The 

primer sequences were designed specifically to span the junction between the exons. Values 

were normalized to the glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 

expression levels, and measurements were performed in triplicate. All changes in 

expression were normalized to the untreated control. 

4.4. Immunoblotting 

The isolation of total protein extracts was performed as described elsewhere [13]. 

Immunoblotting was performed with antibodies against α-tubulin (T6074 Sigma-Aldrich, 

St. Louis, MO, USA), phosphorylated AMPKT172 (2531, Cell Signaling Technology), and 

GDF15 (sc-515675, Santa Cruz Biotechnology Inc, Dallas, TX, USA). Signal acquisition was 

conducted using the Bio-Rad ChemiDoc apparatus, and quantification of the immunoblot 

signal was performed with the Bio-Rad Image Lab software. The results for protein 

quantification were normalized to the levels of a control protein (α-tubulin) to avoid 

unwanted sources of variation. 

4.5. Statistical analysis 

Results are expressed as the mean SEM. Significant differences were assessed by 

two-way ANOVA using the GraphPad Prism program (version 9.0.2) (GraphPad Software 
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Inc., San Diego, CA, USA). When significant variations were found by ANOVA, Tukey’s 
post hoc test for multiple comparisons was performed only if F achieved a p-value < 0.05. 

Differences were considered significant at p < 0.05. 
 

Supplementary Materials: The following supporting information can be downloaded at: https: 

//www.mdpi.com/article/10.3390/molecules28145468/s1, General procedure for the preparation 

of epoxyde intermediates; 1H-NMR  and  13C-NMR  spectra;  HPLC/MS  analysis,  Smiles,  HET- 
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