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Chapter 1.  
Background and Purpose 
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1.1 Liver – function and structure 

The liver is a complex organ central to numerous physiological and synthetical functions of 

the human body, such as protein synthesis, food digestion and macronutrient metabolism, 

carbohydrate metabolism, lipid storage regulation together with cholesterol homeostasis, 

xenobiotic detoxification, endocrine growth signalling pathways control, support and 

modulation of immunological activity, regulating blood volume and clearance of damaged 

erythrocytes.1-7 

 
Figure 1.1. Liver anatomy, lobule, and sinusoid. The liver structure – two main lobes divided into eight 

segments containing hexagonal liver lobules connected to the sinusoids. The diagram under the sinusoid outline 

shows different metabolic activities along the sinusoid areas, whose intensities are represented by varying 

colour intensity. The figure was created using Biorender.com, adapted and reproduced from Trefts, E., Gannon, 

M. & Wasserman, D. H. The liver. (2007), DOI: 10.1016/j.cub.2017.09.0191 and Abdel-Misih, S. R. & Bloomston, 

M. Liver anatomy. (2010), DOI: 10.1016/j.suc.2010.04.0178 both with permission from Elsevier that retains all 

rights on original figures. 

The liver is the largest internal human body organ and its average mass is around 1500 g 

(838-2584 g).9 It is located just behind the ribcage in the right upper quadrant of the abdomen 

under the diaphragm within the Glisson’s capsule.1,8 Highly organised structure with unique 

architecture consists of continuous parenchyma consisting of hepatocytes spotted with 

different cell types exerting various functions, penetrated by afferent and efferent circulation. 

The general structure of the liver is a large right lobe and smaller left lobe, sectioned into a 

https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.1016/j.suc.2010.04.017
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total of eight segments, each provided with biliary branches and vascularisation.1,8 Lobules 

are the central organisational units of the lobes, consisting of hexagonally-arranged 

hepatocytes expanding from the central vein and delimited by six portal triads.1,8,10. Each 

portal triad consists of a hepatic artery, portal vein, and bile duct ramifications (Figure 1.1).1 

Because of this anatomic structure, the liver possesses the most complex circulation of any 

organ, with blood successively draining into a central vein across the  

lobule.11-13 The space of Disse (perisinusoidal space) is a place of contact between 

hepatocytes and sinusoids, mainly containing hepatic stellate cells (HSC) and dendritic cells, 

modulating the local immune response.14  

Hepatocytes are major differentiated epithelial cells in the liver and present a high polarity.15 

They form a sieve plate around sinusoids, and hepatocytes’ main function and morphology 

change based on their location across the lobule.1,16-18 Hepatic acinus is a functional unit of 

the lobule formed from sinusoids and hepatocytes.1,18 Basolateral side faces sinusoidal 

endothelial cells (LSEC), and the apical side is a secretory pole towards cholangiocytes and 

bile ducts.15,19 Around 70% of all liver cells are hepatocytes which execute the liver’s core 

functions of the lobule by performing various metabolic reactions.2 Since reactions are non-

specific, a conversion of non-toxic molecules into toxic ones can occur, which is a potential 

cause of cell damage leading to chronic liver disease if unresolved.6 Hepatocytes work 

collaboratively along non-parenchymal cells, such as hepatic stellate cells (Ito cells, HSC), 

LSEC, Kupffer cells (stellate macrophages), cholangiocytes (bile duct epithelial cells), biliary 

cells, liver-associated lymphocytes. Intercellular communication occurs via direct cellular 

contact or soluble factors.1,19-21  

HSCs were described in 1876 by Kupffer for the first time and termed “Sternzellen”.22 Located 

in the perisinusoidal space, their physiological cytoplasmatic processes receive systemic 

signalling from different organs via blood.23 Because of this location, HSCs can be blood-

targeted.1,23 Nerve endings collocate with blood vessels making HSCs susceptible to 

sympathetic nerve responses.23 Different from hepatocytes of parenchymal cell type, HSC 

are mesenchymal cells and represent 5-10% of total liver cells.22-24 HSCs contain up to 80% 

of the human body’s vitamin A (retinol), and retinoids reserve in the form of cytoplasmatic 

lipid droplets, which storage amount depends on the exact location of the cells inside of 

hepatic lobule.23-27 Nevertheless, they provide structural support to the liver lobule by 

physiological collagen and extracellular matrix (ECM) homeostasis. They are a significant 

source of cytokines and growth factors involved with normal liver development, hepatocyte 

mass preservation and drug and lipid metabolism.2,23,28,29 Although fibrosis development 
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depends on multifactorial causes, HSCs are responsible for liver fibrosis because of their 

central role as ECM production sites.23,30,31 Kupffer cells are resident macrophages filtering 

blood and performing immunoregulation.2 

Even if the liver has an extraordinary regeneration ability, up to 70-90% of the tissue after the 

surgical resection, constant exposure to xenobiotics and by-products of metabolism, and 

antigenic and microbiological stimuli present a high risk of developing a chronic injury.19,32 

This might lead to a compensatory proliferation of hepatocytes and activation of other liver 

cells leading to regeneration exhaustion, progressing to liver insufficiency and can result in 

organ failure in severe cases.19,33  

 

1.2 Chronic liver diseases – aetiology 

The gradual deterioration of liver function characterises chronic liver disease (CLD). This 

condition arises from sustained liver injury and the subsequent wound-healing response, 

which can lead to the irreversible alteration of liver structure and function.34-37 

Based on aetiology, CLD is divided into alcoholic-associated and non-alcoholic fatty liver 

diseases (NAFLD), which are furtherly distinguished by non-alcoholic fatty liver (NAFL) and 

non-alcoholic steatohepatitis (NASH).36,38-41 In June 2023, the European Association for the 

Study of the Liver (EASL), American Association for the Study of Liver Diseases (AASLD), 

and Latino-American Liver Study Association (ALEH) made a joint proposal to amend the 

NAFLD pathology nomenclature to metabolic dysfunction-associated liver diseases 

(MetALD), with respective changes to metabolic dysfunction-associated steatotic liver 

disease (MASLD) and metabolic dysfunction-associated steatohepatitis (MASH) to describe 

more precise these conditions and be less discriminatory.42-44 Considering recent 

nomenclature introduction, for this dissertation, the old nomenclature, NAFLD and NASH, will 

be used throughout text. 

NAFLD, the most common chronic liver condition, has a global prevalence of at least 25% 

with a constant increase and is becoming one of the significant pathologies of concern for 

the worldwide population.38,41,45,46 NAFLD occurs in individuals with a history of minimal to no 

alcohol consumption.47 

Major primary factors for developing NAFLD are metabolic disorders, such as type II diabetes 

mellitus (T2DM), metabolic syndrome, dyslipidaemias, and hypertension. Further attributing 

risks include genetics, autoimmune inflammation, viral infections, certain medications, 

starvation, environmental toxicity and celiac disease.48-50 As many factors influence the 
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initiation and progression of NAFLD pathogenesis, multiple parallel or sequential damaging 

“hits” have contributed to liver inflammation and damage on other organ systems41,49, as 

proposed by Buzzetti,51 Tilg52 and Farrell.53 

 

 
Figure 1.2. NAFLD spectrum circle of pathology. A healthy liver can progress towards a fatty liver 

state due to the influence of promoting factors. However, if liver damage promotors persist, the liver 

can advance to an advanced fibrotic state. If left untreated, this can lead to cirrhosis and a potential 

risk of developing hepatocellular carcinoma (HCC), which might require a liver transplant. In severe 

cases, pathology progression can even lead to death. The figure was created using Biorender.com 

and adapted partially from Pellicoro, A. et al. Liver fibrosis and repair: immune regulation of wound 

healing in a solid organ (2014), DOI: 10.1038/nri3623.30 

Based on histological liver tissue evaluation, as described by Matteoni54 and integrated by 

Malnick47, NAFLD expresses at least four levels of severity. The first two correspond to a 

more benign NAFL, and the second to a more advanced NASH characterised by tissue 

inflammation. While the progression of NAFL is considered only a minor risk, NASH 

progression could lead to a risk of severe fibrosis, cirrhosis, and, eventually, hepatocellular 

carcinoma (HCC), all of which might require an organ transplant as a therapeutic step 

because of the irreversible tissue damage.40,55,56 In most cases, NAFL is asymptomatic and 

https://doi.org/10.1038/nri3623
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unexpectedly discovered in routine check-ups of liver enzymes, and its late discovery might 

lead to more pathological progression.57,58 Patients suffering from NAFLD reported altered 

fatty acid composition and phospholipid metabolism that was a direct consequence of 

pathological progression.58 Inert triglycerides accumulate in the steatotic liver without 

producing damage,59 but free cholesterol, saturated fatty acids, diacylglycerols (DAG), 

ceramide, and sphingomyelin migrate to mitochondria and exert lipotoxicity.50,52,59,60 Lipid 

accumulation occurs as a disbalance of the lipid input and output or as a consequence of the 

reduced breakdown of free fatty acids (FFA).50,61 As a result, mitochondrial dysfunction can 

occur and play a crucial part in hepatic steatosis development.60,62,63 Production of reactive 

oxygen species (ROS) with respective production of free radicals and subsequent oxidative 

stress causes hepatocytes’ damage by TNF-α (tumour necrosis factor-alpha) 

release.50,52,59,60 In addition to steatosis characteristic of NAFL, in NASH, a more prominent 

clinical image is also characterised by the appearance of hepatocyte “ballooning” injury and 

lobular inflammation induced by lipotoxicity, ROS, oxidative and endoplasmic reticulum 

stress, conclude in apoptosis.64,65 Chronic depletion of hepatocytes describes a crucial step 

that induces further progression instead of resolving the fibrosis.66 Hepatocytes’ apoptosis, 

and direct ROS, activate resident Kupffer cells releasing TNF-α, transforming growth factor 

β1 (TGF-β1), interleukin IL-1b, IL-6 and IL-13 and pro-fibrogenic factors with activation of the 

anti-fibrinolytic coagulation pathway.30,52,66-69 Leukocytes are recruited to the injury site, 

phagocyting apoptotic hepatocytes, further amplifying the inflammatory reaction.30 Cytokines 

released from dying hepatocytes act as pro-inflammatory mediators; their effect, combined 

with CTGF (connective tissue growth factor), PDGF (platelet-derived growth factor), and 

TGF-β1, stimulate the HSCs' activation. This activation elicits HSCs to undergo 

transdifferentiation, transitioning from a physiological, quiescent state to an activated, 

myofibroblast-like state, leading to a significant shift in their gene expression profile.24,30,66,68-

74 
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Figure 1.3 Hepatic interactions in NAFLD. Prolonged liver injury from various causes can lead to 

inflammation, finally resulting in fatty liver development. Throughout this process, hepatocytes uptake 

circulating free fatty acids, damaging the liver cells and releasing soluble mediators that activate 

HSCs. This activation leads to the transdifferentiation of HSCs into myofibroblast-like cells, 

perpetuating liver injury. However, this process can be reversed by eliminating the initial stimuli, 

allowing HSCs to return to a quiescent-like state or undergo apoptosis, ultimately resolving the 

condition. The figure was created using Biorender.com.  

HSCs activation causing epigenetic changes can be distinguished into an initiation and a 

perpetuation phase bringing functional and morphological variations.69,75,76 Pro-inflammatory 

initiation phase is the first early reply to damaged hepatocytes’ signalling.77 From these 

paracrine signals, TGF-β1 and TNF-α are the most responsible for increased collagen 

synthesis and accumulation, the hallmark of liver fibrosis.78 In particular, the targets of TGF-

β1 are bifunctional SMAD proteins, which activation stimulates ECM production while TNF-α 

regulates cell cycle and proliferation, co-modulates ECM, matrix metalloproteases (MMP) 

and adhesion molecules synthesis.78 

Successively, if various autocrine and paracrine stimuli are not resolved, HSCs can undergo 

lasting perpetuation.79,80 This perpetuation manifests as specific variations in the cells' 

behaviour, including increased proliferation, chemotaxis, higher contractility through 

increased expression of cytoskeletal filaments (α-smooth muscle actin [α-SMA]), and more 

outstanding production of collagen type I.77,78,80 To fuel increased ECM synthesis, activated 

HSCs lose their physiological lipid droplets by decreasing in size and breaking into smaller 

ones before completely disappearing.27,81,82 In the end, this process causes exhausted retinol 

and retinoid storage.24 
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HSCs are considered a crucial factor in priming and sustaining liver fibrosis.22,83 Tissue 

fibrogenesis is typically reversible, but its outcome depends on the underlying cause. If the 

causing event is eliminated, early hepatic fibrosis can be resolved.84-86 Though, if the fibrosis’ 

origin persists, it can gradually alter the liver's standard architecture and eventually lead to 

irreparable damage, compromising its function.30 Fibrosis and subsequent cirrhosis result 

from an exaggerated wound-healing response caused by a continuous interplay between 

HSCs and consistently injured hepatocytes.26,87 The process of scar tissue accumulation is 

slow, taking up to 30 years to develop full-scale cirrhosis, so it is essential to prevent 

development to stop the pathology.30 

Once cirrhosis is established, the likelihood of reversing the process decreases 

significantly.30 The hallmark of cirrhosis is the formation of hepatocellular nodules, where 

overgrown connective tissue encapsulates healthy liver tissue.88 Consequently, liver stiffness 

impairs blood flow, leads to portal hypertension, and increases the liver decompensation risk 

or HCC, thereby increasing mortality.89 At this damage state, to prevent liver failure or cancer 

development, the most effective current treatment is the transplantation.30 

Once activated HSCs can undergo a third pathway, resolution, in case the causing liver injury 

resolves. Part of the cells will undergo reversion/regression to quiescent status. At the same 

time, the other HSCs will submit to apoptosis through various pathways, some of which are 

still unidentified, to contain the caused damage.23,90 

Specific HSCs’ location in perisinusoidal space just in-between blood vessels and 

hepatocytes makes them fibrosis primary mediators. Because of all this, HSCs can be 

considered a significant therapeutic target and provide a valuable tool for studying the effect 

and mechanisms of potential new antifibrotic therapies.68,79,91 

 

1.3 Potential therapies for chronic liver disease – essential phospholipids, elafibranor 
and obeticholic acid 

There is no approved pharmacological treatment for NAFLD, but several potential active 

pharmaceutical ingredients (APIs) have been tested for the last 20 years.92-97 Some 

considered APIs were glucose-lowering compounds targeting insulin resistance and lipid 

metabolism. Only recommended therapy by clinicians’ guidelines currently are pioglitazone 

and vitamin E (α-tocopherol).95-97 

Pioglitazone is a peroxisome proliferator-activated receptor-gamma (PPAR-γ) agonist.98-100 

It has shown promising results in improving liver histology in NASH, reducing steatosis and 
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inflammation in clinical trials (PIVENS study; NCT00063622).98,100,101 On the molecular level, 

pioglitazone acts as an insulin sensitiser and improves cytosolic lipolysis and autophagy by 

enhancing intracellular pathways.102 A decreased cytokines and chemokines production 

regulated by nuclear factor-κB (NF-κB) mediated secretion, with an increased adiponectin 

production, a peptide hormone involved in a pathology-positive carbohydrates and fatty acids 

metabolism regulation, has been observed after PPAR-γ pathway activation.92,103-105 

Vitamin E is a potent antioxidative agent.106,107 As to PIVENS study results, alone or with 

pioglitazone, vitamin E improved liver histology in NAFLD-affected patients.92,100 It modulates 

multiple molecular pathways, reducing oxidative stress by downregulating nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase and inducible nitric oxide synthase 

(iNOS), enhances glucose and lipid metabolism through the activation of the nuclear factor 

erythroid 2-related factor 2 – carboxylesterase 1 (Nrf2/CES1) pathway.37,92,108,109 

Metformin is a biguanide API reducing blood glucose levels and hepatic gluconeogenesis 

and increases gastrointestinal glucose absorption.92,103,104,110 By modulating carbohydrate 

metabolism and inducing weight loss in T2DM patients, it alleviates underlying risk factors for 

NAFLD progression but is not considered a valid therapeutic choice as it did not show any 

improvement in liver histology.92,97,111 

Glucagon-like, incretin-mimetic, peptide 1 (GLP-1) receptor agonists, liraglutide, 

semaglutide, and exenatide, are antihyperglycemic APIs modulating glucose metabolism, 

inhibiting glucagon release, improving insulin secretion and resistance, consequentially 

hindering NAFLD development and progression.103,104,112-114 Liraglutide and semaglutide 

have been demonstrated to reduce liver fat content and improve the histological status, 

together with liver serum enzymes reduction without deterioration of fibrosis status.92,115 

Sodium-glucose linked transporter 2 (SGLT2) inhibitors (dapagliflozin, empagliflozin, 

canagliflozin, ipragliflozin) block the SGLT2 protein located in the epithelium of proximal renal 

tubules and enhance urinary glucose elimination, which as a consequence lowers circulating 

glucose independently of circulating insulin.97,116 Negative energy balance and metabolic 

change towards lipids as a principal energy source seem to be the main SGLT2 inhibitors’ 

mechanism of action.116 A promising improvement in liver stiffness after using SGLT2 

inhibitors has been observed in two small-scale clinical studies.116 

Acetylsalicylic acid (Aspirin) is an interesting example of a traditional non-steroidal anti-

inflammatory drug and antiplatelet medication. It was investigated that reduced platelet 

accumulation and turnover in the liver after chronic Aspirin treatment caused the reduction in 

platelet-derived GPIbα, identified as a contributing factor for NASH development and its 
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subsequent progression to HCC independently from other coagulation factors.92,117 Another 

observational study showed that chronic Aspirin use by NAFLD patients attenuated the risk 

of severe fibrosis progression and improved liver histology status.92,118 

The investigational drugs elafibranor (Ela; PPAR-α/δ agonist),99,119 and obeticholic acid (Oca; 

farnesoid X receptor [FXR] ligand) are described in more detail in dedicated Sections 1.3.2 
and 1.3.3 (vide infra).120,121 

In the past, our research group investigated the co-formulation of Ela and Oca with PPC-rich 

liposomes, which mitigated not only the potentially damaging effects of the drugs on HSCs 

but also induced specific changes in the composition of cellular and extracellular vesicle (EV) 

phospholipids.122 

 
1.3.1 Essential phospholipids 

Essential phospholipids (EPLs) are highly purified soybean extracts consisting of 

polyenylphosphatidylcholines (PPCs), with 1,2-dilinoleoyl-sn-glycero-3-phosphocholine 

(DLPC) being the major lipid in the mixture (content up to 52%).123-127 Gundermann reviewed 

in 2016 EPLs use in liver disease, only for extracts containing 72-96% of PPC content.125 

Due to their antioxidant and anti-inflammatory properties, EPLs have been used to manage 

fatty liver disease since 1988.125,128 They are named essential because the human body 

cannot synthesise them in enough quantity or at all. DLPC, which has a polyunsaturated 36:4 

structure, is regarded as the primary active compound of PPCs.129,130 For over 50 years, 

multiple investigations have examined the correlation between EPLs consumption and liver 

regeneration. However, the mechanism by which EPLs act against CLD is still not fully 

understood.125,126,131,132 DLPC, the main component of EPLs, is commonly believed to be 

responsible for their antifibrotic effects by stimulating collagenase activity and reducing ROS 

levels induced by the TGF-β1 effect in HSCs.133-135 Furthermore, evidence suggests that 

PPCs can aid in preserving membrane fluidity and function through their incorporation into 

damaged portions of the hepatic cell’s plasma membranes.136 Despite these promising 

findings, a standardised understanding of EPLs’ role is still lacking, and rigorous preclinical 

and clinical trials are necessary to determine the exact valuable effects of EPLs in liver 

fibrosis, which represents one of the most critical aspects of CLD. 

Our group’s previous research investigated the effect of PPCs formulated as unilamellar 

liposomes, particularly of lipid S 80 obtained from Lipoid (Ludwigshafen, Germany). S 80 

containing 73-79% of PC demonstrated an in vitro potential to resolve fibrosis in an activated 
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human HSC model, LX-2.137,138 Furthermore, after S 80 treatment, LX-2 cells restored lipid 

droplets and have shown a decrease in significant fibrotic markers (collagen and α-SMA). 

The work described in this dissertation builds upon these studies, employing a modified 

version of the lipid S 80, Soluthin® S 80 M, magnesium-complexed salt of S 80. The task was 

to check if the EPLs bioactivity is retained and if this lipid, because of its better technical 

properties, can be employed to formulate a more patient-compliant pharmaceutical dosage 

form (tablets) to create a framework to potentially, in the future, co-formulate PPCs tablets 

with more potent new antifibrotic APIs. 

 
Figure 1.4. Molecular structures of (a) DLPC, (b) elafibranor, (c) obeticholic acid. 

1.3.2 Elafibranor 

Elafibranor (Ela; GFT505) is a dual PPAR-α/δ agonist.119,139 PPARs are nuclear receptors 

comprising three families (alpha, delta and gamma) and play a critical role in metabolic 

homeostasis regulation, immune-induced inflammation, and cell differentiation.119,140 

PPAR-α regulates the liver’s lipid metabolism by modulating fatty acid transport and β-

oxidation, reducing triglycerides and increasing high-density lipoprotein (HDL) cholesterol 

levels.119,141 PPAR-α activation inhibits inflammatory gene expression induced by nuclear 

factor-κB (NF-κB).119,141 

PPAR-δ (sometimes reported as PPAR-β) activation improves fatty acids transport and 

oxidation, increasing HDL-cholesterol levels, improving insulin sensitivity, and constraining 

hepatic glucose output.94,142 Anti-inflammatory effects of PPAR-δ activation have been 

observed to reduce macrophage and Kupffer cells’ activity.119,143 A selective PPAR-δ agonist 

GW501516 was found to decrease circulating triglycerides, apolipoprotein B, and low-density 
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lipoprotein (LDL) cholesterol but retain HDL cholesterol while improving insulin sensitivity and 

reducing γ-glutamyltransferase (GGT) levels.144 

PPAR-γ is predominantly expressed in macrophages and adipose tissue. At the same time, 

liver expression is relatively low and is critical in adipogenesis, lipid metabolism, insulin 

sensitivity, inflammatory response and immune regulation.103,140,145-147 However, fibrosis 

reversion was not consistent, and the drug caused severe side effects unsuitable for long-

term therapy, including congestive heart failure, peripheral oedema, bone fractures, and 

substantial weight gain.94 

Ela’s potential benefits rise from dual PPAR α/δ agonism, which could produce an effect as 

an insulin-sensitising agent and reduce hepatic steatosis, inflammation, and fibrosis while 

regulating glucose homeostasis.94,119,139 While the Phase IIb clinical trials (GOLDEN-505, 

NCT01694849) showed positive results,119 the Phase III studies involving almost 2000 

patients (RESOLVE-IT, NCT02704403) were terminated early as Ela failed to meet the 

primary endpoint of NAFLD resolution without further fibrosis deterioration.94,119,139,148 Ela, 

however, met the primary endpoint in Phase II clinical trial to treat primary biliary cholangitis 

by significantly reducing alkaline phosphatase (ALP) and will continue to Phase III studies 

(ELATIVE, NCT04526665) until 2028.149 In January 2023, it has been announced that Phase 

II clinical trial with Ela will be conducted for patients affected by primary sclerosing cholangitis, 

a rare disease destroying bile ducts (ELMWOOD, NCT05627362). 
 

1.3.3 Obeticholic acid 

Obeticholic acid (Oca; 6α-ethyl-chenodeoxycholic acid; INT-747) is a potent FXR agonist 

and, after clinical trials, has been approved and indicated, with an orphan drug designation, 

for the primary biliary cholangitis (PBC) treatment.150-152 By chemical structure, Oca is a 

synthetic derivative of chenodeoxycholic acid, a natural-occurring bile acid.153  

FXRs are a nuclear receptor family playing a crucial role in metabolic pathways regulation, 

including metabolism, in particular, glucose homeostasis, inflammation, bile acids, and 

fibrogenesis regulation.94,121,154 They are expressed in the liver, kidneys, intestines, and 

adrenal glands.94 Bile acid synthesis is affected by FXR activation that furtherly impacts 

hepatic lipogenesis and cholesterol synthesis and acts as a hepatoprotectant to bile acid-

induced cytotoxicity. NASH-affected patients show an inverse association between liver FXR 

expression and disease severity.94 
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In preclinical studies, Oca has been shown to improve hepatic steatosis, fibrosis, and portal 

hypertension.120,155-157 In clinical trials with patients affected by T2DM and alleged NAFLD, 

Oca decreased serum alanine aminotransferase (AAT) concentrations and enhanced insulin 

sensitivity.120,153 

In contrast, clinical trials demonstrated that less lipophilic ursodeoxycholic acid (UDCA) 

presenting an insignificant binding affinity to FXR is not efficient in NASH patients.120,158 

Completed clinical trial FLINT (NCT01265498)120 and clinical trial REGENERATE 

(NCT02548351),121 which was supposed to run until 2025, have demonstrated that Oca can 

improve histologic severity and fibrotic status in NASH patients. These findings suggested 

that Oca may be approved as the first NASH-specific treatment. In June 2023, Intercept 

Pharmaceuticals, sponsor for Oca clinical trials, announced the receipt of a Complete 

Response Letter to their New Drug Application from the U.S. Food and Drug Administration 

(FDA) that reported that the drug in the present form could not be approved, and at least long 

term endpoint should be reached in the REGENERATE study after which they decided to 

cease all NASH-related operations with Oca.159 

 

1.4 Steatosis induction in in vitro models – hepatocytes as pivotal cell type 

To better understand the mechanisms fundamental to NAFLD and develop effective 

treatments, there is a pressing need for a reliable in vitro model of this disease. 

The first distinguishing symptom of NAFLD is steatosis, which involves the abnormal 

accumulation of lipids in hepatocytes that can lead to cell toxicity due to the excess 

intracellular free fatty acids (FFAs), as previously described. Consequently, steatosis in vitro 

models are crucial for preclinical drug screening and can also aid in investigating novel 

therapeutic agents and their mechanisms of action. 

The most used cell culture models for studying NAFLD include primary human hepatocytes 

from healthy donors, sometimes co-cultured with HSCs. Another widely used category is 

established hepatocarcinoma cell lines, which serve as substitute hepatocytes. These include 

Huh-7,73,160 HepG2,160,161 and HepaRG™.162-164 Additionally, there is a growing trend towards 

using hepatocyte-like cells generated from induced pluripotent stem cells (iPSCs)165,166 or 

embryonic stem cells (ESCs)167 as they provide a more representative cell model. 

The scientific community has not yet agreed on the most effective methods for inducing 

steatosis. The literature contains a wide range of inducing compounds, concentrations, and 
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incubation times (ranging from a few hours to several weeks). Nevertheless, the standard 

protocol involves incubating hepatocyte-like cells with solutions of FFAs and their salts. 

The most used FFAs for inducing steatosis are saturated palmitic acid (PA; C16:0),160 

typically used with or without monounsaturated oleic acid (OA; C18:1, ω-9), 160,162 at 

concentrations ranging between approximately 200 and 1000 μM, which have been observed 

in patients or reported in the literature. Less frequently used fatty acids include other 

monounsaturated168 fatty acids, polyunsaturated162,168,169, and other lipids such as 

ceramide,170 phosphatidylcholines,171 and sphingomyelin171 have been reported. 

Furthermore, toxicology studies of commonly used hepatotoxic drugs can identify potential 

compounds for inducing steatosis. For instance, valproic acid,172,173 tetracyclines,174,175 

amiodarone,175 and cyclosporine A176 are some alternative compounds used for this purpose. 

 

1.5 Aim of the thesis 

The main objective of this doctoral dissertation was to investigate new approaches in the 

treatment of NAFLD and fibrosis through the formulation of new soy PPC-based oral dosage 

form, testing it on fibrosis in vitro model, and in vitro disease modelling of steatotic 

hepatocytes and activated pro-fibrotic HSCs, to sincerely reproduce NAFLD and fibrosis 

pathophysiology by mimicking their mutual cross-talk by employing cell-conditioned medium 

(CCM). Given the absence of approved treatments specifically for NAFLD and fibrosis, there 

is an urgent necessity for developments in this area. To address this, we propose a therapy 

utilising soy PPC, a traditionally used compound, combined with experimentally investigated 

anti-NAFLD APIs, Ela and Oca. 

Chapter 2 provides a comprehensive review of the current state-of-the-art steatosis induction 

in vitro models using human hepatocyte-like cell lines. The chapter critically examines various 

methodologies, including compounds and experimental parameters commonly employed in 

these models. 

Chapter 3 focuses on developing and optimising antifibrotic PPC tablets based on a newly 

formulated soy PPC called Soluthin® S 80 M. The final tablet undergoes extensive physico-

chemical and pharmacopoeial tests to characterise its properties thoroughly. These tablets’ 

bioactivity was evaluated in liver fibrosis in vitro models of immortalised human HSCs, LX-2, 

and primary cirrhotic rats HSCs. 

Chapter 4 is dedicated to establishing and optimising NAFLD and fibrosis in vitro model that 

offers a critical insight into the cross-talk between hepatocytes and HSCs by employing CCM 
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in an asynchronous co-culture model using different incubation schemes. Steatotic 

hepatocytes and activated HSCs mimic the pathophysiology more accurately, compensating 

for the limitations of monoculture systems that fail to bring critical players into close contact. 

As previously observed, NAFLD and fibrosis are highly complex conditions and 

simultaneously interconnected pathologies involving various intracellular and extracellular 

elements and factors. However, the inconsistency of reported in vitro disease models calls 

for a more representative and reproducible model.  

General experimental design involves inducing steatosis in Huh-7 cells, collecting their CCM-

containing cell secretome, and using it to treat activated or quiescent-like-induced LX-2 cells. 

The study investigates different incubation sequences and experimental conditions with 

respective biological responses in detail. One experimental model assesses the bioactivity of 

CCM from steatotic Huh-7 cells, which were successively treated with formulations containing 

Ela and Oca encapsulated in PPC-base liposomes, and to observe the bioactivity of such 

obtained secretome on activated and quiescent-like LX-2 cells. 

In conclusion, this doctoral research aimed to contribute to advancing NAFLD and fibrosis 

therapies by exploring new avenues, formulating challenging lipids into tablets, and 

developing improved in vitro disease models. The proposed pharmaceutical dosage form and 

the in vitro model offer a new perspective and solid framework for further investigation to 

address the pressing need for effective NAFLD treatment development. 
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2.1 Introduction 

The present chapter aims to recapitulate the state-of-the-art human cell culture models of 

steatosis, the treatments to reproduce the pathology in vitro, and the most recent therapeutic 

approaches tested in these models, thus providing a comprehensive guide in a vast area of 

liver steatosis research. 

The importance of valid and representative in vitro cellular models of steatosis and NAFLD 

is of crucial significance to provide a robust screening platform for drug discovery and 

formulation development of potential drug candidates, so the efficiency of attenuation, 

prevention and reversion of the steatosis, and its further clinical progressions can be 

predicted. This is especially important when conducting the first biorelevant preclinical studies 

of new drug candidates to understand underlying physiological and pathological mechanisms 

of action. Practical therapeutic benefits can be screened at a more ethical, extensive, and 

reproducible scale to confirm proof of concept before passing further investigation towards 

more complex animal studies and finally human clinical trials. 

A robust model can offer insight into identifying potential molecular targets to treat steatosis. 

Conclusive screening studies conducted on relevant and representative cell models can 

contribute to fewer animal studies and make research more 3R-compliant, with the three Rs 

standing for replacement, reduction, and refinement. In that way, only crucially relevant 

studies of the most promising new drugs can be performed. 

As is often the case for in vitro cellular models, cellular systems mimicking chronic liver 

disease are hindered by several limitations. The scarce possibility of culturing together 

different cell types responsible for pathogenesis and disease progression and ensuring 

interaction because of different culturing conditions is one of the significant fallbacks. Cell 

culturing on plates and subjecting cells to various chemical agents may not accurately 

represent the actual effect on living organisms. Complex and multifactorial disease modelling, 

such as this one of steatosis, can present a significant challenge to design and mimic the 

entire pathological condition by employing simplified in vitro systems with available cell lines. 

In most cases, only selected aspects of pathophysiological mechanisms are investigated 

simultaneously. Nevertheless, they still represent a golden standard in preclinical research 

of new active pharmaceutical ingredients (APIs). 
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2.2 Chronic liver diseases – NAFLD: the pathogenesis 

As reported in Chapter 1, NAFLD affects at least a quarter of the global population, with its 

prevalence steadily increasing, making it a significant global health concern.38,41,45,177 Shortly, 

NAFLD is categorised into two types: NAFL, also known as fatty liver, and NASH, which are 

both characterised by lipid accumulation of at least 5% of the liver’s weight, represented in 

triglyceride-rich lipid droplets.36,38-41,62,178,179 NAFL is considered benign with a low risk of 

progression, with approximately 10-25% of all NAFL cases progressing to NASH, which can 

eventually advance to more severe conditions, such as increased fibrosis, cirrhosis, and liver 

cancer.40,53,55,56,180 

Nowadays, it is well-known that NAFLD has multifactorial aetiology. Significant causes are 

unhealthy lifestyle and obesity, genetics, metabolic disorders, viral infection, autoimmune 

pathologies, and medical treatments involving intrahepatic and extrahepatic pathways.39,49 

Its evolution is more precisely explained by multiple parallel or sequential damaging “hits”, 

represented by an epiphenomenon of several diverse and contemporary injurious 

mechanisms.51-53 Altered phospholipid metabolism and fatty acid composition profile have 

been observed in NAFLD patients.58 

The development of NASH is a consequence of intracellular liver lipotoxicity, driven by 

saturated FFAs, exogenous and neo-synthesised free cholesterol, DAGs, 

lysophosphatidylcholine, sphingolipids and ceramide (saturated FFAs esterified to 

sphingosine). All these elements play a significant role in lipid droplet formation, inflammation, 

and apoptosis induction.50,52,53,59,60,111,181 Mitochondrial injury, followed by membrane 

disruption and dysfunction, leading to cytochrome c release, activation of apoptotic pathways 

and IL-6 and IL-8 release from hepatocytes constitute the primary mechanism of 

hepatocellular damage.53,160,161,163,165,182,183 Activating the c-Jun N-terminal kinase (JNK) 

pathway impairs the β-oxidation of fatty acids in mitochondria, causing lipid metabolism 

disbalance.50,52,59,60,184 Moreover, ROS-caused oxidative stress and TNF-α release also 

contribute to inflammation development.50,52,59,60,163  

Lipid droplets stored within hepatocytes consist of inert triglycerides, some derived from more 

toxic DAG that can upregulate phosphokinase C (PKC) and activate NF-κB pathways, 

resulting in enhanced inflammation.53,119,141 In both NAFL and NASH, there is evidence of 

highly reactive free cholesterol, able to downregulate specific CYP450 (CYP) isoforms 

responsible for metabolising the excess cholesterol.53  
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NASH clinical image shows the hepatocytes “ballooning”, namely the disruption of the cellular 

membrane and consequent morphological change of the cell.53,64,65,185,186 A different 

distribution of intracellular organelles and vesicles was observed, with an essential change 

in the cellular lipid profile content with the respective accumulation of triglycerides and 

cholesterol.53,186-189 An upregulated uptake of FFAs is caused by insulin resistance and higher 

circulating lipid concentration.53 Inflammatory cytokines’ secretion, such as TNF-α, various 

ILs, and TGF-β1 from hepatocytes and Kupffer cells can activate fibrotic and inflammatory 

response in quiescent HSC, stimulate HSCs’ activation to transdifferentiate from a 

physiological, quiescent state to an activated, myofibroblast-like one, expressing a radically 

different gene profile from physiological ones, with a certain number of most severely hit 

HSCs will go directly into apoptosis.24,30,53,66,68-74,152 

 

2.2.1 Lipid droplets – critical players in steatosis and NAFLD 

Lipid droplets (LDs) are specialised organelles with a typical structure of a hydrophobic core, 

principally composed of sterol esters, triacylglycerols (TAG), and neutral lipids encased by a 

phospholipid monolayer containing proteins.190,191 LDs are not only passive storage for lipids 

but play a crucial role in various cellular functions across different cells and tissues, such as 

lipid storage and metabolism, energy balance and homeostasis, and cellular signalling.190,192 

 

2.2.1.1 Hepatocytes’ LDs 

Hepatic steatosis results from an excessive lipid accumulation caused by the disbalance 

between lipid catabolism and anabolism, dependent on increased dietary lipid intake, de novo 

lipogenesis, TAG synthesis and reduced lipid β-oxidation causing lipid accumulation in the 

form of LDs.179,190,193 The main site of LDs genesis is the endoplasmic reticulum (ER), where 

neutral lipids accumulate in its membrane bilayer. TAG formation is catalysed by 

diacylglycerol acyltransferase 1 (DGAT1), having an active site inside the ER membrane. 

Nascent LD and ER-associated membrane phospholipid detach from ER and form cytosolic 

LDs. Fresh, small LDs can fuse with other LDs, a process regulated by cell death-inducing 

DFFA-like effector (CIDE) proteins with isoforms CIDEA and CIDEC upregulated in steatosis, 

and physiological isoform CIDEB downregulated.194-196 LDs expansion can occur as a result 

of de novo lipogenesis, happening on the ER-LD membrane bridge to expand already present 

LDs.194,197 
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Steatosis can exhibit two distinct forms, microvesicular and macrovesicular, determined by 

the accumulated LDs size.190 Main damage to hepatocytes occurs because of an increased 

FFAs conversion to lipid intermediaries, led by higher lipid intracellular content, impairs insulin 

signalling and provokes insulin resistance, causing lipotoxicity, resulting in increased 

inflammation and oxidative stress, causing chronic liver damage.190,198 Initially, steatosis 

develops, potentially leading to steatohepatitis convoyed by disruptions in the ER, 

mitochondria and lysosome functions, which play a critical role in long-term disease 

progression.190 Calcium homeostasis disruption caused by lipid metabolism disruption further 

fuels ER and oxidative stress in hepatocytes.190,199,200 LDs stabilisation occurs through 

perilipin 2 (PLIN2) protein, and usually higher PLIN2 expression means higher mitochondrial 

activity.190,201 

Steatosis progression involves the significant participation of multiple LD-associated proteins. 

Differential protein expression profiles in the fatty liver include perilipin, adipophilin, TIP47, 

S3-12, OXPAT, and 17β-hydroxysteroid dehydrogenase-13 (17β-HSD13), all of which 

regulate LD size.190 TIP47 affects specifically budding LDs, while maturation and 

maintenance of LDs are regulated by adipophilin and perilipin.190,202 Significant upregulation 

of Fsp 27 and CIDEA regulates increased lipid storage and promotes LDs’ fusion, 

characteristic of steatosis.190,203 17β-HSD13 potentiates steatosis phenotype by regulating 

LDs’ size and number and activating liver X receptor α (LXRα) through the SREBP-1c 

pathway.179,190,204,205 

 

2.2.1.2 HSCs’ LDs 

Like hepatocytes’ LDs, HSCs’ LDs have various cellular functions, different from only storing 

lipids and rendering energy sources readily available. Their formation mechanism is 

comparable to that of hepatocytes. However, the lipid composition in HSCs is slightly different 

since HSCs’ LDs contain a significant part of retinyl esters and represent a principal retinol 

reserve (approximately 75-80%) of the human body.25,27,206 However, the LD abundance 

inside HSCs is a morphological indicator of quiescent HSCs. Contrarily, the loss of LDs 

signifies the activation of HSCs, representing an important visual marker for this 

transition.80,82,206 

HSCs’ activation causes a depletion of physiological LDs, produces various lipid signalling 

precursors and instigates neo-synthesis of membrane phospholipids expanding ER and Golgi 

apparatus, critical for activated, transdifferentiated HSCs to produce substantial amounts of 
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extracellular matrix (ECM).206,207 Energy obtained from LDs metabolism, especially from 

HSCs’ lipophagy, fuels cellular transdifferentiation, ECM synthesis, and development and 

progression of the fibrotic phenotype in hepatic diseases.80,206,208 

Since LDs hydrolysis yields not only TAGs but also all-trans and 9-cis retinoic acids, 

interacting with various retinoic acid (RAR) and retinoid X (RXR) receptors, directly and 

indirectly mediating transcription of more than 500 different HSCs’ genes, which furtherly 

fortifies the fact that LDs are not only lipid storage but a significant player in cellular 

homeostasis.80,206,208,209  

Perilipins (PLIN), acting as LD-coating and stabilising proteins, are physiologically expressed 

in LDs, as already seen above. Reduction in general PLIN expression is directly correlated 

with LDs depletion and enables conditions for hepatic steatosis and fibrosis development and 

progression. The PLIN2 downregulation in NAFLD plays a crucial role in influencing 

widespread alterations in hepatic lipidomics, and these changes are believed to contribute to 

the process of SREBP-regulated de novo lipogenesis.206,210  

Immortalised human HSCs (LX-2) treated with retinol and palmitate have demonstrated a 

prominent Plin2 mRNA upregulation, consequentially enhanced PLIN2 protein levels and 

PLIN2-positive LDs containing retinyl palmitate are formed.211 PLIN2 induction reduced active 

HSCs molecular markers, namely collagen type I and α-smooth muscle actin (α-SMA), by 

simultaneously upregulating an ECM-digesting matrix metalloproteinase 1 (MMP-1) 

expression.211 The downregulation of HSC activation is endorsed by PLIN2 upregulation and 

is functionally linked to the fibrosis genomic and proteomic panel expression.206,211,212 

Evaluating the histopathological status of human liver sections reveal numerous PLIN2-

positive cytoplasmic LDs of distinguishable quiescent HSCs. However, in the fibrotic scarred 

liver, activated HSCs exhibit minimal LDs, thereby reducing PLIN2 immunoreactivity.206 

 

2.2.1.3 Concluding remarks on LDs 

LD metabolism is essential in steatosis and chronic liver diseases because of the dual nature 

of the lipid-driven effect on liver cells, in particular hepatocytes and HSCs. As described by 

Molenaar, lipids in the liver play Dr. Jekyll and Mr. Hyde, or as Mak nominates it, a “lipid 

paradox” occurs (Figure 2.1).206,213 Shortly, physiological state hepatocytes are virtually LD-

free, while HSCs contain a significant LD content, which seems counterintuitive. Lipid quality, 

quantity and distribution in the liver are crucial when approaching NAFLD. Lipid-rich HSCs 

represent a healthy liver status, while lipid-rich hepatocytes obstruct physiological liver 
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function and give origin to steatosis, fibrosis and NAFLD. Lipid accumulation in hepatocytes 

or lipid depletion in HSCs can induce lipotoxicity and phenotype change characteristic of 

chronic liver diseases. Quiescent HSCs constitute significant retinyl esters reserve in the form 

of large LDs. However, once activated, these LDs are gradually digested and give rise to 

powering up liver fibrotic response. Treatment of NAFLD inconsiderately by targeting lipid 

accumulation in hepatocytes might provoke unwanted HSCs reaction and vice versa since 

the liver lipid metabolism is a finely balanced system that can easily skid towards a more 

pathological state. Here listed factors are why it is so difficult to reproduce steatosis and 

NAFLD as an in vitro model. 

 

 
Figure 2.1. Lipid paradox in the liver. The lipid paradox consists of different effects of lipid 

accumulation in different liver cell types. Quiescent, healthy HSCs possess a substantial LDs 

population, and healthy hepatocytes present virtually no LDs. Once the liver sustains damage and a 

pathologic cascade starts, HSCs gradually lose their LDs, and hepatocytes fill up in LDs. 

The figure was created using Biorender.com and adapted from Mak, K. M., Wu, C. & Cheng, C. P. 

Lipid droplets, the Holy Grail of hepatic stellate cells: In health and hepatic fibrosis. (2023), 

DOI: 10.1002/ar.25138.206 

https://doi.org/10.1002/ar.25138
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2.3 Hepatocytes in culture 

2.3.1 Cell lines overview 

In the human liver, hepatocytes represent approximately 60-70% of the organ and represent 

a significant metabolic centre of the human body.2,214 The isolation methods have been 

optimised over the last decades, reaching high yields and viability.215,216 Therefore, the most 

common model used in modelling steatosis and underlying pathologies consists of PHH 

isolated from healthy and studied in vitro.73,217,218 However, since the donor organ pool is 

scarce, other permanent cell lines have been established from hepatocarcinoma tissues.219 

Most notable examples are Huh-7 cells (Research Resource Identifiers [RRID], unique 

identifier of the cell line in the Cellosaurus database; CVCL_0336) from a 57-year-old Asian 

male,220 and Huh-7.5 cells (RRID CVCL_7927), derived from Huh-7 cells, which demonstrate 

a permissiveness for the hepatitis C virus (HCV) RNA replication.221 HepG2 (RRID 

CVCL_0027)222 were isolated in 1979 from a 15-year-old white male and first identified as 

hepatocarcinoma.222 In 2009, new genome expression profile research re-classified HepG2 

as hepatoblastoma,223 but this misconception led to consider HepG2 as a problematic cell 

line since hepatoblastomas possess different cellular behaviour.223 Hepatocarcinoma cell line 

HepB3 (RRID CVCL_0326) was isolated from an 8-year-old African-American and contains 

at least 5 replicates of the hepatitis B virus (HBV) genome.222 However, at the moment, there 

is no evidence suggesting that this cell line is capable of producing infectious HBV.222,224 

HepaRG™ cell line (RRID CVCL_9720) isolated from a female donor of unknown age 

suffering from hepatocarcinoma and hepatitis C infection resembles PHHs with the 

conserved metabolic array, in particular CYP system.225,226 It can represent a reliable model 

to test liver metabolism, xenobiotics toxicity, and potentially drug-to-drug interactions.225,226 

HepaRG™ are considered bipotent liver progenitor cells able to differentiate toward 

hepatocyte- and biliary-like cells during their 2-week differentiation with dimethyl sulfoxide 

(DMSO) before conducting experiments.227 

Other less commonly used cell lines include HepG2/C3A (RRID CVCL_1098), which is a 

clonal derivative of the HepG2 cell line, specifically chosen for its strong contact growth 

inhibition, high albumin and alpha-1-fetoprotein (AFP) production, besides the ability to grow 

in low-glucose cell culture medium.228 KMCH-1 and -2 cells (RRID CVCL_7970 and 

CVCL_7971), were isolated from middle-aged Japanese males. They represent combined 

hepato- and cholangiocarcinoma cell lines.229,230 OR6 (RRID CVCL_VN30) is a more recent 

hepatocarcinoma cell line isolated from a 57-year-old Japanese male and supports consistent 
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hepatitis C virus (HCV) replication.231 PLC/PRF/5 (Primary Liver Carcinoma/Poliomyelitis 

Research Foundation/5; RRID CVCL_0485) is a hepatocarcinoma cell line isolated from a 

24-year-old African male contains at least 7 copies of integrated HBV supporting enhanced 

carcinogenesis.232,233 

A comprehensive overview of the cell lines with steatosis-inducing fatty acids and conditions 

used to date and the corresponding references are reported in Table 2.1. 

 

2.3.2 System developments – co-culture systems, stem cell-derived hepatocytes and 3D 

organoids 

Hepatocytes are reported to be grown in co-culture with other cell types, with setups including 

direct simultaneous co-culture in a unique vessel (Figure 2.2c),106,183,218,234,235 and using a 

Transwell® system (Figure 2.2b)183,217 where one cell type is cultured on a plate and another 

one on a cell insert, where cells communicate by exchanging soluble factors through a shared 

medium. 

Hepatocytes are mainly co-cultured with HSCs, to connect two critical players in NAFLD 

progression. In particular, reported co-cultures are HepaRG™ with LX-2 (immortalised 

human HSCs; CVCL_5792)163, Huh-7 with LX-2,183,235 PHH with primary human HSCs 

(PHHSC)73,217,218,236 also including primary human macrophages or 3T3-J2 mouse 
embryonic fibroblasts.217,236 Davidson et al. proposed this tri-culture model with mouse 

fibroblasts to stabilise the PHH phenotype since PHHSC could not perform it.236 Wobser et 

al. reported culturing HSCs with a conditioned medium of steatotic Huh-7 and HepG2, each 

time with immortalised human activated HSC cell line generated by ectopic (out-of-the-place) 

human telomerase reverse transcriptase (hTERT) expression.73 These germline mutations in 

hTERT were observed in familial liver diseases and cirrhotic patients at a higher 

prevalence.237,238 
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Figure 2.2. Cell culture protocols in steatosis in vitro models. Different culturing protocols: (a) 

Monoculture. (b) Transwell® co-culture. (c) Simultaneous co-culture. (d) Conditioned dual cell culture 

medium. The figure was created using Biorender.com and adapted from Barbero-Becerra, V. J. et al. 

The interplay between hepatic stellate cells and hepatocytes in an in vitro model of NASH. (2015), 

DOI: 10.1016/j.tiv.2015.07.010.183 

There are reports of HLCs derived from iPSCs and ESCs, sometimes cultured as organoids, 

offering a more consistent human NAFLD model.165,166,234,239 Investigation of iPSCs-derived 

from NAFLD patients demonstrated a disease-specific gene expression profile, which 

provides new opportunities for more reliable pathology understanding and highlights the 

significance of individual and collective genetic factors in the disease process.240 

In addition, three-dimensional (3D) spheroid and organoid hepatocyte culture systems have 

been reported to simulate a more reliable liver environment condition, bringing hepatocytes 

into close contact. Reported spheroids were created from PHHs176,241,242 and HepG2 cells, 

co-cultured with LX-2 cells.106 Organoids derived from iPSC- and ESC-derived HLCs were 

reported.165,234 Ouchi et al. also prepared HepG2, THP-1 (human leukaemia monocytic cell 

line), and LX-2 co-cultured 3D organoids with cell ratio 1:1:1.234 Steatosis model in the form 

of a Liver-on-a-chip with HepG2/C3A cells was proposed by Gori et al.243 For further details, 

additional information can be found in recent reviews.244-247 

https://doi.org/10.1016/j.tiv.2015.07.010
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2.3.3 General remarks on cellular models  

As reported, no widely accepted immortalised human hepatocyte cell line is available. The 

most used human cellular models of hepatocytes are PHH, isolated from healthy patients, 

and liver carcinoma cell lines. Even if liver carcinoma possesses different genomic, proteomic 

and lipidomic profiles for intrinsic heterogenicity and different cellular origins, it does not 

consistently represent the physiological state. It cannot indeed recapitulate entire steatosis 

and NAFLD pathological pathways. However, these cell lines are still considered a golden 

standard in studies needing high reproducibility or high-throughput screening. PHH can be 

regarded as a better representative model for steatosis studies since they are actual 

hepatocytes from living donors. Still, the intrinsic heterogeneity of sources can bring variability 

and represent a limiting factor for extensive screening studies that might be prevented by 

pooling these cells. 

In most cases, cells are grown as monolayers (Figure 2.2a). However, there are cases when 

hepatocytes are grown simultaneously (Figure 2.2c) or in a Transwell® co-culture (Figure 
2.2b) with other cell types, usually HSCs. 

Different cell types require different culturing conditions, so establishing a solid co-culture of 

hepatocytes, HSC, macrophages or other cell types, might present a significant challenge to 

keep the cells in their original expression state and give a reliable experimental model for 

steatosis screening. Therefore, cell identity validation in experimental culture conditions for 

two or more cell lines should be performed to ensure that cells represent the intended use to 

be part of the co-culture model. The realistic ratio between different cell types might represent 

an experimental challenge since this might change depending on the progression and 

intensity of the disease. 

One of the solutions could be developing a co-culture model by conditioned dual cell culture 

medium (Figure 2.2d), as reported by Wobser et al. This model involves treating one cell 

type with a medium coming from the other one previously treated with FFAs and/or 

antisteatotic treatment or with its naïve state medium.73 

iPSC- and ESC-derived HLCs lack consensual derivation protocol and might present slightly 

inconsistent genomic and proteomic profiles based on the starting cells. 

3D cell culture models, such as organoids and spheroids, might provide further development 

or an upgrade, especially of the co-culture model that puts different cell types in physical 

contact inside precisely engineered biocompatible scaffolds to reproduce even more closely 

the condition inside the human liver even more. 
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2.4 Steatosis induction 

2.4.1 Free fatty acids, their salts, and lipid treatments 

FFAs and their salts are the most used compounds to induce steatosis artificially in in vitro 

cell culture models. A significant part of dietary lipids, containing FFAs amongst other 

components, contributes to NAFLD pathogenesis, development and pathology reversion and 

prevention of the progression, depending on the lipid quality and composition.248,249 

Approximately 15% of all hepatic TAGs originate from absorbed dietary intake and are 

substrates in hepatic lipogenesis.248,249 When building an experimental setup to mimic 

steatosis, one of the most convenient ways is to use these FFAs with already confirmed 

presence in the human diet and learned damage-inducing mechanism. 

Although the human liver is usually exposed to a broad profile of circulating FFAs 

simultaneously, many studies used only one or two FFAs as a steatosis-induction agent, 

which might not provide a complete and realistic picture in screening cellular and molecular 

responses on a larger scale, but represent a valid and consistent model necessary to recreate 

pathological conditions in vitro. Therefore, single FFA induction provides a proper model for 

investigating specific aspects of steatosis induced strictly by that compound. 

 

2.4.1.1 Single FFAs 

Saturated palmitic acid (PA; C16:0) is commonly used alone or with oleic acid. PA has been 

shown to increase apoptosis by activating caspase 3 and 7 activity, leading to increased 

secretion of pro-inflammatory IL-8 and ROS, impaired insulin signalling, altered lipid and bile 

metabolism and enhanced CYP2E1 isoform in hepatocytes.160,161,164,168,250-254 Increased 

expression of PPAR-α and decreased expression of PPAR-γ and sterol regulatory element-

binding protein (SREBP-1), with activation of NF-κB and activator protein 1 (AP-1) through 

higher JNK activation, has also been observed.161-163 Induction of activin A by adiponectin, in 

its turn, increases TGF-β1 level not regulated via NF-κB.255 

Oleic acid (OA; C18:1, ω-9, cis) treatment increases the expression of PPAR-γ and SREBP-

1 involved in FFA uptake, lipogenesis and cholesterol synthesis.250,255 TGF-β1 level increases 

after an OA treatment and changes lipid and lipoprotein profiles, with increased triglyceride 

production and storage in lipid droplets form. Simultaneously, there is stimulation for higher 

DAG production.164,250,255-260 Lipid droplets were reportedly increased compared to PA 

treatment.250 Increased TNF-α production, lipid peroxidation, decreased PPAR-α expression, 

and cell proliferation have been observed in HepG2 cells.261 A lower amount of cytochrome 
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c diffusion from hepatocellular mitochondria accompanied by decreased apoptosis and JNK 

activation compared to PA and SA was kept.160 Increased gene expression of glucose 

transporter 2 (GLUT2) has been observed upon OA treatment, affecting liver glucose 

output.258 In iPSC- and ESC-derived HLC increase in perilipin 2 (PLIN2), protein coating 

intracellular lipid droplets, has been observed, and many PPAR-α signalling pathway 

members were upregulated.166 

Stearic acid (C18:0, SA) has reportedly increased CYP2E1 activity and expression while 

decreasing CYP3A4 in HepaRG™ cells.262 Similarly to PA-treated cells, SA-treated cells 

show increased apoptosis through caspase 3 and 7 activations, and SA was even more toxic 

than PA in HepG2 cells.160,263 

Palmitoleic acid (C16:1, ω-7) induces lipid accumulation in Huh-7 cells but, when used 

together with PA, reduces apoptotic response provoked by PA.264 

Elaidic acid (C18:1, ω-9, trans) is a trans isomer of OA, has not shown any difference in FFA 

load in hepatocytes compared to OA, but shows slightly smaller cell survivability and 

decrease in gene expression of ER stress marker and apoptosis-induced glucose-regulated 

protein (GRP78) and C/EBP homologous protein (CHOP).265  

In screening for changes in different CYP450 isoforms, Madec et al. also reported using 

polyunsaturated FFAs: arachidonic acid (AA; C20:4 ω-6), docosahexaenoic acid (DHA; 

C22:6, ω-3), eicosapentaenoic acid (EPA; C20:5, ω-3), linoleic acid (C18:2, ω-6), and α-
linolenic acid (C18:3, ω-3).162 

Linoleic acid (C18:2, ω-6) reverts increased IL-8 secretion when Huh-7 cells were treated 

simultaneously with PA but still increases intracellular lipid content.169 

Other lipids used were ceramide, phosphatidylcholine, sphingomyelin, ceramide, PA and 

cyclosporine A (drug, vide infra) combination has also been reported.252 

 

2.4.1.2 Oleic and palmitic acid (OA+PA) combination 

The most cited combination is PA with OA. These FFAs have the highest abundance among 

NAFLD and NASH patients and represent an optimal combination of unsaturated and 

saturated FFAs to employ in an in vitro system.266,267 It has also been observed that PA is a 

more apoptogenic lipid and OA is more steatogenic, attenuating the lipotoxic damage of PA, 

and why they are often used together, since they provide a synergistic effect on molecular 

pathways previously reported, to represent more reliably pathological condition in model 

cells.250,268 The mainly used ratio is 2:1 OA:PA with concentrations ranging from 200 µM to 2 
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mM, also depending on incubation time, often using fewer FFAs with more prolonged 

incubation and vice versa. 

 

2.4.1.3 General remarks on FFAs 

From the literature, it can be generally deduced that monounsaturated FFAs are more prone 

to cause steatosis, as they might favour aggregation of lipids in lipid droplets, and they are 

less apoptotic than saturated FFAs, which might favour the creation of oxidative stress via 

activating the mitochondrial pathways with respective apoptosis induction.53,250 

Lipid concentration values are usually chosen from the clinical values of fatty acids in NAFLD 

and NASH patients or based on studies performed during protocol optimisations.98,254,268-270 

To obtain different cellular and molecular responses, short- or long-term effects of named 

compounds studies need to be observed in that context. For example, certain research 

groups opted only to cause higher lipid uptake and metabolic pathways changes. In contrast, 

others intended to induce apoptosis and observe changes on a broader scale, also co-

culturing other cells, such as HSC, to investigate the potential activation of pathology cascade 

even in collaboration with other cells. 

All used fatty acids, various combinations, respective concentrations, and compounds for 

steatosis induction and eventual co-culture cases reported in the literature are summarised 

in Table 2.1. For simplicity, even if fatty acid salts were used, they are reported under the 

corresponding fatty acid. 

 
Figure 2.3. A proposal of the general steatosis induction and API screening in vitro model. 
Cultured hepatocytes are treated with steatosis inducer, after which they change their phenotype and 

genotype to pathological. Potential APIs are successively incubated with steatotic hepatocytes, and 

the effect is observed if hepatocytes manage to recover from steatosis. The figure was created using 

Biorender.com. 
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Table 2.1. Fatty acids used for steatosis induction. References are provided as an integral part of the 

following table, with data about cell lines and respective summarised induction conditions. 

Compound Concentration Cell line References 

Saturated fatty acids 

Stearic acid 
C18:0 

250-1000 μM for 8 h up to 24 h Hep3B 251,255,264 

50-500 μM for 6 h up to 48 h or 7 days HepaRG™ 162-164,271 

50-1000 μM for 6 h up to 24 h, 
some reports of 10 μM for 24 h 

36-180 μM for 12-24-48 h reported by Cao 
HepG2 

73,160,161,169,250-

253,255,259,272-280 

50, 100 or 200 μM for 6, 15 or 24 h HepG2/C3A 162 

50-1000 μM for 6 h up to 24 h 
500 µM for 48 h reported by Xiong Huh-7 

73,160,162,169,250,251,255,

259,264,268,274-

276,278,280-293 

400 or 800 μM 16 h or 24 h KMCH 281 

200, 400 or 800 μM for 24 h OR6 290 

100-800 μM for 8 h up to 24 h, 
some reports of 10 and 50 μM 

PHH 
(73 also with PHHSC and 

primary human 
macrophages) 

73,253-

255,264,265,272,283,291,294

-297 

300 μM for 24 h PLC 255 

Stearic acid 
C18:0 

50-200 μM for 6 h up to 24 h or 7 days HepaRG™ 162,262 

100-200 μM for 4, 16, 18 or 24 h HepG2 160,263,298 

50, 100 or 200 μM for 6, 15 or 24 h HepG2/C3A 162 

50-600 μM for 1 h up to 24 h Huh-7 160,263,288,298 

100 μM for 7 days PHH 262 

Monounsaturated fatty acids 
Elaidic acid 

C18:1, ω-9, trans 800 μM for 24 h PHH 265 

Oleic acid 
C18:1, ω-9, cis 

300 μM for 24 h Hep3B 255 
200 μM for 48 h after α-tocopherol 24 h 

pretreatment HepaRG™ 299 

50-1000 μM for 1 h up to 24 h, 
some report 1320, 1500, 2000 μM 

Ouchi reported 200-400-800 µM for 3-5 days in 
organoids 

HepG2 
Ouchi organoids 

HepG2:THP-1:LX-2 (1:1:1) 

160,234,250,255-

259,261,263,286,298,300-303 

50, 100 or 200 μM for 6, 15 or 24 h HepG2/C3A 162 

50 μM for 48 h or 800 μM for 3 days 
200-400-800 µM for 3-7 days 

iPSC HLCs 
(and organoids) 

Ouchi also reported ESC-
derived HLCs and 
HepG:THP-1:LX-2 

organoids 

166,234 

50-800 μM for 1 h up to 24 h, or 72 h, 
reported 1000 and 1320 μM Huh-7 

160,162,250,255,259,263,268

,284,285,288,289,298,301,30

4,305 

1000 μM for 48 h Huh-7.5 260 

200-1000 μM for 1 h up to 24 h 
PHH 

(Mahli also has it with 
PHHSC) 

218,255,257,265,295 

300 μM for 24 h PLC 255 

Palmitoleic acid 
C16:1, ω-7 

800 μM Hep3B 264 

200 μM for 18 h HepG2 160 

200-800 μM for 9 h up to 18 h Huh-7 160,264,284 
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Compound Concentration Cell line References 

800 μM PHH 264 

Polyunsaturated fatty acids 
Arachidonic acid 

C20:4 ω-6 50-200 μM for 6 h up to 24 h HepaRG™, HepG2/C3A, 
Huh-7 

162 

Docosahexaenoic acid 
C22:6, ω-3 50-200 μM for 6 h up to 24 h HepaRG™, HepG2/C3A, 

Huh-7 
162 

Eicosapentaenoic acid 
C20:5, ω-3 50-200 μM for 6 h up to 24 h HepaRG™, HepG2, 

HepG2/C3A, Huh-7 
162 

α-linolenic acid 
C18:3, ω-3 

50, 100 or 200 μM for 6, 15 or 24 h, 
500 μM for 9 h (Ito for Huh-7) 

HepaRG™, HepG2/C3A, 
Huh-7 

162 

Linoleic acid 
C18:2, ω-6 

50, 100 or 200 μM for 6, 15 or 24 h HepaRG™ 162 

100-1000 μM HepG2 169 

50, 100 or 200 μM for 6, 15 or 24 h HepG2/C3A 162 

50-1000 μM for 6 h up to 24 h Huh-7 162,169,284 

Combination of fatty acids 
Saturated and monounsaturated fatty acids 

Oleic + palmitic acid 

50-500 μM for 6 h up to 48 h or 7 to 14 days 
usually 2:1 OA:PA ratio, 1:1 reported by Madec HepaRG™ 162,164,267,306 

50-1000 μM (2:1 OA:PA) for 6 h up to 72 h, or 7 
days; 2000 μM also reported by Gomez Lecheon 

and Ricchi, 1:1 OA:PA Breher-Esch, Patil  

HepG2 
reported by Pingitore 

spheroids also with LX-2 
106,114,250,306-316 

660+330 μM (OA:PA) for 24 or 48 h or 
50, 100 or 200 μM (1:1 OA:PA) for 6, 15 or 24 h 

HepG2/C3A 
Gori reported liver-on-a-chip 

162,243 

500+250 μM (OA+PA) for 3 days iPSC-derived HLCs (and 
organoids) 

165 

100-1200 μM for 6 h up to 24 h, or 72 h, 7 days; 
50 μM by Madec; usually 2:1 OA:PA ratio, 

1:1 reported by Breher-Esch, Madec and Sahini 
300+200 uM or 100+400 uM OA:PA for 18 h 

reported by Infante-Menendez 

Huh-7 
reported by Anfuso and 

Barbero-Becerra with LX-2 
(HSC) 

114,162,182,183,235,250,268

,287,289,307,310-312,317-

326 

100-1000 μM for 24 h or 72 h (2:1 OA:PA) Huh-7.5 322,324,327 

800 μM 16 (WB) or 24 h KMCH 319 

100-1000 μM for 6 h up to 72 h, 7, 14 or 21 days; 
usually 2:1 OA:PA ratio, check respective 

publications, 1:1 Breher-Esch, Kozyra, Sahini 
800+400 μM for 1-3-5-7 days reported by Rey-

Bedon 

PHH 
with primary human 

macrophages and PHHSC 
by Feaver 

spheroids by Kostrzewsky 
and Kozyra 

114,217,241,242,262,307-

309,323,325,328-331 

Oleic + stearic acid 300 μM total FA, ratio OA:PA 1:1 for 12 to 14 
days HepaRG™, PHH 332,333 

Elaidic + oleic + 
palmitic acid 200+200+200μM for 24 h PHH 265 

Saturated and polyunsaturated fatty acids 
Eicosapentaenoic + 

oleic acid 100+100, 100+200, 200+200 μM for 20 h HepG2, Huh-7 263 

Linoleic + palmitic acid 100-1000 μM + 500 μM for 9 h HepG2, Huh-7 169 

Palmitic + palmitoleic 
acid 

600+600 μM (PA:PO) up to 8 h Hep3B, PHH 
264 

800+400 μM (PA:PO) up to 8 h Huh-7 

Monounsaturated and polyunsaturated fatty acids 

Linoleic + oleic acid 300 μM final concentration for 24 h HepG2 334 

Saturated, monounsaturated, and polyunsaturated fatty acids 

Linoleic + oleic + 
palmitic acid 

250 μM final concentration for 48 h 
(refresh after 24 h) 

PHH (+cholangiocytes, 
HIEC) 

170 

Saturated fatty acids and drug 

Palmitic acid + 
cyclosporine A 

100-200-300-400-600-800 μM 
+ 1, 3, 10, 30 μM for 24 h HepG2 252 
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Compound Concentration Cell line References 

Other lipids 
Ceramide 

(C2Cer or C6Cer) 
Ceramide 

C2DCer (inactive) 

up to 100 μM for 48 h, 
50 μM effective and analysed Huh-7 335 

Ceramide 
Phosphatidylcholine 

Sphingomyelin 
10 and 30 μM for 24 h Huh-7 171 

Lithocholic Acid 10 μM for 4 days hESC-I3, Human fetal 
hepatocytes 

167 

Sodium L-lactate + 
sodium pyruvate + 

octanoic acid (C8:0) 
10 mM + 1 mM + 2 mM for 48 h iPSC-derived HLCs 239 

 

2.4.1.4 FFAs solubilisation vehicles 

There is a need to solubilise highly hydrophobic FFAs with the help of co-solvent vehicles in 

a cell culture medium to transport them to cells in the culture. There is no consensus on which 

or if any compound should be used for this purpose, but there is a clear need for this step. 

The most commonly reported compounds in literature are bovine serum albumin 

(BSA)164,242,251,264,273,284,285,287,304,309,315,336, fat-free BSA,161,162,170,268,313 DMSO,183,235 

methanol,243,250,308, ethanol and decanol,171 and isopropanol.160,265,289,317 The concentration 

of named co-solvents, such as solubilisation protocols, is variable or not reported. 

BSA is an albumin derived from bovine blood serum and appertains to a family of naturally 

occurring transport proteins in blood plasma and is involved with non-specific xenobiotic 

transport. It is indicated to be a primary FFAs transport vehicle in extracellular fluids since it 

possesses 7 non-specific sites with different affinities for different FFAs. In that way, albumin 

presence regulates FFAs bioavailability and contributes to a human body lipid turnover 

through this shuttle system.337 Since alcoholic steatosis presents similar signs and symptoms 

to a non-alcoholic one, but partially different cellular pathways are involved, to discriminate 

an influence of alcoholic co-solvents such as methanol, ethanol, decanol, and isopropanol, 

we would recommend avoiding them. DMSO is a commonly used co-solvent in cell culture, 

but it is unclear if it affects steatosis-involved intracellular mechanisms. 

 

2.4.2 Drugs and chemicals 

From empirical toxicity and pharmacovigilance studies of registered drugs, side effects 

regarding liver toxicity with an accumulation of fatty acids (steatosis) were observed. If this 

first liver damage strike is unresolved, it can progress into a more severe pathological state 

and alter clinically relevant patients’ liver parameters and profiles. Identifying these drugs is 
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vital since they are used for a broad therapeutic range, not at all connected with liver 

conditions. These drug categories include antiepileptic, antiarrhythmic, analgetic, 

antipsychotic, anxiolytic, antibiotic, and HIV/AIDS antiviral APIs, which ultimately were proven 

to be hepatotoxic. 

In vitro testing of steatosis-inducing drugs reproduced specific parameters and conditions 

observed in patients. Those experiments were performed to understand the pathological 

mechanism, genomic, proteomic and lipidomic profile changes, and potential point of attack 

in cellular pathways that can be exploited to contain and revert the pathology. Thus, chemical 

agents and drugs can be an attractive alternative to the classical steatosis induction model 

with FFAs.  

Furthermore, one emerging problem of those compounds resulted in their apparent induction 

or repression of specific molecular pathways with higher affinity than “pure” FFAs, provoking 

steatosis consequently. On the other side, understanding the steatosis-induction mechanism 

of these APIs might help treat steatosis caused by these specific compounds and prevent 

their toxicity when usually therapeutically employed. 

Using drugs and chemicals in steatosis induction can induce comparable effects on cellular 

and molecular metabolism and lipidic and lipoprotein profiles, similar to those observed with 

fatty acids. This similarity arises from the shared involvement of specific pathways, 

particularly those related to mitochondrial lipid metabolism. These compounds might provide 

a valid alternative for steatosis induction in previously listed human in vitro models. 

 

2.4.2.1 Most commonly used drugs and chemicals 

Valproic acid (VA), also in the form of its sodium salt, an antiepileptic API, is reported to 

inhibit mitochondrial activity since VA is structurally analogous with FFAs and competes with 

them to bind to the carnitine shuttle system, which is responsible for bringing FFAs to 

mitochondria for β-oxidation.173,338-342 Once in the mitochondrion, VA competes with enzymes 

responsible for endogenous FFAs metabolisation, which concludes with diminished oxidative 

FFA phosphorylation.164,173,342-344 VA can induce mitochondrial membrane permeability and 

inhibit triglyceride transport outside the cell, causing FFA accumulation due to reduced 

breakdown and elimination.173,339 Those remaining FFAs are transformed into triglycerides 

and ceramides, forming lipid droplets, in more pronounced cases, causing hepatocyte 

“ballooning”.164,173,338,339,342,345 
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Tetracyclines are a family of broad-spectrum antibiotics inhibiting bacterial ribosomes 

inhibiting mitochondrial FFAs β-oxidation.174,175,346 Amiodarone is a class III antiarrhythmic 

agent, pharmacologically acting as a calcium and potassium channel blocker, affecting the 

mitochondrial respiration cycle, preventing FFAs’ physiological metabolism and causing their 

intracellular accumulation.344,347 Cyclosporine A is an immunosuppressant used in 

rheumatoid arthritis, psoriasis or to prevent organ rejection following the transplantation.348 

Cyclosporine causes a metabolic change in hepatocytes, majorly with the CYP450 system, 

increasing ROS generation and FFA accumulation leading to lipotoxicity.349,350 

Paracetamol (acetaminophen), one of the most common antipyretic and analgetic drugs 

worldwide, is safe to use in strictly delimited doses since its high doses can cause and worsen 

the steatosis through significant depletion of glutathione (GSH), necessary in its complete 

metabolisation, to remove newly generated ROS.351,352 Oxidative stress induces JNK 

pathway and inhibits FFAs β-oxidation in mitochondria.352 This condition is especially 

emphasised in obese and NAFLD patients.351 

Furthermore, as summarised in Table 2.2, chemicals such as bisphenol A and TCDD have 

been reported to induce liver toxicity and steatosis in hepatocytes. Several studies were 

performed to establish the damage those compounds exerted on hepatocytes and 

understand the underlying mechanisms.353,354 There is an extensive study on steatogenic 

pesticides in HepaRG™ cells by Lichtenstein et al.355 

Table 2.2. Drugs and chemicals used for steatosis induction.  

Compound Concentration Cell line References 

Chemicals 

AMPK activator 500 μM for 24 h HepaRG™, PHH 262 

Bisphenol A 
0.2, 2, 20, 200, and 2000 nM for 3 weeks HepaRG™ 353 

0.02, 0.2, 2 μM for 48 h HepG2 356 

Cyproconazole 25, 50, 100, 200 μM for 24 or 72 h HepaRG™, HepG2 357 

TCDD - 2,3,7,8- 
tetrachlorodibenzo-

p-dioxin 

0.001, 0.01, 0.1, 1, 10, or 100 nM TCDD for 
12 and 24 h, time course studies were 

conducted for 1, 2, 4, 8, 12, 24 and 48 h, 
treated with DMSO vehicle or 10 nM TCDD. 

PHH 354 

Drugs 

Amiodarone 
20 μM for 24 h or 14 days HepaRG™ 174,175 

200 μM for 2-8 h HepG2 and PHH 358 

5, 10, 20, 40, 80 μM for 24-72 h Huh-7 305 

Chlorpromazine 
1, 10, 20, 30, 40, 50 μM for 24 h (viability) 
0.02, 0.1, 0.2, and 1 μM for 13 days with a 

daily refresh (transcriptome) 
PHH 359 

Cyclosporine A 30 μM for 48 h PHH spheroids (+ non-
parenchymal cells) 

176 

Insulin 0, 0.01, 0.5 ug/mL for 7 days HepaRG™, PHH 262 
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Compound Concentration Cell line References 

Lamivudine (3TC) 8 μM for 24, 48 or 72 h HepG2, Huh-7, PHH 360 

Methotrexate 1.9, 63 μM HepaRG™+IHSC 361 

Midazolam 1 μg/mL for 3 h PHH, Huh-7 325 
Paracetamol 

(acetaminophen) 5-40 mM for 12 or 24 h HepaRG™ with or without IHSC, 
PHH 

262,361 

Stavudine (d4T) 3 μM for 24, 48 or 72 h HepG2, Huh-7, PHH 360 

Tetracycline 50 μM for 24 h or 14 days 
(refresh every 2-3 days) HepaRG™ 174,175 

Thapsigargin 0.5, 1, 1.5 μM for 6 h up to 24 h HepG2, Hep3B, Huh-7 172,251 

Tunicamycin 5, 10, 20 ug/mL for 6 h up to 24 h Huh-7 172 

Valproic acid 
Sodium valproate 

47-10.000 μg/mL for 72 h (665 ug/mL for 72 
h) 

250-10.000 μg/mL for 24 h (2.300 ug/mL for 
24 h) 

HepaRG™ 173 

1, 2.5, 5 mM for 12, 24, 48 h or 14 days 
0.5, 1, 2 mM for 24-48h reported by Yan HepG2 300,361,362 

500 μM for 30 min Huh-7 363 

0-30 mM for 24 h and 48 h, 15 mM for the 
main experiment 5 days + 3 days washout PHH 364 

Vitamin K2 10 μM for 4 d hESC-I3, Human fetal 
hepatocytes 

167 

Zidovudine 
(AZT/ZDV) 6 μM for 24, 48 or 72 h HepG2, Huh-7, PHH 360 

 

2.4.3 Steatosis-inducing compounds concentrations and incubation times 

The reported values of a broad range of reported steatosis-inducing agents’ concentrations, 

lipids, drugs, and chemicals retrieved from analysing the literature are inconsistent. 

Therefore, in case of a new investigation, it is highly recommended to perform a series of 

pilot experiments to determine the realistic steatosis induction effect and extension in a 

specific model. 

The time of incubation reported in the literature shows a high variability but, in general, could 

be classified as short-term, up to 24 h, and long-term, up to 14 days. Short-term incubation, 

sometimes as short as 1 to 3 h but most commonly lasting from 6 to 24 h, can reproduce an 

acute change in the cellular response to the induction agent. Longer exposure times that last 

from 2 to 21 days are usually reported in specific cell lines (HepaRG™) and might provide an 

insight into what chronic exposure to an inducing agent might change in cellular pathways. 

However, various investigations have proven that specific genomic, proteomic, and lipidomic 

profile expressions only occur during a specific, sometimes shorter or more extended 

timeframe.  

The external agents’ exposure might affect further aspects of constant gene expression that 

are permanent after a longer time. Long-term incubation might provide a better insight into 
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how the pathology develops and how the model replies to prolonged exposure to the 

pathological agent concentration – observing if the cascade can be stopped and overturned 

towards the physiological functional state. 

 

2.4.4 Drug discovery for steatosis inhibition in vitro – state-of-the-art 

Multiple molecules have been tested on cellular models, as summarised in Table 2.3. Some 

molecules are marketed as lipid-modifying agent drugs, ezetimibe and fluvastatin, and 

glucagon-like proteins, like exendin-4. These “known” drugs might prove helpful as a therapy 

touchstone, as there are available clinical data. In addition, some plant-derived molecules, 

such as classic silymarin extract compounds, iso-alpha acid from hops, and berberine, were 

reported to be effective in attenuating steatotic symptoms. One exciting example is the 

“defatting cocktail” used by Boteon et al.,170 consisting of several API classes. This treatment 

might shed light on the generation of new antisteatosis therapy, as these are active on newly 

identified pathological pathways. 

Refer to recent reviews for comprehensive insights into the current perspectives and 

strategies within NASH/NAFLD drug pipelines, including in vitro and in vivo investigations 

and clinical trials.50,365-368 

Table 2.3. Molecules used to attenuate or revert steatosis in steatosis-induced human cells 

Therapeutic compound Compound concentration and 
dissolution vehicle Cell line References 

5-Aminolevulinic acid 200 µM together with FFA 
treatment for 4-8 h Huh-7 293 

α-tocopherol (Vitamin E) 

25 nM for 24 h pretreatment HepaRG™ 299 

10, 25, 50 µM for 48 h pretreatment 
to prevent steatosis reported by 

Pingitore 

HepG2 (+LX-2) 
spheroids 

PHH spheroids 
106,176 

Andrographolide  
from Andrographis paniculata 

14 µM for 24 h together with FFA 
treatment in 0.01% (v/v) DMSO HepG2 314 

Ascorbic acid (Vitamin C) 25, 50, 100, 200, 1000 µg/mL for 
24 h together with FFA treatment HepG2 315 

Berberine 
from Berberis plants 10 μM in DMSO HepG2, Huh-7 311 

Bouchardatine-analogue (R17) with the side 
chain of N,N‐dimethyl‐1,3‐propane diamine, 
from Bouchardatia neurococca (Rutaecae) 

1 μM in cell medium (DMEM) HepG2, Huh-7 259 

Cinnabarinic acid 30 µM together with FFA treatment 
for 24 h HepG2 316 

Compound K 
(derived from ginsenoside) 

0.1, 0.5, 1 μM 
vehicle not specified Huh-7 321 
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Therapeutic compound Compound concentration and 
dissolution vehicle Cell line References 

Curcumin 
from Curcuma Longa 

5 µM for 24 h together with FFA 
treatment in 0.01% (v/v) DMSO HepG2 314 

Defattening cocktail of PPAR α-ligand 
GW7647, PPAR δ-ligand GW501516, 

adipokine visfatin, forskolin, PXR-ligand 
hypericin, CAR ligand scoparone (6,7-
dimethoxycoumarin) and L-carnitine 

respectively 0.001 mM, 0.001 mM, 
0.4 ng/mL, 0.01 mM, 0.01 mM, 

0.01 mM, 0.8 mM, in DMSO and 
cell medium 

PHH 
(+cholangiocytes, 

HIEC) 
170 

Elafibranor 
10, 25, 50 μM for 48 h pretreatment 

to prevent steatosis reported by 
Pingitore 

HepG2 (+LX-2) 
spheroids 

106 

Exendin-4 
10 nM (Gupta and Sharma) 

50 or 100 nM (Lee) 
vehicle not specified 

HepG2, Huh-7, PHH 114,265,275 

Ezetimibe 10 μM, vehicle not specified Huh-7 282 

Fluvastatin 1,5, 10, 20 μM, 
vehicle not specified HepG2 272 

Icaritin 5, 10, 20, 50 μM for 48 h together 
with FFA treatment Huh-7 292 

iso-alpha acids (from hops) 10 or 20 μg/mL, 
vehicle not specified PHH 218 

Liraglutide 
1, 10, 20 μM for 48h pretreatment HepG2 (+LX-2) 

spheroids 
106 

5, 10, 20 nM for 24-72 h together 
with OA and amiodarone treatment Huh-7 305 

Niacin (Vitamin B3) 250-500 μM, 
vehicle not specified HepG2, PHH 253 

Obeticholic acid 10, 25, 50 μM for 48 h pretreatment HepG2 (+LX-2) 
spheroids 

106 

Silibinin, Silymarin 
from Sylibum marianum 

5-7.5 μM (Anfuso) 
200 μM (Song) HepG2, Huh-7+LX-2 235,273 

Sodium nitrite 10 μM in cell medium HepG2 
PHH spheroids 

336 

Soluble tumour necrosis factor-like weak 
inducer of apoptosis (sTWEAK) 100 ng/mL PHH immortalised 297 

Toyocamycin 1 μM, vehicle not specified Huh-7 289 

Withaferin A 1, 2.5, 5 μM for 24 h HepG2, Huh-7 298 

 

2.5 Outlook for drug discovery and early-stage drug formulations 

PHH and cell lines such as HepG2, Huh-7, and HepaRG™ are the core models to mimic 

steatotic conditions and test potential new therapeutic agents. In future research, steatosis 

induction could be reproduced in iPSC-derived hepatocytes, similar but more representative 

to the observations made in conventional "classic" cell models. Co-cultures of any type and 

3D models that will contain hepatocytes, hepatic stellate cells, and macrophages, although 

more complex to develop and validate than simple cell lines, can provide a more realistic 

model of the pathological human liver microenvironment and, consequently, soon a more 

reliable platform for pharmacological screening and drug discovery. 
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2.6 Conclusion 

From the overview of the currently available studies on in vitro steatosis in humans, the most 

conclusive results arise from the use of using PHH. However, since primary cell results can 

be highly variable, based on the parameters of the cell donor, they are usually correlated to 

another model of choice, such as the hepatic carcinoma cell line. In addition, differentiated 

HepaRG™ cells also contain a portion of primitive bile duct cells to represent a better system 

mimicking the physiological situation in the liver. iPSC-derived HLCs might give more 

valuable insight into the progression of the pathology. However, a more foetal and immature 

type of hepatocytes expressing a slightly different panel of genes and proteins may represent 

a significant drawback in some investigations. Indeed, to our knowledge, no reliable and 

reproducible protocol to render them “more mature”, i.e., expressing a complete adult 

genomic and proteomic array, is currently available. 

Regarding the steatosis-induction methods, we would consider the “golden combination”, OA 

and PA combination, total FFA concentration between 200 and 1000 μM, with a ratio 2:1 

(OA:PA), solubilised with the help of fat-free BSA for at least 24 h, up to several days. It 

seems to be the most effective and consistent steatosis-inducing treatment so far tested. 

According to steatosis induction studies performed in our research group, presented in 

Chapter 4, it was decided to use 300 + 150 µM of OA:PA for 24 h in Huh-7 cells, grown in 

the serum-free culture medium supplemented by 30 µM BSA as a solubilising agent. 

Should a chemical compound other than fatty acid be preferred, a good approach would be 

to use valproic acid, amiodarone, paracetamol, or some HIV/AIDS retroviral therapeutics, as 

their effects have been mainly studied. When using steatosis-inducing drugs, particular 

attention should be paid to the possible “side effects” on other cellular and molecular 

mechanisms of the drug and its effect on metabolomic, genomic, proteomic and lipidomic 

profiles. These variations might not correlate directly with the drug’s capability to only induce 

steatosis.  

Time exposure for short-term effect studies should be considered in a range of 12-24 h. If 

chronic studies should be performed, 7 or 14 days might be very valid time points that might 

give insight into the cellular pathways’ “re-adaptation” due to the steatosis. A classic single-

cell culture model should always be considered a good starting approach. The use of co-

cultures with extension to spheroids/organoids could be considered when there is interest in 

mirroring the functionality of the hepatic tissue more confidently. There is no widespread use 



39 
 

of described co-culture models, especially simultaneous cell culturing, since the major 

limitation in employing these are very different culturing conditions and how reliably the actual 

system could be represented if internal system changes are not investigated and validated in 

detail. Because of the reasons mentioned above, we decided to develop and optimise a 

conditioned dual cell culture medium (Figure 2.2d) of Huh-7 hepatocarcinoma cell line with 

LX-2 immortalised human HSCs, described in Chapter 4. 

Current developments in metabolomic, genomic, proteomic and lipidomic studies provide 

valuable detailed information on changes and expression levels of various intracellular actors 

and pathological markers. In the future, these parameters will be screened by researchers 

and clinicians to establish a correlation between the treatment in vitro and in vivo and the 

advancement of the pathology phase. A remarkable additional advantage of studying 

steatosis-induced cells offers the possibility of using specific inducing agents to mimic a well-

defined pathology phase (NAFLD, NASH or cirrhosis), thus allowing the chance to test 

specific therapeutics acting precisely on imbalanced pathways or only on the specific 

reactions.
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Chapter 3. 
Polyenylphosphatidylcholines as bioactive excipient in tablets 

for the treatment of liver fibrosis 

 

Parts of this chapter are submitted as a research article manuscript, currently under revision 

in the International Journal of Pharmaceutics. 

 

Skorup I*, Valentino G*, Aleandri S, Gelli R, Ganguin AA, Felli E, Selicean SE, Marxer RA, 

Gracia-Sancho J, Berzigotti A, Ridi F, Luciani P; “Polyenylphosphatidylcholines as bioactive 

excipient in tablets for the treatment of liver fibrosis”, 2023. 
* These authors contributed equally 

 

Author contributions 
I.S. devised and performed all the tabletting and in vitro and ex vivo experiments, developed 

methodology, analysed the data, co-wrote the original draft; G.V. conceived the original 

project, devised and performed pilot experiments, developed methodology, co-wrote the 

original draft; S.A. devised experiments and methodology, contributed to data curation, wrote 

parts of the original draft of the manuscript; R.G. performed physicochemical analysis (TGA, 

XRPD, Raman), co-wrote the original draft; A.A.G. devised qPCR methodology and help 

performing and analysing qPCR experiments; E.F. devised methodology with rat primary 

cells, consulted on data analysis; R.A.M. devised and validated methodology; S.E.S. devised 

methodology with rat primary cells; J.G.S. and A.B. provided resources and funding, revised 

and edited the manuscript; F.R. supervised R.G. research work, revised and edited the 

manuscript; P.L. conceived and supervised the original project, provided funding, 

administered the project, reviewed and edited the manuscript. 

 

Parts of this chapter have been submitted as a Master thesis: 

Marxer, RA; “Design of novel lipid-based solid oral formulations for the therapy of liver 

fibrosis”, 2021.369 

R.A.M. devised and validated methodology, ran early formulation optimisation studies 

(Formulations Ref_GV, 1, 2, 3, 4, and S80M + Sily). 
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Abstract 

Liver fibrosis is characterised by the accumulation of extracellular matrix (ECM) arising from 

the myofibroblastic transdifferentiation of hepatic stellate cells (HSCs) occurring as the 

natural response to liver damage. To date, no pharmacological treatments have been 

approved explicitly for liver fibrosis. We recently reported a beneficial effect of 

polyenylphosphatidylcholines (PPCs)-rich formulations in reverting fibrogenic features of 

HSCs. However, unsaturated phospholipids’ properties constantly challenge to the 

development of tablets as the preferred patient-centric dosage form. Profiting from the 

advantageous physical properties of the PPCs-rich Soluthin® S 80 M, we developed a tablet 

formulation incorporating 70% w/w of this bioactive lipid. Tablets were characterised via X-

ray powder diffraction, thermogravimetry, and Raman confocal imaging and passed the major 

compendial requirements. To mimic physiological absorption after oral intake, phospholipids 

extracted from tablets were reconstituted as protein-free chylomicron (PFC)-like emulsions 

and tested on the fibrogenic human HSC line LX-2 and primary cirrhotic rat hepatic stellate 

cells (PRHSC). Lipids extracted from tablets and reconstituted in buffer or as PFC-like 

emulsions exerted the same antifibrotic effect on both activated LX-2 and PRHSCs as 

observed with plain S 80 M liposomes, showing that the manufacturing process did not 

interfere with PPCs’ bioactivity. 

 

Graphical abstract 

 
The figure was created using Biorender.com.  
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3.1 Introduction 

Natural phospholipids, extracted from soybean or egg, are frequently used as excipients in 

developing new pharmaceutical products. These phospholipids, characterised by a low 

batch-to-batch variability, are derived from renewable sources, produced with ecologically 

sustainable procedures, and available on a larger scale at a relatively low cost compared to 

synthetic ones, which found application only in a few pharmaceutical products.124,128  
Soybean extracts of polyenylphosphatidylcholines (PPCs), belonging to the broad family of 

essential phospholipids (EPL), have already been formulated in dietary supplements to 

support the therapy of chronic liver diseases.125 Remarkably, these “generally recognised as 

safe” (GRAS) lipids do not exert their function only as an excipient but also as a bioactive 

component, as demonstrated in previous studies.125,128 Alone or combined with other 

hepatoprotective compounds such as silymarin, EPLs are commonly used in some countries, 

like Russia and Poland, for patients suffering from non-alcoholic fatty liver diseases (NAFLD) 

and steatohepatitis (NASH),132,370,371 due to their alleged antioxidant and anti-inflammatory 

effect. However, their mechanism of action is not fully understood yet.  

EPLs are commercially available as hard or soft capsules. Both pharmaceutical dosage forms 

are favoured by EPLs’ suitability as a liquid filler due to phospholipids' physicochemical 

properties.372 Compared to soft capsules, hard gelatine capsules offer advantages for liquid 

and semi-solid formulations, as they do not require additional plasticisers and can be filled at 

higher temperatures.372 While the lipid amount can reach 100% in soft and hard capsule 

systems, tabletting significantly reduces the lipid amount per dosage unit.373,374 Lipid 

excipients often compromise conventional compressed tablets’ physical integrity and 

mechanical strength.373 At ambient temperature, mono- and polyunsaturated lipids are in a 

liquid crystalline state124, and storage conditions and handling require strict humidity and 

temperature control and oxidation prevention precautions.375 Only with a careful fine-tuning 

of the formulation composition a consistent compendial quality of the manufactured tablets 

could be achieved, as recently emphasised in the case study by Koch et al. on using lipid 

excipients to produce lipid tablets with optimal properties.376 

Compressing tablets majorly composed of unsaturated, bioactive phospholipids – the 

recommended daily dose of EPLs is 1.05 and 1.80 g following oral intake, for instance125,132 

– may thus be considered a breakthrough in pharmaceutical manufacturing. 

Recently, our group showed that PPC nanodispersions could revert activated, profibrogenic 

LX-2, immortalised human hepatic stellate cells (HSCs) to a quiescent-like status.137 
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Specifically, we screened the antifibrotic effects of PPC liposomes, both in the presence and 

absence of silymarin, by using LX-2 cells. More recently, we identified the secreted protein 

acidic and rich in cysteine (SPARC), a matricellular protein, as a fibrogenesis-associated 

factor in extracellular vesicles (EVs).138 The direct treatment of LX-2 with two experimental 

antifibrotic drugs, elafibranor and obeticholic acid, increases the secreted SPARC in EVs.122 

However, the damaging drugs’ effect on HSCs could be mitigated when formulating them 

with PPC. Proteomics and lipidomics profiling pointed out specific changes in the cellular and 

EVs phospholipid composition, and biological assays indicated that the beneficial antifibrotic 

features of our PPC treatments could be transferred from the parent cells to the EVs.122  

Among the several PPC-rich phospholipids commercially available, Soluthin® S 80 M, a 

magnesium chloride lecithin analogue of the phospholipid S 80,137 shows flow properties 

remarkably suitable for tabletting. Here, we blended S 80 M with microcrystalline cellulose 

(MCC, filler), magnesium alumino-metasilicate (oils adsorbent), and sodium croscarmellose 

(disintegrant in direct compression), generating a powder mixture that could be directly 

compressed into high-quality tablets complying with the compendial requirements.377 

Thermogravimetric analyses estimated the amount of water absorbed by the tablets and their 

components after equilibrating at relative humidity (RH) of 75%. In addition, via X-ray powder 

diffraction (XRPD) performed before and after tabletting, we assessed if and how the 

compression step affected the bulk property of the powder and its crystalline state. Finally, 

Raman imaging was also employed to evaluate the tablet’s homogeneous S 80 M 

distribution. 

Finally, we investigated whether tabletting PPC could affect the antifibrotic bioactivity of S 80 

M testing tablets extracts on activated human HSCs immortalised cell model (LX-2) and on 

primary hepatic stellate cells (PRHSC) obtained from cirrhotic rats to validate the ability of 

these formulations to revert fibrotic features not only in a cell line but also in primary cells. 
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3.2 Materials and methods 

3.2.1 Materials 

Soluthin® S 80 M (S 80 M; soybean phospholipid 80% complexed with MgCl2) and 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) were a kind gift from Lipoid GmbH 

(Ludwigshafen, Germany). The LX-2 cells immortalised human HSC line (RRID CVCL_5792) 

were purchased from Merck Millipore (Darmstadt, Germany). Dulbecco’s Modified Eagle 

Medium (DMEM-HG; 4.5 g/L glucose, with phenol red and pyruvate, no glutamine), 4-(2-

hydroxyethyl) piperazine-1-ethanesulfonic acid sodium (HEPES) solution, DMSO (dimethyl 

sulfoxide), 4',6-diamidino-2-phenylindole (DAPI), Roti®-Histofix 4% (acid-free, pH 7.4, % w/v 

phosphate-buffered formaldehyde solution) were purchased from Carl Roth (Arlesheim, 

Switzerland). Iscove’s Modified Dulbecco’s Medium (IMDM; with phenol red and L-

glutamine), phosphate buffer saline (PBS) (pH 7.4, without Ca/Mg), L-Glutamine, Penicillin-

Streptomycin, microcrystalline cellulose (MCC), hydrochloric acid (HCl), sodium hydroxide 

(NaOH), chloroform (CHCl3), ethanol (EtOH), trifluoroacetic acid (TFA), isopropanol, acetone, 

methanol (MeOH), acetonitrile (ACN), TRIzol™ reagent, RNAse-free water were purchased 

from Fisher Scientific (Reinach, Switzerland). Foetal bovine serum (FBS), Accutase®, Cell 

Counting Kit-8 (CCK-8), 1,6-Diphenyl-1,3,5-hexatriene (DPH), N,N,N-trimethyl-4-(6-phenyl-

1,3,5-hexatrien-1-yl)-phenyl-ammonium-p-toluolsulfonate (TMA-DPH), cholesterol, Oil Red 

O (ORO; 0.5% w/v in propylene glycol), collagen type I (from rat tail), triethyl citrate, palmitic 

acid, fumed silica (Aerosil® 200), silymarin extract (Sily), and glycogen were bought from 

Sigma Aldrich (Buchs, Switzerland). Myritol® 318 triglycerides (produced by BASF Personal 

Care and Nutrition GmbH, Monheim am Rhein, Germany) were obtained from Impag (Zürich, 

Switzerland). Cell culture plates and flasks were from Sarstedt (Nümbrecht, Germany), TPP 

(Trasadingen, Switzerland) and Nunc (Roskilde, Denmark). ROS-ID® Total ROS/Superoxide 

detection kit was from Enzo Life Science (Lausen, Switzerland). 

Neusilin® US2 (Fuji Chemical Industries Co., Ltd., Toyoma, Japan) was a kind gift from IMCD 

(Zürich, Switzerland). Primellose® was a kind gift from DFE Pharma (Goch, Germany). The 

enteric methacrylic acid copolymer Eudragit® L100-55 was a kind gift from Evonik (Essen, 

Germany). Biorelevant dissolution media, FaSSIF (fasted simulated state intestinal fluid), and 

FaSSGF (fasted state simulated gastric fluid) were purchased from Biorelevant (London, UK). 
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3.2.2 Powders and tablets preparation 

All the formulations described below were manually prepared by mixing S 80 M via dry 

granulation with a determined amount of other components, depending on the relevant 

formulation. First, S 80 M was ground in the mortar with the pestle and then blended with 

other excipients until obtaining a homogenous mixture. Turbula T 2 F 3D mixer (Willy A. 

Bachofen, Muttenz, Switzerland) was employed for 5 min to ameliorate the mixture’s 

homogeneity. Afterwards, the mixture was sieved (1400 μm) into a plastic container where 

inert nitrogen gas was flushed, and the container was sealed and kept at +4 °C until the 

compression. Tabletting was then carried out using a single punch press XP1 from Korsch 

(Berlin, Germany), and tablets were manually compressed using 11 mm matrix and round 

concave stamps from Natoli Engineering Company (Saint Charles, MO, USA), insertion and 

filling depth of 5 mm and 5.5 mm, respectively. Both powder mixing and tabletting were 

performed at room temperature or in an air-conditioned room at +15 °C, as indicated per 

specific experiments. Tablets were kept at +4 °C under an inert nitrogen atmosphere.  

 

3.2.3 Formulation development 

3.2.3.1 Preliminary formulations 

A former research group member, Dr. Gina Valentino, reported in her dissertation371 that S 

80 M could be formulated as granules with the appropriate choice of excipients. Starting from 

these findings, we further optimised the manual process to understand whether tablets could 

be produced from the direct compression of granules. The first optimisation step was 

replacing Aerosil® 200, used in the original formulation, with Neusilin® US2. 

A pilot formulation of S 80 M with silymarin (Sily), a known hepatoprotectant acting as an 

antioxidant and radical scavenger, was also produced based on Formulation 3, replacing a 

percentage of microcrystalline cellulose (MCC) content with Sily to investigate if we can 

incorporate another active ingredient in our formulation since there are reported 

hepatoprotective products containing both PPC and Sily.378,379 
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Table 3.1. Preliminary formulations composition 

  Component - % (w/w)   

Formulation S 80 M MCC Mannitol Magnesium 
stearate Neusilin® US2 Silymarin Batch size 

mass (g) 
Ref_GV T > 25°C 

50.55 40.50 8.20 0.25 0.50 Aerosil® 200, 
not Neusilin® US2 0.00 

10.00 

Ref_GV T < 25°C 6.00 
1 50.55 40.50 8.20 0.25 0.50 0.00 10.00 
2 50.55 40.00 8.20 0.25 1.00 0.00 6.00 
3 25.00 74.00 0.00 0.00 1.00 0.00 60.00 
4 37.50 61.50 0.00 0.00 1.00 0.00 8.00 

S80M + Sily 25.00 49.00 0.00 0.00 1.00 25.00 10.00 
 

All the formulations were produced, and tablets from Formulations 3, 4, and S 80 M + Sily 

were also successfully obtained via direct compression at room temperature.  

 

3.2.3.2 Design-of-experiment (DoE) formulations 

Further formulations’ optimisations to maximise S 80 M content in the granules have been 

calculated with a DoE in Minitab 18.1 statistical software (Minitab LLC, State College, PA, 

USA) to safeguard the quality-by-design (QbD) approach. The DoE method changes 

component variables simultaneously to observe the specific effect on the product quality by 

calculating the minimum number of necessary formulations to prepare. Lower and upper 

components’ limits are given in the extreme vertices mixture design employed in this case 

(Table A3.1). The software calculated the composition of the most-favourable formulations 

inside the given constraints, and various components’ proportions had to add up to one.380 It 

represented them as the hyper-polyhedron (Figure A3.1).381 DoE provided 13 different 

formulations for further studies (Table 3.2).  
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Table 3.2. Formulations’ compositions obtained from DoE calculation based on pre-set component 

content constraints 

  Component - % (w/w)   

Formulation S 80 M MCC Neusilin® US2 
Batch 
size 

mass (g) 
DoE 1 39.50 50.00 10.50 5.00 
DoE 2 30.00 50.00 20.00 5.00 
DoE 3 64.00 35.00 1.00 5.00 
DoE 4 54.50 35.00 10.50 5.00 
DoE 5 49.00 50.00 1.00 5.00 
DoE 6 69.50 20.00 10.50 5.00 
DoE 7 57.25 27.50 15.25 5.00 
DoE 8 60.00 20.00 20.00 5.00 
DoE 9 79.00 20.00 1.00 5.00 

DoE 10 45.00 35.00 20.00 5.00 
DoE 11 66.75 27.50 5.75 5.00 
DoE 12 42.25 42.50 15.25 5.00 
DoE 13 51.75 42.50 5.75 5.00 

 

A mass of 5 g of each formulation was produced in one replicate. Based on powder 

characterisation, to examine in detail, 10 g batches of formulations DoE 5 and DoE 11 were 

produced in triplicate, and the corresponding tablets were also successfully obtained via 

direct compression at room temperature. 

 

3.2.3.3 Optimisation of 70% S 80 M containing formulation 

The most favourable formulation with a high S 80 M content from the DoE formulations, 

specifically DoE 11, was chosen to optimise the formulation further. Five formulations were 

optimised for better technological properties (Table 3.3). 

Table 3.3. Composition of further optimised formulations based on DoE 11 formulation. 

  Component - % (w/w)   

Formulation S 80 M MCC Neusilin® US2 Primellose® 
Batch 
size 

mass (g) 
F70-1 70.00 29.00 1.00 0.00 5.00 
F70-2 70.00 27.00 1.00 2.00 5.00 
F70-3 70.00 24.00 1.00 5.00 5.00 
F70-4 70.00 28.00 2.00 0.00 5.00 
F70-5 70.00 23.00 2.00 5.00 5.00 

 

A mass of 5 g of each formulation was produced in one replicate and directly compressed 

into tablets in an air-conditioned room at +15 °C. 
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3.2.4 Optimised formulation F70-5 – tablets preparation 

Three 35 g batches of final formulation F70-5 containing 70% (w/w) of S 80 M, 23% (w/w) 

MCC, 2% (w/w) Neusilin®, and 5% (w/w) Primellose® were produced. Both powder mixing 

and tabletting were performed in an air-conditioned room at +15 °C. Tablets were kept at +4 

°C under an inert nitrogen atmosphere. 

 

3.2.5 Compendial powder quality tests 

The mixture flow analysis was performed per the Ph. Eur. monographs 2.9.16. and 2.9.36. 

using an Erweka GTL granules and powder flow tester (Langen, Germany) equipped with 

one hopper of 480 mL and a nozzle of 25 mm.  

The bulk volume (V0) of the mixture was measured in a 100 mL measuring cylinder as well 

as the volume after 10 taps (V10), 500 taps (V500) and 1250 taps (V1250) using an Erweka SVM 

222 tapped density tester (Langen, Germany). As a result, bulk and tapped densities were 

calculated as 25 g/V0 and 25 g/V1250, respectively. As indicated by Ph. Eur. 2.9.36, the 

compressibility index (CI) was calculated from the bulk and tapped density using the following 

equation (Eq. (1)): 

 

CI = 100 × [(V0-V1250)/ V0]  (1) 

 

While the Hausner ratio (HR) was calculated using the following formula (Eq. (2)): 

 

HR = V0/V1250   (2) 

 

Bulk and tapped densities were calculated using the following formula (Eq. (3,4)), where m 

stands for the mass of weighted powder ~25 g that the test was performed on: 

BD = V0/m    (3) 

TD = V1250/m    (4) 

 

Powders from all the formulations described in Section 3.2.3 (except Formulation 3) were 

tested using the same parameters, only measuring the amount of powder produced. 
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3.2.6 Compendial tablets quality tests 

Twenty tablets were randomly chosen from a population and weighed on an analytical 

balance (Kern ADB 200-4; Ballingen, Germany), and their average mass was determined. 

Approximately 6.5 g of tablets were weighed on an analytical balance and tested with Erweka 

TAR 120 tablet friability and abrasion tester (Langen, Germany) with a setting of 100 

revolutions, with a defined velocity of 25 rpm, as prescribed by Ph. Eur. 2.9.7. Tablets were 

weighed again, and the mass difference has been calculated. Furthermore, 10 tablets were 

arbitrarily tested for hardness on Erweka TBH 125 tablet hardness tester (Langen, Germany), 

using a constant speed setting (2.3 mm/s). Maximum, minimum, and mean values have been 

determined following Ph. Eur. 2.9.8. 

For the tablets obtained from formulations reported in Table 3.3, mass was measured for 13-

16 tablets, friability was measured on 4.0-4.7 g of tablets, and hardness was measured on 5 

tablets. 

 

3.2.7 Gastro-resistant coating of tablets 

Compressed tablets were coated with a functional enteric coating Eudragit® L100-55, by 

modifying the manufacturer’s dip-in protocol. First, the coating suspension was prepared by 

mixing solvents (acetone, isopropanol, ultrapure water, 30:46:4% w/w of total) to which 

triethyl citrate and Eudragit® were added (3.33:16.67% w/w) gradually and stirred with 

Polytron® PT 2500 E (Kinematica, Malters, Switzerland) for about 1 h until the suspension 

did not become transparent and homogenous. Next, tablets were manually inserted in coating 

suspension for approx. 10 sec, air-dried for 20-30 min and then reinserted 5 times (layers). 

Coated tablets were kept at +4 °C under an inert nitrogen atmosphere. 

 

3.2.8 Disintegration of gastro-resistant tablets 

Gastro-resistant tablets were tested for disintegration using the Automated Disintegration 

System G7962A from Agilent (Santa Clara, CA, USA) to check the targeted location of tablet 

disintegration obtained. Experimental conditions were followed from Ph. Eur. 2.9.1, 5.17.1 

and Tablets monography377 (medium temperature: 37 °C; medium volume: 900 mL; 6 tablets 

per test), were left to disintegrate in the apparatus for 2 h in HCl 0.1 M without discs and 

transferred for 1 h in phosphate buffer pH 6.8 (PB) with added discs. 
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3.2.9 Thermogravimetry (TGA) 

Thermogravimetry evaluated the amount of water absorbed by the tablet and by the tablet’s 

components upon equilibration at RH 75%. The analyses were conducted using a Discovery 

SDT 650 from TA Instruments (New Castle, DE, USA). Samples were loaded in aluminium 

pans and were heated from room temperature (RT) to 500 °C, at 10 °C/min, in an N2 

atmosphere (flow 100 mL/min). The weight loss between RT and 150 °C was used to estimate 

the amount of water in the samples, calculated as the difference between the weight loss of 

the same sample equilibrated at RH 75% and that of the freeze-dried one. The equilibration 

process was done by placing small aliquots of powders or tablets in a hermetically closed 

chamber with NaCl-saturated solution, at +4 °C, for one week. The freeze-drying process 

was conducted by freezing the samples in liquid N2 (-196 °C) and lyophilising them at -50 °C 

and 50 mTorr for 24 h (VirTis Benchtop freeze-dryer, Gardiner, NY, USA). 

 

3.2.10 X-ray powder diffraction (XRPD) 

XRPD analyses were conducted using a D8 Advance powder diffractometer from Bruker 

(Billerica, MA, USA) equipped with a Cu X-ray source (λ=1.54 Å) at 40 kV and 40 mA. 

Samples were ground with agate mortar and pestle and flattened on a Si low background 

sample holder. The diffraction patterns were collected in the 2θ range of 3-50°, with an 

increment of 0.03°, a time per step of 0.3 s, and with a 0.6 mm slit. 

 

3.2.11 Confocal Raman microscopy 

Confocal Raman measurements were conducted on a Renishaw inViaTM QontorTM confocal 

Raman microscope (Wotton-under-Edge, UK) equipped with a 785 nm laser, a front-

illuminated CCD camera, and a research-grade Leica DM 2700 microscope. The spectra of 

the tablet’s components were collected using a 20x objective (numerical aperture 0.40, 

working distance 1.15 mm) in the 200-3200 cm-1 range, a laser power of 10 mW, and an 

exposure time of 10 s with 5 accumulations. The tablet’s chemical map was obtained with a 

5x objective (numerical aperture 0.12, working distance 14 mm) using the StreamLineTM 

mode, which allows for the fast imaging of large sample areas. In this case, the laser power 

was 100 mW, the exposure time 15 s with 1 accumulation, and the Raman shifts range 680-

1730 cm-1. Four maps of 1.8 mm x 1.0 mm were collected (step along x: 20 µm, step along 

y: 14.2 µm), resulting in a total imaged area of 3.6 x 2.0 mm. The S 80 M distribution within 
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the tablet was obtained considering the intensity at 1658 cm-1, which is the peak maximum 

characteristic only of the lipid. 

 

3.2.12 S 80 M extraction from tablets 

S 80 M from tablets was extracted by crushing them in the mortar and dissolving them in 1 

mL of a 3:1 (v/v) ratio of methanol:chloroform solution. Samples were then vortexed (5 min) 

and sonicated (10 min) at 37 °C. Further centrifugation (10 min at 3400 g) allowed the 

separation of the supernatant containing lipids. The solution was left to rest in an upright 

position for 5 min. The extraction step was repeated four times until a clear supernatant was 

obtained. Organic solvents in the supernatant were evaporated under an inert nitrogen gas 

and later under reduced pressure (12 h) to eliminate residual solvent traces. The dried lipids 

were reconstituted and diluted in pure methanol prior to analysis. Lipids were reconstituted 

in HEPES buffer (10 mM, pH 7.4) for cell culture treatments to reach 50 mM S 80 M 

concentration. 

Tablet extracts were also used to quantify the lipids content in each sample using an HPLC-

CAD gradient method (see Appendix Section A3.1) 

 

3.2.13 Preparation of protein-free chylomicrons (PFC) 

PFCs were prepared by modifying previously described emulsions.382 Briefly, 70% (w/w) S 

80 M extracted from tablets, 3% (w/w) triglycerides from saturated fatty acids, 2% (w/w) 

cholesterol, and 25% (w/w) DOPC were dissolved in a 3:1 (v/v) ratio of methanol:chloroform 

solution. Solvents were evaporated under a stream of nitrogen before an overnight vacuum 

to eliminate residual solvent traces. The dried lipid mixture was dissolved in HEPES buffer 

(10 mM, pH 7.4) to reach 50 mM S 80 M and 18 mM DOPC concentration, respectively, and 

sonicated for 20 min at 37 °C. Control emulsions without S 80 M (PFC) were also produced 

with 10% (w/w) triglycerides from saturated fatty acids, 6.7% (w/w) cholesterol, and 83.3% 

(w/w) DOPC and diluted to 18 mM DOPC concentration. PFC treatments were further diluted 

in a serum-free experimental cell culture medium (vide infra, Section 3.2.14) 1:10 to treat the 

cells to reach final S 80 M and DOPC concentrations of 5 mM of 1.8 mM, respectively. 

 

3.2.14 Cell culture and general information about cell experiments 

LX-2 cells were grown at 37 °C in a 5% CO2 humidified atmosphere in an LX-2 complete 

medium: DMEM-HG (4.5 g/L glucose, phenol red, no L-glutamine, pyruvate) supplemented 
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with 1% (v/v) penicillin/streptomycin mixture (penicillin: 10’000 U/mL, streptomycin: 10’000 

µg/mL), 1% (v/v) of L-glutamine (2 mM), and 2% (v/v) FBS. According to the manufacturer's 

instructions, subcultivation was performed with Accutase® at about 80-90% cell confluency. 

LX-2 at passages 8 to 14 were used for cell experiments. LX-2 cell experimental medium was 

a serum-free complete medium. 

For experiments, LX-2 cells were seeded either in 24-well microtiter plates with 0.5 mL/well 

at a density of 50’000 cells/well or in 96-well microtiter plates with 100 μL/well at a density of 

12’500 cells/well and cultured 18 h at 37 °C, 5% CO2 to ~90% confluency. Treatments were 

always performed with 0.5 mL/well for 24-well plates or 100 μL/well for 96-well plates at 37 

°C, 5% CO2. 

Primary rat hepatic stellate cells (PRHSC) were isolated according to established 

protocols.383 PRHSCs were isolated from the livers of cirrhotic Sprague Dawley rats treated 

with thioacetamide (TAA) for 12 weeks. Animal experiments were approved by the Veterinary 

Office of the Canton of Bern, Switzerland, under License n. BE 90 2021 and followed 

accepted guidelines and regulations. After isolation, cells were seeded on assay microplates 

and grown at 37 °C in a 5% CO2-humidified atmosphere for 7 days in a PRHSC complete 

medium containing IMDM (phenol red, L-glutamine) supplemented with a 1% (v/v) 

penicillin/streptomycin mixture (penicillin: 10’000 U/mL, streptomycin: 10’000 µg/mL) and 

10% (v/v) FBS. PRHSC cells were grown for 7 days, not passaged, and used for cell 

experiments. PRHSC cell experimental medium was serum-free complete medium. 

For experiments, PRHSC were directly seeded either in 24-well microtiter plates with 0.5 

mL/well at a density of 50’000 cells/well or in 96-well microtiter plates with 100 μL/well at a 

density of 12’500 cells/well and cultured 7 days at 37 °C, 5% CO2 to reach 70–90% 

confluency. Cells were washed, and the medium was exchanged first at 24 h after seeding 

and then every 48 h until Day 7. Treatments were always performed with 0.5 mL/well for 24-

well plates or 100 μL/well for 96-well plates at 37 °C, 5% CO2. 

 

3.2.15 Direct treatment of LX-2 and PRHSC 

For LX-2 cells, the medium from seeded cells was discarded the day after cell seeding, the 

cells were rinsed once with PBS, and a fresh complete medium was added. Then, treatments 

of cells in microtiter plates were performed directly. Briefly, the formulations were mixed with 

the experimental medium without FBS to reach a total lipid concentration of 5 mM, and cells 
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were incubated at 37 °C in a 5% CO2 humidified atmosphere with this solution for 24 h and 

assayed. 

For PRHSC, the day before the treatment (Day 7), the medium from seeded cells was 

discarded, and the cells were rinsed once with PBS. Then, treatments of cells in microtiter 

plates were performed directly. Briefly, the formulations were mixed with the experimental 

medium without FBS to reach a total lipid concentration of 5 mM, and cells were incubated 

with this solution for 24 h and assayed. 

 

3.2.16 Analysis of lipid droplet content ORO 

After cell treatment, both LX-2 and PRHSC cells in 24-well plates were washed three times 

with PBS, fixed with 500 μL/well Roti®-Histofix 4% for 10 min at RT, and washed once with 

PBS. Cells were stained with a 0.5% w/v ORO solution in propylene glycol (500 μL/well) for 

15 min at RT. Carefully removed using a pipette and rinsed with PBS. Nuclei were then 

counterstained with a DAPI solution (3.6 µM) in PBS for 5 min at RT. Afterwards, cells were 

rinsed with PBS. Fluorescence and brightfield image acquisition was performed using a Nikon 

Ti2-E (Nikon Instruments, Melville, NY, USA) inverted microscope with 20x magnification. 

DAPI filter (λex 360 nm, λem 460 nm) and TxRed filter (λex 560 nm, λem 645 nm) were used. 

The fluorescent binary area in the TxRed field was examined using FIJI/ImageJ software.384 

Shortly, for each image, the qualitative interpretation of images was supplemented by 

quantification of fluorescence to have a transparent comparative purpose and confirm 

observed results. A fluorescent ORO relative intensity (FRI) was obtained by normalising the 

fluorescent binary area (µm2) in the fluorescent field to the number of objects (cell nuclei 

number) in the DAPI field. 

 

3.2.17 Reactive oxygen species (ROS) 

After treatments, LX-2 and PRHSC cells in 96-well plates were washed with PBS (100 

μL/well) and incubated with ROS-ID® Total ROS detection kit following the manufacturer’s 

instruction. 

Briefly, cells were washed and incubated with ROS solution and the positive control (100 

μL/well) for 2 hours at 37 °C, 5% CO2. After the incubation, the fluorescence was measured 

(λex=488 nm, λem=520 nm) with an Infinite 200 Pro M-Nano plate reader (Tecan, Männedorf, 

Switzerland). 
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3.2.18 Cell proliferation assay (CCK-8) 

The CCK-8 assay was used following the manufacturer’s instructions. Briefly, after treatments 

(100 μL/well; 96 well plate), LX-2 and PRHSC cells were washed once with PBS. A volume 

of 90 μL of serum-free experimental medium and 10 μL of CCK-8 was added to each well. 

Next, cells were incubated for 2 h at 37 °C, 5% CO2. Afterwards, the absorbance was 

measured at 450 nm with an Infinite® 200 Pro M-Nano plate reader. 

To calculate the cell metabolic activity in per cent, the following equation was used (Equation 

(5)): 

 

Cell metabolic activity (%) = (OD sample/OD control) × 100  (5) 

 

“OD sample” refers to the optical density of the cells treated with the substances, and “OD 

control” refers to cells exposed to a serum-free experimental medium. 

 

3.2.19 Motional order of the cell membrane in adherent cells  

Stock solutions of the fluorescent probes DPH and TMA-DPH in DMSO were stored at -20 

°C and protected from light until use. Working solutions of DPH (8 μM) or TMA-DPH (5 μM) 

in PBS were prepared fresh before experiments from aliquots of the corresponding 

fluorophore. 

After cell treatments for 24 h, the adherent LX-2 and PRHSC cells were washed three times 

with PBS, and 100 μL of DPH or TMA-DPH were added to each well of the 96-well plate 

(black bottom and wall). LX-2 cells were further incubated at 37 °C, 5% CO2 with DPH (2 h) 

or TMA-DPH (10 min). After one PBS wash (100 μL/well), all the remaining solution was 

aspirated from the wells, and fresh PBS was added to each well. The fluorescent anisotropy 

was measured with an Infinite 200 Pro F-Plex plate reader (Tecan, Männedorf, Switzerland) 

equipped with polarisation filters (monochromator mode, λex = 360 nm, λem = 430 nm) and 

calculated by applying the following formula (Equation (6)): 

 

𝑟 =
𝐺 × 𝐼∥−𝐼⊥

𝐺 × 𝐼∥+2𝐼⊥
  (6) 

where the calibrated G factor (G) was 1.026, r is a calculated fluorescent anisotropy, I∥ parallel 

fluorescent intensity, and I⊥ perpendicular fluorescent intensity. 
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3.2.20 qPCR gene expression analysis in LX-2 cells 

After LX-2 cell treatment for 24 h, a total RNA was isolated using TRIzol™ reagent following 

the manufacturer’s protocol. Briefly, cells were lysed with TRIzol™ directly on the 24-well 

plate and transferred to 1.5 mL reaction tubes. Chloroform volume equivalent to one-fifth of 

the total TRIzol™ volume was added to the samples. The tube was vortexed vigorously for 

10 sec and was incubated at room temperature for 10 min before being centrifuged for 20 

min at 4°C and 16’000 g. The upper phase was transferred to a new reaction tube, and 1 µL 

glycogen and one volume of isopropanol were added and mixed well before the RNA 

precipitation on ice for 10 min. Next, the RNA was pelleted by centrifugation for 10 min at 4 

°C and 24’000 g. The supernatant was discarded, and the pellet was washed with 1 mL of 

70% EtOH in RNAse-free water. The centrifugation was repeated twice, and the final pellet 

was resuspended in RNAse-free water after air drying for a few minutes. The RNA 

concentration was measured with a NanoDrop (ThermoFisher, USA). 

The isolated RNA was reverse-transcribed into cDNA. Briefly, 1000 ng of RNA were diluted 

in RNAse-free water and incubated for 5 min at 65 °C after adding 3 µL of a 150 ng/µL random 

hexamer (Microsynth, Switzerland). After 10 min incubation at RT, 13.5 µL of pre-mixed 

reverse transcription master mix was added (Table A3.3), and the samples were incubated 

for another 10 min at RT, followed by a 1 h incubation at 50 °C and 20 min incubation at 75 

°C. RNAse-free water was added to reach a theoretical concentration of 8 ng/µL cDNA. 

The primers (Table A3.4) were diluted in RNAse-free water to a primer pair solution of 2.5 

µM of forward and reverse primer each. The remaining reagents (polymerase, nucleotides, 

buffer, fluorophore) for qPCR were in the Brilliant III Ultra-fast SYBR Green qPCR master mix 

(MM; Agilent, USA). The cDNA samples were measured in duplicate for each gene and cDNA 

dilution. A pipetting robot (Corbett Robotics, USA) was used for pipetting the samples (3 µL 

cDNA, 7.5 µL 2x MM, 3 µL primer mix, 1.5 µL water). The samples were then transferred to 

the qPCR analyser centrifuge (Rotor-Gene Q 2Plex System, Qiagen, Germany), which 

performed 40 amplification cycles at 95 °C and 60 °C. The fluorescence was always 

measured at 60 °C (λex 470 nm, λem 510 nm). After the 40 cycles, the melting curve of each 

sample was measured. The data were analysed using the RotorGene Q version 2.3.5 

software and Microsoft Excel 365. The qPCR data were analysed using the delta-delta CT 

method.385 GAPDH was used as a reference gene. 
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3.2.21 Statistical tests and analysis 

All experiments were performed in three independent replicates, and samples were freshly 

prepared if otherwise stated. Statistical analysis was carried out using GraphPad Prism 

version 9.5.1. Multiple comparisons between the groups were performed by an ordinary one-

way ANOVA with post-hoc Tukey’s multiple comparison analysis, respectively (statistical 

significance note as **** p < 0.0001, *** p < 0.001, ** p < 0.01, *p < 0.05). If not stated 

otherwise, the data are presented as mean ± S.D. (standard deviation calculated from 

independent samples). qPCR data are presented as mean ± S.E.M. (standard error of the 

mean). 

 

3.3 Results and discussion 

3.3.1 Formulation development 

3.3.1.1 Preliminary formulations 

The properties of the reference formulation (Ref_GV) were not compatible with direct 

compression to obtain tablets. Investigations to obtain a directly compressible formulation 

started by replacing Aerosil® 200 (fumed silica) with Neusilin® US2, magnesium 

aluminometasilicate, marketed by FIJI Chemicals and reported in the literature, as 

amorphous large surface area oil adsorbent with superior direct compressibility and mixture 

stabilisation able to improve powder flow.386-392 Formulations 1 and 2, powders containing 

0.5% and 1% of Neusilin® were successfully produced, not compressible into tablets, but with 

improved powder properties. Compressibility index (CI) and Hausner ratio (HR), used as 

indirect methods to estimate the flow character, were decreased to 1.07 and 1.04, and 6.67 

and 4.17, respectively, categorising powders as “excellent”, the best category in the scale of 

flowability reported in Ph. Eur. 2.9.36.377 Doubling the Neusilin® quantity resulted in a better 

powder. All the results are reported in Table 3.4.
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Table 3.4. Powder properties of preliminary and reference formulations 

Formulation Powder flow [g/s] Bulk density [g/mL] Tapped density [g/mL] Hausner ratio CI Note 

Ref_GV T > 25°C 10.4 ± 2.2 0.33 ± 0.01 0.40 ± 0.01 1.22 ± 0.00 - Fair 17.86 ± 0.00 - Fair only powder 
Ref_GV T < 25°C 23.3 ± 1.7 0.38 ± 0.00 0.44 ± 0.00 1.15 ± 0.00 - Good 13.33 ± 0.00 - Good only powder 

1 20.3 ± 5.0 0.38 ± 0.00 0.41 ± 0.00 1.07 ± 0.00 - Excellent 6.67 ± 0.00 - Excellent only powder 
2 23.6 ± 3.8 0.36 ± 0.00 0.38 ± 0.01 1.04 ± 0.03 - Excellent 4.17 ± 2.95 - Excellent only powder 
3 12.6 ± 2.7 0.56 ± 0.00 0.70 ± 0.00 1.23 ± 0.02 - Fair 18.79 ± 1.04 - Fair   

*CI – compressibility index. Mean ± SD, n = 3. 

No powder characterisation for Formulation 4 and S80 + Sily.
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In Formulation 2, the most abundant excipient MCC was reduced by 0.5% to double Neusilin® 

quantity to 1%. A slight decrease in MCC amount was considered negligible since its primary 

function was filler. 

The following stage involved creating a powder formulation by reducing the initial quantity of 

S 80 M by half to 25% to investigate the potential of achieving a compressible powder 

formulation through decreased S 80 M amount. Furthermore, we removed mannitol and 

magnesium stearate from the mixture to produce a simple formulation. Mannitol, a 

carbohydrate, was removed from the formulation since it could potentially increase its water 

content, to which a highly hygroscopic S 80 M might respond with worse technical properties. 

Magnesium stearate, even if in discrete amounts and technically relevant, could potentially 

produce an unwanted saturated fatty acid biological effect on the liver. The sum of the S 80 

M and MCC percentages was kept constant, with 1% Neusilin to reduce changing multiple 

factors simultaneously during the manual formulation optimisation. The final composition of 

Formulation 3 was set to 25% S 80 M, 74% MCC and 1% Neusilin. The obtained powder had 

shown only a “fair” flow, the third-best category by Ph. Eur., where CI was 1.23 and HR 18.79. 

This formulation could be directly compressed into tablets and was considered successful. 

BD and TD values of formulations Ref_GV, 1, and 2 were consistent at 0.33-0.38 g/mL and 

0.40-0.44 g/mL, respectively. However, Formulation 3 had 0.56 (BD) and 0.70 g/mL (TD). 

Since we aimed to maximise S 80 M lipid content in tablets, we formulated a middle-ground 

formulation with 37.5% S 80 M, which falls in-between original granules (50.55%) and 

successfully compressed tablets (25%). Therefore, the sum of the S 80 M – MCC 

percentages was kept constant (37.5% S 80 M and 61.50% MCC), with Neusilin® again at 

1%.  

To perform a proof-of-concept investigation that it is possible to incorporate other ingredients 

in the PPC formulation, a formulation containing a well-known hepatoprotectant mixture Sily 

was prepared. Since EPLs are often recommended for NAFLD-affected patients, alone or in 

combination with other hepatoprotective ingredients. Sily is a commonly investigated EPL-

associated ingredient that is bioactive in liver diseases. This lipophilic extract from Silybum 

Marianum seeds decreases inflammatory cascade by reduction of proinflammatory 

cytokines, diminishes HSCs activation, exerts antioxidant effect and acts as a radical 

scavenger.378,379 There is a recent report of the ongoing clinical study treating patients with 

PPC, vitamin E and silymarin formulation that should prove a beneficial effect of this 

therapeutical combination in NAFLD patients (Siliver; NCT03749070).393 
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Formulation 3 was modified by reducing MCC content by 25% and substituting it with the 

same amount of Sily. 

Formulations 4 and S 80 M + Sily were not tested for powder characterisation but yielded 

once more successfully tablets. 

Table 3.5. Tablet properties of preliminary formulations 

Formulation Mass 
[g] 

Friability 
[%] 

Minimum 
hardness [N] 

Maximum 
hardness [N] 

Mean 
hardness [N] 

3 0.3293 ± 0.0121 0.05 ± 0.04 10 39 25.20 ± 7.42 
4 0.2419 ± 0.0090 0.04 ± 0.04 n/a n/a n/a 

S 80 M + Sily 0.2856 ± 0.0028 0.04 ± 0.02 11 25 16.10 ± 3.89 
n/a – not available. Hardness was not measurable. Mean ± SD, n = 3. 

 

Tablets obtained from a powder containing 25% S 80 M (Formulation 3) were ~25% heavier 

than those obtained from Formulation 4 with 37.5% S 80 M, while Sily tablets were ~14% 

lighter than the only lipid tablets (Table 3.5). It was observed that higher lipid content tablets 

were not measurable for the resistance to crushing since they proved themselves to be too 

soft. Formulation 3 and S 80 M reported a mean hardness of 25.20 N and 16.10 N, 

respectively. Friability was always low, under the Ph. Eur. requirement of 1%. Positive results 

from the S 80 M + Sily formulation, in line with S 80 M-only formulations, confirmed the 

hypothesis of incorporating other ingredients in the PPC formulation, paving the way for 

further, more complex formulation development and optimisation. 

 

3.3.1.2 DoE formulations 

Based on preliminary investigation results, it was decided to run a DoE calculation to obtain 

a reasonable starting point for further formulation optimisation. Based on wanted S 80 M lipid 

content and the observed effect of different excipients on preparing different powders, the 

constraints were set as shown in Table A3.1, S 80 M 30 - 79%, MCC 20 - 50%, and Neusilin® 

1 - 20%, with the final amount that had to sum up to 100%.381 13 formulations (Table 3.2) 

were prepared in a single replicate to evaluate if the formulation could be manually produced 

and measure each formulation’s powder flow character. 
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Table 3.6. Powder properties of DoE formulations 

Formulation Powder flow 
[g/s] 

Bulk density 
[g/mL] 

Tapped density 
[g/mL] Hausner ratio CI 

DoE 1 5.93 0.51 0.69 1.36 - Poor 26.32 - Poor 
DoE 2 13.17 0.43 0.53 1.22 - Fair 18.18 - Fair 
DoE 3 13.43 0.54 0.64 1.20 - Fair 16.67 - Fair 
DoE 4 13.67 0.52 0.61 1.19 - Fair 15.79 - Fair 
DoE 5 9.67 0.61 0.70 1.14 - Good 12.50 - Good 
DoE 6 13.67 0.55 0.70 1.29 - Passable 22.22 - Passable 
DoE 7 10.97 0.50 0.62 1.25 - Fair 20.00 - Fair 
DoE 8 15.03 0.47 0.58 1.24 - Fair 19.05 - Fair 
DoE 9 14.87 0.54 0.61 1.13 - Good 11.11 - Good 

DoE 10 17.90 0.43 0.52 1.21 - Fair 17.39 - Fair 
DoE 11 13.67 0.58 0.65 1.13 - Good 11.76 - Good 
DoE 12 14.87 0.49 0.57 1.18 - Good 15.00 - Good 
DoE 13 11.30 0.54 0.65 1.20 - Fair 16.67 - Fair 

Measurements for 1 replicate. 

 

The powder flow character of obtained formulations was examined (Table 3.6) together with 

organoleptic appearance during the production process. CI of these formulations was in-

between 1.14 and 1.36, and HR between 11.11 and 26.32. One formulation each had a “poor” 

and “passable” flow. Seven formulations were “fair”, but only four, DoE 5, 9, 11 and 12, were 

characterised as “good”. BD ranged from 0.43 to 0.61 g/mL, and TD from 0.52 to 0.70 g/mL 

in these formulations. Based on the production experience and obtained powders, DoE 5 and 

11 were chosen to be produced in a bigger triplicate batch to examine the formulation 

properties and their compressibility more reliably into tablets. 

Table 3.7. Powder properties of selected DoE formulations 

Formulation Powder flow 
[g/s] 

Bulk density 
[g/mL] 

Tapped density 
[g/mL] Hausner ratio CI 

DoE 5 18.78 ± 4.22 0.58 ± 0.01 0.68 ± 0.01 1.17 ± 0.00 - Good 14.78 ± 0.35 - Good 
DoE 11 17.97 ± 4.31 0.57 ± 0.03 0.69 ± 0.01 1.21 ± 0.03 - Fair 17.25 ± 2.15 - Fair 

Mean ± SD, n = 3. 

 

DoE 5 kept its “good” flow character, with a reported CI of 14.78 and HR of 1.17. 

Simultaneously, there was a slight deterioration in DoE 11 powder character, “fair” with CI 

17.25 and HR 1.21 (Table 3.7), which could be expected since there is a substantial quantity 

of S 80 M lipid in this formulation, which amounted to 49.00% (DoE 5) and 66.75% (DoE 11). 

BD and TD were slightly higher than in pilot DoE formulations, but this might be attributed to 

larger batch size, amounting to 0.58 and 0.57 g/mL for BD, and 0.68 and 0.69 g/mL for TD, 

in DoE 5 and DoE 11 formulations, respectively. Higher amounts of Neusilin® did not seem 

to improve the powder quality since it would separate from the mixture, which the eye could 
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observe. Slight variations in the powder properties could be attributed to uncontrolled room 

air temperature and humidity. 

Table 3.8. Tablet properties of selected DoE formulations 

Formulation Mass 
[g] 

Friability 
[%] 

Minimum 
hardness [N] 

Maximum 
hardness [N] 

Mean 
hardness [N] 

DoE 5 0.3886 ± 0,0176 0.07 ± 0.05 27 51 40.03 ± 5.63 
DoE 11 0.4031 ± 0.0136 0.04 ± 0.01 30 65 46.50 ± 7.82 

Mean ± SD, n = 3. 

 

Both powders yielded tablets, with the ones compressed from DoE 5, yielded ~3.5% lighter 

tablets (0.3886 g) than DoE 11 (0.4031 g) (Table 3.8). Friability, as usual, was at a negligible 

level of 0.07% and 0.04%. DoE 11 tablets were harder than DoE 5, with the mean hardness 

being 46.50 N compared to 40.03 N. 

These results provided a direction for further optimisation of the formulation DoE 11, 

containing 66.75% of S 80 M, which provided a high-lipid content and the possibility to 

compress them into the tablets directly. 

 

3.3.1.3 Optimisation of 70% S 80 M containing formulation 

Based on the DoE 11 formulation containing 66.75% S 80 M, 27.50% MCC, and 5.75% 

Neusilin®, S 80 M content was rounded up to 70%, Neusilin® percentage was set to 1 or 2%, 

and a disintegrant, Primellose®, croscarmellose sodium, was added in the amount of 2 or 5%, 

as recommended by the manufacturer for the demanding formulations (Table 3.3). It acted 

as an absorbent hydrophilic but insoluble material with exceptional swelling and wicking 

properties, used as a disintegrant.394 

Table 3.9. Powder properties of optimised DoE formulations 

Formulation Powder flow 
[g/s] 

Bulk density 
[g/mL] 

Tapped density 
[g/mL] Hausner ratio CI 

F70-1 12.30 0.50 0.59 1.17 - Good 14.29 - Good 
F70-2 16.40 0.51 0.58 1.14 - Good 12.50 - Good 
F70-3 13.77 0.50 0.56 1.11 - Good 10.20 - Good 
F70-4 12.40 0.53 0.63 1.21 - Fair 17.02 - Fair 
F70-5 13.67 0.51 0.63 1.23 - Fair 18.75 - Fair 

Measurements for 1 replicate. Formulations’ compositions reported for convenience: 
F70-1: S 80 M 70.00%, MCC 29.00%, Neusilin® US2 1.00%, Primellose® 0.00% 
F70-2: S 80 M 70.00%, MCC 27.00%, Neusilin® US2 1.00%, Primellose® 2.00% 
F70-3: S 80 M 70.00%, MCC 24.00%, Neusilin® US2 1.00%, Primellose® 5.00% 
F70-4: S 80 M 70.00%, MCC 28.00%, Neusilin® US2 2.00%, Primellose® 0.00% 
F70-5: S 80 M 70.00%, MCC 23.00%, Neusilin® US2 2.00%, Primellose® 5.00% 
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All formulations yielded “good” (F70-1, F70-2, and F70-3) or “fair” (F70-4 and F70-5) flowing 

powders with CI ranging 1.11-1.23 and HR 10.20-18.75. BD was consistent in the 0.50-0.53 

g/mL range, the same as TD, with reported values of 0.58-0.63 g/mL (Table 3.9). They were 

successfully directly compressed into tablets. All the production and characterisation have 

been performed in an air-conditioned room at +15°C. 

Table 3.10. Tablet properties of optimised DoE formulations 

Formulation Mass 
[g] 

Friability 
[%] 

Minimum 
hardness [N] 

Maximum 
hardness [N] 

Mean 
hardness [N] 

F70-1 0.2774 ± 0.0183 0.16 15 30 22.20 ± 5.45 
F70-2 0.2779 ± 0.0239 0.08 11 33 17.20 ± 9.01 
F70-3 0.2860 ± 0.0199 0.02 10 15 12.20 ± 2.17 
F70-4 0.3096 ± 0.0141 0.08 22 36 27.00 ± 5.92 
F70-5 0.3039 ± 0.0183 0.03 12 24 18.00 ± 5.24 

Measurements for 1 replicate. Mass and hardness means are reported with SDs to display intra-batch variability. 

 

From the data reported in Table 3.10, tablets of the first three formulations were ~8-10% 

lighter than those of the latter two. The friability of all formulations was consistently under the 

required 1% by Ph. Eur. Tablets’ hardness was slightly lower than previously observed. 

However, it can be attributed to the different quality and composition of the mixture. It ranged 

from 12.20 N to 27.00 N.  

These tablets were submitted to a preliminary disintegration study. The disintegration test 

was run as described in Section 3.2.7, but using 900 mL of Biorelevant dissolution media 

FaSSIF and FaSSGF with disintegration discs, prepared per manufacturer’s instructions. 

Three tablets of F70-1 and F70-2 and two of F70-3, F70-4, and F70-5 were used. These 

media simulated wanted human body compartment’s liquid composition, fasted intestine and 

stomach. Since tablets disintegrated in FaSSGF and FaSSIF, which was an undesirable 

effect, since we wanted the disintegration to occur only in the small intestine, the enteric tablet 

coating was considered for the following optimisation step. 

 

3.3.1.4 Final remarks on formulation development 

Based on preliminary, low-percentage S 80 M content and DoE formulations, this extensive 

optimisation study yielded only partially satisfying formulation. Therefore, the highest-lipid 

content formulation from DoE, acceptable according to our criteria, was chosen and manually 

optimised for different components and quantities to obtain the tested one. Based on all the 

reported results, F70-5 was defined as a formulation of choice to produce a larger batch and 

test on in vitro models of LX-2 HSCs and cirrhotic PRHSCs. 
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3.3.2 Compendial quality assays of the final F70-5 formulation 

The present work aimed to formulate compendium-compliant tablets containing a high 

percentage of S 80 M. One of the main challenges in developing an EPL-based tablet is the 

high lipid percentage needed to reach the daily hepatoprotective dose, reported to be 1.05-

1.80 g.125,132 Based on optimisations described previously, we could incorporate 70% (w/w) 

soy phospholipid via dry granulation due to the physicochemical properties of PPC with low 

melting points.124,395 Considering the demanding nature of EPL’s formulation, the choice and 

quantity of excipients were critically important. MCC (23%, w/w) was chosen as a classical 

filler, binder, and anti-caking agent. In addition, its plasticity enables efficient binding to other 

materials, especially poorly tabletable active pharmaceutical ingredients.396,397 Primellose® 

(5%, w/w), croscarmellose sodium, is an absorbent hydrophilic but insoluble material with 

exceptional swelling and wicking properties and, as such, used as a disintegrant.394 Neusilin® 

was added as an oil adsorbent due to its large surface area and ability to stabilise the mixture, 

improve the powder flow, and thus achieve a direct lipid tablet compression.386-388 

As shown in Table 3.11, the measured bulk and tapped density were 0.58 g/mL and 0.66 

g/mL, respectively. The resulting HR and CI confirmed the “good” powder flow. The obtained 

HR and CI values were similar to those obtained in the study from Kolbina et al.398 (CI 12.64 

± 1.21 and HR 1.15 ± 0.02), where saturated phosphatidylcholine (SPC) was formulated as 

a matrix for the extended-release dosage form. 

Table 3.11. Powders’ mixture properties. Mean ± S.D. (n=3) 

Property Experimental values 
Powder Flow 28.0 ± 4.2 g/s 

Bulk density 0.5787 ± 0.0085 g/mL 

Tapped density 0.6598 ± 0.0010 g/mL 

Hausner Ratio 1.14 ± 0.02 – Good flow 

Compressibility Index 12.30 ± 1.16 – Good flow 

 

The measured powder flow was 28.0 g/s, a value in agreement with the good flow character 

assessed by HR and CI evaluation. Therefore, based on these findings, this powder mixture 

was suitable for further tabletting.  

The ensuing powder mixture was further compressed into tablets and analysed following Ph. 

Eur. tests. 

The obtained friability of the tablets was low (0.09%, Table 3.12), mirroring the good 

mechanical properties of our solid dosage form and shape and mass conservation, of pivotal 
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importance, especially during processes imminently after production, such as packaging, 

transportation, and use. Despite the excipients’ softness, the tablets’ hardness was 21.80 N, 

ranging from 12 to 41 N. 

Table 3.12. Tablets’ properties measured according to Ph. Eur. 11. Mean ± S.D. (n=3) 

Property Experimental Values 
Mass 0.2950 g ± 0.0151 

Friability 0.09% ± 0.04 

Minimum Hardness 12 N 

Maximum Hardness 41 N 

Mean Hardness 21.80 N ± 6.20 

 
The Ph. Eur. disintegration test was carried out to determine the speed at which the tablet 

breaks down into smaller particles, allowing for a greater surface area and absorption of the 

phospholipid in the small intestine. Uncoated tablets entirely disintegrated after less than 1 h 

and evidently did not comply with the pharmacopoeial gastro-resistance requirement of at 

least 2 h in HCl 0.1 M. Considered that EPLs’ absorption and uptake occur with other lipids 

via retinyl esters and chylomicrons, starting from the small intestine,399-401 to avoid the 

disintegration and release of tablets in the stomach, the choice was to provide the tablets 

with a gastro-resistant coating to modulate their release. We manually dip-coated tablets as 

proof of principle, and disintegration tests were performed again to verify the efficiency of the 

coating layer. Coated tablets resisted HCl 0.1 M for 2 h and showed no structural damage. 

After their transfer to PB pH 6.8, complete disintegration occurred within the prescribed 1 h 

(Figure A3.2). We could thus demonstrate that with enteric coating, we can modulate the 

tablet disaggregation in the small intestine compartment as desired. 

 

3.3.3 Thermogravimetry 

The hygroscopicity of the tablets and their components was assessed using TGA. Aliquots 

of samples were either freeze-dried or equilibrated at RH 75% (see the Materials and 
Methods section for further details) to quantify water absorption upon incubation in a humid 

environment. For TGA analysis, the samples were heated at 10 °C/min, and their weight loss 

as a function of temperature was monitored (Figure 3.1). 

The difference between the weight loss from RT to 150 °C of each sample, either freeze-

dried or equilibrated at RH 75%, was taken as an indication of the amount of water present 

in the sample due to equilibration at RH 75%. The results in Table 3.13 reveal that the lipid 
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S 80 M is remarkably hygroscopic, as expected, since after equilibration at RH 75%, it 

consists of about 19% w/w of water. On the other hand, MCC is the least hygroscopic 

component of the formulation, while the other excipients, the powder mixture and the 

uncoated tablet, display a water % ranging from ~14% to 17%. 

 

 
Figure 3.1. TGA curves of the tablets’ components (a-d), their mixture (e) and the tablet S 80 M 70% 

(f). The black curves indicate the freeze-dried samples, while the grey ones refer to those equilibrated 

at RH 75%. The dashed line at 150 °C indicates the point chosen for estimating the water amount 

gained upon equilibration at RH 75%. 

 

Table 3.13. Water % (w/w) in the samples after equilibration at RH 75% was obtained as the 

difference between the weight loss % at 150 °C of samples equilibrated at RH 75% or freeze-dried. 

Mean ± S.D. (n=3). 

Sample Water % (w/w) 
S 80 M 19.3 ± 2.9 % 

MCC 4.6 ± 1.2 % 

Primellose® 17.4 ± 2.9 % 

Neusilin® 14.1 ± 1.9 % 

Powder mixture 17.0 ± 3.3 % 

Tablet S 80 M 70% 16.8 ± 0.9 % 
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3.3.4 X-ray powder diffraction (XRPD) and Raman microscopy 

The samples were also characterised by employing XRPD to understand if the water uptake 

or the tabletting process would impact the crystallinity. The diffraction patterns of the tablets' 

components are given in Figures 3.2a-d. S 80 M displays sharp diffraction peaks at low 

angles, which reveal its liquid crystalline nature. The excipients are characterised by broad 

peaks that are diagnostic of a low degree of crystallinity, as expected, given their polymeric 

nature. The patterns reveal that no significant difference between the freeze-dried and the 

equilibrated at RH 75% samples is observed, except for minor variations in the S 80 M peaks 

intensity and position, which are reasonably due to the different amount of water present in 

the samples: it is indeed well known that the number of water molecules per 

phosphatidylcholines influences their diffraction pattern.402  

The XRPD pattern of the sample S 80 M 70% equilibrated at RH 75% before and after 

tabletting is given in Figure 3.2f. Both samples show the narrow and intense peaks of S 80 

M at low 2θ, together with broader signals at higher angles due to MCC and Primellose®. No 

differences were observed between the pattern of the tablet and the powder mixture, 

suggesting that the compression occurring during the tabletting procedure does not influence 

the crystallinity of the formulation components. Such patterns refer to samples equilibrated 

at RH 75%, but the same considerations can be drawn for the freeze-dried samples, whose 

diffractograms are shown in Figure 3.2e. Kolbina et al. published similar findings, showing 

that after producing and characterising matrices extruded from hydrogenated soybean 

phosphatidylcholine (HSPC), a change in HSPC’s crystallinity was not observed.403 

The lipid distribution within the tablet was analysed with confocal Raman mapping. We initially 

collected the Raman spectra for the different components constituting the formulation, shown 

in Figure 3.3a. S 80 M shows a variety of signals in its spectrum, which are consistent with 

stretching and bending modes of vibration of phosphatidylcholines.404 The spectra of MCC 

and Primellose® are similar, which is reasonable considering that the two polymers derive 

from cellulose; the sharper peaks of MCC might be related to its more crystalline nature (see 

Figure 3.2). Neusilin®, on the other hand, shows very weak and broad signals. The lack of 

distinctive peaks is consistent with its chemical nature, a synthetic amorphous form of 

magnesium alumino-metasilicate, and agrees with literature reports.405 
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Figure 3.2. XRPD diffractograms of (a) S 80 M, (b) MCC, (c) Primellose®, (d) Neusilin®. The black 

patterns refer to the freeze-dried samples, while the grey ones belong to the samples equilibrated at 

RH 75%. (e) freeze-dried tablet S 80 M 70% (red) and powder mixture before tabletting (blue) 

samples. (f) tablet S 80 M 70% before (blue) and after (red) tabletting equilibrated at RH 75%. All the 

diffractograms have been vertically offset for display purposes. 

 
Figure 3.3. (a) Raman spectra of the components present in the tablets. From top to bottom: S 80 M, 

MCC, Primellose® and Neusilin®. The spectra have been vertically offset for display purposes. (b) and 

(c) refer to the confocal Raman characterisation of the Tablet S 80 M 70%. (b) White light image of 

the area under investigation. (c) Raman map showing the intensity at 1658 cm-1 indicates the S 80 M 

distribution within the tablet. 
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To perform a Raman mapping and to discriminate between the components of a multi-phase 

sample, it is fundamental to identify regions where no overlay between the signals of the 

different components is present: to our purposes, the peak at 1658 cm-1 of S 80 M, which 

corresponds to C=C stretching of unsaturated fatty acids,406 is particularly well suited to 

observe the distribution of this component within the tablet since MCC, Primellose® and 

Neusilin® do not display any signal in this region. Therefore, we analysed a large area of the 

tablet (3.6 x 2.0 mm), collecting a white light image (Figure 3.3b) in which the S 80 M 

distribution was obtained by observing in each pixel the intensity of the Raman spectrum at 

1658 cm-1 (Figure 3.3c). The lipid appears homogeneously distributed within the tablet on 

the tens of µm length scale, as only hundreds of µm domains can be observed. Notably, S 

80 M-rich regions correlate with the yellowish areas visible in the white light image (Figure 
3.3b). 

 

3.3.5 Modulation of LX-2 cell phenotype indicating antifibrogenic effects 

Solid dosage forms cannot be tested as such on cells. Therefore, we decided to extract the 

phospholipids from tablets using the Bligh-Dyer method407 and reconstitute the lipids in a 

buffer. The efficiency of the extraction process of the lipids from the other excipients was 

assessed via HPLC-CAD, revealing 102.8% ± 2.7 lipid content recovery (Figure A3.3). 

For a better understanding and comparison of the in vitro antifibrotic effect of S 80 M 

successfully extracted from tablets, control treatments of S 80 M liposomes were produced 

via the film hydration method and extrusion through polycarbonate membranes as previously 

reported (see Appendix Section A3.2).137,408 To simulate a more physiologically relevant 

lipid transport method, extracted S 80 M from tablets was also reconstituted as a PFC-like 

emulsion.399-401,409 

The bioactivity of the extracted S 80 M was tested over a 24 h incubation time, fixing the total 

S 80 M lipid concentration at 5 mM on cells for all the treatment conditions on naïve LX-2 

immortalised hepatic stellate cells following our optimised in vitro model.137  

All the treatments did not interfere with LX-2 cell viability, excluding thus any possible toxicity 

of S 80 M (Figure 3.4a), as expected from our previous studies.137 S 80 M liposomes and 

extracts did not contribute to oxidative stress, as the ROS level did not increase after 

treatment (Figure 3.4b).  

After establishing the effect of PPC on metabolic activity and toxicity, we quantified the 

changes in lipid droplet storage, evaluated variations in cellular membrane motional order, 
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and followed the gene expression for the most important fibrosis factors as a function of the 

lipid treatments.  

The Oil Red O (ORO) staining of neutral lipid droplets in LX-2 cells reveals their content in 

fluorescence, and it is among the golden standard methods to rapidly quantify the reversion 

of HSCs from an activated, profibrogenic status, depleted of lipid droplets, to a non-fibrogenic 

quiescent-like phenotype, characterised by distinct storage of lipid droplets.82 

As expected, LX-2 incubation with control conditions DMEM, DOPC, and PFC induced the 

formation of lipid droplets only to a negligible, non-significant amount (Figures 3.4cd); on the 

contrary, all the S 80 M treatments (Lipo, Tbl 70%, Tbl 70% + PFC) contributed to a significant 

increase (p < 0.0001) in the number of HSCs’ lipid droplets, clearly visible as red spots in 

fluorescent images, with a ~36-fold FRI increase compared to untreated LX-2 (DMEM) (57.1 

FRI, 58.8 FRI and 59.7 FRI for Lipo, Tbl 70% and Tbl 70% + PFC treatments, respectively) 

in agreement with what previously observed.137 The differences in-between different S 80 M 

treatments were not significant. 

These data convey that both S 80 M extracts retained significant bioactivity even after 

extensive technical processing. Findings entirely agree with previous observations137 and 

confirm PPC-specific bioactivity in reverting activated HSCs in a quiescent-like phenotype by 

restoration of lipid droplet content. 
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Figure 3.4. (a) LX-2 cell viability (%) using CCK-8 assay. (b) LX-2 ROS production. (c-d) ORO 

staining of LX-2 cells treated with various phospholipid treatments: DMEM experimental medium 

(untreated); DOPC: inactive phospholipid used as negative control; PFC: protein-free chylomicron-

like emulsions without S 80 M; Lipo: S 80 M liposomes; Tbl 70%: S 80 M tablet extract in buffer; Tbl 
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70% + PFC: tablet extract reconstituted as PFC-like emulsions. (c) Representative fluorescence 

images of LX-2 cells in which lipid droplets can be visualised as red spots and the nuclei are 

counterstained with blue DAPI. (d) Quantification of the ORO fluorescence normalised to the number 

of LX-2 cells in the DAPI field (FRI). Cell number per image was in the range of ~50-160 cells. Mean 

± S.D. (n=3). p-values (**** p < 0.0001, * p < 0.05) from ordinary one-way ANOVA with post-hoc 

Tukey’s multiple comparison analysis. 

3.3.6 mRNA transcription of fibrosis markers 

To further assess PPC lipid extracts’ bioactivity, we chose to analyse the mRNA transcription 

of some prominent markers of fibrosis, namely PLIN2, PDGFRB, ACTA2 coding for α-smooth 

muscle actin – α-SMA, COL1A1 for collagen type I, and SPARC, a membrane-associated 

protein, recently reported by our group138 to be associated with extracellular vesicles 

harvested and purified from activated LX-2. PLIN2 (perilipin 2) is a cytoplasmatic protein 

involved in lipid droplet formation, stabilisation and lysis, and its upregulation leads to a 

regulation of lipid droplet metabolism that are depleted in fibrotic pathological 

condition.207,211,410 The upregulation of PLIN2 has been shown to correlate with decreased 

activation of HSCs and is associated with a reduction in specific prominent fibrotic markers 

(for example, collagen type I, α-SMA, matrix metalloprotease 2 – MMP-2) via still unknown 

intracellular mechanisms.211 

Platelet-derived growth factor receptor-β (PDGFR-β) is a tyrosine kinase transmembrane 

protein. This specific isoform mediates the activation and increases profibrogenic 

transdifferentiation of HSCs into myofibroblasts during hepatic fibrosis.411-413 It has been 

identified to rapidly increase expression to sustain pathological progression by modulating 

multiple intracellular pathways.411-413 Its expressional decrease is correlated with a decrease 

in HSC activation and ameliorating of the fibrosis progression,411 namely reverting HSCs to 

a quiescent-like phenotype. 

Cells treated with S 80 M extracts significantly maximised PLIN2 mRNA expression of 2.8-

fold, 2.6-fold and 3.0-fold for Lipo, Tbl 70% and Tbl 70% + PFC, respectively. As PLIN2 

expression is connected with lipid droplet metabolism, the observed upregulation of this gene 

confirms the increase in fluorescence quantified with the ORO staining (Figure 3.4b). 

In the case of PDGFRB mRNA expression, cells treated with S 80 M showed a decrease of 

~45%, ~49% and ~42% (Lipo, Tbl 70% and Tbl 70% + PFC, respectively), which means lipid 

extracts managed to revert cells to quiescent-like phenotype by reducing the mRNA 

transcription. PDGFR-β activation leads to enhanced signalling along the Fas-MAPK 
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pathway and further to the PI3K-AKT/PKB pathway with the involvement of PKC family 

members.411,414 Particularly, the activation of the ERK2 and ERK5 (part of the MAPK family) 

axis has been associated with increased cell migration, proliferation, transdifferentiation and 

inflammation.415,416 Expression of soluble PDGFR-β in blood has been studied to be used as 

a valid parameter in the clinical prognosis of the fibrosis state of patients by Lambrecht et 

al.413 To confirm the validity of system expression levels of PDGFRB were assessed and 

were found to be notably lower in healthy/quiescent HSCs (primary human and mouse 

HSCs). PDGFR-β antagonism is considered a desirable target to treat hepatic fibrosis.411,417-

419 It has been demonstrated that imatinib mesylate (a tyrosine kinase inhibitor, Gleevec®), a 

potent inhibitor of PDGFR-β, could inhibit HSCs activation and sequentially reduce early 

fibrosis. However, the progression of the pathology was not prevented.420 

 

 

 
Figure 3.5. Relative mRNA transcription in LX-2 cells of two fibrosis markers (a) PLIN2 and (b) 

PDGFRB, normalised to GAPDH mRNA transcription and normalised to the DMEM condition after 

different phospholipid treatments: DMEM experimental medium (untreated); DOPC: inactive 

phospholipid used as negative control; PFC: protein-free chylomicron-like emulsions without S 80 M; 

Lipo: S 80 M liposomes; Tbl 70%: S 80 M tablet extract in buffer; Tbl 70% + PFC: tablet extract 

reconstituted as PFC-like emulsions. Mean ± S.E.M. (n=3). p-values (*** p < 0.001, ** p<0.01, * p < 

0.05) from ordinary one-way ANOVA with post hoc Tukey’s multiple comparison analysis. 

SPARC is a matricellular glycoprotein whose primary function is exerted by mediating the 

interactions between cells and their extracellular matrix with respective tissue remodelling, 

including those undergoing wound repair or morphogenesis.421-423 Its upregulation in hepatic 

fibrosis pathways has been previously demonstrated in LX-2 cells and human biopsies424-426, 

suggesting that downregulating SPARC could be part of a therapeutic approach to revert the 
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pathology. SPARC is associated with the plasma membrane in the extracellular space, and 

we recently reported that EVs from LX-2 cells treated with S80, a PPC-rich lipid analogue to 

S 80 M, have a remarkably lower level of SPARC associated with their membrane measured 

via fluorescence nanoparticle-tracking analysis.122,138 

In our experimental design, no statistically significant change in mRNA transcription of 

ACTA2, COL1A1, and SPARC markers could be observed. However, it could be observed 

that all the S 80 M treatments contributed to a slight decrease in the relative values with 

respect to naïve cells (Figure A3.5). 

Since liver fibrosis employs more than 150 differently expressed markers in HSCs,427 looking 

at only a few ad hoc selected markers and assays could give us a rapid insight into the PPC 

bioactivity but cannot preclude that a broader biological effect of S 80 M treatments could 

take place. Nevertheless, the observed decrease in PDFGRB and increase in PLIN2 mRNA 

transcription levels and the lipid droplets recovery in ORO staining upon incubation with S 80 

M suggest that PPC contributes to restoring a quiescent-like status, as also observed by 

other groups211,428, and that handling the PPCs to manufacture tablets does not interfere with 

their biological activity. Further extensive transcriptomics and proteomics studies will shed 

light on the pathways involved and understand whether a proper de-activation of HSCs 

occurs. 

 

3.3.7 Motional order of the cell membrane in adherent LX-2 cells  

The dynamic properties of membrane lipids to the treatments were assessed by calculating 

the anisotropy of DPH and TMA-DPH from fluorescence polarisation experiments. DPH is a 

probe known to arrange itself in the inner core of the bilayer, while TMA-DPH is at the 

interface region owing to its amphiphilic nature.429 Therefore, DPH could be employed to 

estimate the motional order of the hydrophobic membrane region. At the same time, TMA-

DPH senses a change in motional order in the region at the interface with the extracellular 

space. Independently of the probe used, a decrease of anisotropy corresponds to an 

increased motional order of the cell membrane and, thus, to a higher membrane fluidity.  

All S 80 M treatments significantly increased the motional order of the inner membrane layer, 

shown in Figure 3.6a, compared to DMEM. Lipo, Tbl 70% and Tbl 70% + PFC caused a 

decrease in measured DPH anisotropy from 0.224 (untreated) to 0.208 (-7.1%), 0.204 (- 

8.9%) and 0.199 (-11.5%), respectively. 
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Figure 3.6. PPC treatment effect on the motional order of LX-2 cell membrane employing anisotropy 

of (a) DPH (inner membrane) and (b) TMA-DPH (interfacial membrane) as a function of different 

phospholipid treatments: DMEM experimental medium (untreated); DOPC: inactive phospholipid 

used as negative control; PFC: protein-free chylomicron-like emulsions without S 80 M; Lipo: S 80 M 

liposomes; Tbl 70%: S 80 M tablet extract in buffer; Tbl 70% + PFC: tablet extract reconstituted as 

PFC-like emulsions. Mean ± S.D. (n=3). p-values (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 

0.05) from ordinary one-way ANOVA with post hoc Tukey’s multiple comparison analysis.  

At the interfacial region (Figure 3.6b), Tbl 70% and Tbl 70% + PFC significantly increased 

the motional order of the membrane with respect to untreated DMEM. Measured TMA-DPH 

anisotropy was decreased from 0.255 to 0.248 (-2.8%, Lipo), 0.234 (-8.1%, Tbl 70%) and 

0.238 (-6.5%, Tbl 70% + PFC). Overall, PPC treatments of LX-2 cells affected the motional 

order of the cell membrane more at the interfacial level than in the hydrophobic core.  

The increase in liver tissue stiffness observed in fibrosis and caused by HSCs myofibroblastic 

transdifferentiation and extracellular matrix (ECM) accumulation430-432 is related to a change 

in the cell membrane motional order. Our measurements of fluorescent anisotropy on living 

adherent cells provided us with a one-of-a-kind insight into the effects of treatments with PPC 

tablet extract on cell membrane fluidity. The SPARC mRNA transcription results (Figure 
A3.5c), though, suggest that the beneficial action of S 80 M does not interfere with the mRNA 

expression itself but rather with the mesoscale properties of the cell membrane – namely its 

stiffness at the interface (Figure 3.6b) – the region where SPARC docks to exert its ECM 

orchestrating function.  
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3.3.8 Modulation of cirrhotic PRHSCs phenotype indicating antifibrogenic effects: our proof 

of principle 

The biological tests to establish the possible hepatoprotective function of PPC tablets were 

all conducted on LX-2 cells, a model of activated human immortalised HSCs. In an attempt 

to move a step toward preclinical studies, we decided to validate our findings in primary rat 

HSCs from cirrhotic rats.383  

Although liver fibrosis does not always proceed to end-stage liver disease, we hypothesised 

that demonstrating that our formulations could de-activate highly fibrogenic HSCs could be a 

compelling first piece of data for upcoming in vivo studies.  

We screened the treatments on cirrhotic PRHSCs adopting the same experimental design 

used in LX-2 cells. Briefly, S 80 M extracted from tablets was reconstituted and tested on 

cells over a 24 h incubation, fixing the total lipid concentration at 5 mM. 

We observed in PRHSCs the same trends observed in LX-2 (Figure 3.4). Specifically, none 

of the treatments interfered with cell viability, excluding thus any possible toxicity of S 80 M 

(Figure 3.7a). In addition, S 80 M liposomes and extracts did not contribute to oxidative 

stress, as proven by the ROS level, which did not increase after treatment (Figure 3.7b). 

Cirrhotic PRHSCs treated with Lipo showed a significant increase in the number of lipid 

droplets. Simultaneously, Tbl 70% and Tbl 70% + PFC followed the same trend and were of 

similar magnitude but did not reach statistical significance. Lipid treatments induced a ~14-

fold FRI increase compared to IMDM (51.0 FRI, 46.3 FRI and 44.31 FRI for Lipo, Tbl 70%, 

and Tbl 70% + PFC treatments, respectively; Figures 3.7ab). S 80 M Lipo had a slightly 

higher impact on lipid droplet content, but the difference was insignificant compared to other 

S 80 M treatments. 

Rat quiescent HSCs physiologically express lipid droplets in the cytoplasm as a storage for 

physiological retinoic esters similar to what was observed in HSCs from other sources 

(human, murine). Lipid droplets disrupt once HSCs transdifferentiate in case of injury to the 

liver, a phenomenon that ultimately may lead to a change in the cellular architecture and ECM 

accumulation.27 Recovery of lipid droplets in cirrhotic PRHSCs is analogous with one 

observed in directly treated activated LX-2 cells that implicates that S 80 M had a similar 

effect on lipid metabolism of PRHSCs, even if general pathological cell state was more 

advanced since usually, rat HSCs express similar metabolic pathways as the human ones. 

The motional order of the membrane of primary cells was also quantified (Figure 3.8) to 

investigate whether PPC treatment would exert the same fluidifying effect observed in LX-2 
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cells. Tbl 70% and Tbl 70% + PFC significantly increased the motional order of the inner 

membrane layer compared to IMDM (Figure 3.8a). Lipo, Tbl 70%, and Tbl 70% + PFC 

caused a decrease in measured DPH anisotropy from 0.269 (untreated) to 0.211 (-21.5%), 

0.166 (-38.3%) and 0.166 (-38.4%), respectively. The other S 80 M treatments were not 

significantly different. Lipo appears to have only a moderate effect on inner membrane 

motility. The reduction of stiffness of the PRHSC membrane seemed to be induced in its deep 

hydrophobic core, as at the interfacial region (Figure 3.8b), S 80 M extracts did not induce 

any significant variation. 

PFC had the most potent effect on decreasing both DPH and TMA-DPH anisotropy, allowing 

a higher degree of cellular membrane motility. However, this effect was not additive to the 

tablet extract treatment. In this latter case, the anisotropy values remained unchanged when 

the extracted lipids were reconstituted in PFC emulsions (Figure 3.8ab). 
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Figure 3.7. (a) PRHSCs cell viability (%) using CCK-8 assay. (b) PRHSCs ROS production. (c-d) 

ORO staining of cirrhotic PRHSCs treated with various phospholipid treatments: IMDM: experimental 

medium; DOPC: inactive phospholipid used as negative control; PFC: protein-free chylomicron-like 

emulsions without S 80 M; Lipo: S 80 M liposomes; Tbl 70%: S 80 M tablet extract in buffer; Tbl 70% 
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+ PFC: tablet extract reconstituted as PFC-like emulsions. (c) Representative images of PRHSCs. 

(d) Quantification of the ORO fluorescence normalised to the number of PRHSCs in the DAPI field 

(FRI). Cell number per image was in the range of ~5-150 cells. Mean ± S.D. (n=3). p-values (* p < 

0.05) from ordinary one-way ANOVA with post hoc Tukey’s multiple comparison analysis. 

 

 

 
Figure 3.8. PPC treatment effect on the motional order of PRHSC cell membrane employing 

anisotropy of (a) DPH (inner membrane) and (b) TMA-DPH (interfacial membrane) as a function of 

different phospholipid treatments: IMDM experimental medium (untreated); DOPC: inactive 

phospholipid used as negative control; PFC: protein-free chylomicron-like emulsions without S 80 M; 

Lipo: S 80 M liposomes; Tbl 70%: S 80 M tablet extract in buffer; Tbl 70% + PFC: tablet extract 

reconstituted as PFC-like emulsions. Mean ± S.D. (n=3). p-values (** p < 0.01, * p < 0.05) from 

ordinary one-way ANOVA with post hoc Tukey’s multiple comparison analysis.  

3.4 Conclusion 

The PPC-rich soy phospholipid S 80 M has physical properties suitable to generate a lipid 

powder mixture via dry granulation. The good flowability of the lipid powder was also 

maintained with 70% of bioactive lipids, and the subsequent compression of the lipid mixture 

in tablets led to a dosage form complying with the major pharmacopoeial requirements. PPCs 

extracted from tablets were tested with a dynamic fibrogenic cell model of human 

immortalised HSCs and cirrhotic rat PRHSCs. In all cases, the PPC treatments reverted the 

fibrogenic phenotype of HSCs, resulting in increased lipid storage and increased membrane 

fluidity correlated with the improved fibrotic state of HSCs. mRNA transcription data showing 

an increase in PLIN2 and a decrease in PDGFRB levels in LX-2 cells supports our hypothesis 

of an antifibrotic effect of S 80 M treatments. Mimicking the uptake of PPCs in remnant 

chylomicrons using chylomicrons-like emulsion was comparable to pure PPCs in both LX-2 

and PRHSCs in all experimental conditions. 
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Our findings shed new light on the understanding that sensitive, complex, technically 

challenging, yet bioactive phospholipids, such as the natural PPC-rich S 80 M, can be 

formulated in a more patient-centric, simple-to-manufacture pharmaceutical dosage form: 

tablets. Furthermore, PPC retained their physicochemical and bioactive properties, as 

demonstrated by our combination of technological characterisation and biological assays 

performed on two different in vitro models of liver fibrosis (and cirrhosis). The bioavailability 

and pharmacological action of these lipid-based products will be clarified by upcoming in vivo 

studies, which will provide more information on the potential of PPC tablets for the 

pharmacological management of chronic liver diseases.
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Chapter 4. 
Secretome-mediated cross-talk between steatotic hepatocytes 

and hepatic stellate cells as in vitro model to evaluate lipid-
based treatments for chronic liver disease 

 

Parts of this chapter are manuscript in preparation to be submitted for publication. 
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4.1 Introduction 

4.1.1 Conditioned culture medium (CCM) as a NAFLD in vitro model – background and 

purpose 

Authentic replication of non-alcoholic fatty liver disease (NAFLD) in an in vitro system 

represents a significant challenge. A finely tuned interplay between hepatocytes and hepatic 

stellate cells (HSCs) modulates pathology progression or regression, as described in 

Chapters 1 and 2. Since various cell lines require diverse culturing conditions, this poses a 

considerable obstacle to maintaining cells' original expression state, creating a reliable 

experimental setup, and establishing a robust multicellular, pathologically relevant model. For 

instance, using different culture media might be necessary, and longer incubation times in 

non-native medium might induce significant changes in cells’ behaviour and expression 

patterns. Therefore, validating cell identity or reducing transdifferentiation possibilities under 

the experimental culture conditions for two or more cell lines is crucial to ensure that the cells 

accurately represent their intended use within the co-culture model. Another experimental 

challenge of simultaneous co-culture is determining the ratio between different cell types 

representative of the disease that might skew once the cells are culture together and the 

difficulty to objectively assay both cell types once mixed in the culturing vessel. 

Ramos et al.246 reported in their recent review that NAFLD research is predominantly done 

in monocultures (59.4% of the cases) following more complex models of co-cultures (14%), 

spheroids (9.7%), organoids (7.3%), liver-on-a-chip (7.8%), collagen gel sandwiches (1.2%), 

and micropatterned cultures (0.6%). They also report that many investigations are conducted 

in parallel in an in vivo model to ensure the significance of the experimental setup.246 

Established cell lines are pivotal in research and drug development, offering significant 

advantages over in vivo models.246 In comparison to animal studies, the advantages of cell 

experiments are that they can be conducted on a larger scale cost-efficiently and have 

extended longevity, surpassing the typical lifespan of current NAFLD ex vivo models, which 

usually range from approximately 5 to 15 days.246,433,434 

As reported in Chapter 2, there is sporadic use of the co-culture model, usually simultaneous 

co-culture of primary hepatocytes and hepatic stellate cells. In this specific case, we propose 

an asynchronous co-culture model mediated by the transfer of cell-conditioned medium 

(CCM) to investigate the cross-talk between steatotic hepatocytes and activated hepatic 

stellate cells (HSCs) in liver fibrosis. The treatment of HSCs was performed with a conditioned 

medium from hepatocytes, treated with steatosis-inducing free fatty acids (FFAs) and/or 
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antisteatotic/antifibrotic treatment. Standard culture medium (DMEM) represents an internal 

control on the treatment effect of cells incubated only with an experimental medium. 

CCM, also known as cell secretome, is a biological fluid enriched with a group of proteins 

comprising signal peptides secreted through classical pathways originating from the Golgi 

apparatus and endoplasmic reticulum.435  In addition, CCM includes proteins shed from the 

cell membrane and surface together with non-classical-secretion intracellular proteins or 

exosomes. A wide array of cytokines, growth factors, hormones, enzymes, and other soluble 

factors can be found within this secreted protein pool. These proteins play a central role in 

diverse intra- and intercellular processes, including cell proliferation, invasion, differentiation, 

angiogenesis, extracellular matrix (ECM) modulation, and cell-to-cell interactions.435 In our 

study, CCM is a vehicle for the hepatocytes’ cell secretome, representative of the steatotic 

cell expression profile, and responsible for hepatocytes-HSCs intercellular cross-talk. By 

employing CCM, we reduce intra-system variability factors of different mediums, foetal bovine 

serum amount, and various supplement concentrations when keeping incubation times 

relatively short. 

 

4.1.2 Reported CCM models in various liver diseases – state-of-the-art  

Reported uses of CCM in various, not only NAFLD, liver diseases are only sporadic, but some 

are listed here to demonstrate the strength of this experimental approach. Wobser et al. 

reported one of the rare specific steatosis/NAFLD CCMs on the human model from the 

literature. Here, immortalised human activated HSC cell line generated by ectopic (out-of-

the-place) human telomerase reverse transcriptase (hTERT) expression. These cells were 

treated for 2 or 72 h with a CCM from naïve or palmitic acid (PA)-treated PHH, HepG2, and 

Huh-7 cells.73 Consequently, due to this incubation, an increase in mRNA of pro-fibrotic 

markers specific to activated HSCs, collagen type I (COL1A1), α-smooth muscle actin (α-

SMA), transforming growth factor β (TGF-β), matrix metalloprotease 2 (MMP-2), 

metallopeptidase inhibitor 1 and 2 (and -2) was reported. Decreased HSC doubling time and 

NF-κB and MCP-1 pathways activation, involved in the inflammatory response and 

macrophage recruitment, were also described among the outcomes. 

CCM from human hepatocyte organoids treated with PA and oleic acid (OA) stimulated LX-

2 cells activation through vascular endothelial growth factor A (VEGFA) signalling, a 

compelling pathway regarding the potential development of hepatocarcinoma (HCC) starting 
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from NAFLD. In CCM-treated LX-2, an increase in α-SMA and TIMP-1 mRNA transcription 

levels is reported, consistent with the activated HSCs’ fibrotic state.436 

CCM from hydrogen peroxide-induced senescent HepG2 cells was used on PHHSCs that 

were activated. An increase in inflammatory (tumour necrosis factor-α [TNF-α] and IL-1β) and 

fibrotic (TIMP-1, α-SMA, and procollagen) markers was reported. A higher concentration of 

platelet-derived growth factor (PDGF) has been observed in senescent-HepG2 CCM.437 

HepG2 cells were treated with a high concentration of glucose, and CCM-derived from these 

cells was used to treat primary mice HSCs, that, after 12 and 24 h of CCM incubation, have 

shown an increase in pro-fibrotic markers (COL1A1, COL1A2, ACTA2). CTGF in CCM is a 

hepatocyte-derived pro-fibrogenic enhancer, once inhibited or silenced in HSCs, resulting in 

diminished HSCs activation and alleviating fibrotic response.438 

Hepatotoxic substances (tetrachloromethane, thioacetamide, ethanol, paracetamol) were 

used to treat HepG2 to induce an apoptotic but not necroptotic cell state. PHHSC treated with 

this apoptotic-HepG2 CCM decreased HSCs proliferation, increased activation of platelet-

derived growth factor receptor-β (PDGFR-β) and TGF-β II receptor, increased mRNA 

transcription of desmin and α-SMA, all hallmarks of activated pro-fibrotic HSCs, meaning that 

seriously damaged or dying hepatocytes’ secretome strongly sustains HSCs’ pro-fibrotic 

activation.439 

There have been several reports of using CCM in other liver conditions. Conditioned medium 

originating from hepatitis C virus (HCV)-infected Huh-7 cells able to replicate the virus, was 

able to induce a fibrotic response in PHHSC by modulating mRNA expression of fibrotic 

markers, increasing CTGF, procollagen α1(I), TIMP-1, and MMP-1, and by reducing MMP-2 

mRNA. MMP-1 collagenase activity also was significantly decreased in treated cells.440 

Marti-Rodrigo et al. transferred the secretome from HSCs to hepatocyte-like cells using 

treated PHH and Hep3B cells with CCM originating from LX-2 cells treated with rilpivirine 

(RPV). RPV is a common antiretroviral HIV drug possessing good tolerability and efficacy, 

with a pronounced safety profile related to liver toxicity, more favourable than the rest of 

antiretroviral agents, as several are reported as steatosis-inducing drugs in Chapter 2.441 

RPV-treated LX-2 cells exhibited increased apoptosis and its CCM managed to activate 

Janus kinase – signal transducer and activator of transcription 3 (JAK-STAT3) pathway as a 

response to IL-6 in hepatocytes.441 JAK-STAT3 pathway activation is involved with enhanced 

liver reparation and regeneration by promoting hepatocyte survival and anti-steatogenic 

activity.442 
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4.1.3 Final remarks on CCM – the rationale behind our setup 

All the previously reported CCM models provided insight into an interconnected 

NAFLD/steatosis/fibrosis pathology spectrum, shedding light on complex pathophysiological 

interactions. By simplifying the multifactorial NAFLD, these models may reveal essential 

discoveries and confirm hypotheses on pathway regulations. 

For these reasons and considering the results obtained from various reported CCM studies, 

we chose to establish a new setup based on the transfer of secretome from a human 

hepatocarcinoma Huh-7 cell line to an immortalised human HSCs LX-2 cells to obtain a 

simplified yet representative in vitro model of NAFLD. Steatosis was induced by incubating 

Huh-7 cells with oleic and palmitic acid, and the resulting CCM was collected and transferred 

to LX-2 cells. To investigate the bidirectional cross-talk between hepatocytes HSC, also 

activated LX-2, either naïve or treated with control conditions or with our proposed bioactive 

antifibrotic soybean essential phospholipid (EPL) treatment combined with silymarin 

extract,137,371 were incubated with Huh-7-derived CCM. We tested different incubation 

sequences and treatments with control and experimental conditions (vide infra, Models A-E, 

Figures 4.2-4.6). Cells were assayed using cell metabolic activity, lipid droplet staining, and 

transcriptomics. 

In the most therapeutically relevant experimental design (Model E), steatotic Huh-7 cells were 

treated consecutively with PPC-based liposomal formulation containing Ela and Oca, 

experimental antisteatotic APIs, to investigate if CCM obtained from these cells had a 

beneficial effect on activated LX-2. 

 

4.2 Materials and methods 

4.2.1 Materials 

Soybean phospholipid with 75% phosphatidylcholine (S 80), Soluthin® S 80 M (S 80 M, 

soybean phospholipid 80% complexed with MgCl2), and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were a kind gift from Lipoid GmbH (Ludwigshafen, Germany). 

Elafibranor (Ela) and obeticholic acid (Oca; 6-ethylchenodeoxycholic acid) were purchased 

from MedChemExpress (Sollentuna, Sweden). 

The LIPEX® extruder used to manufacture liposomes was from Transferra Nanosciences Inc. 

(Burnaby, B.C., Canada). Polycarbonate membranes were from Sterlitech (Auburn, WA, 

USA), and drain discs were from Whatman (Maidstone, UK). The LX-2 cells immortalised 

human hepatic stellate cell line (RRID: CVCL_5792) were purchased from Merck Millipore 
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(Darmstadt, Germany) and the Huh-7 cells human hepatocellular carcinoma cell line (RRID: 

CVCL_0336) were purchased from Sekisui Xenotech (Hamburg, Germany). Dulbecco’s 

Modified Eagle Medium (DMEM-HG, 4.5 g/L glucose, with phenol red and pyruvate, no 

glutamine), Dulbecco’s Modified Eagle Medium (DMEM-LG, 1.0 g/L glucose, with phenol red 

and pyruvate, no glutamine), phosphate buffer saline (PBS) (pH 7.4, without Ca/Mg), 4’,6-

diamidino-2-phenylindole (DAPI), Roti®-Histofix 4% (acid-free, pH 7.4 % w/v phosphate-

buffered formaldehyde solution), 4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid sodium 

(HEPES) solution, dimethylsulphoxide (DMSO) and trifluoroacetic acid (TFA) were 

purchased from Carl Roth (Arlesheim, Switzerland). Penicillin/streptomycin mixture 

(PenStrep; penicillin: 10’000 U/mL, streptomycin: 10’000 µg/mL), L-glutamine (L-Glu; 200 

mM), Trypsin-EDTA (0.25%), chloroform (CHCl3), ethanol (EtOH), methanol (MeOH), 

acetonitrile (ACN), TRIzol™ reagent, and RNAse-free water were from Fisher Scientific 

(Reinach, Switzerland). 

Foetal bovine serum (FBS), bovine serum albumin (>98% lyophilised powder, essentially 

fatty acid-free [BSA]), Accutase®, Oil Red O (ORO; 0.5% (w/v) in propylene glycol), 

transforming growth factor-beta 1 (TGF-β1), oleic acid (OA), palmitic acid (PA), silymarin 

extract (Sily), retinol (Rol), and Cell Counting Kit-8 (CCK-8) were bought from Sigma Aldrich 

(Buchs, Switzerland). Random hexamers and qPCR primers were synthesised by Microsynth 

(Balgach, Switzerland). qRT-PCR Brilliant III SYBR Master Mix was from Agilent (Santa 

Clara, CA, USA). Cell culture plates and flasks were from Sarstedt (Nümbrecht, Germany) 

and TPP (Trasadingen, Switzerland). 

 

4.2.2 Cell culture and general information about cell experiments 

4.2.2.1 LX-2 cell culture 

LX-2 cells were grown at 37 °C in a 5% CO2 humidified atmosphere in an LX-2 complete 

medium (LX-2-CM): DMEM-HG (4.5 g/L glucose, phenol red, no L-glutamine, pyruvate) 

supplemented with 1% (v/v) penicillin/streptomycin mixture (penicillin: 10’000 U/mL, 

streptomycin: 10’000 µg/mL), 1% (v/v) of L-glutamine (2 mM), and 2% (v/v) FBS. According 

to the manufacturer’s instructions, subcultivation was performed with Accutase® at a cell 

confluency of about 80-90%. Cells at passage number 8 to 16 were used for cell experiments. 

LX-2 cell experiment medium (LX-2-EM) was serum-free, prepared with DMEM-HG and 

supplemented with 1% (v/v) penicillin/streptomycin and 1% (v/v) L-glutamine. 
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For experiments, LX-2 cells were seeded either in a 12-well plate with 1.0 mL LX-CM/well 

with a density of 100’000 cells/well, 24-well plates with 0.5 mL LX-2-CM/well at a density of 

50’000 cells/well, or in transparent 96-well plates with 100 μL LX-2-CM/well at a density of 

12’500 cells/well, and cultured 18 h at 37 °C, 5% CO2 to 70–90% confluency. Treatments 

were always performed with 1.0 mL/well for 12-well plate, 0.5 mL/well for 24-well plates or 

100 μL/well for 96-well plates at 37 °C, 5% CO2. 

 

4.2.2.2 Huh-7 cell culture 

Huh-7 cells were grown at 37 °C in a humidified atmosphere containing 5% CO2 in a Huh-7 

complete medium (Huh-7-CM): DMEM-LG (1.0 g/L glucose, phenol red, no L-glutamine, 

pyruvate) supplemented with 1% (v/v) penicillin/streptomycin mixture (penicillin: 10.000 

U/mL, streptomycin: 10.000 µg/mL), 2% (v/v) of L-glutamine (4 mM), and 10% (v/v) FBS. 

According to the manufacturer’s instructions, subcultivation was performed with Trypsin-

EDTA 0.25% at a cell confluency of about 80-90%. Cells at passage number 6 to 20 were 

used for cell experiments. Huh-7 cell experiment medium (Huh-7-EM) was serum-free, 

prepared with DMEM-LG and supplemented with 1% (v/v) penicillin/streptomycin and 2% 

(v/v) L-glutamine. 

For experiments, Huh-7 cells were seeded either in a 12-well plate with 1.0 mL LX-CM/well 

with a density of 75’000 cells/well, 24-well plates with 0.5 mL LX-2-CM/well at a density of 

50’000 cells/well, or in transparent 96-well plates with 100 μL LX-2-CM/well at a density of 

12’500 cells/well, and cultured 18 h at 37 °C, 5% CO2 to 70–90% confluency. Treatments 

were always performed with 1.0 mL/well for 12-well plate, 0.5 mL/well for 24-well plates or 

100 μL/well for 96-well plates at 37 °C, 5% CO2. 

 

4.2.3 Preparation of stock solutions 

Stock solutions of DOPC, S 80, and S 80 M were prepared at a concentration of 100 mM in 

MeOH. Sily, Ela, and Oca stock solutions were prepared in MeOH at 50 mM, 0.5 mM, and 

0.5 mM, respectively. Rol, PA and OA stock solutions were prepared in DMSO at 10 mM, 75 

mM, and 500 mM, respectively. The TGF-β1 stock solution was prepared in BSA 0.1% (w/V) 

at 10 µg/mL concentration. BSA stock solution was prepared fresh in Huh-7-EM at 30 mg/mL 

(corresponding to ~454 µM) by adding BSA in Huh-7-EM, vortexing for 10 min at RT, and 

kept at 37°C until use. 
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4.2.4 Steatosis induction in Huh-7 cells 

 
Figure 4.1. Steatosis induction in Huh-7 cells. Cultured hepatocytes are treated with OA and PA, 

changing their phenotype and genotype to the steatotic one and expressing pathologic secretome in 

a conditioned medium. The figure was created using Biorender.com. 

4.2.4.1 Stock solutions of OA and PA supplemented to Huh-7-EM (Model 1) 

Huh-7-EM experimental serum-free medium was supplemented directly with FFA DMSO 

stock solution of OA, PA, and a combination of OA and PA in a 2:1 ratio. Concentrations 

tested were 75 and 150 µM (PA), 150 and 300 µM (OA), and 150+75 and 300+100 µM 

(OA+PA). The steatogenic treatment medium was successively vortexed for 10 min at room 

temperature (RT), kept at 37°C until use and shortly vortexed directly before use. 

 

4.2.4.2 Stock solutions of OA and PA sonicated with Huh-7-EM – micelles-like vesicles 

(Model 2) 

The steatogenic medium was prepared as described above with the addition of the sonication 

step in the water bath for 30 min at 40 °C to enhance FFAs solubility and homogenisation in 

an aqueous cell culture medium. This process should produce FFA-derived micelles-like 

vesicles in the solution. The prepared medium was kept at 37°C until use and shortly vortexed 

directly before use. Concentrations tested were, as mentioned above, with additional being 

300 µM (PA), 600 µM (OA), and 600+300 µM (OA+PA). These micelles-like vesicles were 

not characterised. 

 

4.2.4.3 Stock solutions of OA and PA supplemented with BSA in Huh-7-EM (Model 3) 

To further enhance the solubility and homogeneity of the steatogenic medium, a non-specific 

serum transport protein, fatty acid-free bovine serum albumin (BSA), was used. Huh-7 serum-
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free experimental medium was first supplemented with BSA stock solution to reach the final 

30 µM BSA concentration, the approximate concentration in regularly used FBS to culture 

cells as per manufacturers specification. This dispersion was consecutively vortexed for 10 

min at RT, kept at 37 °C for 10 min before adding the appropriate amount of FFA in DMSO 

stock solution, vortexed again for 10 min at RT, kept at 37°C until use and shortly vortexed 

directly before use. The concentrations tested were the same as in Section 4.2.4.2. 

Steatogenic Huh-7 medium in CCM experiments containing OA+PA 300+150 µM was 

produced with this method. 

 

4.2.4.4 Steatogenic treatment with test solutions 

The medium from seeded Huh-7 cells was discarded the day after cell seeding, the cells were 

washed once with PBS, and the steatogenic medium, prepared as described above, was 

added. Cells were incubated at 37 °C in a 5% CO2 humidified atmosphere for 24 h. Control 

wells received equal volumes of naïve control Huh-7-EM. Cells were assayed for viability and 

lipid droplets. Huh-7 cells were seeded in 24- and 96-well plates for these experiments. 

 

4.2.4.5 Huh-7 steatotogenesis for CCM harvesting 

To obtain steatotic Huh-7 cell-conditioned medium (CCM) containing naïve and steatotic 

secretome used to treat LX-2, the medium from seeded cells was discarded the day after cell 

seeding, the cells were washed once with PBS, and the steatogenic medium, prepared as 

described in Section 4.2.4.3, was added. Cells were incubated at 37 °C in a 5% CO2 

humidified atmosphere for 24 h. Control wells received equal volumes of naïve control Huh-

7-EM. 

Huh-7 steatogenic medium was discarded, cells were washed three times with PBS, and 

fresh naïve Huh-7-EM was resupplied to all the cells, which were left for the following 24 h. 

After these 24 h, control naïve and steatotic Huh-7 CCM was collected and used to directly 

incubate LX-2, sequence-depending on the specific model (vide infra). 

 

4.2.4.6 Huh-7 steatogenesis and successive antisteatotic liposomal treatment for CCM 

harvesting 

In the case of Huh-7 CCM prepared to treat LX-2 in Model D (Section 4.2.6.4), as described 

above, after 24 h steatogenesis, the medium was discarded, and cells were washed three 

times with PBS. Liposomal formulations containing non-bioactive control, PPC, Ela, and Oca, 
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listed in Table 4.2, were diluted in Huh-7-EM and successively transferred to cells for a 24 h 

incubation. The treatment medium was discarded, cells were washed three times with PBS, 

and fresh naïve Huh-7-EM was resupplied to all the cells, which were left for the following 24 

h. After this 24 h, treated control naïve and steatotic Huh-7-CCM was harvested and used to 

incubate LX-2 directly. 

 

4.2.5 Preparation and characterisation of liposomes 

4.2.5.1 S 80, S 80 M, and DOPC liposomes preparation 

Liposomes containing S 80 and S 80 M soybean-derived phospholipid and DOPC were 

prepared using the film hydration extrusion method (Table 4.1).137,408 Briefly, an appropriate 

aliquot of lipid stock solution in MeOH was evaporated under a nitrogen stream until dry. The 

resulting thin lipid films were kept under a vacuum overnight to remove further traces of 

solvent. After hydration with HEPES buffer (10 mM, pH 7.4), the large multilamellar vesicles 

with a final lipid concentration of 50 mM were extruded through a 200 nm polycarbonate 

membrane 10 times at RT using a LIPEX® extruder. 

 

4.2.5.2 S 80 + Sily liposomes preparation 

Liposomes containing S 80 and Sily were produced starting from the dry lipid film, as 

described above, with the only difference being that the final S 80 concentration was 25 mM. 

A corresponding aliquot of Sily stock solution was added to the dried lipid film to acquire a 

final theoretical S 80-to-Sily molar ratio of 11:1 to silybin B. MeOH was evaporated under 

nitrogen stream until dry, and the resulting silymarin-lipid film was hydrated with HEPES 

buffer (10 mM, pH 7.4). The resulting lipid films with Sily were hydrated, and liposomes were 

extruded, as described above. 

Table 4.1. Liposomal formulations prepared for the treatment of CCM Model C 

Formulation Liposomal 
concentration 

Concentration 
"on-cells" 

DOPC (non-bioactive control) 50 mM 5 mM 

S 80 50 mM 5 mM 

S 80 M 50 mM 5 mM 

S 80 + Sily 
(lipid-to-Sily molar ratio 11:1) 25 mM 2.5 mM 
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4.2.5.3 DOPC, S 80 M, Ela, Oca liposomes preparation 

Liposomes containing DOPC or S 80 M with drugs Ela, Oca or Ela and Oca together (Table 
4.2) were produced by adding a necessary amount of the lipid to reach 50 mM. At this stage, 

the necessary amount of hydrophobic drug stock solution (Ela and/or Oca) was mixed with a 

lipid stock so that the final drug concentration in the formulation would be 1.5 μM. Films were 

dried and hydrated, and liposomes were extruded, as described above. 

Table 4.2. Liposomal formulations prepared for the treatment of CCM Model D 

Formulation Liposomal concentration Concentration "on-cells" 
DOPC (non-bioactive control) 50 mM 5 mM 

DOPC + Ela 50 mM + 1.5 µM 5 mM + 150 nM 
DOPC + Oca 50 mM + 1.5 µM 5 mM + 150 nM 

DOPC + Ela + Oca 50 mM + 1.5 µM + 1.5 µM 5 mM + 150 nM + 150 nM 
S 80 M 50 mM 5 mM 

S 80 M + Ela 50 mM + 1.5 µM 5 mM + 150 nM 
S 80 M + Oca 50 mM + 1.5 µM 5 mM + 150 nM 

S 80 M + Ela + Oca 50 mM + 1.5 µM + 1.5 µM 5 mM + 150 nM + 150 nM 
 

The effect of direct treatment with these formulations for 24 h has been tested in naïve Huh-

7 cells, and cell viability and lipid droplet content has been assayed, as reported in Appendix 
Section A4.1. 

 

4.2.5.4 Liposomal characterisation (hydrodynamic diameter and zeta potential) 

Liposomes were analysed for the hydrodynamic diameter and the polydispersity index (PDI) 

with the LitesizerTM 500 (Anton Paar, Austria). A volume of 10 µL of liposomes was diluted in 

2 mL of HEPES buffer (10 mM, pH 7.4). Intensity size distribution was typically uni-modal; 

therefore, the autocorrelation function was analysed using the cumulant method. For zeta 

potential (ZP) measurements, 200 μL of the sample was used in Omega cuvettes for 100 

runs. 
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Table 4.3. Schematical overview of investigated cell-conditioned medium (CCM) models reported in Sections 4.2.6 and 4.2.7 
Huh-7 → LX-2 

Model A 

Cell line Day 1 Day 2 Day 3 Day 4 Day 5  Day 6  

Huh-7 Seeding Steatosis induction 
with FFAs CCM formation CCM harvest 

↓     

LX-2     Seeding Treatment with Huh-7 CCM Treatment with 
LX-2 controls Assays 

  

Model B 

Cell line Day 1 Day 2 Day 3 Day 4 Day 5  

  
Huh-7 Seeding Steatosis induction 

with FFAs CCM formation CCM harvest 
↓   

LX-2     Seeding Simultaneous treatment 
Huh-7 CCM + LX-2 controls Assays 

  

Model C 

Cell line Day 1 Day 2 Day 3 Day 4 Day 5  

  
Huh-7 Seeding Steatosis induction 

with FFAs CCM formation  CCM harvest 
↓   

LX-2   Seeding Pre-treatment with LX-2 controls 
and PPC-based liposomes Treatment with Huh-7 CCM Assays 

  

Model D 

Cell line Day 1 Day 2 Day 3 Day 4 Day 5  Day 6 

Huh-7 Seeding Steatosis induction 
with FFAs 

Treatment with 
DOPC/S 80 M + Ela/Oca 

CCM formation from treated steatotic 
cells 

CCM harvest 
↓   

LX-2     Seeding 
“Preconditioning” 

LX-2-EM (activated, naïve LX-2), 
Rol+PA (quiescent-like LX-2) 

Treatment with 
Huh-7 CCM Assays 

LX-2 → Huh-7 

Model E 

Cell line Day 1 Day 2 Day 3 Day 4 Day 5  

  LX-2 Seeding Treatment with 
LX-2 controls CCM formation CCM harvest 

↓   

Huh-7   Seeding Steatosis induction with FFAs Treatment with LX-2 CCM Assays 
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4.2.6 Dual cell culture model Huh-7 to LX-2 

Huh-7 cells were seeded in 12-well plates and LX-2 cells in 24- and 96-well plates in the 

following experiments. 

 

4.2.6.1 LX-2 cells treated with Huh-7 CCM and successively with control treatments (Model 

A) 

 
Figure 4.2. Model A schematics – First treatment with Huh-7 CCM 24 h and then control LX-2 

treatments 24 h. The figure was created using Biorender.com. 

The day after the LX-2 cells were seeded, the medium was discarded, and the cells were 

washed once with PBS. LX-2 were treated with CCM harvested from naïve control and 

steatotic Huh-7 for 24 h. Afterwards, cells were washed three times with PBS and incubated 

for 24 h with Rol + PA treatment to revert LX-2 cell activation and fibrogenesis and to induce 

a quiescent-like phenotype, following the previous reports.137,211 Rol + PA stock solutions 

were vortexed vigorously for 10 min at RT with LX-2-EM to reach final concentrations of 10 

μM Rol and 300 μM PA. LX-2 also were treated with TGF-β1 to simulate a perpetuation of the 

fibrotic state of LX-2, transdifferentiating them to myofibroblasts.66,137,443-445 TGF-β1 treatment 

was prepared by mixing the stock solution with LX-2-EM to obtain a final 10 ng/mL 

concentration, shortly vortexed and kept at 37 °C until use. Control wells received equal 

volumes of naïve LX-2-EM. Before use, treatments were kept at 37 °C until use and cells 

were incubated for 24 h and were assayed afterwards. 
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4.2.6.2 LX-2 cells treated contemporary with Huh-7 CCM and control treatments (Model B) 

 
Figure 4.3. Model B schematics – Treatment of LX-2 cells with Huh-7 CCM mixed with LX-2 control 

treatments for 24 h. The figure was created using Biorender.com. 

The day after LX-2 cells were seeded, the medium was discarded, and the cells were washed 

once with PBS. Differently from Model A, cells were treated with Rol+PA and TGF-β1 controls 

mixed directly with harvested naïve control and steatotic Huh-7 CCM for 24 h. In Model B, 

Huh-7 control and steatotic CCMs were split in different tubes, mixed with control stock 

solutions, employing the same concentrations as in Model A, and shortly vortexed. Control 

wells received equal volumes of naïve LX-2-EM and naïve non-steatotic Huh-7 CCM. Before 

use, treatments were kept at 37 °C. After 24 h incubation time, cells were assayed. 

 

4.2.6.3 Pre-treating LX-2 cells with PPC-based formulations and subsequently with Huh-7 

CCM (Model C) 

 
Figure 4.4. Model C schematics – 24 h PPC pre-treated LX-2 cells were incubated with Huh-7 CCM 

for 24 h. The figure was created using Biorender.com. 

Each liposomal formulation (Table 4.1) was mixed with LX-2-EM to obtain a treatment 

medium with 5 mM lipid concentration or 2.5 mM in the case of S 80 + Sily (LX-2-TM). The 
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medium was discarded a day after seeding, and LX-2 were washed three times with PBS 

and incubated with LX-2-TM for 24 h. Control wells received equal volumes of naïve LX-2-

EM. Before use, treatments were prepared fresh and maintained for 5-10 min at 37°C until 

the cell incubation occurred. After 24 h, cells were washed three times with PBS, incubated 

with CCM from naïve control and steatotic Huh-7 for 24 h, and then were assayed. 

 

4.2.6.4 Activated and quiescent-like LX-2 cells treated with Huh-7 CCM originating from PPC, 

Ela, and Oca-treated steatotic cells (Model D) 

 
Figure 4.5. Model D schematics – LX-2 cells (naïve and quiescent-like) pre-treated for 24 h were 

then treated with Huh-7 CCM originating from steatotic cells treated with liposomal formulations 

containing PPC, Ela, and Oca. The figure was created using Biorender.com. 

The day after the LX-2 cells were seeded, the medium was discarded and washed once with 

PBS and treated for 24 h with LX-2-EM and Rol+PA to keep them activated or revert them to 

a quiescent-like state. On the following day, the treatment-containing medium was discarded, 

and cells were washed three times with PBS, incubated with CCM from treated naïve control 

and steatotic Huh-7 for 24 h and assayed. Control wells received equal volumes of naïve LX-

2-EM and naïve non-steatotic Huh-7 CCM. Before use, treatments were kept at 37 °C. 
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4.2.7 Dual cell culture model LX-2 to Huh-7 (Model E) – LX-2 cells treated with controls and 

LX-2-CM on Huh-7 cells 

 
Figure 4.6. Model E schematics – Huh-7 steatotic cells were treated with LX-2 CCM from cells 

incubated with controls. The figure was created using Biorender.com. 

In this experiment, LX-2 cells were seeded in 12-well plates and Huh-7 in 24- and 96-well 

plates. 

The day after the LX-2 were seeded, the medium was discarded, and the cells were washed 

once with PBS and treated for 24 h with LX-2-EM, Rol+PA, and TGF-β1 to keep them 

activated, revert them to a quiescent-like state or to perpetuate them. On the following day, 

the treatment-containing medium was discarded, cells were washed three times with PBS, 

and fresh naïve LX-2-EM was resupplied to all the cells, which was left for the following 24 h. 

After this 24 h, LX-2 CCMs were harvested to incubate Huh-7 cells directly.  

Medium from seeded Huh-7 cells was discarded the day after cell seeding, the cells were 

washed once with PBS, and the cells were incubated for 24 h with steatogenic medium, 

prepared as described in Section 4.2.4.3. Control wells received equal volumes of naïve 

control Huh-7-EM. Huh-7 steatogenic medium was discarded, cells were washed three times 

with PBS and incubated with LX-2 CCMs for 24 h and assayed. 

 

4.2.8 Analysis of lipid droplet content (ORO) 

After cell treatment, both LX-2 and Huh-7 cells in 24-well plates were rinsed with PBS three 

times, fixed for 10 min at RT with 500 μL/well Roti®-Histofix 4%, and rinsed once with PBS. 

Cells were stained with ORO solution for 15 min at RT. Carefully removed using a pipette 

and rinsed with PBS. Nuclei were then counterstained with a DAPI solution (3.6 µM) in PBS 

for 5 min at RT. Afterwards, cells were rinsed with PBS. Fluorescence images were acquired 

using a Nikon Ti2-E (Nikon Instruments, Melville, NY, USA) inverted microscope with 20x 

magnification. DAPI filter (λex 360 nm, λem 460 nm) and TxRed filter (λex 560 nm, λem 645 nm) 
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were used. The fluorescent binary area in the TxRed field was examined using FIJI/ImageJ 

software.384 Shortly, for each image, the qualitative interpretation of images was 

supplemented by quantification of fluorescence to have a transparent comparative purpose 

and confirm observed results. A fluorescent ORO relative intensity (FRI) was obtained by 

normalising the fluorescent binary area (µm2) in the fluorescent field to the number of objects 

(cell nuclei number) in the DAPI field. 

 

4.2.9 Cell proliferation assay (CCK-8) 

The CCK-8 assay was used following the manufacturer’s instructions. Briefly, after treatments 

(100 μL/well; 96-well plate), LX-2 and Huh-7 cells were washed once with PBS. A volume of 

90 μL of serum-free experimental medium and 10 μL of CCK-8 was added to each well. Next, 

cells were incubated for 2 h at 37 °C, 5% CO2. Afterwards, the absorbance was measured at 

450 nm with an Infinite® 200 Pro M-Nano plate reader. 

To calculate the cell metabolic activity in per cent, the following equation was used (Equation 

(1)): 

 

Cell metabolic activity (%) = (OD sample/OD control) × 100  (1) 

 

“OD sample” refers to the optical density of the cells treated with different treatments, and 

“OD control” always refers to cells exposed to a naïve serum-free experimental medium. 

 

4.2.10 qPCR gene expression analysis in LX-2 cells 

From LX-2 cells treated with CCM for 24 h according to Model D, a total RNA was isolated 

using TRIzol™ reagent following the manufacturer’s protocol. Briefly, cells were lysed with 

TRIzol™ directly on the 24-well plate and transferred to 1.5 mL reaction tubes. Chloroform 

volume equivalent to one-fifth of the total TRIzol™ volume was added to the samples. The 

tube was vigorously vortexed for 10 sec and was incubated at RT for 10 min before being 

centrifuged for 20 min at 4°C and 16’000 g. The upper phase was transferred to a new 

reaction tube, and 1 µL glycogen and one volume of isopropanol were added and mixed well 

before the RNA precipitation on ice for 10 min. Next, the RNA was pelleted by centrifugation 

for 10 min at 4 °C and 24’000 g. The supernatant was discarded, and the pellet was washed 

with 1 mL of 70% EtOH in RNAse-free water. The centrifugation was repeated twice, and the 
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final pellet was resuspended in RNAse-free water after air drying for a few minutes. The RNA 

concentration was measured with a NanoDrop (ThermoFisher, USA). 

The isolated RNA was reverse-transcribed into cDNA. Briefly, 1000 ng of RNA were diluted 

in RNAse-free water and incubated for 5 min at 65 °C after adding 3 µL of 150 ng/µL random 

hexamers. After 10 min incubation at RT, 13.5 µL of pre-mixed reverse transcription master 

mix was added (Table A3.3), and the samples were incubated for another 10 min at RT, 

followed by a 1 h incubation at 50 °C and 20 min incubation at 75 °C. RNAse-free water was 

added to reach a theoretical concentration of 8 ng/µL cDNA. 

The primers (Table A3.4) were diluted in RNAse-free water to a primer pair solution of 2.5 

µM of forward and reverse primer each. The remaining reagents (polymerase, nucleotides, 

buffer, fluorophore) for qPCR were in the qRT-PCR Brilliant III SYBR Master Mix (MM). The 

cDNA samples were measured in duplicate for each gene and cDNA dilution. A pipetting 

robot (Corbett Robotics, USA) was used for pipetting the samples (3 µL cDNA, 7.5 µL 2x MM, 

3 µL primer mix, 1.5 µL water). The samples were then transferred to the qPCR analyser 

centrifuge (Rotor-Gene Q 2Plex System, Qiagen, Germany), which performed 40 

amplification cycles at 95 °C and 60 °C. The fluorescence was always measured at 60 °C 

(λex 470 nm, λem 510 nm). After the 40 cycles, the melting curve of each sample was 

measured. The data were analysed using the RotorGene Q version 2.3.5 software and 

Microsoft Excel 365. The qPCR data were analysed using the delta-delta CT method.385 

GAPDH was used as a reference gene. 

 

4.2.11 Lipid and drug quantification – HPLC-CAD method 

Liposomal formulations of S 80 M and DOPC, including their combination with Ela and Oca, 

as Ela and Oca stock solutions, were diluted in MeOH, and analysis was performed as 

follows. An Ultimate 3000 HPLC system (Fisher Scientific, Reinach, Switzerland) equipped 

with a quaternary pump (LPG-3400SD), an autosampler (WPS-3000), a thermostatted 

column compartment (TCC-3000), a DAD (DAD-3000) and a CAD (Corona Veo RS) was 

used for lipid quantification. The following method has been adapted from the method 

developed in our lab:446 Reprospher 200 C18-DE 150 x 2mm with a particle size of 2 μm and 

a pore size of 200 Å (Dr. Maisch, Ammerbuch, Germany) was used at 50 °C as the stationary 

phase. During the analysis, samples were refrigerated at 6 °C in the autosampler. The 

injection volume was 5 μL, and the flow rate was constant at 0.5 mL/min. Three different 

eluents, eluent A: acetonitrile + 0.2 v/v% trifluoroacetic acid (TFA), eluent B: methanol + 0.2 
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v/v% TFA and eluent C: ultrapure water + 0.2 v/v% was used to create a linear gradient as 

described in Table 4.4. For the Corona Veo RS, the gas evaporation temperature was 

adjusted to 45 °C, data collection was 10 Hz with filter 3.6, and the response rate was set to 

100 pA. Palmitic acid (100 μg/mL) was used as an internal standard (IS). Data were analysed 

using the software Chromeleon (Thermo Scientific, version 7.2). 

Table 4.4. The method used for the analysis of lipids was adapted from446. 

Time (min) Eluent A (%) Eluent B (%) Eluent C (%) 

0 25 65 10 

27 9.2 89.3 1.5 

28 25 65 10 

32 25 65 10 

 

4.2.12 Statistical tests and analysis 

All experiments were performed in three independent replicates, and samples were freshly 

prepared if otherwise stated. Statistical analysis was carried out using GraphPad Prism 

version 9.5.1. Multiple comparisons between the groups were performed via an ordinary one-

way ANOVA with post-hoc Tukey’s multiple comparison analysis, respectively (statistical 

significance noted as **** p < 0.0001, *** p < 0.001, ** p < 0.01, *p < 0.05). All p-values from 

ordinary one-way ANOVA with post-hoc Tukey’s multiple comparison analysis are reported 

in supplementary tables to this Chapter. If not stated otherwise, the data are presented as 

mean ± S.D. (standard deviation calculated from independent samples). qPCR data are 

presented as mean ± S.E.M. (standard error of the mean).  
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4.3 Results and discussion 

4.3.1 Steatosis induction in Huh-7 cells – cell metabolism and lipid droplet content 

Steatosis in hepatocytes is characterised by a visible lipid accumulation in the cytoplasm 

caused by a disbalance of the lipid input and output or by the reduced breakdown of FFAs.50,61 

Extreme lipid accumulation leads to mitochondrial dysfunction, playing a pivotal role in the 

advancement of hepatic steatosis and the progression of NAFLD, representing the initial 

stage of the disease's pathology.60,62,63,193 

Huh-7 is a human adult hepatocellular carcinoma cell line extensively used as a hepatocytes 

cell model and for steatotic NAFLD in vitro 

modelling.160,162,179,250,255,259,263,268,284,285,288,289,298,301,304,305 As reported in the literature, 

steatosis can be induced in vitro in Huh-7 by incubating various combinations of fatty acids 

and other lipid classes, as reported systematically in Chapter 2. To choose the most robust 

experimental setup based on FFAs’ steatosis-inducing capacity, a 2:1 molar ratio of OA (in a 

concentration range of 150 – 600 µM) and PA (in a concentration range of 75 – 300 µM) were 

incubated with cells over 24 h incubation time, varying concentrations, incubation times, and 

solubilisation vehicles using what reported in the literature as starting point. These high FFA 

concentrations are not readily dispersible in cell culture medium and pose a significant 

challenge to obtaining standardised and replicable preparation and incubation conditions. In 

our case, Huh-7 were treated with steatogenic medium prepared by mixing FFA with medium, 

micelle-like vesicles containing FFAs, and by solubilisation of FFA with BSA (Model 1, 2, and 

3, respectively). 

All three steatogenic treatments did not interfere with Huh-7 cell viability, excluding thus any 

substantial FFA toxicity in given experimental conditions (Figure 4.7 a, c, e). The minor 

variability in cell metabolism can be observed in cells treated with Model 3 medium. In 

contrast, the highest variability is observed when treated with Model 2 medium, especially 

with combined lipids. Two significant changes in cell metabolism rate were observed in Model 
3 treated cells and are related to vehicle control (DMSO+BSA) between two single lipid 

treatments (PA 300 µM and OA 600 µM). They demonstrated a decrease compared to vehicle 

control. This vehicle control also numerically increased cell metabolism compared to the 

control (LX-2-EM) condition. 
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Figure 4.7. (a, c, e) Huh-7 cell viability (%) using CCK-8 assay after treatment with (a) Model 1, (c) 

Model 2, and (e) Model 3. (b, d, f) Quantification of the ORO fluorescent staining of Huh-7 cells treated 

with various steatogenic treatments normalised to the number of Huh-7 cells in the DAPI field (FRI). 

(b) Model 1, (d) Model 2, (f) Model 3. Mean ± S.D. (n=3). p-values: **** p < 0.0001, *** p < 0.001, ** 

p < 0.01, *p < 0.05. All p-values from ordinary one-way ANOVA with post-hoc Tukey’s multiple 

comparison analysis are reported in supplementary tables to this Chapter. Representative fluorescent 

microscopy images of lipid droplet staining are reported in Appendix to this Chapter (Figures A4.1-
3). 
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We quantified lipid droplet storage using Oil Red O (ORO), a fluorescent dye staining neutral 

lipid droplets, considered among the golden standard methods to quantify the hepatocytes’ 

lipid accumulation.73,162,170,174,275 

We established that naïve Huh-7 also expressed a basal level of lipid droplets but in a 

significantly reduced amount compared to other steatosis-induced cells. Three experiments 

report FRI of 23.18, 32.86, and 20.38. Vehicle controls in all setups reduced lipid content 

numerically, expressing a bland antisteatotic effect, but not significantly, compared to medium 

control cells. 

Overall, the extent of steatosis was considerably lower in magnitude in cells treated with 

Model 1 medium compared to 2 and 3. For example, in the case of OA 300 µM treatment, 

reported FRI value in Model 1 treated cells of only 68.26 ± 21.01, when Model 2 and 3 

displayed 142.50 ± 74.79, and 131.60 ± 29.43, respectively. Another observation is that cells 

treated with Model 1 (FFA mixed with medium) and Model 2 (FFA micelle-like vesicles) 

medium expressed more variability in lipid droplet content (Figure 4.7 b, d, f) when compared 

to Model 3 (FFA solubilised with BSA). 

As expected, OA had more steatogenic power than PA, which presents a more apoptogenic 

one,250 especially when Model 3 medium was used, with almost double the potency of OA 

compared to PA to increase lipid droplet content (for example, an FRI of 64.54 ± 3.11 was 

obtained with PA 150 µM while 131.60 ± 29.43 and with OA 300 µM). The combinations of 

OA and PA were not superior to their single-component treatments in increasing cellular lipid 

content, inferring that they affect not only lipid droplet content but also an entire panel of lipid 

metabolism and factors involved. However, FFAs’ combination of various fatty acids 

represents a more realistic pathological setup, with multiple FFAs reaching the liver 

simultaneously.248,249 OA+PA 600+300 µM treatment did not show superiority in steatosis 

induction. However, quantitatively increased cell metabolism more than OA+PA 300+150 µM, 

as proven by the FRI obtained with the steatogenic medium Model 3 170.70 ± 18.20 

compared to 152.60 ± 50.44 of OA+PA 300+150 µM. Based on these preliminary studies’ 

findings, we chose the combination of OA+PA 300+150 μM prepared according to Model 3 

(BSA supplementation) to induce lipid accumulation and apoptotic stress in Huh-7 to have a 

consistent, reproducible and straightforward steatogenic medium preparation with a 

commonly used solubilisation vehicle that is not significantly affecting cell viability. 
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4.3.2 General remarks on CCM treatment experiments 

Tests were performed to investigate the effect of CCM collected from steatotic hepatocytes 

(treated or not with antisteatotic treatment) on activated or quiescent-like HSCs in different 

sequences. These experiments aimed to understand the secretome-mediated cross-talk 

between the two critical factors in steatosis and fibrosis, assessing their response to 

treatment. Additionally, the purpose was to establish an in vitro model of the pathology, 

serving as a screening tool for potential antisteatotic and antifibrotic therapies. For our 

formulations of interest, we chose PPC-derived essential soybean phospholipids (EPLs), S 

80 and S 80 M, combined with the hepatoprotective Sily on LX-2 and S 80 M with the 

investigational antisteatotic drugs, Ela and Oca on Huh-7. 

A “lipid paradox” theory, as described in Chapter 2, explains that healthy hepatocytes present 

no visible droplets inside the cells, and healthy HSCs present an abundance of retinyl ester 

lipid droplets with opposing situations. Hence fatty hepatocytes and fat-free HSCs give rise 

to a pathologic condition. Specific importance lies in the lipid metabolism in the liver, a 

precisely tuned system that, upon specific chronic injury, may progress into a pathological 

state such as steatosis and fibrosis, strongly interconnected conditions.206,213 

To validate the CCM system, in the first three models, we used control protocols for LX-2 well 

established in our laboratories, namely Rol+PA (10+300 µM) to revert activated LX-2 to a 

quiescent-like state and TGF-β1 (10 ng/mL) to perpetuate them towards the myofibroblastic 

transdifferentiated stage.137,211,443-445 

 

4.3.3 Modulation of LX-2 phenotype after treatment with steatotic CCM incubation followed 

by control conditions treatments (Model A) 

In the CCM-mediated study Model A, we investigated whether activated LX-2 could be 

reverted to a quiescent-like state following treatment with steatotic Huh-7 secretome. 

The treatment with Huh-7 CCMs did not induce any changes in LX-2 cell viability. Only 

differences to direct treatment of LX-2 with controls and Rol+PA treatment increased cell 

metabolic activity to 162.40% ± 44.64, 164.40% ± 53.22, and 166.50% ± 45.92 when treated 

with LX-2-EM, naïve control, and steatotic Huh-7 CCM, respectively, not reaching statistical 

significance (Figure 4.8a). Changes in cell viability and metabolic rate could also be an acute 

effect caused by changing the medium type. Huh-7 is grown in DMEM with low glucose and 

more glutamine, and LX-2 in DMEM with high glucose and lower glutamine. Substrates in 

each medium are slightly different, transitorily modifying cellular metabolic pathways caused 
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by acute incubation but did not induce any significant metabolic change comparing two 

control conditions on LX-2 cells. Noticeable is that the CCM medium contains not only 

different composition but also the secretome from naïve or steatotic Huh-7, so in general, in 

these experimental conditions, CCM was not apoptotic to the LX-2 cells, which is a favourable 

premise since we want to observe the bioactivity of this balanced system. 

Rol+PA-treated cells managed to re-establish the quiescent-like status of LX-2 in all 

conditions, as shown by the significantly increased lipid droplets with FRI values of 58.99, 

63.54, and 50.83 when LX-2 were pre-treated with LX-2-EM, naïve control, and steatotic Huh-

7 CCM, respectively (Figure 4.8bd). Quiescent-inducing LX-2 control was also effective in 

the case of incubation with another, not native but containing other cells secretome (both 

naïve and steatotic) originating from Huh-7, meaning there is a certain intrinsic tolerance and 

paved pathways that are not affected even with this additional cell-induced stress. Controls 

and TGF-β1 treatments did not induce recovery of lipid droplets, as expected, since they 

sustained the prolonged activated state of LX-2 cells. In the case of TGF-β1, there is a solid 

driving force toward permanent transdifferentiation towards myofibroblast-like cells, not 

expressing any lipid droplets but nourishing increased ECM synthesis. 

In conclusion, any effect caused by steatotic CCM on activated LX-2 can be considered 

reversible, as Rol+PA still managed to revert LX-2 to express lipid droplets even after this 24 

h treatment without significantly affecting cell viability. 
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Figure 4.8. (a) LX-2 cell viability (%) using CCK-8 assay. (b, d) ORO staining of LX-2 cells treated 

first with control or Huh-7 CCMs and then with their control conditions: LX-2-EM experimental medium 

(untreated); Huh-7 naïve control and steatotic CCM; Rol+PA positive control, reverting to quiescent-

like state; TGF-β1 negative control, pro-fibrotic fibrotic, progressing the cell to perpetuated state. (b) 

Quantification of the ORO fluorescence normalised to the number of LX-2 cells in the DAPI field (FRI). 

(c) Schematic of the experimental setup of Model A. (d) Representative fluorescence images of LX-

2 cells in which lipid droplets can be visualised as red spots and the nuclei are counterstained with 

blue DAPI. Mean ± S.D. (n=3). All comparisons in Figure 4.8a are not statistically significant. In 

Figure 4.8b, only p-values to LX-2-EM (control) are reported for convenience. p-values: **** p < 
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0.0001, *** p < 0.001. All p-values from ordinary one-way ANOVA with post-hoc Tukey’s multiple 

comparison analysis are reported in supplementary tables to this Chapter. 

4.3.4 Simultaneous incubation with CCM and control conditions bioactivity on LX-2 cells 

(Model B) 

Model B investigation was designed to investigate whether LX-2 can be reverted to a 

quiescent-like state with simultaneous treatment of Rol+PA with steatotic Huh-7 CCMs. 

The same trend from Model A was observed here. The combined treatment of LX-2 controls 

and Huh-7 CCMs did not induce any changes in LX-2 cell viability (Figure 4.9a). The only 

significant differences were observed when TGF-β1 supplemented CCMs significantly 

decreased cell viability to 83.09% ± 23.56 and 80.90% ± 1.47, when treated together with LX-

2-EM and naïve control Huh-7 CCM, respectively. This decrease can be attributed to the 

“normal” TGF-β1 perpetuating effect, HSCs taking a path towards the myofibroblast-like cells, 

where an inevitable part of HSCs end up in apoptosis, unable to differentiate phenotypically, 

affecting regular HSCs turnover. 

Also, steatotic CCM mixed with Rol+PA quantitatively increased lipid droplet content, with 

FRIs of 60.46, and it demonstrated a higher ability to induce the production of lipid droplets 

concerning what was observed in Figure 4.8b (FRI 50.83), but it was not statistically 

significant. When comparing Rol+PA treatment efficiency for restoration of lipid droplet 

content directly in-between Models A and B (sequential and simultaneous treatment with 

Rol+PA), there is no significant difference when comparing Rol+PA with LX-2-EM and CCM 

from steatotic Huh-7. However, there was a significant improvement (p=0.0454, unpaired t-

test with Welch’s correction) when Rol+PA treatment was performed following the incubation 

with CCM from naïve Huh-7 compared to direct mixing with CCM. 
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Figure 4.9. (a) LX-2 cell viability (%) using CCK-8 assay. (b, d) ORO staining of LX-2 cells treated 

with control or Huh-7 CCMs together with their control conditions: LX-2-EM experimental medium 

(untreated); Huh-7 naïve control and steatotic CCM; Rol+PA positive control, reverting to quiescent-

like state; TGF-β1 negative control, pro-fibrotic fibrotic, progressing the cell to perpetuated state. (b) 

Quantification of the ORO fluorescence normalised to the number of LX-2 cells in the DAPI field (FRI). 

(c) Schematic of the experimental setup of Model B. (d) Representative fluorescence images of LX-

2 cells in which lipid droplets can be visualised as red spots and the nuclei are counterstained with 

blue DAPI. Mean ± S.D. (n=3). In Figure 4.9b, only p-values to LX-2-EM (control) and between 

Rol+PA treated cells are reported for convenience. p-values: **** p < 0.0001, ** p < 0.01, *p < 0.05. 

All p-values from ordinary one-way ANOVA with post-hoc Tukey’s multiple comparison analysis are 

reported in supplementary tables to this Chapter. 
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In the setup of Model B, the Rol+PA effect is readily opposed by the pro-fibrogenic action of 

CCM from steatotic Huh-7, and there are no two consecutive system adaptations related to 

each treatment condition separately. 

In contrast, pure steatotic CCM on naïve LX-2 had shown no effect, exhibiting FRI 1.05. TGF-

β1 and other controls had a negligible effect on lipid droplet content, consistent with data 

obtained in Model A. 

In conclusion, Rol+PA mixed with all mediums reverted LX-2 to produce new lipid droplets in 

the amount comparable to post-treatment with Rol+PA (Model A), also when mixed directly 

with CCM from steatotic Huh-7, without significantly affecting LX-2 viability. 

 

4.3.5 Effect of PPC pre-treatments followed by steatotic CCM incubation on LX-2 cells (Model 

C) 

From our previous studies, direct treatments with Rol+PA and liposomal PPC formulations 

(S 80, S 80 M, and S 80 + Sily) induced a quiescent-like phenotype in LX-2, with a significant 

increase of lipid droplets and a decrease in α-SMA determined by immunocytochemistry.137 

This was confirmed in studies described in Chapter 3, where S 80 M tablet extracts efficiently 

reverted activated LX-2 and cirrhotic PRHSCs towards lipid-rich, quiescent-like HSCs 

phenotype.  

In Model C, we wanted to determine whether PPC-treated LX-2 could retain their quiescent-

like status following the treatment with CCM from steatotic Huh-7. 

PPC liposomal formulations were prepared by the film hydration method and extruded as 

previously reported (see Section 4.2.5.1-2).122,137,138,408 Following 24 h incubation of LX-2 

with 5 mM of PPC lipids (2.5 mM lipid in case of S 80 + Sily), cells were successively washed 

and incubated with steatotic CCM for an additional 24 h. We complemented one formulation 

of PPC with Sily, which is the bioactive hepatoprotective ingredient and commonly 

investigated PPC-associated component that exerts an antioxidant effect, reduces HSCs 

activation and acts as a radical scavenger to observe which potential protective activity it will 

exert on LX-2 once treated with steatotic CCM.378,379  

As expected from previous model studies, all PPC treatments did not interfere with LX-2 cell 

viability, even after being treated with CCM from steatotic Huh-7, excluding any possible 

toxicity (Figure 4.10a).137 Only a decrease in cell metabolic activity was observed in cells 

treated with pro-fibrotic TGF-β1 control, consistent with results obtained in Model A and B, 

which could be due to enhanced transdifferentiation due to doubled culturing time towards 
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the myofibroblast-like state and apoptotic destiny of specific HSCs population part, not 

identifiable by the assays we performed. 

 
Figure 4.10. (a) LX-2 cell viability (%) using CCK-8 assay. (b, d) ORO staining of LX-2 cells treated 

with control or Huh-7 CCMs together after being treated with their control conditions and PPC-based 

formulations: LX-2-EM experimental medium (untreated); Huh-7 naïve control and steatotic CCM; 

Rol+PA positive control, reverting to quiescent-like state; TGF-β1 negative control, pro-fibrotic fibrotic, 

progressing the cell to perpetuated state; DOPC inactive phospholipid used as negative control; S 80 

and S 80 M liposomal PPC formulations; S 80 + Sily, liposomal and hepatoprotectant formulation. (b) 

Quantification of the ORO fluorescence normalised to the number of LX-2 cells in the DAPI field (FRI). 

(c) Schematic of the experimental setup of Model C. (d) Representative fluorescence images of LX-

2 cells in which lipid droplets can be visualised as red spots and the nuclei are counterstained with 

blue DAPI. Mean ± S.D. (n=3-6). In Figure 4.10b, only p-values to LX-2-EM (control) are reported for 

convenience. P-values: **** p < 0.0001, *** p < 0.001, ** p < 0.01, *p < 0.05. All p-values from ordinary 
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one-way ANOVA with post-hoc Tukey’s multiple comparison analysis are reported in supplementary 

tables to this Chapter. 

Control non-bioactive conditions of LX-2 incubation (LX-2-EM, DOPC, and TGF-β1) after the 

CCM incubation brought only a formation of negligible, non-significant amounts of remanent 

lipid droplets (Figures 4.10bd), consistent with previously reported results. All PPC 

treatments, S 80, S 80 M, S 80 + Sily, and Rol+PA, significantly increased the quantity of 

remaining LX-2 lipid droplets in all conditions compared to naïve control. Accumulation of 

lipid droplets is visible in fluorescent images (Figure 4.10d), causing ~21-fold, ~15-fold, ~27-

fold, and ~13-fold FRI increase compared to control naïve LX-2, with an FRI of 100.60 

(p<0.0001), 72.97 (p=0.0013), 129.20 (p<0.0001), and 62.38 (p<0.0001) for S 80, S 80 M, S 

80 + Sily, and Rol+PA treatment, respectively. 

Different PPC treatments, and Rol+PA positive control, were not significantly different from 

each other, even if numerically noticeable. S 80 and S 80 + Sily were significantly better 

(p=0.0483 and p=0.0002, respectively) than Rol+PA in increasing the remaining lipid droplets 

in LX-2 after steatotic CCM treatment.  

When considering cells treated with steatotic CCM and considering it a control, PPC 

formulations increased FRI by ~30-fold (p<0.0001), ~13-fold (p=n.s.), and ~31-fold 

(p<0.0001) for S 80, S 80 M, and S 80 + Sily. Rol+PA treatment increased FRI value by ~16-

fold (p=0.0043). 

PPC formulations were able to retain a quiescent-like state by inducing not readily depletable 

lipid droplets storage in LX-2 cells, no matter which experimental CCM treatment was 

successively used, as observable from the data mentioned above, meaning that the 

treatment with CCM from steatotic Huh-7 is not able to hinder the antifibrogenic activity of 

PPC in this experimental setup. However, there seems to be a slight decrease of lipid droplets 

following the treatment with steatotic secretome in cells previously treated with S 80 M and 

S 80 + Sily in comparison to naïve medium control that might be attributed to potentially lower 

efficacy of S 80 M in direct comparison to S 80 in this experimental setup, that was not 

statistically significant. In S 80 + Sily case, it is worth mentioning that a direct comparison of 

S 80 and S 80 + Sily should be taken with reserve since we used only half of the usual PPC 

concentration because of technical reasons of difficulty extruding Sily-containing formulation 

(2.5 mM instead of 5 mM on cells). Sily content is directly dependent on lipid amount since 

the lipid-to-drug molar ratio was fixed at 11:1. If Sily were employed at higher concentration, 

it might exert more beneficial bioactivity, in line or even superior to plain S 80 treatment across 
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all conditions, as it has been observed with naïve LX-2-EM treated cells even at lower 

concentration (Figure 4.10b). 

 

4.3.6 Bioactivity of Huh-7 CCM originating from steatotic cells treated with antisteatotic 

formulations on naïve and quiescent-like LX-2 cells (Model D) 

To further explore the potential of our CCM-mediated dual cell culture model, we first induced 

steatosis in Huh-7, and subsequently, we treated the cells with new investigational drugs (Ela 

and Oca) formulated in the liposomal formulation of antifibrotic PPC (S 80 M). The CCM of 

Huh-7 subjected to this treatment was then used to treat activated and quiescent-like LX-2. 

We aimed to understand whether this more complex CCM transfer could affect the ability of 

activated LX-2 to be inactivated into a quiescent-like state and if quiescent-like cells can retain 

their lipid-rich phenotype without significantly increasing fibrotic markers’ mRNA transcription 

levels. 

PPC liposomal formulations were prepared by the film hydration method and extruded as 

previously reported (see Section 4.2.5.1 and 4.2.5.3).122,137,138,408 Based on our previous 

studies, lipid amount was kept consistent at 5 mM on cells, eventually adding 150 nM 

antisteatotic drug.122,137,138 DOPC formulations were used as inactive phospholipids (negative 

control).  

All CCMs from steatotic Huh-7 did not affect LX-2 cell viability without any evident toxicity or 

cell metabolic rate change (Figure 4.11a). 

As for the ORO staining of neutral lipid droplets, all CCMs originating from steatotic but 

antisteatotic-treated Huh-7 did not induce an increase in lipid droplet numbers and did not 

revert LX-2 to quiescent-like state (Figure 4.11b and 4.12), but we also did not observe an 

increase in LX-2 activation from the data we collected. For example, we assessed that naïve 

LX-2 treated with CCMs obtained from steatotic Huh-7 treated with S 80 M, S 80 M + Ela, S 

80 M + Oca, and S 80 M + Ela + Oca gave FRI of 0.75, 1.55, 0.64, and 0.61, respectively, 

compared to naïve control FRI 0.47. Interestingly, no further increase was observed when 

the same CCMs were used to treat quiescent-like LX-2, presenting lipid droplets in the 

cytoplasm (Figure 4.11b and 4.12). However, the amount remained relatively constant, 

indicating the preservation of lipid storage directly connected with the quiescent-like state of 

LX-2. FRI of LX-2 treated with CCMs from PPC-treated steatotic Huh-7 (S 80 M, S 80 M + 

Ela, S 80 M + Oca, and S 80 M + Ela + Oca) was 24.78, 27.95, 23.35, and 28.87, respectively 

and quiescent-like control’s FRI was 33.80, slightly, but not significantly higher. 
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Figure 4.11. (a) LX-2 cell viability (%) using CCK-8 assay. (b) Quantification of the ORO staining 

fluorescence normalised to the number of LX-2 cells in the DAPI field (FRI). Naïve activated (blue) 

and induced quiescent-like (red) LX-2 cells treated with control or Huh-7 CCMs from steatotic Huh-7 

cells treated successively with various antifibrotic/antisteatotic formulations (represented as individual 

columns on the x-axis): LX-2-EM experimental medium (untreated); Huh-7 naïve control and steatotic 

CCM; DOPC inactive phospholipid used as negative control; S 80 M liposomal PPC formulation. 

DOPC/S 80 M + Ela, DOPC/S 80 M + Oca, DOPC/S 80 M + Ela + Oca combinations of DOPC and S 

80 M with Ela and Oca, antisteatotic drugs. Mean ± S.D. (n=3). All comparisons to activated LX-2-EM 

in Figure 4.11a are not statistically significant. In Figure 4.11b, only p-values to activated LX-2-EM 

(control) are reported for convenience. p-values: **** p < 0.0001, *** p < 0.001, ** p < 0.01, *p < 0.05. 

All p-values from ordinary one-way ANOVA with post-hoc Tukey’s multiple comparison analysis are 

reported in supplementary tables to this Chapter. 
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Figure 4.12. Representative fluorescence images of LX-2 cells from Model D in which lipid droplets can be visualised as red spots and the nuclei are 

counterstained with blue DAPI. LX-2-EM experimental medium (untreated); Huh-7 naïve control and steatotic CCM; DOPC inactive phospholipid used 

as negative control; S 80 M liposomal PPC formulation. DOPC/S 80 M + Ela, DOPC/S 80 M + Oca, DOPC/S 80 M + Ela + Oca combinations of DOPC 

and S 80 M with Ela and Oca, antisteatotic drugs. 












































































































