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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a disorder associated with obesity and
metabolic syndrome, affecting 20 to 30% of individuals (Rinaldi ef al., 2021). diet high in fat
and fructose can lead to the development of NAFLD. Risk factors for fatty liver disease include
obesity, metabolic syndrome (MS), type 2 diabetes mellitus (T2DM), dyslipidemia, and aging.
High-fat diets increase energy intake, resulting in greater body fat, peripheral tissue insulin
resistance, and metabolic syndrome. This leads to increased lipolysis, de novo lipogenesis
(DNL), and the continuous absorption of high-energy nutrients, which collectively raise free

fatty acids (FFAs) and ultimately cause hepatic steatosis. (Juanola ez al., 2021).

Among these, 10% develop a more serious form called non-alcoholic steatohepatitis
(NASH). Histologically, NASH is marked by fat accumulation, lobular inflammation, and liver
cell damage known as ballooning (Haldar et al., 2019). This condition raises the likelihood of
advancing to severe fibrosis and cirrhosis (Figure 1), which significantly increases overall
mortality risk, including extra-hepatic issues, liver-related illness and death, and potentially
necessitates a liver transplant (Anstee et al., 2022; Vilar-Gomez et al., 2018). The disease's
progression appears to follow a "three-hit" model: steatosis, lipotoxicity, and inflammation. The
presence of steatosis, oxidative stress, and inflammatory mediators like TNF-a and IL-6 has
been linked to changes in nuclear factors associated with NAFLD (Cobbina and Akhlaghi,
2017). NASH independently increases the risk of developing complications beyond the liver,
including cardiovascular conditions such as heart attacks and strokes, along with type 2 diabetes
(Francque et al., 2021), obstructive sleep apnea, chronic kidney disease, osteoporosis, and
polycystic ovary syndrome (Adams et al., 2017). Recently, cumulative evidence has drawn
attention to pathological correlations that are not strictly confined to metabolic diseases, this
broader spectrum of systemic implications now includes hypothyroidism, psoriasis, male sexual

dysfunction, periodontitis, and kidney stones (Rosato et al., 2019).

Liver biopsy continues to be the definitive method for diagnosing NAFLD and NASH,
despite its inconvenients like sampling variability, invasiveness, and high costs (Sheridan et
al., 2017). However, numerous non-invasive biomarkers, especially serum markers and
imaging techniques, are being used to detect steatosis, NASH, and advanced fibrosis (Pearce
et al., 2013). Ultrasound is currently the preferred first-line screening method for identifying
steatosis. Identifying advanced fibrosis is a critical step in managing NASH patients and can be
reliably excluded using the NAFLD-Fibrosis score, the FIB-4 score, or transient elastography
(Papatheodoridi and Cholongitas, 2019).



To prevent the progression to cirrhosis and its associated complications, as well as other
extra-hepatic complications of NASH, treatment is essential (Tesfay et al., 2018). While some
interventional drug studies have shown positive results (Chen et al., 2019) these remain modest
and the evaluation criteria can be challenging to interpret (Younossi et al., 2019). Currently
there is no FDA-approved pharmacological treatment for NAFLD or NASH, Several
therapeutic approaches are currently being developed to counteract the deleterious effects of
this progressive disease (Chaudhry et al., 2023). The intricate pathophysiology of the disease
offers various potential therapeutic targets. For example, Elafibranor a Peroxisome proliferator-
activated receptor /0 (PPARa/d) agonist, has shown improvements in insulin sensitivity and
the normalization of blood lipid levels, which are principal contributors to the progression of
NASH. However, it can cause increases in serum creatinine, potentially restricting its use in
individuals with kidney disease (McDonald and Ayala, 1978), did not succeed in resolving
NASH and worsened fibrosis (Ratziu et al., 2016).

Other medications target the liver directly, such as resmetirom, a selective thyroid
hormone receptor (THR)-f agonist, which reduces liver fat content (Karim ez al., 2023),
Obeticholic acid, a farnesoid X receptor ligand can resolve NASH and improve fibrosis without
worsening it, though it increases LDL cholesterol with decreases in high-density lipoprotein
cholesterol and triglycerides (Chapman and Lynch, 2020; Loomba et al., 2020; Younossi e?
al., 2019). Other reported side effects encompass skin rash, throat pain, vertigo, bowel
irregularities, joint pain, dyslipidemia, migraines, skin inflammation, mood disorders, allergic
reactions, and thyroid dysfunction (Markham and Keam, 2016). In addition, glucagon-like
peptide-1 (GLP-1) receptor analogs, such as semaglutide, improve hepatic steatosis and
hepatocyte ballooning but do not impact hepatic fibrosis (Dufour ez al., 2022). According to a
large randomized controlled trial, vitamin E, known for its potent antioxidant effect, can
improve steatosis, inflammation, and ballooning (Cardoso et al., 2021) and enhance liver
transaminase levels in adults with NAFLD and type 2 diabetes (Pacana and Sanyal, 2012).
Vitamin E promotes hepatic homeostasis by regulating macrophage polarization
(Nagashimada and Ota, 2019). Statins, on the other side, reduce hepatic cholesterol synthesis
by inhibiting the rate-limiting step catalyzed by the enzyme HMG-CoA reductase in patients
with pre-existing liver disease such as NAFLD (Mundi et al., 2020). Muscle pain, liver
toxicity, and potential drug interactions resulting from high doses of statins can limit their use

(Pougeois et al., 1979). B-Cryptoxanthin, a xanthophyll carotenoid, possesses antioxidant and



DNA repair properties that may also be beneficial in the treatment of NAFLD (Sodum et al.,
2021).

Unfortunately, despite intensive treatment regimens, not all patients respond, and
additional therapeutic interventions, such as endoscopic procedures and bariatric surgery, are
often necessary (Mundi ef al., 2020). To achieve effective treatment for controlling
NAFLD/NASH, it is essential to identify the signaling pathways involved in the pathogenesis
of this liver disease (Friedman et al., 2018). Several studies have demonstrated over the last
several years the significant role of beta-2 adrenergic agonists in cellular mediation within liver
tissues related to lipid and carbohydrate metabolism (Cero ef al., 2021). Several mechanisms
might explain the anabolic effects of B2 agonists on the central nervous system (Abosamak
and Shahin, 2024). These compounds stimulate lipolysis while reducing lipogenesis (Peterla
and Scanes, 1990) and insulin activity (Kalinovich et al., 2020). Another finding suggests that
B2-adrenergic receptors are involved in energy expenditure and lipolysis, with ADRB2

polymorphisms potentially influencing weight loss (Szendrei et al., 2016).

More specifically, an activation of f2-adrenergic receptors increases glycerol levels in
skeletal muscles and enhances tissue blood flow (Lessard et al., 2009). The effects of f-
adrenergic receptor activation on astrocytes seem to include both harmful (amyloid plaque
formation) and beneficial outcomes, such as reducing inflammation (Laureys et al., 2010). 32-
adrenergic agonists are commonly used to treat respiratory conditions like bronchial asthma
and chronic obstructive pulmonary disease (COPD) (Abosamak and Shahin, 2024). These
drugs replicate the actions of catecholamines such as epinephrine, norepinephrine, and
dopamine, triggering various autonomic responses in the body. Moreover, 2 agonists have
significant effects on the smooth muscles of the airways, uterus, intestines, and systemic
vascular system (Hsu and Bajaj, 2024). They are also frequently misused in doping
(Kindermann and Meyer, 2006). Therefore, apart from their performance-enhancing effects,
2-agonists may also possess anabolic and lipolytic properties (Piribauer ef al., 2023) and
contribute to glycemic control by enhancing glucose absorption (Kalinovich et al., 2020). To
date, most of the studies focusing cardiovascular side effects associated with systemic [2-
agonist therapy. Nonetheless, converging lines of evidence begun to show that an activation of
2-adrenergic receptors may prevent the progression of NAFLD to steatohepatitis by exerting
varying effects on energy, lipid, and protein metabolism. However, direct actions on adipocyte,
vascular system, and muscle B2-adrenergic receptors, along with indirect effects mediated

through the neuroendocrine system or pancreatic beta cells, should be noted. Given that these



drugs are typically administered alongside diet, it's crucial to consider their primary impact in

the digestive tract, affecting motility and nutrient absorption (Lafontan et al., 1988).

This study aims to demonstrate how beta2 agonists like salbutamol and formoterol
affect tissues involved in the development of non-alcoholic fatty liver disease (NAFLD)
induced by a high-fat diet (HFD) in rats. Given these facts and our initial observation described
above, we set out in the study to define the development of hepatic steatosis before and after
treatment with each of formoterol and salbutamol via a histological analysis of the liver, serum

protein levels associated with liver failure as well as their impact on their organs.
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1.1. Abstract

Non-alcoholic fatty liver disease (NAFLD) is defined as an excess of fat in the liver (>
5% of hepatocytes laden with lipid droplets upon histological analysis). Ten percent of
individuals with NAFLD develop a more aggressive condition, non-alcoholic steatohepatitis
(NASH), characterized histologically by steatosis (Figure 1), lobular inflammation, and
hepatocellular ballooning (Benedict and Zhang, 2017). In individuals with NASH, the liver
may also display Mallory-Denk bodies, marked by the buildup of damaged intermediate
filaments within hepatocyte cytoplasm. This occurrence signifies hepatocyte distress (Ribback
et al., 2024). Insulin resistance, metabolic syndrome, or type 2 diabetes, along with genetic
variants of Patatin-like Phospholipase Domain-containing 3 PNPLA3 (Figure 2), or
transmembrane 6 superfamily member 2 TMO6SF2, are believed to contribute to the
development of non-alcoholic fatty liver disease (NAFLD) (Barata et al., 2019). The course of
NAFLD varies widely, with the potential for reversibility of disease stages, including
steatohepatitis (Grzych et al., 2023). Non-alcoholic steatohepatitis may advance to progressive
fibrosis (Figure 1), ultimately culminating in cirrhosis. Complications of cirrhosis, such as
decompensation and the development of hepatocellular carcinoma, are potential outcomes

(Bernsmeier and Heim, 2011).
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Figure 1. The disease spectrum of NAFLD (Cohen et al., 2011)
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1.2. Prevalence and incidence of NAFLD

Non-alcoholic fatty liver disease (NAFLD) has emerged as the predominant chronic liver
condition, affecting over 25% of the world's population and showing a higher prevalence among
men than women (Pouwels et al., 2022). Projections suggest a sustained escalation in NAFLD
cases, with an estimated 27 million occurrences of non-alcoholic steatohepatitis anticipated by
2030, resulting in a significant rise in cirrhosis, hepatocellular carcinomas, and liver transplant
procedures (Grgurevic et al., 2021). A meta-regression analysis of studies conducted
worldwide has additionally shown an increase in the prevalence of NAFLD from 15% in 2005
to 25% in 2010 (Perumpail et al., 2017). However, there is a large discrepancy in estimation
of NAFLD prevalence in general population. In fact, different techniques to diagnose NAFLD
have been used such as imaging, liver biopsy and blood analysis (Jang and Song, 2023). The
prevalence of NAFLD by using blood tests (liver enzymes) consistently yielded lower estimates
than those studies that used imaging (Younossi et al., 2016). A Meta analysis of studies between
2000 -2014 and conducted in adults age 18 or older, revealed that the global prevalence of
NAFLD diagnosed by imaging is around 25% (Estes et al., 2018; Younossi et al., 2016). The
highest prevalence rates of NAFLD were found from Middle East and South America
respectively with 32% and 31% (Younossi et al., 2016). Additionally, the prevalence rates of
NAFLD in North America, Europe and in Asia ranges from 24% to 28%. Similar to other reports
from industrialized societies, a third of population of Australia have NAFLD (Younossi et al.,
2019). The lowest prevalence rate of NAFLD was reported from Africa with 14% (Younossi et
al., 2016). This low rate may be explained by very few studies on the epidemiology of NAFLD
from Africa (Almobarak et al., 2014). Most challenge is to conducted research programs to
explore NAFLD in different regions in Africa.
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Figure 2. Estimated prevalence of NAFLD in the world and distribution of PNPLA3 genotypes.
PNPLA3 is presented as minor allele frequency (Light blue section of the pie chart) (Younossi et al.,
2018).

1.3. Etiology of NAFLD

1.3.1. Body mass index (BMI) and Obesity

Body mass index (BMI) remains an important risk factor for NAFLD with adipose
tissue dysfunction contributing to NAFLD pathogenesis (Wang et al., 2021). Converging lines
of evidence have demonstrated the high correlation between BMI and development or
resolution of NAFLD (Anderson et al., 2015; Younes and Bugianesi, 2019; Younossi ef al.,
2018). Bedogni et al, have reported that every increase of 1 kg/m? of BMI at baseline further
lowered the remission rate of fatty liver of 5% in subjects with suspected liver disease
persistence (Bedogni ef al., 2007). Obesity stands as a primary risk factor for various chronic
ailments largely attributed to chronic inflammation and oxidative stress (Wellen and
Hotamisligil, 2005). NAFLD prevalence can reach 98%, with around 37% advancing to NASH
in subjects with severe obesity, especially visceral obesity (Bedogni et al., 2007; Loomis et al.,
2016). Central adiposity, also known as abdominal obesity correlates with insulin resistance
(Westphal, 2008), increased lipolytic activity (Strawbridge ef al., 2016) and the release of free
fatty acids into the liver (Frohnert et al., 2013; Kojta et al., 2020). This cascade, combined
with the over-expression of pro-inflammatory cytokines (TNFa, IL-6, IL-8, IL1p), sustains a
chronic inflammatory state, contributing to NAFLD pathogenesis (Dimitrov et al., 2017).
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1.3.2. Type 2 Diabetes

In Hong Kong, Kwok et al reported that approximately 70% of individuals diagnosed
with both diabetes or NAFLD (Kwok et al., 2016). Among those with NAFLD, diabetes is
associated with more severe manifestations of the disease (Bazick et al., 2015). Histological
examinations in the United States, suggest that 80% of diabetic patients with NAFLD present
with histological features of NASH such fat vacuoles within the hepatocytes, lobular
inflammation and advanced fibrosis is observed in 17% to 40% of these cases (Kleiner and

Makhlouf, 2016).

1.3.3. Metabolic syndrome, hypertension and dyslipidemia

NAFLD is considered the hepatic component of Metabolic syndrome (Paschos and
Paletas, 2009). Metabolic syndrome is characterized by a waist circumference, along with at
least two of the following factors: fasting hyperglycemia, hypertension (HTN) and/or blood
pressure, hypertriglyceridemia and decreased High-Density Lipoprotein (HDL) cholesterol
(Eckel et al., 2010). This combination represents a constellation of risk factors for NAFLD,
including diabetes, central obesity, dyslipidemia, and hypertension (Hamaguchi e al., 2005).
Non-alcoholic fatty liver disease (NAFLD) is generally associated with elevated plasma levels

of VLDL triglycerides and low concentrations of HDL cholesterol (Lonardo et al., 2024).

1.3.4. Insulin resistance

In states of insulin resistance, the activity of insulin on its target organs (muscle, liver,
and adipocytes) (Silva Rosa et al., 2020). Visceral obesity, is associated with the development
of insulin resistance, increased lipolytic activity in adipose tissues, and a massive release of free
fatty acids that flow into the liver via portal drainage (Jornayvaz et al., 2010; Kahn and Flier,
2000). Adipokines, such as leptin, adiponectin, and resistin, produced primarily by adipose
tissue, are involved in energy homeostasis. Resistin acts as a potent competitive antagonist of
insulin by binding to insulin receptors (IR) on muscle (Clemente-Suarez et al., 2023), liver
(Han et al., 2021), and adipocytes (Shojima et al., 2002). In the liver, the inhibition of insulin
activity (central insulin resistance) is accompanied by the stimulation of de novo lipogenesis,
leading to steatosis (Bugianesi et al., 2005; Utzschneider and Kahn, 2006; Weiss and
Caprio, 2005).

1.3.5. Diet

Diet composition and energy intake are linked to NAFLD, with carbohydrates being

more significant contributors than fats Diets high in saturated fats, refined sugars, sugary drinks
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and fructose not only contribute to the expansion of adipose tissue, leading to insulin resistance
and lipolysis, but also upregulate the hepatic enzyme SREBP-1 (Sterol regulatory element-
binding protein 1) (Aragno et al., 2009). Sterol regulatory element-binding proteins (SREBPs)
are a family of transcription factors that play a crucial role in the biosynthesis of cholesterol,
fatty acids, and triglycerides (Moslehi and Hamidi-zad, 2018). This results in increased de
novo lipogenesis and pathogenesis of nonalcoholic fatty liver disease (Barrera and George,

2014).

1.3.6. Genetic factors

Interethnic variations and familial aggregation suggest a genetic role in the prevalence
of NAFLD. Several genes have been identified as being associated with the development of
NAFLD, particularly PNPLA3 and TM6SF2 (Marchisello et al., 2019). PNPLA3 plays a role
in hepatic lipogenesis by esterifying lysophosphatidic acid into phosphatidic acid (Birkenfeld
and Shulman, 2014). The Transmembrane 6 Superfamily 2 gene (TM6SF2, variant E167K) is
another genetic variant recently linked to NAFLD and liver cirrhosis (Dongiovanni et al., 2015;

Smagris et al., 2016).

1.3.7. Intestinal microbiota

The gut microbiota plays a significant role in the pathophysiology of NAFLD (Lau and
Wong, 2018). Dysbiosis can compromise the integrity of the intestinal barrier, leading to a
disruption of the gut-liver axis and increased intestinal permeability. This hyperpermeability
causes bacterial translocation, increased hepatic absorption of free fatty acids, metabolites from
the fermentation of fibers and carbohydrates in the colon, and altered bile acid metabolism
(Bashiardes et al., 2016; Cani et al., 2007). As a result, hepatic lipid metabolism is disrupted,
and the liver is exposed to harmful substances, exacerbating inflammation and fibrosis

(Bashiardes et al., 2016).

1.3.8. Mitochondrial dysfunction and oxidative stress

Mitochondrial structural and functional alterations play a crucial role in the pathogenesis
of NAFLD (Zheng et al., 2023). During hyperglycemic states, acetyl-CoA is converted into
citrate, some of which moves from the mitochondrial matrix to the cytosol. There, it regenerates
acetyl-CoA, which is further converted into malonyl-CoA. High levels of malonyl-CoA
promote hepatic fatty acid synthesis and inhibit their oxidation (Wei et al., 2008).
Mitochondrial dysfunction can lead to both fat accumulation and the production of reactive
oxygen species (ROS) and cytokines, contributing to the progression of NAFLD by inducing
liver inflammation and fibrosis (Sanyal ez al., 2001; Wei et al., 2008).

10
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1.3.9. Age et gender
The frequency of NAFLD rises with advancing age (Frith et al., 2009). It exhibits a
twofold higher occurrence in males compared to females (Park et al., 2004). Research has

unveiled instances of familial clustering of NAFLD (Wagenknecht et al., 2009).

I.4. Diagnosis

Non-alcoholic fatty liver disease (NAFLD) often presents without symptoms
(Friedman et al., 2018). Diagnosis commonly occurs during routine health screenings
(Choudhury and Sanyal, 2004). Typically involving liver function tests or abdominal
ultrasound as part of the assessment. While liver biopsy remains the gold standard for assessing
NAFLD severity, offering a precise histological diagnosis. (Friedman et al., 2018;
Marchisello ez al., 2019). Various invasive and non-invasive techniques are available to aid in

its evaluation (Figure 3).

Ultrasound
MRI
Elastography
Computed tomography

Figure 3. The different approaches used for NAFLD investigation. ASAT: aspartate aminotransferase.
ALAT: alanine aminotransferase. GGT: gamma-glutamy! transferase. TAG: Triacylglycerol. MRI:
magnetic resonance imaging (National Guideline Centre (UK), 2016).

11
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L.5. Underlying diseases

Non-alcoholic fatty liver disease (NAFLD) should be viewed as part of a complex

multisystemic disorder due to its elevated likelihood of leading to severe chronic conditions

(Hydes et al., 2020).

Table 1. Underlying diseases of NASH/NAFLD.

NASH / NAFLD

Type 2 Diabetes Chronic kidney | Cardiovascular Extra hepatic

disease disease cancers
people with NAFLD | A later meta-analysis | The mechanisms of | Substantial evidence
often display | discovered a link | NAFLD, notably | indicates that
heightened  insulin | between non- | systemic NAFLD could
resistance, which can | alcoholic fatty liver | inflammation, elevate the risk of
advance to type 2 | disease and both the | oxidative stress, | developing specific
diabetes, particularly | occurrence and | adipokines, cancer types,
among individuals | frequency of chronic | endoplasmic including colorectal,
obesity,  sedentary | kidney disease in | reticulum stress, | pancreatic,
lifestyle, poor dietary | individuals cardiac lipotoxicity, | esophageal, gastric,
habits, genetic | Moreover, it was | and microbiota | uterine, intrahepatic
factors, found that chronic | dysbiosis, are | cholangiocarcinoma,
hypertension,  and | kidney disease was | involved in | breast,
dyslipidemia, more prevalent in | cardiovascular kidney/bladder, and
commonly  linked | individuals with non- | diseases. including, | melanom.
with type 2 diabetes | alcoholic adipose tissue

steatohepatitis releases  numerous

compared to those | factors  potentially

with simple steatosis. | implicated in

atherogenesis.
Reference
(Anstee et al., 2013) | (Hydes et al., 2020) (Byrne and (Mitsala et al.,
Targher, 2015; 2022)
Mitsala et al.,
2022).

1.6. Pathophysiology of NAFLD

1.6.1. NON ALCOOLIC STEATOSIS NAFLD

The development of NAFLD involves an intricate interplay of factors: a surge in dietary
fatty acids, disruptions in the gut-liver axis due to dysbiosis, breakdown of adipose tissues,
hepatic fat synthesis, and reduced elimination and oxidation of fatty acids (Jasirwan et al.,
2019). This imbalance leads to lipid accumulation in hepatocytes, followed by inflammation
and fibrosis triggered by pro-inflammatory cytokine influx (TNF-a, IL6, IL-8, IL1B) which
activate several serine kinases (Figure 4), including IxB kinase (IKK) and JNK (Gual et al.,

12



Bibliographic review

2005) and heightened oxidative stress (Aleksandrova et al., 2014; Cassard-Doulcier and
Perlemuter, 2011). Obesity and/or insulin resistance leads to an increase of lipolysis which
induced an overflow of triglycerides derived free fatty acids (FFA) (Sethi and Vidal-Puig,
2007). These FFAs can activate inflammatory pathways and impair insulin signaling PI3K/Akt
(McArdle et al., 2013). The accumulation of triglycerides in the liver leads to insulin resistance,
which increases insulin's inhibitory (Figure 4) effect on the production of glucose
(gluconeogenesis) and triglycerides (De novo lipogenesis) by the liver (Saltiel and Kahn,
2001). The disruption of mitochondrial biogenesis and oxidative function also plays a
significant role in the development of insulin resistance and hepatic steatosis. (Jornayvaz et
al., 2010; Smith and Adams, 2011). Histologically, steatosis in NAFLD is predominantly
macrovesicular ( Wree et al. 2014), although it can comprise a combination of large and small
vacuoles (Brown and Kleiner, 2016). Microvesicular steatosis, identified by its characteristic
foamy cytoplasmic appearance, can also manifest in individual hepatocytes or in small clusters

(Chalasani et al. 2008).

TNFa Adipose tissue
IL-6
Resistin
Leptin

JVLDL export ~, 'Free:jatty TG synthesis steatosis
acids

" DAG,CERAMID
dysfunction —
Oxydative \

stress ROS ‘ : ' —
\' } NASH - .
o ) Intestinal

inflammation s
hyperpermeability
PAMPs

Membrane
remodeling

Figure 4. Pathophysiological mechanisms contributing to NAFLD progression (Mi et al., 2024). TNF-
a: Tumor Necrosis Factor-alpha. IL-6: Interleukin-6. TG: Triglycerides. VLDL: Very Low-Density
Lipoprotein. DAG: Diacylglycerol. ROS: Reactive Oxygen Species. ER: Endoplasmic Reticulum.
NASH: Non-Alcoholic Steatohepatitis. PAMPs: Pathogen-Associated Molecular Patterns.
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1.6.2. FIBROSIS

Fibrogenesis is initiated by the activation of Kupffer cells and monocytes, which result
in an activation of TGF-f signaling pathway and the production of cytokines such as IL-1
(Koyama and Brenner, 2017) and subsequently activating hepatic stellate cells (HSC)
(Dooley and Ten Dijke, 2012). Therefore, apoptotic bodies from dead hepatocytes can be
phagocytosed by stellate cells, further promoting their activation (Jiang et al., 2009). Once
activated, these stellate cells express new receptors, including the platelet-derived growth factor
receptor (PDGF) and the transforming growth factor  receptor (TGF-f) (Khanam et al., 2021).
These stellate cells subsequently (Figure 5) differentiate into myofibroblasts with fibrogenic
properties (Zhang et al., 2016). This differentiation can worsen inflammation, primarily
through the Toll Like Receptor 4 (TLR4) receptor on their surface (Guo and Friedman, 2010).
This process culminates in the excessive deposition of collagen and other extracellular matrix
proteins by the stellate cells, resulting in scar tissue formation (Khurana et al., 2021). Fibrosis
is frequently observed in NASH, usually manifesting as perisinusoidal/pericellular fibrosis in
zone 3, and includes a mixed infiltrate of inflammatory cells such as lymphocytes, neutrophils,
eosinophils, and Kupffer cells (KC) (Méndez-Sanchez et al., 2020). Masson's trichrome stain
accentuates the accumulation of collagen and other extracellular matrix proteins along the

sinusoids surrounding the hepatocytes (Czuppon et al. 1993).
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Figure 5. Fibrosis pathophysiology (Khanam, Saleeb, and Kottilil 2021). FFAs: Free Fatty Acids
LPS: Lipopolysaccharides. NASH: Non-Alcoholic Steatohepatitis. ROS: Reactive Oxygen Species.
TGF-g: Transforming Growth Factor Beta. PDGF: Platelet-Derived Growth Factor. IL-18: Interleukin
1 Beta. HSCs: Hepatic Stellate Cells. ECM: Extracellular Matrix. TLR4-R: Toll-Like Receptor 4.
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1.6.3. CIRRHOSIS

Cirrhosis marks a significant phase in the advancement of hepatic fibrosis triggered by
various chronic liver diseases, such as non-alcoholic fatty liver disease (Schuppan and Afdhal,
2008). The complications associated with cirrhosis (Figure 6) can be potentially severe,
encompassing portal hypertension (PHT) resulting in bleeding from esophageal or gastric
varices, hepatic encephalopathy, spontaneous bacterial peritonitis, hepatorenal syndrome, and
hepatocellular carcinoma (HCC) (Sawadogo et al., 2007). In cirrhosis, the space of Disse
becomes filled with fibrotic septa and the endothelial fenestrations are lost, a phenomenon
known as sinusoidal capillarization (Schaffner and Poper, 1963). This phenomenon leads to
significant microvascular changes within the liver and the development of intrahepatic shunts,
primarily caused by angiogenesis and loss of parenchymal cells, as well as hepatic endothelial
dysfunction (Tsochatzis et al., 2014). In fact, due to the elevated portal pressure in cirrhosis,
portosystemic anastomoses develop in the lower esophagus (Williams and Iredale, 1998). This
leads to the formation of collateral vessels, providing an alternative route for blood returning to
the systemic circulation without passing through the liver (Maruyama and Yokosuka, 2012).
However, as the disease advances and splenic arterial vasodilation increases, blood pressure
decreases, resulting in the activation of the renin-angiotensin system, elevated levels of
circulating Antidiuretic Hormone (ADH), and retention of sodium and water by the kidneys
(Arroyo and Colmenero, 2003). The appearance of ascites is often the initial sign of

decompensation in many cirrhotic patients (Williams and Iredale, 1998).
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Figure 6. Pathophysiology of portal hypertension (Garcia-Pagan et al., 2012). ECM: Extracellular
Matrix. NO: Nitric Oxide. ADH: Antidiuretic Hormone.
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1.6.4. Hepatocellular carcinoma

Cirrhosis remains the primary risk factor for hepatocellular carcinoma development
(Tarao et al., 2019).Within the context of cirrhosis, repetitive cycles of compensatory
proliferation enhance carcinogenesis (Nakagawa and Maeda, 2012). Subsequent to sustained
insulin resistance and heightened metabolic stress, intestinal dysbiosis ensues (Roh and Seki,
2013). Activation of the specific lipopolysaccharides (LPS) receptor, TLR-4, on Kupffer cells
initiates an inflammatory cascade triggered by TNF-a (Soares et al., 2010). Chronic
inflammation precedes immune system dysregulation (Anstee et al., 2013). The tumor
microenvironment induces the differentiation of myeloid cells (macrophages) into
immunoregulatory cells, including tumor-associated macrophages (TAMs), which exert a pro-
tumoral function by stimulating proliferation, angiogenesis, invasion, and immunosuppression
(Tan et al., 2021). Notably they facilitate the generation of regulatory T lymphocytes (Zhang
et al., 2019), and Activation of lipogenesis leading to the excessive production of free fatty
acids (FFA) that act as both lipotoxic and pro-tumorigenic agents (Wang and Malhi, 2018).
Specifically, FFAs induce the activation oncogenic transcription factor, promoting tumor

growth (Longo et al., 2021).
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Figure 7. Summary of mechanisms and serum markers of obesity-associated hepatocellular carcinoma
(HCC) (Schwabe and Greten, 2020). STAT3: Signal Transducer and Activator of Transcription 3,
AKT: Protein Kinase B. PI3: Phosphoinositide 3. TOR: Mechanistic Target of Rapamycin. JNK: c-Jun
N-terminal Kinase. ROS: Reactive Oxygen Species. LPS: Lipopolysaccharides. TLR4: Toll-Like
Receptor 4. TNFa: Tumor Necrosis Factor Alpha. IL-1f : Interleukin 1 Beta. IL-10 : Interleukin 10.
TGF-f: Transforming Growth Factor Beta. VEGF: Vascular Endothelial Growth Factor. TAM: Tumor-
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Associated Macrophage. TReg: Regulatory T Cells. TGF: Transforming Growth Factor. MMPs:
Matrix Metalloproteinases. IL6: Interleukin 6.

1.7. G protein-coupled receptors (GCPRs)

L.7.1. Definition

G protein-coupled receptors (GPCRs) are essential proteins located in the cell
membrane that play a crucial role in sensing signaling molecules (Venkatakrishnan et al.,
2013). preserved structure comprising seven transmembrane domains (TMD). G proteins are
composed of Ga, Gf, and Gy subunits (Wingler and Lefkowitz., 2020). They facilitate signal
transmission between the interior and exterior of cells. Binding of an external signal to a specific
GPCR initiates a series of intracellular reactions (Rehman et al., 2024). These reactions begin
with a receptor conformational change triggered by ligand binding to its transmembrane region.
This change activates associated G proteins, to activate various intracellular signaling pathways
(Miller and Lappin, 2024). The cascade of reactions has broad consequences, regulating
cellular processes such as cell proliferation and gene transcription modulation. At a broader
level, these processes regulate key physiological functions including sensory perception,
immune response, cell communication, and neurotransmission (Nair et al., 2019). Due to their
role in physiological regulation and involvement in human pathologies, GPCRs are prime
targets for drug development (Eglen and Reisine, 2011). GPCRs are divided into five groups:
Glutamate, Rhodopsin, Adhesion, Frizzled, and Secretin, collectively known as the GRAFS
system (Fredriksson et al., 2003).
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Figure 8. Signal transduction of GCPR (Bockaert, 1999).

L.7.2. Activation of GPCR

While inactive, the constituents of G proteins are bonded together, with Ga coupled to
GDP. Upon receptor activation, GDP is liberated and substituted with GTP, inducing
heterotrimeric dissociation into Ga-GTP and linked Gy (Figure 8). This division empowers
each subunit to initiate diverse responses within the cell (Wingler and Lefkowitz, 2020). They
activate additional effectors, thereby amplifying the signal. Upon conclusion, the hydrolysis of
GTP into GDP is facilitated by the GTPase activity of Ga. Ga-GDP reverts to its quiescent state
through reassociation. Various proteins interact, including [-arrestins and RGS proteins.
GPCRs stand as significant targets for addressing heart diseases, inflammation, and central

nervous system (CNS) disorder (DeWire et al., 2007; Kobilka, 2013).
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Figure 9. Activation cycle of GCPR (Tuteja, 2009).

1.7.3. The B-adrenergic receptors
B-adrenergic receptors are predominantly postsynaptic receptors, consist of three

subtypes, B1, B2, and 3, encoded by distinct genes (Figure 9). They primarily interact with Gs
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proteins, initiating adenylate cyclase activation, leading to elevated intracellular cyclic AMP
levels and subsequent activation of protein kinase A (PKA) (Amin ef al., 2011). Their native
ligands are catecholamines: adrenaline and noradrenaline, synthesized by the adrenal medulla
glands and regulated by the sympathetic nervous system. Their physiological effects vary
significantly due to diverse second messengers and multiple tissue distributions. They are
distributed throughout the body, including the central nervous system. (Brodde and Michel,
1999).

1.7.4. Activation of p2-adrenergic receptors

The binding of an agonist triggers the binding of the 2 receptor-agonist complex to the
Gs transduction protein that binds GTP (Figure 10). This G protein enables the coupling of the
ligand-receptor complex to adenylate cyclase. The activated adenylate cyclase converts ATP
into cAMP. This cAMP activates a family of enzymes, the protein kinases A (PKA), that
regulates the activity of several cellular proteins, including the L-type Ca2+ channel and f2AR
itself (Figure 10). This process results in the relaxation of smooth muscles and other cellular
responses (Devillier ef al., 1996). The B2AR couples to both Gas and Gai proteins in cardiac
myocytes (Xiao et al., 1999).
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Figure 10. Schematic representation of the signaling pathway following stimulation of the b-receptor
(Tattersfield, 2006). K*: Potassium lon. G,: Stimulatory G Protein. AC: Adenylyl Cyclase. ATP:
Adenosine Triphosphate. cAMP: Cyclic Adenosine Monophosphate. PKA: Protein Kinase A. PI:
Phosphoinositide. Na/K* ATPase: Sodium-Potassium Adenosine Triphosphatase. Ca?*: Calcium Ion.
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L.7.5. Regulation of p2-adrenergic receptors

B-2 adrenergic receptors undergo regulatory processes. Phosphorylation of specific
serine and threonine residues on these receptors leads to the dissociation of the receptor-Gs
protein complex (Ferguson et al., 1995). These phosphorylated sites are targeted by serine-
threonine kinases such as protein kinase A (PKA) (Figure 10), protein kinase (PKC), and G
protein-coupled receptor kinases (GRK), which induces desensitization of receptors, resulting
in a decrease in their affinity for ligands (Pitcher et al., 1998). This phosphorylation recruits [3-
arrestins. Acting as scaffolding proteins, B-arrestins promote the binding of other proteins,
particularly phosphodiesterase 4 (PDE4). They activate extracellular signal-regulated kinase
(ERK), block G protein activation, and facilitate receptor internalization via clathrin-coated pits
(Rosenbaum et al., 2009). Once bound, PDE4 metabolizes cAMP (cyclic adenosine
monophosphate), thereby limiting the propagation of the cellular signal (Figure 11)
(Lefkimmiatis and Zaccolo, 2014).
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Figure 11. Schematic representation of the signaling pathway following stimulation of the b-receptor
(Tattersfield, 2006). p--Agonist: Beta-2 adrenergic receptor agonist. CAMP: Cyclic adenosine
monophosphate. PDE4: Phosphodiesterase 4. AMP: Adenosine monophosphate. PKA: Protein kinase
A.PKC: Protein kinase C. PTK: Protein tyrosine kinase. SARK (GRK): Beta-adrenergic receptor kinase
(G-protein-coupled receptor kinase). P: Phosphorylation sites.
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1.8. p2-Agonists

B-2 adrenergic agonists are a drug class used as a mainstay treatment for respiratory
diseases such as bronchial asthma and chronic obstructive pulmonary disease (COPD) (Hsu
and Bajaj, 2024). They replicate the functions of catecholamines such as epinephrine,
norepinephrine, and dopamine in producing different autonomic responses within the body
Specifically, the smooth muscle of the airway (Paravati et al., 2024), uterus (Klukovits e al.,
2004), intestine (Diez-Sampedro et al., 2011), and systemic vasculature are areas where beta-

2 agonists have the greatest effect (Fur et al., 2012).

1.8.1. Affinity of B2-agonists for f2-adrenergic receptors

B-adrenergic receptors have two affinity states for agonists, regulated by guanine
nucleotides. When GDP is present, agonist binding leads to a long-lasting ternary complex
formation with high agonist binding affinity (De Lean et al., 1980). In the absence of G protein
or when GTP enables receptor-catalyzed G protein activation the receptor in a low-affinity state.
Considerable evidence suggests that beta-2 adrenergic receptor agonists bind to either a
hydrophobic pocket or an active region situated at a depth of at least 11 angstroms within the
core of the beta-2 adrenergic receptor (Xiao et al., 1999). This particular site aligns with the
anticipated location of several crucial amino acid residues, including aspartate 113, serine 204,
serine 207, and phenylalanine 290. These residues are acknowledged as indispensable for ligand

binding (Isin et al., 2012).
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Table I1. B2-agonists affinity for B2-adrenoreceptors (Anderson, 2006; Lafontan ef al., 1988; Lotvall,
2001).

B-agonists Nature Interaction with the B2 | Action Onset of action

adrenergic receptor

Formoterol Lipophilic Directly to the active site | Fast Long
Salbutamol Hydrophilic Directly to the active site | Fast Court
Salmeterol Lipophilic Diffuses through the cell | Slow Long

membrane to reach the

active site

Clenbuterol Lipophilic Directly to the active site | Slow Long
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1.8.2. Effects of f2-agonists on different tissues

Table II1. Effects of f2-agonists on different tissues.

Targets

Effects

References

Myocardium

Treatment with formeoterol, salmeterol, clenbuterol,
fenoterol or isoproterenol:

e FElevation in heart rate post administration.

e Hypertrophy, marked by a rise in the protein
content within the heart, coincides with
significant structural and functional alterations.

e Cellular necrosis subsequent to an increase in
apoptosis, in reaction to cellular necrosis, there
is an observed fibrosis, likely triggered by the
stimulation of collagen synthesis.

(Eisemann et al., 1988)
(Bates and Pell, 1991;
Deshaies et al., 1981)
(Patiyal and Katoch,
2006)

Airway smooth
muscles

Treatment of Chronic Obstructive

Disease with salmeterol:

Pulmonary

e Increase of forced expiratory volume (FEV)
and inspiratory capacity (IC).

e Relaxation by catalysis of the activation of
protein kinase A (PKA) which in turn leads to
the phosphorylation of key regulatory proteins
responsible for muscle tone control.

(Boyd et al., 1997)

Adipose tissue Treatment with salbutamol, isoproterenol or | (Wenkeova et al.,
clenbuterol: 1976)
e A notable decrease in the amount of adipose (Bricout et al., 2004)
tissue. (Kearns et al., 2002)
e Restriction of adipogenesis.
e Rise in lipolysis.
Adrenal gland Treatment with clenbuterol:
e C(Cellular hyperplasia in the adrenal cortex (Illera et al., 1998)
coincides with elevated levels of corticosterone
and adrenaline secretion.
Skeletal muscle Treatment with formoterol: (Joassard et al., 2013)
e Hypertrophy by activating the Akt-mTOR
pathway.
Liver Treatment with clenbuterol:
e Decrease in liver mass (8 to 9 %). (MacLennan and
Edwards 1989)
e Increase in liver glycogen concentration. (Xydas et al., 2006)
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Chapter I1: Materials and methods
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I1.1. Experimental protocol

The protocol involves inducing steatosis through a specially prepared high fat diet to
evaluate the progression of the disease among four groups: negative control with water ad
libitum (CTL), HFD without treatment, treated with Formoterol (FOR), and treated with
Salbutamol (SAL). The rats were identified using a color-coding system on their tails with

indelible markers (red, green, black, and blue) and were weighed daily.

Fischer
S F3M4Rat
" n=32
Negative control High Fat Diet High Fat Diet with High Fat Diet with
with water ad Formoterol (n=8) Salbutamol (n-=8)
libitum (n=8) (n=8)

SN\

> Tissues collections
> Serum collection
> Biochemical Assay

Figure 12. Experimental protocol. Thirty-two Fischer F344 rats (n=32) were divided into four groups
(n=38 per group). A negative control group receiving water ad libitum, a group receiving a high-fat diet
(HFD) for 12 weeks, a group receiving HFD for 12 weeks followed by treatment with Formoterol (15
ugrkg) for 2 weeks, and a group receiving HFD for 12 weeks followed by treatment with Salbutamol
(150 ug/kg) for 2 weeks. At the end of the treatment period, tissue and serum samples were collected for
biochemical assays to evaluate the effects of the treatments.
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I1.2. Housing conditions

The rats were housed in the university animal facility in an environment conducive to
experimentation: ambient temperature, in plastic cages, labeled, lined with wood shavings,

with stainless steel closures.
I1.3. Treatment, administration and samples collections

The treatment was prepared in the university's physico-chemical laboratory as an
injectable solution. For in vivo experiments, 8-week-old rats received daily subcutaneously
injections with formoterol at a concentration of 15ug/kg or salbutamol at a concentration 150
ng/kg. For control, age matched rats were injected with a sterile saline solution. After 2 weeks,
the animals were anesthetized with intraperitoneally injections with ketamine (50 mg/kg) and
xylazine (5 mg/kg).

Organs (liver, heart, adipose tissue and lungs) were weighed and stored at -20°C. Blood
samples were collected from the jugular vein in dry tubes, labeled, and centrifuged. The first
centrifugation was at 4000 rpm for 10 minutes at 4°C to collect serum, which was then pipetted
into Eppendorf tubes. The second centrifugation was at 2000 rpm for 10 minutes at 4°C to
remove cellular debris, and the serum was stored at -20°C for subsequent biochemical tests.
Vital organs (liver, heart, kidneys, lungs, spleen, pancreas, and adipose tissue) were dissected,

weighed and stored at -20°C in 10% formalin.

I1.4. Biochemical Assay

I1.4.1. Aspartate aminotransferase (ASAT) Activity
Accurate measurement of enzyme activity is crucial in various biochemical and
clinical analyses. Aspartate aminotransferase (ASAT) is a key enzyme whose activity can

indicate liver function and damage.

Method developed by Karmen et al. and optimized by Henry et al (In accordance with
IFCC recommendations) (Lustig ez al., 1988). The decrease in absorbance is proportional to
ASAT activity in the specimen measured at 340 nm. Serum samples are prepared by
centrifugation and stored at -20°C. The ASAT reagent, including buffers, substrates (L-
aspartate and 2-oxoglutarate), and NADH, is prepared and equilibrated to room temperature.

100 pl of the
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serum sample is mixed with 1000 pl of the reagent, incubated at 37°C, and the absorbance
decrease at 340 nm is measured over a 5 minutes interval. The ASAT activity, expressed in

U/L, is proportional to the rate of NADH oxidation.
The reaction scheme is as follows:

ASAT (Aspartate Aminotransferase) reaction :

ASAT

L-Aspartate + 2-Oxoglutarate ‘l Oxaloacetate + L-Glutamate.............ccccoeueennnee. (1)

MDH (Malate Dehydrogenase) reaction :

MDH

Oxaloacetate + NADH + H+, = L-Malate + NAD+........................... )

11.4.2. Alanine aminotransferase (ALAT) Activity
Accurate assessment of alanine aminotransferase (ALAT) activity is critical for

evaluating liver health and detecting liver damage.

Method developed by Wrobleski and La Due, optimized by Henry and Bergmeyer (in
accordance with IFCC recommendations) (Okorodudu ez al., 1989). The decrease in

absorbance is proportional to ALAT activity in the specimen measured at 340 nm.

Serum samples are prepared by centrifugation and stored at -20°C. The ALAT reagent,
containing buffers, L-alanine, 2-oxoglutarate, and NADH, is prepared and equilibrated to
room temperature. After mixing 100 pl of the serum sample with 1000 pl of the reagent, the
reaction mixture is incubated at 37°C, and the absorbance decrease at 340 nm is measured

over a 5 minutes interval to determine ALAT activity, expressed in U/L.
The reaction scheme is as follows:

ALAT (Alanine Aminotransferase) reaction :

ALAT
L-Alanine + 2-Oxoglutarate E—) Pyruvate + L-Glutamate..............ccceennee. (1)
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LDH (Lactate Dehydrogenase) reaction :
LDH
Pyruvate + NADH + H* mmm) [ -Lactate + NAD".....ooeueennne.. (2)

11.4.3. GAMMA GT Activity
Accurate measurement of gamma-glutamyltransferase (GGT) activity is vital for

assessing liver and bile duct function, as well as for diagnosing various liver diseases.

Method based on the work of Szasz, Rosalki, and Tarlow. The reaction scheme is as
(Szasz et al., 2019). The rate of formation of p-nitroaniline is directly proportional to GGT

activity in the specimen measured at 405 nm.

Serum samples are prepared by prompt separation and storage at -20°C. The GGT
reagent, comprising appropriate buffers and gamma-glutamyl-p-nitroanilide substrate, is
prepared and equilibrated to room temperature. Upon mixing 50 pl of the serum with 1000 pl
of the reagent, the reaction is incubated at 37°C, and absorbance at 405 nm is monitored over
time to quantify GGT activity. Results are expressed in U/L, where one unit represents the
enzyme activity that generates one micromole of product per minute under standard assay

conditions.

The reaction scheme is as follows:

I

L-G-Glutamyl-3-carboxy-4-nitroanilide + Glycylglycine ¢mma L-G-Glutamyl-glycylglycine

+ p-nitroaniline.

11.4.4. Triglycerides quantification
Accurate measurement of triglyceride levels is crucial in clinical diagnostics, providing

insights into lipid metabolism and cardiovascular health.

Fossati and Prencipe method associated with the Trinder reaction (Fossati ef al., 1983;
Trinder, 1969). The absorbance of the colored complex (quinoneimine) is proportional to the

amount of triglycerides in the specimen measured at 500 nm.

Serum samples are preferred and stored at -20°C if not immediately analyzed. The
triglycerides reagent, containing buffers, glycerol kinase, glycerol-3-phosphate oxidase, and

peroxidase, is prepared and brought to room temperature. After mixing 10 pl of the sample with
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1000 pl of the reagent, the reaction mixture is incubated at 37°C, and the absorbance at 500 nm
is measured using a spectrophotometer. Triglyceride concentrations are calculated using a

standard curve and reported in mg/dL or mmol/L of serum.
The reaction scheme is as follows:

Triglycerides hydrolysis:

Lipase
Triglycerides ~ mmmmm) Glycerol + Free fatty acids...................... (D)

GK (Glycerol Kinase) reaction:

GK
Glycerol + ATP =mmmm)  Glycerol 3-Phosphate + ADP.................. (2)

GPO (Glycerol-3-Phosphate Oxidase) reaction:

GPO
Glycerol 3-Phosphate + O, === Dihydroxyacetone Phosphate + H2Os.................. 3)
POD (Peroxidase) reaction:
POD
H20: + 4-Chlorophenol + PAP  pmmmmsd Quinoneimine (pink) + H2O.............ooooiin (4)

11.4.5. Cholesterolimia quantification
Accurate measurement of serum cholesterol levels is essential in assessing

cardiovascular risk and monitoring lipid metabolism.

Quantitative measurement of serum cholesterol was performed using the enzymatic
method described by Allain et al (Allain ef al., 1974). Serum samples were thawed to room
temperature before analysis. The cholesterol reagent, containing buffers, cholesterol esterase,
and cholesterol oxidase, was prepared and equilibrated to room temperature. 10 pl of serum
was mixed with 1000 pl of the reagent in a cuvette, incubated at 37°C, and the absorbance was
measured spectrophotometrically at 500 nm. Total cholesterol concentrations were determined

using a standard curve and expressed in mg/dL or mmol/L of serum.
According to the following reaction scheme:

CE (Cholesterol Esterase) reaction :
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CE
Cholesterol + O, mmmmm) Cholesterol + Free Fatty Acids...................... (1)

CO (Cholesterol Oxidase) reaction:

CO

Cholesterol + O. mmmmm) Cholesten-4-one-3 + H2Oz..........oevevninenn. (2)

POD (Peroxidase) reaction:
POD
2 H20: + Phenol + PAP ) Quinoneimine (pink) +4 Hz ................o.... (3)

IL.5. Histology

Liver tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Sections
of 4 um were used for hematoxylin-eosin-safran (HES) to visualize the architecture of hepatic

tissue and inflammatory cell infiltration.

30



Materials and methods

Fixation
The livers of the rats were placed in 10% formalin suspension

&= immediately after dissection.

Dehydration

The samples are placed in histocassets and then in a semi-closed
automatic tissue processor on the laboratory bench for a duration of 7
hours.

Paraffin embedding
The histocassets containing the samples are individually
coated with paraffin using a paraffin embedding station.

Microtomy

After the paraffin-embedded samples cooled down, they were
processed for microtomy. The very thin sections obtained from
this microtomy are mounted on slides.

Rehydration

After the slides have been incubated for a minimum of 2 hours at
60°C, they are immersed in xylene for 10 minutes, then in ethanol
for 10 minutes, and finally in water for 10 minutes.

Coloration
The slides were immersed in hematoxylin for 3-4
minutes and then in eosin for 1 minute.

Figure 13. Histomorphometry protocol.
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I1.5.1. Histological quantification

The surface area of lipid droplets within liver tissue samples was measured using
Image] software. Five high-resolution images were captured to represent the entire liver for
each sample. These images were imported into ImagelJ, where its measurement tools were
used to outline and quantify the surface area of each lipid droplet. The rule of three was then
applied using the total surface area of the images to ensure accurate proportional

representation.
I1.6. Statistics

Various statistical tests including unpaired t-tests as well as one-way analysis of
variance followed by Bonferroni test were used to determine whether specific group mean
differences were significant. Each test performed is specified in the figure legends. The
minimum a-level of significance was set at 0.05. Data are presented as means = SEM

throughout.
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Chapter I11: Results and discussion
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II1.1. Results

I11.1.1. p2-agonist effect on adipose tissue

We aimed to assess the effects of administering formoterol and salbutamol on different

tissues. Adipose tissue weight was significantly (p<0,001) different between HFD and others

groups after two weeks of treatment. Noted that adipose tissue weight in the group HFD was

significantly increased by 286% compared CTL group. In addition, adipose tissues weight was

decreases in group FOR and SAL respectively 55% and 65% compared with HFD group.

Table IV. Weights of different tissues. Values are means £ SE (n=6-8). *** P<(0.001 relative to CTL:

One-way ANOVA and Bonferroni as post hoc test. ns: not significant.

Tissue Group Mean Std. Dev Significance
(®
Adipose CTL 5,95 1,49
tissue
HFD 17,03 3,59 ok
FOR 9,46 2,63 ns
SAL 11,20 1,15 ns
Liver CTL 13,28 2,03
HFD 15,69 3,16 ns
FOR 14,06 1,76 ns
SAL 12,85 1,41 ns
Lungs CTL 2,84 0,78
HFD 2,65 0,68 ns
FOR 2,90 0,70 ns
SAL 3,45 0,52 ns
Heart CTL 1,40 0,13
HFD 1,51 0,12 ns
FOR 1,56 0,29 ns
SAL 1,51 0,12 ns
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I11.1.2. p2-agonist effect on liver enzymes levels

ALAT, ASAT and YGT serum can be used to assess hepatic function and/or injury.
ALAT is in the highest concentration in the liver. ASAT is also present in heart, muscle, kidney,
brain, pancreas, lung. YGT is abundant in liver, kidney, pancreas and intestine.

We have expected by spectrophometry the level of alanine aminotransferase (ALAT) in
different groups. As expected, the level of ALAT in HFD treated with formoterol or salbutamol
groups shows a substantial decrease respectively by 36% (p<0.05) and 42% (p<0.05) compared
to HFD without treatment group (Figure 14.A). Moreover, there is no significant difference of
ALAT level between negative control and other groups (Figure 14.A). The FOR group has
levels around 75%, while the SAL group shows levels slightly below the control at around 90%.
Similarly, we have also observed that aspartate aminotransferase (ASAT) is decreased in HFD
treated with formoterol or salbutamol groups compared with non-treated HFD group (Figure
13.B).

As ALAT level, we didn’t expect any difference of ASAT level between negative
control groups with HFD treated or HFD alone. Surprisingly, we assessed the level of YGT in
different groups. As shown in (Figure 14.C), there is no significance difference of level YGT

in different groups.

II1.1.3. p2-agonist effect on Triglycerides level

Steatosis is characterized by the accumulation of triglycerides in the liver, which
increases insulin's inhibitory effect on the production of glucose and triglycerides by the liver
(Saltiel and Kahn, 2001). To determine whether high fat diet induces steatosis through
triglyceride over synthesis, we measured the rate of triglyceride in serum of different groups.
The HFD group shows an increase of triglyceride level by approximately 60% compared to
control group. However, triglyceride level is significantly decreased in group HFD treated with
salbutamol (Figure 14.D). Nevertheless, we don’t find significant difference between HFD
treated with formoterol and HFD group. Moreover, there is no significant difference on

triglyceride level between negative control and other groups (Figure 14.D).

I11.1.4. B2-agonist effect on total cholesterol level

Steatosis is considered the hepatic component of Metabolic syndrome (MetS) (Flisiak-
Jackiewicz et al., 2021). Metabolic syndrome is characterized by hypertriglyceridemia and
decreased High-Density Lipoprotein (HDL) cholesterol (Eckel et al. 2010). B2-agonist

administration with formoterol or salbutamol does not alter total cholesterol level (Figure 14.E).
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We did not find any difference of total cholesterol level between groups CTL, HFD, HFD-FOR
and HFD-SAL.
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Figure 14. Plasma levels of different biochemical parameters. in different groups (CTL: Control,
HFD: High Fat Diet, FOR: High Fat Diet Formoterol, SAL: High Fat Diet Salbutamol). Values are
means £ SE (n=6-8). § P<0.05 relative to HFD: One-way ANOVA and Bonferroni as post hoc test.

II1.1.5. B2-agonist effect on steatosis

Non-alcoholic fatty liver disease (NAFLD) is defined as an excess of fat in the liver (>
5% of hepatocytes laden with lipid droplets upon histological analysis. The table presents the
percentages of hepatic steatosis induced by a high-fat diet (HFD) for different groups (CTRL,
HFD, FOR, SAL).
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Table V. Steatosis percentage compared to CTL group. Values are means = SE (n=6-8). $ P<0.05
relative to HFD, * P<0,05 relative to CTL: One-way ANOVA and Bonferroni as post hoc test.

CTL HFD FOR SAL

STEATOSIS % 0,33 523 2,36 1,04

STDEV 0,10 0,75 1,11 0,75
SIGNIFICANCE $ * $

After 12 weeks of high fat diet, we determined the accumulation of fat in the liver in
different groups. As illustrated in (Figure 15), the steatosis is highly significant (p<0.001)
increase in HFD group by about 5.23% compared to negative control (Table V). The steatosis
in HFD-treated with formoterol or salbutamol is respectively significant 2.36% (p<0.05) and
1.04% compared to negative control (Table V). Moreover, there is no difference of percentage
of steatosis between HFD-treated with salbutamol and the negative control. Finally, the effect
of salbutamol administration is highly marked than formoterol treatment compared to the
control. These data, suggest that salbutamol treatment is more efficient than formoterol

treatment.
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Figure 15. Hematoxylin-eosin staining of liver cross-sectional area. 4 : Control group, healthy and

uniform hepatocytes without any signs of damage (CTL), B : High Fat Diet (HFD) group, steatosis
characterized by lipid droplets (indicated by arrows) and dilation of sinusoids which indicates toxicity,
C : High Fat Diet Formoterol-treated group (FOR), uniform appearance of hepatocytes without obvious
signs of swelling or degeneration, D :High Fat Diet Salbutamol-treated group (SAL), hepatocytes

appear normal, with no obvious signs of cellular stress or degeneration. There are few lipid droplets.
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II1.2. Discussion

The growing incidence of metabolic disorders linked to high-fat diets (HFD)
necessitates the exploration of effective therapeutic interventions. The consumption of high-
fat diets has been widely documented as a major factor contributing to the development of
obesity, non-alcoholic fatty liver disease (NAFLD), and other metabolic syndromes (Buettner
et al., 2007). B2-agonists such as formoterol (FOR) and salbutamol (SAL) are primarily
known for their bronchodilatory effects in treating respiratory conditions like asthma and
COPD (Wood et al., 2011). Moreover, their ability to stimulate lipolysis (Haffner et al.,
1993) make them of interest in research and clinical settings focused on reducing metabolic
disturbances caused by high-fat diets (Wali et al., 2020). Our study aims to investigate the
effects of a high fat diet and treatments with FOR and SAL on various health parameters in

rats, thereby assessing their potential utility in managing diet-induced metabolic disorders.

Aminotransferases are a group of enzymes that catalyze the transfer of amino groups,
facilitating the interconversion between amino acids and keto acids (Vroon and Israili, 1990)
and are released into the bloodstream following hepatocellular injury, thereby serving as
direct indicators of hepatic damage (Contreras-Zentella and Hernandez-Muiioz, 2016).
Similarly, gamma-glutamyl transferase (yGT) is another important biomarker for liver health
(Koenig and Seneff, 2015), reflecting cholestasis (Xing et al., 2022) and hepatic oxidative
damage when elevated in the bloodstream (Loguercio et al., 2001). We revealed significant
liver stress and damage in the HFD group, with GGT, ALAT, and ASAT levels rising. These
elevations indicate considerable liver damage, consistent with Buettner et al, who reported
similar hepatic enzymes increases in HFD-fed rodents (Buettner et al., 2007). Formoterol
and salbutamol treatments showed partial protective effects, reducing YGT by 37% and 45%,
ALT by 36% and 42%, and AST by 33% and 36%, respectively. This suggests that both
treatments mitigate liver injury. It was also reported by Angelico et al that metformin can
induce a certain decrease in these parameters in a study including randomized clinical trials
assessing the effects of drugs improving insulin resistance for patients with NAFLD or NASH
(Angelico et al., 2005). Metformin improved short-term fat accumulation in the liver induced
by a high-fat diet, and this improvement is associated with the suppression of inflammation in
adipose tissue (Tajima et al., 2013). Metformin may exert these effects by activating AMP-
activated protein kinase (AMPK), which functions as a sensor of cellular energy status (Kahn

et al., 2005). AMPK inhibits the mammalian target of rapamycin (mTOR), a downstream
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effector of growth factor signaling that is often activated in malignant cells (Jalving et al.,

2010).

In the context of a high-fat diet (HFD), elevated triglycerides levels indicate
hypertriglyceridemia, a risk factor for atherosclerosis (Luna-Castillo et al., 2022) and
pancreatitis (Karanchi et al., 2024). Similarly, increased cholesterol levels can contribute to
the development of atherosclerotic plaques, leading to cardiovascular disease (Simonen et al.,
2023). We demonstrated that triglycerides level was significantly elevated in the HFD group,
but compared to formoterol-treated and salbutamol-treated groups it was reduced by 75% and
58%, respectively. Corroborating findings by Peng et al, who reported in a cross-sectional
study of the associations of serum lipid indexes with NAFLD in adult males a similar increase
in triglycerides level (Peng et al., 2017). The efficacy in managing HFD-induced
hypertriglyceridemia by formoterol and salbutamol molecules is similar to the resmetirom
(MGL-3196), thyroid hormone receptor-beta (THR-beta) agonist molecule studied by Wang et
al, who reported it in an in vitro and in vivo study to further elucidate the role and the
underlying mechanism of resmetirom molecule which is a liver-direct (Wang et al., 2023).
Interestingly, there wasn’t any significant difference of total cholesterol levels between the
groups. Ours results complement several studies, which have previously reported that a high
fat diet may not necessarily lead to elevated total cholesterol levels (Pflugradt et al., 1981).
Salbutamol appears to be more effective than formoterol in reducing hepatic steatosis,
suggesting it could be a more potent treatment for high-fat diet-induced hepatic steatosis.
Intravenous salbutamol caused significant increases in plasma insulin (Neville et al., 1977)
the insulin sensitization contribute to underproduction of FFAs by stopping de novo
lipogenesis and regulating Sterol regulatory element-binding transcription factor 1 (SREBF1)
(Crewe et al., 2019) and carbohydrate response element binding protein (ChREBP1) (lizuka
and Horikawa, 2008). As confirmed by the study carried out by Wong and Sul SREBP-1c
can be induced by mammalian target of rapamycin complex 1 (mTORC1), mTORCI,
bifurcating lipogenesis from AKT-activated gluconeogenesis (Laplante and Sabatini, 2010).
Dysregulation of FFAs and TAG metabolism often contributes to metabolic diseases such as
obesity, diabetes, and cardiovascular diseases (Bravo-Ruiz et al., 2021). Transcription factors
and signaling molecules involved in transcriptional activation of FFAs and TAG synthesis
represent attractive targets for the prevention and treatment of metabolic diseases (Wong and
Sul, 2010) salbutamol is a short acting beta 2 agonist with immediate effect that can be a

factor of more efficacy than formoterol treatment. 32 agonists possess ergogenic properties,
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especially when administered at high doses, due to their stimulating effects on glycolysis and

lipolysis, as well as their anabolic effects under certain conditions (Fur et al., 2012).

The main histological characteristic of NAFLD, as its name implies, is the
accumulation of fat in the form of triglycerides within hepatocytes (Basaranoglu and
Neuschwander-Tetri, 2006). The presence of > 5% steatotic hepatocytes in a liver tissue
section is now accepted as the minimum criterion for the histological diagnosis of NAFLD
(Alswat et al., 2019). We reported that global steatosis showed a significant increase in the
HFD. Formoterol and salbutamol reduced steatosis by 55% and 80%, respectively. salbutamol
provide a higher efficiency in repairing liver damage. Although formoterol did not completely
normalize the steatosis levels, it decreased the lipid accumulation, indicating a promising
therapeutic potential for improving high-fat diet-induced hepatic steatosis. these results
correlate with those of Gao et al who investigated the effects of treatment with the adenosine
monophosphate (AMP) analog, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR)
which decreased steatosis in a mouse model fed a high-fat diet (HFD) (Gao et al., 2018).
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CONCLUSION

The results indicate that a high-fat diet is the triggering factor of severe hepatic
steatosis in rats, the liver biopsy reflected a recovery from steatosis after both treatments with
formoterol and salbutamol reducing the lipid droplets accumulation with different degrees of
efficacy. which can be explained by the difference in the duration of treatment and the mode
of action of the two drugs. This effect was reflected in same time by hepatic and lipidic

assessments.

Salbutamol, in particular, has higher therapeutic potential with a more pronounced
reduction in steatosis. These findings suggest that these beta-agonists could be further
explored for their effectiveness in treating hepatic steatosis, although additional studies are
necessary to confirm these effects and understand the underlying mechanisms. The
mechanisms through which salbutamol or formoterol enhances liver steatosis are currently
unknown but could possibly involve 2- adrenoceptor coupling to Gai and/or activation of
Epac by cAMP. It is clear from these data that multiple pathways mediate the effects of
salbutamol or formoterol in liver. A better knowledge of the actions of 2-agonists in liver

could lead to the development of pharmacological strategies aimed at treating NAFLD.
Perspectives

Salbutamol and formoterol treatments being recognized by the FDA for its approved
pharmacological properties and the health risk due to their use represents a strong point in
order to adopt this treatment. One of the highlights of our study is the identification and
exploitation of clinically relevant drugs for treating NAFLD. Such a repurposing strategy
exploits the off-target effects of clinically approved drugs, thereby providing opportunities to
accelerate the development of new drugs for NAFLD while reducing health. In summary, our
results constitute proof-of-principle showing that administration of 2-agonists salbutamol or

formoterol may prove beneficial as a novel therapeutic approach for NAFLD.
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Summary

NAFLD is related to obesity and metabolic syndrome, affecting 20-30% of individuals
and sometimes progressing to NASH. We aimed to evaluate formoterol and salbutamol in
treating NAFLD using thirty-two male Fischer F344 rats on a high-fat, high-sucrose diet
for 12 weeks. The rats were divided into four groups: control (CTL), untreated HFD,
formoterol-treated (15 pg/kg), and salbutamol-treated (150 pg/kg). Results showed
significant reductions in hepatic steatosis and liver enzymes in treated rats, with
salbutamol showing superior efficacy. This study innovates by using B-adrenergic agonists
for hepatic steatosis treatment. The main limitation is the use of an animal model,

necessitating further human studies.
Résumé

La NAFLD est li¢e a I'obésité et au syndrome métabolique, touchant 20 a 30 % des
individus et pouvant évoluer en NASH. Nous avons évalu¢ 'efficacité du formotérol et du
salbutamol pour traiter la NAFLD en utilisant trente-deux rats males Fischer F344 nourris
avec un régime riche en graisses et en saccharose pendant 12 semaines. Les rats ont été
répartis en quatre groupes : témoin (CTL), HFD non traité, traité avec formotérol (15
ug/kg) et traité avec salbutamol (150 pg/kg). Les résultats ont montré des réductions
significatives de la stéatose hépatique et des enzymes hépatiques chez les rats traités, avec
une efficacité supérieure du salbutamol. Cette étude innove en utilisant des agonistes [3-
adrénergiques pour traiter la stéatose hépatique. La principale limitation est l'utilisation

d'un mod¢le animal, nécessitant des études supplémentaires chez I'homme.
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