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Resumo 

O paracetamol é a principal causa de lesão hepática induzida por fármacos, correspondendo a 

40-70% da insuficiência hepática aguda na Europa. As terapias atuais não cumprem com a 

necessidade global ou apresentam uma estreita janela terapêutica. Assim, as células estaminais 

mesenquimais (CEM) e os seus fatores parácrinos surgem como alternativa, potenciando a 

regeneração hepática. 

Estudos recentes evidenciam a alteração do comportamento das CEM em resposta ao nicho 

microambiental. Assim, precondicionou-se CEM com meio de células hepáticas lesadas (meio SOS) 

produzindo-se um secretoma mais direcionado para lesão hepática. O meio de um modelo in vitro de 

lesão hepática induzida por APAP (meio SOS) foi produzido incubando células-tipo hepatócito (CTH) 

com o DL50 estimado para APAP durante 8 horas. Após incubação com APAP, as CTH alteraram a 

morfologia, expressando genes de stress reticular endoplasmático e apoptose. Adicionalmente, o 

modelo de lesão foi caracterizado em culturas 3D, sugerindo maior efeito hepatoprotetor do que em 

culturas 2D. 

Posteriormente, precondicionou-se CEM com o meio SOS, modulando o secretoma para um fenótipo 

mais angiogénico, sobreexpressando SDF-1 e TNF-A. Salienta-se que, após exposição ao secretoma 

precondicionado, CTH lesadas com APAP exibiram efeitos pró-regenerativos, sobreexpressando 

CCND1, C-MET, VEGF-A e FGF-2. Ademais, observou-se aumento da proliferação celular em CTH 

expostas a 5 e 15 mM APAP durante 24 horas incubadas com o secretoma precondicionado. 

Efetivamente, o precondicionamento exibiu relevância terapêutica em CTH com 15 mM APAP. 

Resumindo, o modelo in vitro de lesão hepática induzida por APAP mimetizou o microambiente 

lesionado, aumentando o potencial do CEM-secretoma na regeneração hepática. 

 

Palavras-chave: células-tipo hepatócito (CTH); paracetamol; lesão hepática induzida por fármacos; secretoma; 

células estaminais mesenquimais (CEM); regeneração hepática. 
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Abstract 

Acetaminophen (APAP)-induced hepatotoxicity is the major cause of drug-induced liver injury (DILI), 

accounting for 40-70 % of acute liver failure in Europe. Current therapies do not meet the global need 

or display a narrow therapeutical window. Thus, mesenchymal stem cells (MSCs) and their paracrine 

factors emerge as alternative therapeutical approaches to enhance liver regeneration.  

Emerging evidence sustains that MSC behaviour is altered in response to the microenvironmental 

niche. Thus, priming MSCs with medium from hepatic injured cells (SOS medium) was attempted to 

produce an MSC-secretome more targeted for liver injury. Herein, medium from an APAP-induced 

hepatic injury in vitro model (SOS medium) was produced by incubating human hepatocyte-like cells 

(HLCs) with the estimated APAP IC50 value for 8 hours. Upon APAP incubation, HLCs altered their 

morphology, expressing APAP-induced hepatotoxicity genes related with endoplasmic reticulum stress 

and apoptosis. Additionally, the injury model was characterized in 3D cultures, suggesting a higher 

hepatoprotective effect than in 2D cultures. 

Afterwards, MSCs were primed with the SOS medium, modulating their secretome into a more 

angiogenic phenotype, up-regulating SDF-1 and TNF-A. Importantly, upon exposure to MSCs-primed 

secretome, APAP-injured HLCs displayed pro-regenerative effects, up-regulating CCND1, C-MET, 

VEGF-A and FGF-2. Results also showed increased cell proliferation in HLCs exposed to 5 and 15 mM 

APAP for 24 hours incubated with the MSCs-primed secretome. Indeed, the priming strategy displayed 

therapeutic relevance in 15 mM APAP-injured HLCs. 

In sum, the APAP-induced liver injury in vitro model mimicked the injury microenvironment and 

increased the MSC secretome potential for enhanced hepatic regeneration. 

 

Keywords: hepatocyte-like cells (HLCs); APAP; DILI; secretome; mesenchymal stem cells (MSCs); liver 

regeneration. 
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1. Introduction 

1.1. Liver structure and function 

The liver is the largest internal organ by mass in the human body, lying in the upper right quadrant of 

the abdomen. This central metabolic organ interacts with several other organ systems in the body, such 

as the endocrine and the gastrointestinal systems, and is responsible for numerous physiological 

processes, namely, macronutrient metabolism, ammonia detoxification, blood volume regulation, 

storage of iron and copper, protein synthesis, bile synthesis and, importantly, biotransformation of 

xenobiotic compounds and endogenous metabolic by-products.1,2  

The hepatic function is regulated by several cell types classified as parenchymal cells (the 

hepatocytes) and non-parenchymal cells (NPC). Hepatocytes are responsible for numerous functions, 

composing up to 80 % of the hepatocellular mass and are classified as the liver’s primary epithelial cell 

population. Biliary epithelial cells or cholangiocytes, hepatic stellate cells (HSCs), Kupffer cells and liver 

sinusoidal endothelial cells (LSECs) constitute the NPC population. Cholangiocytes are the second most 

abundant epithelial cells and have the main physiologic function of modifying the hepatocyte-derived 

bile. Stellate cells in the quiescent state are able to store the vitamin A in lipid droplets. In the presence 

of liver damage, these cells are activated, proliferate and lose the vitamin A stores, producing excessive 

amounts of collagen in the injured liver which resulted in liver fibrosis. Pro- or anti-inflammatory roles in 

the liver wound healing are performed by Kupffer cells, as the resident macrophage population. Lastly, 

LSECs form fenestrated sieve plates at the sinusoidal lumen, crucial for particle exchange between 

plasma and the cell types of the liver, without losing the barrier function.2,3 

 

1.1.1. Metabolic zonation  

Liver’s histological structural unit is the lobule of hexagonal shape in which the hepatocytes are 

arranged radially in cords from the central vein towards the portal triads at each corner, comprising the 

hepatic artery, portal vein and bile duct. The functional unit of the liver is named liver acinus and involves 

segments of two lobules, comprising the portal triad and the central vein (Figure 1). Within the lobule, in 

between the cords, there are liver sinusoids which are blood vessels with discontinuous endothelium, 

exposing hepatocytes to nutrients, toxins and oxygen. In between the sinusoidal lumen and the apical 

membrane of hepatocytes there is the space of Disse, where Kupffer and HSCs are located. Through 

this space hepatocytes are in contact with the wall of sinusoids.1,2,3  
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Figure 1 - Schematic representation of the liver acinus. Identification of the distinct cell-types and structures 

presented as well as the blood flux from the portal vein and hepatic artery to the central vein. 

 

Characterized by being a very vascular organ, the liver receives up to 25 % of total cardiac output. 

The portal vein supplies 75 % of the liver’s blood, rich in nutrients from the intestine, the pancreas and 

the spleen. The oxygen-rich blood, about 25 % of the blood supply, arises from the hepatic artery.4 

These two types of blood are mixed in the liver sinusoids before flowing over the cells of the hepatic 

acinus and draining into the central vein. As cells consume oxygen and process nutrients, producing 

metabolites and waste products, blood composition varies and, consequently, gradients of oxygen, 

nutrients and waste are created throughout the liver acinus. These gradients influence gene expression 

and metabolism and result in hepatocyte functional heterogeneity, a phenomenon named ‘metabolic 

zonation’ (Figure 2). Thus, the liver lobule is divided into three distinct zones, in which there is a 

decreasing gradient of the oxygen level from zone 1 (periportal region) to zone 3 (perivenous region).2,4 

As such, oxygen-dependent pathways are preferentially located in the periportal region, namely, 

mitochondrial β-oxidation, gluconeogenesis, cholesterol formation and amino acid catabolism. On the 

other hand, triglyceride (TG) synthesis, lipogenesis/ketogenesis, glycolysis and biotransformation of 

drugs are predominantly active in the perivenous region.2,4 This distribution allows for simultaneous 

performance of different and opposing metabolic pathways, avoiding interference and waste of energy. 

However, some enzymatic distribution gradients involved in certain pathways may change according to 

physiological circumstances.5 

The Wnt/β-catenin signalling pathway has a significative role in liver zonation, being related with the 

elevated transcription levels of perivenous genes under β-catenin control, namely, cytochromes P450 

(CYP450) 2E1, CYP2C and glutathione-S-transferase (GST). Negative regulators of the Wnt signalling, 

including the adenomatous polyposis coli tumour suppressor protein, supress β-catenin activity, 
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resulting in higher expression of periportal genes.6 Abnormal Wnt/β-catenin signalling is related with 

many diseases development and/or progression, including hepatocellular carcinoma (HCC).7  

Due to its position, the liver is susceptible to numerous types of injuries, from metabolic (non-alcoholic 

fatty liver disease, NAFLD), viruses (hepatitis A, B or C), toxic substances (alcohol or drugs) to tumoral 

diseases (HCC). Several diseases have zonal preferences in the liver, as cells differentially express 

zone-specific genes and are exposed to different metabolic processes and toxins depending on their 

location.8 For example, drug-induced liver injury (DILI) has different zonation patterns depending on the 

drug. 4-acetamidophenol (APAP), carbon tetrachloride (CCl4) and ethanol are associated with 

perivenous damage while doxorubicin, galactosamine and allyl alcohol are predominantly related with 

periportal damage. Moreover, fatty liver disease and malaria are linked with perivenous damage 

whereas autoimmune hepatitis and primary biliary cirrhosis with periportal injury.9 

 

Figure 2 - Representation of biochemical pathway zonation in the liver. Distribution preference through 

periportal or perivenous regions in the liver. Abbreviations: TG (triglyceride).  

 

1.1.2. Drug metabolism 

Xenobiotics are compounds foreign to the human body (e.g. drugs, alcohol), metabolized by 

biotransformation of a lipophilic form to a hydrophilic form which is more easily excreted. This process 

of drug metabolization is divided in phases I, II and III and although more abundant in the  liver, it is a 

ubiquitous process.1 Indeed, liver is highly exposed to xenobiotics entering the organ through the portal 

vein. Therefore, this organ has a crucial function in detoxification of xenobiotics in the human body, 
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since phase I and II of the drug-metabolizing process occurs mostly in the smooth endoplasmic reticulum 

(ER) of hepatocytes.10 

Phase I involves the activity of the drug-metabolizing enzymes belonging to the CYP450 family, being 

CYP3A4 the most abundant one in the human liver. The CYP450 enzymes convert drugs into 

water-soluble products, through oxidation (the primary reaction), sulfoxidation, aromatic hydroxylation, 

aliphatic hydroxylation, N-dealkylation, O-dealkylation and deamination, facilitating their excretion by the 

kidney or the liver.1,10 

During phase II, the transferase enzymes, such as, uridine 5’-diphosphate-glucuronosyltransferases 

(UGT), sulfotransferases (SULT), GST and N-acetyltransferases, aid the conjugation of metabolites 

from phase I or parent compounds to hydrophilic endogenous compounds, facilitating its secretion into 

blood and bile. This conjugation can be performed resorting to glucuronate, glutathione (GSH) or 

sulfate.10 

Lastly, the phase III of drug metabolism consists in the transportation out of the cells of metabolites 

through efflux transporters that contribute to bile secretion and xenobiotic clearance. These transporters 

are located in the apical/canalicular membrane and include adenosine triphosphate (ATP)-binding 

cassette (ABC) family of drug transporters, which consume ATP energy to actively transport the drug 

from one side of the cell membrane to another. Other type of transporters are the influx transporters 

(also designated as phase 0), located on the basolateral/sinusoidal membrane, that are responsible for 

the uptake of molecules from blood, comprising organic anion transporters (OATs), organic cation 

transporters (OCTs) and organic anion-transporting polypeptides (OATPs). These transporters mediate 

drug accumulation within cells, which is related with their therapeutic efficacy, toxicity and drug-drug 

interactions.10,11 

 

1.2. Liver failure 

A punctual liver injury, either metabolic, viral, chemical or tumoral, in healthy individuals activates an 

intrinsic regenerative hepatic response, intending to re-establish homeostasis. However, under repeated 

injuries, hepatocyte damage induces HSCs and myofibroblasts activation, resulting in the excessive 

accumulation of extracellular matrix (ECM) proteins. Therefore, the regeneration process is hindered 

and fibrosis is developed, which leads to scarring and tissue stiffness changes. If no further damage 

occurs the tissue has the ability to recover with time, resorting to matrix metalloproteinases (MMPs) 

capable of removing ECM deposition.12,13  

The progression of hepatic parenchymal dysfunctions leads to increasing degrees of insufficiency 

resulting in liver failure which can be classified in three types, namely, chronic, acute and 

acute-on-chronic.  

Chronic liver injury is characterized by repeated injuries which lead to an inflammatory status and 

progressive degrees of hepatic parenchymal dysfunctions. Consequently, this functional insufficiency 
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develops into chronic liver failure (CLF), a common outcome of hepatic cirrhosis which is characterized 

by the infiltration of T cells, B cells and monocytes along with progressive ECM deposition. At this stage, 

an acellular mesh of connective tissue replaces the functional hepatic parenchyma, hampering the 

activity of MMPs and hindering repairment.13  

Acute liver failure (ALF) is caused by a sudden decompensation of the hepatic function which triggers 

inflammatory or fibrotic responses, after exposure to toxic doses of drugs (DILI) or viral infections. 

Depending on the time frame of appearance of symptoms, namely, encephalopathy and coagulation 

alterations, ALF is categorized into hyperacute if symptoms appeared within one week; acute if 

symptoms showed between one and three weeks; or subacute if symptoms showed between three and 

twenty-six weeks.14  

Lastly, acute-on-chronic liver failure (ACLV) arises frequently in patients with chronic hepatitis B or 

hepatitis B virus (HBV)-related cirrhosis and acute decompensation, associated to ascites, hepatic 

encephalopathy, gastrointestinal haemorrhage and bacterial infection. ACLV is an end-stage liver 

disease owing to the quick progression of multiorgan failure and the high mortality rates.15 

 

1.3. Drug-induced liver injury 

The strategic anatomic position of the liver close to the gastrointestinal tract, the structural organization 

of the liver sinusoidal space and the blood supply from the portal vein make the liver an organ highly 

exposed to xenobiotics, namely, prescription-only or over-the-counter medicines. The xenobiotics 

biotransformation within hepatocytes may generate reactive metabolites that interfere with specific cell 

functions. The mechanisms behind hepatotoxicity depend on the used drug, being the most common 

related with the increase of oxidative or redox stress (e.g. acetaminophen), mitochondrial dysfunction 

(e.g. amiodarone, troglitazone, valproic acid), DNA damage (e.g. nevirapine), depletion of enzymes and 

co-factors (e.g. acetaminophen) and dysfunction of cell repairing mechanisms (e.g. valproic acid, 

retinol).16 The stressed and dying hepatocytes release damage-associated molecular patterns (DAMPs) 

that trigger the innate immune system by interacting with pattern recognition receptors. Then, resident 

liver Kupffer cells, natural killer (NK) and NK T cells are activated to produce cytokines and chemokines 

which induce leukocytes infiltration in the liver. Although DAMPs are crucial for the host’s defence, the 

promoted inflammatory response may increase the hepatic injury.17,18  

The liver susceptibility for drug-induced hepatotoxicity may lead to DILI, the most common cause of 

ALF in the western world and for the withdrawal of drugs from the market, since 43 % of human toxicities 

are not predicted in animal studies.19,20,21 DILI can be classified as intrinsic or idiosyncratic. The intrinsic 

hepatotoxicity is direct, common, dose-dependent, reproducible in animal models, affects all individuals 

at the same dose and has a predictable short latent period after exposure, commonly caused by high 

doses of acetaminophen, aspirin, niacin and cancer chemotherapy, for instance.22 Conversely, the 

idiosyncratic DILI is unpredictable, non-dose-dependent, not reproducible in animal models and occurs 

in less than 1 of every 10 000 exposed individuals.17 Preclinical tests fail to identify most of the drug 
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candidates responsible for the unpredictable stress that increase the liver’s sensitivity to injury with lower 

doses of a given drug. Age, gender, genetic polymorphisms, immunologic reactions, coexisting diseases 

and nutritional status are some examples of factors crucial for individual sensitivity to xenobiotics.23 

Additionally, idiosyncratic DILI is also categorized as acute or chronic depending on the duration, as 

hepatitis (related with hepatocyte necrosis), cholestatic (due to bile duct damage) or as mixed injury.16,22 

Drugs that induce idiosyncratic hepatotoxicity include amoxicillin-clavulanate, macrolide antibiotics, 

diclofenac and troglitazone.22 

The diagnosis for DILI is difficult due to its variable phenotype and the lack of specific biomarkers, 

resulting in an exclusion-based diagnosis.16 The serum activities of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) have been used as standard biomarkers for hepatocellular injury 

since they are released by liver cells into the bloodstream under damage or inflammation. However, 

these biomarkers are also present in significant amounts in myocytes and may be released in situations 

of muscle injury.24 Therefore, new liver specific biomarkers capable of predicting DILI have been 

investigated. For example, glutamate dehydrogenase (GLDH) is a mitochondrial enzyme mainly 

expressed throughout the liver lobule and in fewer amounts in the kidney, pancreas, brain and intestine. 

Upon the loss of hepatocellular membrane integrity, GLDH enzyme is released from the damaged 

hepatocytes into the circulation. Therefore, GLDH might be a biomarker for mitochondrial toxicity as a 

result of DILI.17,18 Another biomarker for DILI is the type-I intermediate filament protein cytokeratin-18 

(CK18), which is abundant in hepatocytes. Necrotic cells release full-length CK18 into their plasma upon 

cell membrane disintegration, while apoptotic cells release caspase-cleaved CK18 (ccCK18) fragments 

into circulation. Thus, the ratio between full-length CK18 and ccCK18 indicates the degree of necrotic 

versus apoptotic hepatocellular injury.25 Additionally, the high mobility group box-1 protein (HMGB1), 

which is located in the cell nucleus, and the microRNA (miR)-122 which is the most abundant miR in the 

liver, mainly up-regulated in embryonic development, are examples of DAMPs released from necrotic 

hepatocytes, known to induce inflammation and to act as DILI biomarkers.17,18 

 

1.3.1. APAP metabolism 

Acetaminophen, also known as APAP or paracetamol, is a highly used anti-pyretic and analgesic drug, 

reaching the peak blood concentration within 90 minutes after ingestion. Although it is advertised as 

safe in doses up to 3250 mg every 24 hours in adults by the United States (US) Food and Administration 

and up to 4000 mg as daily maximum dosage in Europe, APAP toxicity is the most common cause of 

severe intrinsic DILI.26,27 In fact, APAP toxicity is responsible for 46 % of all ALF in the US and between 

40 to 70 % of all cases in the United Kingdom and Europe.28 Most of the times the APAP hepatotoxicity 

occurs unintentionally with doses above the maximum recommended, but the combination of factors 

like nutritionally depleted state, alcohol abuse, use of drugs that stimulate the CYP450 system or 

coexisting diseases, decrease APAP toxicity threshold.17,29  

APAP is metabolized by phase I and II enzymes in hepatocytes, through sulfation, glucuronidation 

and oxidation. Under therapeutic doses (Figure 3), APAP is catalysed by UGTs into the 
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pharmacologically inactive glucuronide form (APAP-gluc), which is more water soluble and constitutes 

about 52 to 57 % of urinary metabolites. The sulfation of APAP is performed by SULTs which transfer a 

sulfate group to APAP, forming the inactive metabolite APAP-sulfate, more polar and accounting for 30 

to 40 % of the excreted metabolites. A minor fraction (5 to 10 %) is oxidized by the CYP450 enzymes, 

such as CYP2E1 and CYP1A2, into the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI). 

NAPQI is rapidly detoxified by the intracellular GSH. GSTs catalyse the binding of NAPQI to the 

sulfhydryl group of hepatic GSH forming APAP-GSH. The latter is excreted as nontoxic conjugates of 

cysteine and mercapturic acid (APAP-cys) in urine. Finally, less than 5 % of APAP is excreted 

unchanged.30 

  

Figure 3 - APAP metabolism in the liver. This xenobiotic is metabolized through sulfation, glucuronidation and 

oxidation into APAP-sulfate, APAP-gluc and NAPQI, respectively. The latter is a reactive metabolite detoxified by 

intracellular GSH and excreted as APAP-cys. Abbreviations: APAP-sulfate (APAP with a sulfate group); APAP-gluc 

(APAP inactive glucuronide form); SULT (sulfotransferases); UGT (5’-diphosphate-glucuronosyltransferases); 

CYP450 (cytochrome P450); NAPQI (N-acetyl-p-benzoquinone imine); GSH (glutathione); GST 

(Glutathione-S-transferases); APAP-cys (APAP nontoxic conjugates of cysteine and mercapturic acid). 

 

Under excessive doses of APAP (Figure 4), sulfation and glucuronidation pathways become saturated 

and higher amounts of APAP are oxidated into NAPQI.29 The accumulation of the reactive metabolite 

depletes GSH stores and NAPQI covalently binds to cysteine groups on cellular proteins, especially 

mitochondrial proteins, modifying intracellular structures and forming NAPQI-adducts. This step is 

irreversible and results in dysfunctions in the mitochondrial respiration, generating free radicals, namely, 

superoxide. Thus, mitochondrial anti-oxidant defences are compromised leading to an initial 
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mitochondrial oxidative stress and oxidation of mitochondrial proteins such as thioredoxin (Trx). 

Therefore, Trx detaches from apoptosis signal-regulating kinase 1 (ASK1) which becomes activated in 

the cytosol. During APAP hepatotoxicity, mixed-lineage kinase 3 (MLK3) is also activated upon oxidative 

stress. The counterplay between activated ASK1 and MLK3 phosphorylates mitogen-activated protein 

kinase kinase 4 (MKK4) which subsequently phosphorylates c-jun N-terminal kinase (JNK) in the 

cytosol. The phosphorylated JNK inhibits mitochondrial electron transport in the mitochondria, 

increasing its oxidative stress. Additionally, Bcl-2-associated X protein (Bax) translocation from the 

cytosol to the mitochondria enhances oxidative stress and the release of mitochondrial intermembrane 

proteins, which move to the nucleus and promote DNA fragmentation. The last event induces the 

activation of receptor-interacting protein kinases (RIPK) 3/1 resulting in hepatocyte necroptosis.30,31  

 

Figure 4 - Mechanism of the APAP-induced hepatotoxicity. Under excessive doses, higher amounts of APAP 

are oxidated into NAPQI, which covalently binds to mitochondrial proteins, forming NAPQI-adducts. As a result, 

free radicals such as superoxide are formed, inducing the mitochondrial oxidative stress. Hence, Trx is oxidated, 

detaching from ASK1 and activating the latter. Parallelly, MLK3 is activated and, together with ASK1, phosphorylate 

MKK4. Sequentially, MKK4 and JNK are phosphorylated. The presence of JNK and Bax in the mitochondria 

increases its oxidative stress, promoting DNA fragmentation and cell necrosis. Abbreviations: NAPQI 

(N-acetyl-p-benzoquinone imine); Trx (thioredoxin); ASK1 (apoptosis signal-regulating kinase 1); MLK3 

(mixed-lineage kinase 3); MKK4 (mitogen-activated protein kinase kinase 4); JNK (c-jun N-terminal kinase); Bax 

(Bcl-2-associated X protein). 

 

An acute inflammatory response is triggered by the release of DNA fragments, HMGB1, mitochondrial 

DNA, uric acid and ATP from necrotic hepatocytes, acting like DAMPs. Pro-inflammatory cytokines, 

such as tumour necrosis factor alpha (TNF-α), interleukin (IL)-6, IL-1β and IL-10, are activated in Kupffer 

cells directing neutrophils and monocytes to the injured regions. This inflammatory status contributes 
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for the progression of the initial liver injury whilst aiding the repair and regeneration of liver tissue in a 

late phase by removing cells debris.31,32  

ER stress is common in APAP-induced hepatotoxicity since NAPQI also covalently binds to ER 

proteins. Indeed, under ER stress, the dissociation of the ER protein chaperone binding immunoglobulin 

protein activates the three ER stress sensors – the inositol-requiring enzyme 1 alpha (IRE1α), the 

double-stranded RNA-dependent protein kinase-like ER kinase (PERK) and the activating transcription 

factor (ATF)-6 – inducing the transcription of X-box binding protein 1 spliced (XBP1), ATF-4 and active 

N-terminus cytosolic fragment (ATF-6N), respectively. These proteins translocate to the nucleus and 

regulate the expression of ER stress target genes, such as C/EBP homologous protein (CHOP), with a 

pro-damage role in liver injury by inhibiting liver regeneration.32,33  

The perivenous hepatocyte necrosis is characteristic of the APAP hepatotoxicity, mainly due to the 

abundance of CYP2E1 in the perivenous region which is involved in the formation of NAPQI.29 After 

APAP overdose, GSTs are readily released from periportal and perivenous hepatocytes, unlike ALT and 

AST. Therefore, elevated plasma GST levels are an indicator of APAP-induced hepatotoxicity and acute 

liver damage.30  

The susceptibility to APAP hepatotoxicity is dependent on genetic and environmental factors. In 

particular, genetic factors such as polymorphisms in CYP enzymes, genetic changes in UGT or SULT 

enzymes or even ethnic backgrounds may lead to different risks of APAP hepatotoxicity.27 Additionally, 

upon inflammatory stress, tissue homeostasis is altered due to the release of several transcription 

factors, cytokines and enzymes, which may induce organ injury. Thus, this dysregulation causes the 

tissue to be more sensitive to the stress imposed by a toxic xenobiotic agent. Indeed, the 

lipopolysaccharide (LPS) from Gram-negative bacteria induce inflammatory responses and reduce the 

threshold for APAP hepatotoxicity.23 Moreover, hepatitis viruses along with APAP consumption increase 

the risk for acute liver injury34,35 and in malnutrition states the GSH stores become easily saturated and 

the risk for APAP hepatotoxicity is higher.27 Furthermore, chronic alcohol consumption increases the 

susceptibility for APAP-induced liver failure, since alcohol depresses mitochondrial GSH, enhances the 

bioactivation of APAP by increasing the activity of CYP enzymes and increases intestinal permeability 

of LPS to the liver.23,27  

The early identification of DILI and the offending drugs are essential to avoid the need for liver 

transplantation. For APAP overdose, the administration of N-acetylcysteine (NAC) within 8 hours of 

ingestion is an effective antidote. NAC provides cysteine and replenishes hepatic GSH stores providing 

more substrate for the detoxification of the accumulated NAPQI. Moreover, NAC enhances the sulfation 

metabolic pathway, reducing the APAP oxidation to NAPQI.26,29,30  

 

 

 

 



10 
 

1.4. Liver regeneration 

1.4.1. Intrinsic hepatic regeneration 

Until a certain extension of damage, the liver has the unique ability to regenerate itself and regain its 

original mass through compensatory growth after surgical resection – partial hepatectomy (PHx) – or 

exposure to toxins that cannot metabolize. Indeed, mammals can survive with only 25 % of the liver 

after PHx.36 This organ’s capability enables the treatment of liver diseases either by removing the 

damaged part of a diseased liver or by transplanting a part of a healthy liver.37 

The intrinsic regeneration of the liver mainly resorts either to mature cells, hepatocytes and 

cholangiocytes, or to liver progenitor cells (LPCs) that can differentiate into hepatocytes and 

cholangiocytes.14 However, LPCs are rare in normal adult livers, constituting, approximately, only 

0.01 % of the liver cell population, hence the regenerative response is mainly granted by distinct mature 

hepatocyte subpopulations.38,39 

The axis inhibition protein 2 (Axin2), the major facilitator super family domain containing 2a (Mfsd2a) 

and the SRY-related high mobility-group box transcription factor 9 (Sox9) are some examples of markers 

of different hepatocyte subpopulations. The Axin2 is a transcriptional β-catenin target dependent of Wnt 

signalling with proliferative and self-renewing properties, mainly located adjacent to the hepatic central 

vein.40 Mfsd2a is a periportal marker also involved in liver regeneration. Sox9 is a specific and early 

marker of biliary cells and a transcription factor involved in liver development. Sox9 hybrid hepatocytes 

(HybHPs) around periportal region express cholangiocyte-specific genes and hepatocyte markers. 

During the homeostatic regeneration process, Axin2+ hepatocytes expand from the central vein 

towards the portal vein, while Mfsd2a+ hepatocyte population decreases over time and the HybHPs 

hepatocyte population remain constant. Conversely, upon chronic injuries, Pu et al. (2016) 

demonstrated that the Mfsd2a+ hepatocytes were the major source responsible for liver regeneration.41 

Furthermore, in this type of injury, HybHPs are also known to proliferate.39 

 

1.4.2. Signals behind the liver regeneration process 

Over the past decades, efforts have been made to understand the complex network of signals 

responsible for the cell cycle progression of hepatocytes upon regenerative processes. Indeed, hepatic 

regeneration is mediated by several signalling pathways that cooperate between each other. In the case 

of pro-regenerative signalling pathways Wnt, Notch, Hippo/yes-associated protein (YAP), vascular 

endothelial growth factor (VEGF), insulin-like growth factor (IGF)-1, fibroblast growth factor (FGF), 

neuregulin 1 (NRG1)/ErbB and Hedgehog signalling are the main ones. Other pathways such as 

phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (AKT) and nuclear factor kappa light chain 

enhancer of activated B cells (NF-kB) signalling have dual functions in regeneration as pro-inflammatory 

and anti-apoptotic.42 Since redundancy is one important characteristic of these pathways, the loss of an 

individual gene leads to a delay rather than to a complete inhibition of the liver regeneration.43    



11 
 

From the traditional rodent model of 2/3 PHx, the liver regeneration process was characterized and 

described in three critical phases, as seen in Figure 5, namely, priming, progression and termination. 

The priming phase is the first phase of the liver regeneration and promotes the activation of numerous 

genes within few minutes after injury. β-catenin remains overexpressed in the hepatocyte nucleus for 

24 hours. Therefore, quiescent hepatocytes convert from G0 to G1 of the cell cycle due to 

pro-inflammatory cytokines, namely, TNF-α and IL-6, released by Kupffer cells, which through the 

NF-kB, JNK, Janus kinase-signal transducer and activator of transcription 3 (STAT3), extracellular 

signal‑regulated protein kinase (ERK) 1/2 signally pathways, respectively, induce the transcription of 

several proliferative genes, including cyclin D1.39,44,45  

The second phase is termed progression, in which growth factor receptors are activated and 

hepatocytes progress from the G1 phase to the mitosis (M), promoting proliferation. Additional signalling 

factors named mitogens secreted by different cell types assist this replicative cycle and can be classified 

as complete or auxiliary. Complete mitogens, namely, hepatocyte growth factor (HGF) and epidermal 

growth factor receptor (EGFR) ligands act like paracrine factors inducing hepatocyte proliferation and 

DNA synthesis through the Ras-Raf-mitogen-activated protein kinase (MAPK) signalling and the 

PI3K/Akt signalling pathway. Notably, the loss of either EGFR or c-Met, which is the HGF cell surface 

receptor in hepatocytes and cholangiocytes, delays liver repair and the regeneration process is 

completely blocked by the loss of both receptors. HGF in healthy liver is bound to the ECM of endothelial 

and Kupffer cells, but after injury it is released to the bloodstream and additional HGF is produced by 

HSCs and endothelial cells. This additional HGF production is detected by c-Met, which induces cyclin 

and cyclin-dependent kinases (CDKs) activation, responsible for cell cycle regulation and the initiation 

of DNA synthesis. Regarding the EGFR ligands, heparin-binding (HB)-EGF is produced by Kupffer and 

endothelial cells in the liver, EGF is secreted by Brunner’s gland in the duodenum and transforming 

growth factor (TGF)-α is secreted by hepatocytes. In turn, auxiliary mitogens, such as bile acids, 

norepinephrine, insulin, TNF-α, IL-6, estrogen and serotonin, promote and accelerate the proliferation 

step cell cycle entry by boosting the effect of direct mitogens.39,44,46  

Another mechanism behind liver regeneration during the priming and proliferation phases is 

angiogenesis. The cross-talk between LSECs, HSCs and hepatocytes induces the formation of new 

microvasculature from pre-existing blood vessels and mature endothelial cells. In a hypoxia-stimulated 

environment, hypoxia-induced factors (HIFs) react to reduced oxygen levels by up-regulating VEGF, 

VEGF receptors, endothelial nitric oxide synthase, vascular endothelial cadherins, platelet endothelial 

cell adhesion molecule-1, MMPs, angiopoietins (Ang) and integrins, for example. These factors mediate 

vasodilation, increase vascular permeability and endothelial cell membrane remodelling, allowing for 

endothelial cell migration, proliferation and organization of new vessels.47 

Lastly, termination is the last step and is related to the cessation of proliferation through the activation 

of key factors. For example the TGF-β, released by hepatocytes, stellate, endothelial and Kupffer cells 

is a pro-inhibitory cytokine that inhibits hepatocyte proliferation by blocking the function or production of 

CDKs and cyclins. Similarly, activin A produced by hepatocytes also hinders hepatocyte 

proliferation.39,44 Moreover, the hepatocyte nuclear factor (HNF)4-α, which is a transcription factor 
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essential for the maintenance of the hepatic functions, plays a key role in the hepatocytes exit from the 

cell cycle, aiding the termination of the liver regeneration.48 

 

Figure 5 - Liver regeneration process. Identification of the soluble mediators that potentiate the different stages 

of the cell cycle. Abbreviations: TNF-α (tumour necrosis factor alpha); IL-6 (interleukin 6); HGF (hepatocyte growth 

factor); EGF (epidermal growth factor); (HB)-EGF (heparin-binding epidermal growth factor); TGF-α (transforming 

growth factor alpha); TGF-β (transforming growth factor beta); G0, G1, S (synthesis), G2 and M (mitosis) are phases 

of the cell cycle. 

 

Upon end-stage liver diseases, the liver loses its ability to replace the sheer number of dying 

hepatocytes and the hepatic resection is not a viable solution. In these situations, liver transplantation 

is an option with high survival rates. Actually, liver transplantation is the second most common solid 

organ transplantation, yet the current rate of transplantation only meets 10 % of the global need.49 

Additionally, the need for long-term use of immunosuppressants after transplantation and the associated 

high costs make this an impractical option for many patients.50 Living donor liver transplantation (LDLT) 

arises as an alternative treatment, reducing mortality on waiting lists. In LDLT a portion of the liver from 

a healthy living person (donor) is inserted into a recipient. Both the donor’s remaining liver and the 

transplanted liver grow and restore its normal size.51 However, this procedure has 38 % risk of 

complications and the transplanted liver may fail to regenerate to full size, causing liver failure.14 

Therefore, there is a need for innovative therapies that would contribute and enhance the liver healing 

process, such as cell-based therapies. 
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1.5. Cell-based therapies for liver regeneration 

In the past decades clinical studies have reported that human allogeneic hepatocyte transplantation 

is a possible treatment for patients with acquired or inherited liver diseases. Resorting to this technique, 

transplanted hepatocytes from a healthy donor with the functional version of a given dysfunctional 

disease-causing gene replace the host hepatocytes.52 Genetic diseases related with clotting factor 

deficiencies, hyperlipidaemia and tyrosinemia are examples of successfully treated liver diseases 

resorting to hepatocyte transplantation. Moreover, this type of treatment can also be used for ALF and 

CLF, namely, cirrhosis, fulminant hepatic failure and viral failure, avoiding transplantation and abolishing 

the risk of lifetime immunosuppression associated with allogeneic organ transplantation.53 However, 

there are still constraints regarding this technology, namely, the limited number and quality of liver 

tissues as a cell source and the lack of evidence of long-term cure and stability of the cells.12 

A more alluring alternative is the use of stem cells, which does not rely on the availability of organ 

donors, due to stem cells ability to self-renew maintaining its undifferentiated state and to differentiate 

into distinct cell types. Stem cells can be classified into embryonic, fetal, neonatal and adult, according 

to their origin, and according to their differentiation potential into totipotent, which are able to originate 

an entire organism and extra-embryonic tissues; pluripotent, which can differentiate into the cell types 

of the three embryonic germ layers; multipotent, being able to differentiate into the cell types of their 

original germ layer; and unipotent, which can only give rise to one cell type. 

Hepatocyte-like cells (HLCs) can be obtained through the differentiation of embryonic stem cells 

(ESCs), induced pluripotent stem cells (iPSCs) or mesenchymal stem cells (MSCs) by combining them 

with specific growth factors and cytokines in vitro. ESCs derived from the inner cell mass of the 

blastocyst were the first to be discovered and studied.54 However, ethical concerns have hindered the 

use of these pluripotent cells in humans.12 To overcome ethical constrains, mature somatic cells can be 

reprogrammed into a state of pluripotency generating iPSCs. Additionally, the capability to originate 

these cells from the patient, enabling autologous transplantation, attract their use in non-genetic 

diseases. These cells are similar to ESCs in morphology, proliferation and differentiation potential.55 

However, limitations like reprogramming efficiency, long-term safety, potential formation of teratomas, 

cost effectiveness and genome instability hinder their application.12,36 Alternatively, MSCs with their 

differentiation capacity, genome stability and absence of ethical concerns, surge as an optimal stem cell 

type. Furthermore, cultivation of MSCs is possible without feeder layers and high concentrations of 

serum, as opposed to ESCs.56 HLCs have been generated from MSCs derived from human bone 

marrow57, from adipose tissue58 and from human umbilical cord matrix59.  

Several studies have proven the stem cell-derived HLCs capacity to restore hepatic function after 

injury. Indeed, ESC-derived HLCs enhanced hepatic regeneration, by inducing proliferation and 

revascularization of host hepatocytes in a CCl4-induced liver injury mouse model.60,61 The in vivo 

transplantation of iPSCs-derived HLCs in mouse models showed to reverse lethal fulminant hepatic 

failure62, enhanced liver regeneration63 and reduced liver fibrosis64. Likewise, MSCs-derived HLCs 
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transplantation in a CCl4-induced liver failure mouse model restored the hepatic function65 and reduced 

liver fibrosis66. 

However, in vitro stem cell-derived HLCs were not fully functional and mature, displaying a low level 

of liver repopulation and an associated risk of teratoma formation.12,67 Indeed, Wang, H. et al. (2014) 

demonstrated that after differentiation the MSC-derived HLCs lost key properties in comparison to 

undifferentiated MSCs which revealed to be more therapeutically relevant for liver diseases.68 Therefore, 

the MSCs homing ability to injured tissues and their secretion of soluble factors have been investigated 

for liver regeneration purposes.  

 

1.5.1. Mesenchymal stem cells therapy for liver regeneration 

According to the International Society for Cellular Therapy, MSCs are defined as such if fulfilling a set 

of three criteria: adherence to plastic when maintained in standard culture conditions using tissue culture 

flasks; specific surface antigen expression, namely, more than 95 % of the MSC population should 

express cluster of differentiation (CD) 105, CD73 and CD90 and lack the expression of CD45, CD34, 

CD14 or CD11b, CD79α or CD19 and human leukocyte antigen (HLA) class II; and multipotent 

differentiation potential, i.e., under standard in vitro differentiating conditions, MSCs should give raise to 

osteoblasts, adipocytes and chondroblasts.69  

MSCs were first isolated from the bone marrow (BM-MSCs) in 1974 by Friedenstein et al.70, being the 

principal and best characterized source of MSCs. Afterwards, MSCs were isolated from almost any 

tissue, either from neonatal tissues – amniotic fluid, placenta, umbilical cord matrix and umbilical cord 

blood – or from adult tissues – adipose tissue, dental pulp, peripheral blood, synovium and synovial 

fluid, endometrium, skin and skeletal muscle.54  

MSCs offer important advantages for their therapeutic application in tissue repair and regeneration 

since they are easy to obtain, maintain, expand and cryopreserve, without losing their viability neither 

their replicative capacity.71 Another advantage of this cell type is their low immunogenicity due to the 

lack of class II major histocompatibility complex molecules, enabling the allogeneic application without 

the need for immunosuppression.12 

The therapeutic potential of allogenic transplanted MSCs relies on the capacity that these cells have 

to migrate to injured tissues, passaging through the endothelium and engraft, secreting soluble factors 

which enhance tissue regeneration in a mechanism called homing. Accordingly, MSCs can be 

administered intravenously or applied in situ, being recruited to injury sites in response to chemotactic 

cues. The homing process is still not fully understood, but it is thought to be similar to leukocyte and 

hematopoietic stem cell homing cascade due to the involvement of similar cytokines. This process is 

divided in four steps: tethering/rolling, activation and arrest, transmigration/diapedesis and migration, 

illustrated in Figure 6.72–74  
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Figure 6 - Mesenchymal stem cell homing mechanism. Steps and molecules involved in the tethering/rolling, 

activation and arrest, transmigration/diapedesis and migration. Abbreviations: VCAM-1 (vascular adhesion 

molecule-1); VLA-4 (very late antigen 4); MMPs (matrix metalloproteinases). 

 

Firstly, tethering is performed by a ligand in MSC surface that interacts with P-selectin, a protein in the 

surface of endothelial cells, inducing MSC rolling along the vasculature wall.72 Distinct studies identified 

CD4475, galectin-176 and CD2477 as potential P-selectin ligands.  

In an inflammatory setting, G protein-coupled chemokine receptors expressed on the surface of MSCs 

interact with chemokines released in the site of injury and promote the activation step. This interaction 

is crucial for the arrest step, inducing conformational changes in the MSC extracellular domains of α4β1 

very late antigen 4 (VLA-4) integrins, increasing their affinity to chemokines.72 Upon CCl4-induced liver 

injury condition in mice, Chen, Y. et al. (2009) reported the up-regulation of C-C chemokine receptor 

type 9 (CCR9), type 4 (CXCR4) and c-Met, as well as the respective ligands C-C chemokine ligand 25 

(CCL25), stromal cell-derived factor (SDF)-1 and HGF, contributing to the migration of mouse BM-MSCs 

to the liver.78 Moreover, EGF also influenced the MSC chemotaxis and homing.79 After activation, the 

VLA-4 integrin expressed in MSCs binds to vascular adhesion molecule-1 (VCAM-1) on the surface of 

endothelial cells, arresting the MSCs.72  

Subsequently, MSCs transmigrate through the endothelial cell layer, resorting to secreted MMPs, that 

destroy the endothelial matrix.72 MMP-1 is the most described to have a crucial role by degrading 

collagen type-I.80 

Lastly, within the tissue, MSCs migrate to the site of injury guided by chemotactic signals released 

upon damage, including the platelet-derived growth factor-AB, the IGF-1 and the inflammatory 

chemokine IL-8.72  

In particular, the homing ability of transplanted MSCs have been applied as a cell-based therapy for 

liver diseases. In vivo, MSCs have the capability to engraft in the recipient’s liver and to differentiate into 
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liver stem cells or mature hepatocytes in both animals (e.g. mice) and humans.81,82 This process of MSC 

engraftment and differentiation was triggered by damaged liver tissue with accumulated collagen. 

Salomone, F. et al. (2013), also demonstrated that transplanted AT-MSCs were effective in healing 

APAP-induced liver injury.83 In another study, Saito, Y. et al. (2014) reported the homing capability of 

AT-MSCs to the injured liver in mice under stress with hepatectomy and ischemia-reperfusion.84 Overall, 

the success of cell-based therapies mostly relied on the ability of donor cells to access the damaged 

tissue and survive long enough to display a therapeutic effect. However, many times the levels of 

engraftment and survival in the injured liver were too low to be therapeutically relevant, what might be 

related with the delivery route, the number of infused cells and with the MSC culture conditions, among 

other factors.38,67  

Still, MSC cell-based therapies present some issues, namely, the lack of a standardized protocol for 

isolation and for ex vivo expansion, the decline in the engraftment and homing ability, the poor survival 

rate, the impaired differentiation ability of transplanted MSCs in vivo as well as the risks associated with 

the transplantation of undifferentiated and proliferative cells. Thus, rather than differentiating into liver 

cells the therapeutic benefit of MSCs in regenerative medicine might be related with cell-free therapies, 

overcoming the cell culture issues.85 Indeed, recent data revealed that MSCs alleviate liver failure mainly 

through trophic and immunomodulatory factors. These factors induce pro-healing mechanisms after 

acute damage, altering the tissue microenvironment; support hepatocyte function, promote the 

proliferation of residual hepatocytes, inhibit hepatocyte apoptosis, reverse liver fibrosis and promote 

angiogenesis.36 The paracrine factors secreted by MSCs have the capacity to immunomodulate the 

response of the immune system while having several effects: anti-inflammatory, anti-fibrotic, 

anti-apoptotic and angiogenic.12,38 MSCs suppress the proliferation of PBMCs and decrease the 

secretion of inflammatory cytokines from immune cells. These trophic and immunomodulatory factors 

create a regenerative microenvironment and reduce inflammatory injury by restraining life-threating 

cytokine storms and immunocyte infiltration. Cell-cell contacts with immune cells might also play a role 

in immunomodulation, but the primary mechanism lies in MSC-conditioned medium (CM) containing 

soluble factors rather than cell-cell contacts. Although many trophic and immunomodulatory factors have 

been characterized from MSC-CM, much remains unclear regarding its constituents.86 Thus, the notion 

of producing CM primed towards a specific microenvironment instead of intact MSCs requires further 

studies. 

In vitro, MSCs secrete cytokines, chemokines, growth factors and immunomodulatory molecules into 

their culture medium, composing the MSC secretome or CM. These paracrine factors may be 

encapsulated in extracellular vesicles (EVs) or exosomes (Exo), mediating the communication between 

the cells and the surrounding tissues.85 

This cell-free technology has several advantages when compared to MSCs themselves, namely, fewer 

concerns regarding immunogenicity and tumorigenicity due to administration of undifferentiated and 

proliferative cells; the storage of CM can be done without any toxic cryopreservatives; the more 

economical and easier mass-production of CM in comparison to cells; and the simpler safety and 

efficacy evaluation.85,87 
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The MSC secretome effect on cell proliferation, modulating the immune system, inhibiting cell death 

and fibrosis and promoting liver regeneration was reported in several studies. Importantly, the production 

of MSC-CM in serum-free conditions showed a significant up-regulation of pro-survival and angiogenic 

factors, namely, VEGF-α, IGF-1 and HGF.88 MSC secretion of nitric oxide (NO), prostaglandin E 

(PGE) 2, indoleamine (IDO) 2, 3-dioxygenase, IL-6 and HLA G had an immunomodulatory effect in the 

cells of the innate immune system, such as macrophages and NK cells, and of the adaptive immune 

system, namely, T cells, B cells and lymphocytes. These soluble factors down-regulated T cell and NK 

cell activation and expansion, while induced regulatory T lymphocytes and modulated the B cell 

functions, which resulted in a less inflammatory phenotype.67,71  

The therapeutic effect of the MSC secretome in ALF was demonstrated in Zagoura, D. et al. (2019) in 

a CCl4-induced liver injury mouse model. The anti-inflammatory molecule Annexin-A1 (ANXA1) 

presented in amniotic fluid-derived MSCs secretome ameliorated liver damage by inducing progenitor 

cell proliferation, migration and differentiation while reducing inflammation.89 Moreover, systemic 

infusion of MSC-CM in a D-galactosamine-induced rat model of acute liver injury reduced apoptotic 

hepatocellular death by 90 % and stimulated liver regeneration through the secretion of trophic factors.90 

Also, BM-MSCs secretion of FGF, EGF and HGF inhibited HBV replication and IL-22 secretion had 

anti-inflammatory effects in HBV infection.91 

An important step towards liver regeneration is the repair of fibrosis caused by the activation of HSCs 

which are responsible for collagen deposition. MSCs attenuated collagen synthesis through the 

secretion of the soluble factors, namely, TGF-β3, TNF-α, IL-10 and HGF and induced the HSC apoptosis 

through the secretion of HGF and nerve growth factor (NGF).92,93 Furthermore, MSCs enhanced the 

expression of MMPs and inhibited the expression of tissue inhibitors of MMPs, resulting in the regression 

of liver fibrosis.94 In particular, the anti-fibrotic effect of umbilical cord-derived MSCs (UC-MSCs) 

secretome was demonstrated using a mouse model of hepatic fibrosis induced with thioacetamide (TAA) 

or CCl4. The authors verified that, within 3 days of the secretome injection, the fibrotic areas reduced as 

well as the number of activated HSCs, due to the presence of the anti-fibrotic protein milk fat globule 

EGF factor 8.95  

The inhibition of cell apoptosis by MSCs relies on the up-regulation of DNA repair while 

down-regulating mitochondrial death pathways. Soluble factors such as SDF-1, IGF-1, nuclear 

factor-erythroid factor 2-related factor (Nrf)-2, HIF, heme oxygenase (HO)-1 and VEGF down-regulated 

pro-apoptotic factors, namely, Bax, and increased the anti-apoptotic Bcl-2 levels and anti-oxidant 

activity.96,97  

MSCs have also the ability to create new vasculature from pre-existing blood vessels. The angiogenic 

potential of MSCs was exerted through the secretion of VEGF, FGF-1/2, HGF, Ang-1/3 and SDF-1, 

contributing to endothelial cell proliferation and improvement of tissue vascularization.97 It was reported 

that the combination of MSCs with a certain growth factor cocktail induced specific angiogenic factors 

in MSCs, enhancing their therapeutic function in a TAA-induced liver fibrosis model by improving liver 

function and regeneration.98 
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1.5.1.1. Extracellular vesicles and exosomes 

The MSC-EVs are lipid membrane-encapsulated nanoparticles which carry biomolecules, namely, 

RNAs, enzymes, cytokines, growth factors, lipids and proteins, protecting them from degradation and 

are involved in cell-to-cell communication. The EVs can interact with the cell surface by receptor-ligand, 

can be internalized by the cells through phagocytosis or can fuse with the cell membrane.67,87  

MSCs-EVs exerted several effects which led to the reduction of fibrosis, inflammation, apoptosis 

and/or necrosis. For instance, fetal tissue-derived MSCs-EVs ameliorated liver fibrosis in cirrhotic mice, 

promoting liver regeneration and hepatocytes proliferation in a CCl4-induced liver injury mouse model.99 

Moreover, human UC-MSCs-derived Exo reduced hepatic inflammation, collagen deposition and, 

consequently, fibrosis in a CCl4-induced fibrotic liver by inhibiting epithelial-to-mesenchymal transition 

of hepatocytes.100 Also, the application of human ESC-derived MSC-EVs ameliorated cirrhosis in 

TAA-induced chronic rat liver injury. The immunomodulatory capacity of EVs resulted in a reduction in 

fibrosis, collagen deposition and necrosis.101 The anti-inflammatory action was seen in the 

down-regulation of IL-22 and IL-23 levels along with the increase of the anti-inflammatory molecule 

PGE2 in mature human regulatory macrophages.102 The MSCs-Exo might also had a hepatoprotective 

role with anti-oxidant and anti-apoptotic effects against toxicant-induced injury. Yan, Y. et al. (2017) 

showed that human UC-MSCs-Exo-derived GSH peroxidase 1 detoxified CCl4 and reduced oxidative 

stress and apoptosis, promoting the hepatic recovery.103  

Remarkably, it was shown that exosomes have the ability to accumulate in the liver and not in the 

lungs, reducing the risk of thromboembolism.71 However, the inexistence of standardized methods for 

the production of large quantities of EVs hindered, for now, the application of this cell-free therapy. Even 

though further research is needed to ensure product biosafety and efficiency, MSC-EVs comprise a 

promising therapeutic alternative to cell-based therapy.71,96 

 

1.5.1.2. Priming strategies to improvement the clinical outcome of MSCs 

The therapeutic effects of MSCs are hampered by the low concentration of the secreted growth 

factors. MSCs have toll-like receptors which allow them to sense their microenvironment and act 

accordingly to it, polarizing into a pro-inflammatory or an immunosuppressive phenotype.104 Therefore, 

pre-conditioning, commonly designated as priming, of the culture microenvironment with hypoxia or 

small molecules, three-dimensional (3D) culture systems or genetic manipulations have been performed 

to enhance the clinical outcome of MSCs and their secretion of paracrine factors into the culture medium. 

 

• Medium conditioning  

Typically, MSCs are cultured under ambient conditions (21 % oxygen) but the physiological oxygen 

tension in tissues vary from 1 % (e.g. in cartilage and bone marrow) to 12 % (e.g. in peripheral blood). 

Importantly, oxygen tension near periportal zones is reported to be 8.5 % and 4 % around pericentral 



19 
 

zones.105 Moreover, the cell and tissue impairment may occur under hypoxic/ischemic conditions and 

ischemic/reperfusion injuries are frequently related with hepatic surgical procedure. Therefore, the 

resistance to hypoxic conditions can be acquired through hypoxic pre-conditioning, helping MSCs adapt 

to the typically hypoxic diseased site. In fact, MSC culture under hypoxia showed promising results, 

namely, in terms of cell proliferation and engraftment, as well as improvement in the MSC angiogenic 

potential and release of microvesicles and trophic factors.106,107 The process of hypoxia and 

reoxygenation led to the up-regulation of pro-survival genes and factors, such as HIF-1α, which 

protected the liver against ischemic/reperfusion injury via the inhibition of oxidative stress, inflammation 

and apoptosis.108,109 

Moreover, pre-treatment with pro-inflammatory cytokines and growth factors is a useful tool, mimicking 

the in vivo injury site, since MSCs will answer to the inflammatory environment. Table 1 exhibits the 

effects on MSCs of some priming agents. Notably, hepatotoxicity may be mitigated by enhancing MSC 

therapeutic effect with HGF or FGF-2, IGF-2, EGF and VEGF-α priming, resulting in a reduction in liver 

fibrosis in mice liver injury models.98,110 Furthermore, the paracrine factors secreted from the injured liver 

tissue displayed the capacity to prime MSCs into an increased homing and hepatocyte differentiation 

ability. Consequently, these MSCs when transplanted into a liver fibrosis CCl4-induced mouse model 

revealed an augmented therapeutic potential.111 

Nevertheless, further research must be developed to understand and define the optimal 

pre-conditioning conditions that maximizes the therapeutical effect of MSCs paracrine factors, especially 

in DILI. 

 

Table 1 - Effect of different priming agents in MSCs. 

Priming Agent Effect Mechanism 

Cytokines 

IFN-γ 

Increased the secretion of 

immunomodulatory molecules. 

Up-regulated secretion of PGE2, HGF 

and TGF-β.112,113 

Suppressed T cells. 
Up-regulated secretion of programmed 

death-ligand 1 (PDL-1).114 

TNF-α 

Regulated the survival, 

proliferation, migration and 

immunosuppression. 

Produced TNF receptor 1, PGE2, TNF 

stimulated gene (TSG) 6 and TGF-β;  

Released HGF, IGF-1, VEGF;  

Enhanced regulatory T cells (Treg) 

functions.115 

IL-17A 
Modulated immunological 

function. 

Suppressed effector T cell proliferation; 

Promoted Tregs.116 

Growth 

Factors 

TGF-β1 
Enhanced proliferation and in 

vivo survival of UC-MSCs. 

Enhanced the expression of ECM 

components, particularly fibronectin.117 

HGF 
Mitigated CCl4-induced liver 

injury. 

Produced albumin and alpha-fetoprotein;  

Suppressed transaminase activity and 

liver fibrosis.110 
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FGF-2, 

IGF-2, 

EGF and 

VEGF-α 

Reduced hepatic fibrosis in a 

TAA-induced rat model. 

Inhibited HSCs activation in vitro; 

Induced high expression levels of HGF.98 

Injured Tissue 
Reduced liver fibrosis in a 

CCl4-induced mouse model. 

Induced high expression of albumin, 

CK8, CK18 and HNF1-α;  

Increased homing and differentiation 

abilities of MSCs.111 

 

• 3D culturing 

Recently, growing evidence has emerged relatively to 3D culturing of MSCs, mimicking the in vivo 

environment and cellular interactions. Indeed, in 3D cultures MSCs enhanced their differentiation, tissue 

development and therapeutic effects, which resulted from a higher cell-cell contact and cell-ECM 

interactions. The 3D culture systems enables the cell-to-cell communication, mimics the original 

physiological properties of stem cells, improves their therapeutic function and increases the homing.118  

3D-cultured MSCs enhanced the secretion of immunomodulatory factors, such as TGF-β1, PGE2 and 

IL-6 when compared to monolayer cultures.119 Moreover, the entrapment of IFN-γ-bound heparin 

microparticles within 3D aggregates of MSCs potentiated the spheroids ability to produce IDO and 

supress T-cell proliferation.120 Additionally, Zhang, X. et al. (2016) reported that 3D culture enhanced 

the expression of anti-fibrotic factors by MSCs – IGF-1, IL-6 and HGF –  ameliorated hepatic fibrosis in 

mice and protected hepatocytes from cell injury and apoptosis more effectively than two-dimensional 

(2D)-cultured cells.121 

 

• Genetic Manipulations 

Genetic engineering is an appealing approach for improving MSCs therapeutic efficacy, either by 

increasing transplanted MSC survival and residence time, angiogenesis, differentiation potential, 

homing or anti-inflammatory effects. The genes under possible manipulation are receptors, growth 

factors and cytokines.97 Wang, K. et al. (2017) resorted to the lentivirus expression vector to deliver the 

c-Met gene into BM-MSCs by transfection. The results showed that overexpression of c-Met promoted 

homing of BM-MSCs to the injured liver of rats after ALF, increasing the survival rate.122 Currently, 

clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 RNA-based nucleases have 

been frequently studied and applied as a technology for detailed genetic editing at specific desired 

sites.118 Other study by Ma, H. C. et al. (2014) reported an improvement in the homing of systemically 

delivered MSCs genetically modified with CXCR4 toward the failing liver. Moreover, the colonization 

rate of the transplanted MSCs increased as well as the liver regeneration, possibly because of the 

secretion of HGF and VEGF.123 
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1.6. Motivation and aims 

Liver diseases are responsible for, approximately, 2 million deaths per year worldwide, accounting for 

3.5 % of the global mortality.49 This number is expected to increase giving the growing population with 

unhealthy food habits and addictions. In particular, DILI is responsible for 13 % of cases of ALF, being 

APAP-induced hepatotoxicity the major cause.124 Under excessive doses, APAP dysregulates 

mitochondrial and ER functions, leading to oxidative stress, hepatocyte necrosis and, ultimately, liver 

failure.  

The current therapy for APAP overdose consists in NAC administration, but it relies on the early 

identification of DILI and on the prompt administration. Liver transplantation is also an alternative 

treatment. However, the liver transplantation rates do not meet the current need, increasing the burden 

related with liver diseases. Therefore, there is the need to thoroughly understand the underlying 

mechanisms of liver injury in order to mimic the liver injury microenvironment in in vitro cultures and to 

develop more efficient alternative therapies. 

MSCs, and in particular, their secreted factors with important immunomodulatory and 

anti-inflammatory effects, have been considered for a variety of pathologies. Since MSCs paracrine 

activity changes accordingly to their surrounding microenvironment, we hypothesise that the modulation 

of the MSCs secretome with inflammatory signals from injured liver (mimicking the liver injury 

microenvironment) would enhance the hepatic regenerative capacity. 

As such the objectives of this work were: 

• to mimic the liver injury microenvironment resorting to an MSC-derived HLC in vitro model of 

APAP-induced injury; and to produce the inflammatory medium from the APAP-induced liver 

injury in in vitro cultures (SOS medium); 

• to modulate the MSC-mediated paracrine mechanisms by incubating MSCs with medium 

collected from APAP-induced liver injury in in vitro cultures (SOS medium); and to produce 

the primed MSC conditioned medium; 

• to evaluate the therapeutical effect of the primed MSC conditioned medium in an MSC-derived 

HLC in vitro model of APAP-induced injury. 
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2. Materials and methods 

2.1. Reagents 

Trypsin-EDTA, fetal bovine serum (FBS), insulin-transferrin-selenium (ITS) and penicillin streptomycin 

were purchased from Gibco®/Thermo Fisher Scientific®. HGF, FGF-2, FGF-4, oncostatin M (OSM), 

dexamethasone and 5-azacytidine (5-AZA) were purchased from Peprotech®. Amphotericin B was 

purchased from Biochrom® and bovine serum albumin (BSA) from PanReac®. Lastly, Iscove's modified 

Dulbecco's medium (IMDM), minimum essential medium eagle alpha modification (α-MEM), EGF, 

dimethyl sulfoxide (DMSO), nicotinamide, trypan blue and 4-acetamidophenol were acquired from 

Sigma-Aldrich®. 

 

2.2. Cell culture 

Human neonatal umbilical cord matrix-derived MSCs (hnUCM-MSCs) were isolated according to 

Miranda et al. (2015)125 and Santos et al. (2015)119. In 2D culture, hnUCM-MSCs were expanded as 

undifferentiated cells in a growing medium consisting in α-MEM with 10 % (v/v) FBS, incubated at 37 °C 

in 5 % carbon dioxide (CO2)  humidified atmosphere. Cell passage was performed with 0.05 % Trypsin-

EDTA incubation for 5 minutes every 2 - 3 days when cell confluence reached 70 - 80 %. Cells were 

counted under an Olympus CK30-F200 (Olympus Optical®) inverted microscope and cell viability was 

assessed through trypan blue exclusion method. Cell culture photographs were acquired using a 

Moticam 2500 5.0 M Pixel (Motic®) camera mounted on Olympus CK30-F200 inverted microscope and 

images were collected using Motic Images Plus 3.0 software (Motic®). 

 

2.3. Collagen coating 

Following the protocol described in Rajan et al. (2006)126, rat-tail collagen was produced in house for 

culture flasks and well plates coating. The extracted rat-tail collagen was dissolved in 0.1 % (v/v) acetic 

acid achieving a stock solution concentration of 1 mg/mL. The stock solution was diluted to 0.2 mg/mL 

in a volume of phosphate buffered saline (PBS) which assured total culture surface coverage. The 

collagen polymerization occurred after 1-hour incubation at 37 °C. Afterwards, the cell culture surfaces 

were washed with PBS before cell inoculation. 

 

2.4. Hepatocyte differentiation protocol 

The hepatocyte differentiation protocol herein followed is described in Cipriano et al. (2017)127,128. 

hnUCM-MSCs were seeded in culture flasks pre-coated with rat-tail collagen at a density of 

1.5 x 104 cells/cm2, reaching a cell confluency of 90 % within 24 hours after inoculation. A three-step 
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differentiation protocol (Figure 7) was performed to generate HLCs using as basal medium (BM) IMDM 

with 1 % (v/v) penicillin-streptomycin-amphotericin B. In the first step the cells were incubated for 

48 hours in BM supplemented with 2 % (v/v) FBS, 10 ng/mL of EGF and 4 ng/mL of FGF-2, for endoderm 

commitment and foregut induction. In the second step, hepatoblasts and liver bud formation was induced 

by maintaining the cells for 10 days in BM supplemented with 4 ng/mL of FGF-2, 10 ng/mL of FGF-4, 

20 ng/mL of HGF, 0.61 g/L of nicotinamide and 1 % (v/v) ITS. At day 10 of differentiation (D10), 1 % (v/v) 

DMSO was added to the medium. Lastly, in the third step, for hepatoblast differentiation and hepatocyte 

maturation, cells were maintained in BM supplemented with 8 ng/mL of OSM, 1 μM of dexamethasone, 

1 % (v/v) DMSO and 1 % (v/v) ITS from D13 onwards, defined as differentiation medium (DM). At D17, 

cells were trypsinized with 0.25 % Trypsin-EDTA solution for 3 minutes and re-inoculated in DM 

containing 20 μM of 5-AZA and 5 % (v/v) FBS into (1) 2D pre-coated culture flasks for the production of 

the SOS medium, 96-well plates for cell viability assays and 6-well plates for quantitative real-time 

polymerase chain reaction (qRT-PCR) analysis at a density of 2 x 104 cells/cm2; and (2) ultra-low 

attachment plates for 3D spheroid culture at 5.0 x 105 cells/mL. 24 hours after the inoculation, the 

medium was changed to remove 5-AZA and FBS. Cells were maintained in DM up to D27 of culture 

with medium replacement every 3 - 4 days. 

 

Figure 7 - Hepatocyte differentiation protocol. Description of the three-step differentiation protocol consisting on 

endoderm commitment/foregut induction, hepatoblast and liver bud formation and hepatoblast 

differentiation/hepatocyte maturation. Abbreviations: α-MEM (minimum essential medium eagle alpha modification); 

BM (basal medium); FBS (fetal bovine serum); EGF (epidermal growth factor); FGF (fibroblast growth factor); HGF 

(hepatocyte growth factor); ITS (insulin-transferrin-selenium); DMSO (dimethyl sulfoxide); 5-AZA (5-azacytidine); 

OSM (oncostatin M); D0-D27 (days from 0 to 27 of the hepatocyte differentiation protocol). 
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2.5. Conditioned medium production 

2.5.1. SOS medium  

At D27, HLCs in 2D culture flasks were incubated with 30 mM APAP. After an 8-hour exposure, cells 

were washed two times with PBS and the medium was replaced by fresh DM without APAP, at a final 

volume of 25 mL per 175 cm2 t-flask or 10.7 mL per 75 cm2 t-flask. After conditioning for 24 hours, the 

SOS medium was collected under sterile conditions and centrifuged firstly at 300xg, 25 ºC, for 

10 minutes, and then at 2700xg, 4 ºC for 30 minutes. The injured HLCs were harvested for total protein 

quantification and qRT-PCR analysis.  

The same procedure was applied to 3D-cultured HLCs, exposing them for 8 hours to 30 mM APAP at 

D27 and recovering the medium and the cells 24 hours later.  

The SOS medium was concentrated in Amicon® Ultra-15 (Millipore®) 3 kDa cut-off centrifugal 

concentrators as per manufacture’s recommendations. Samples were stored at - 80 ºC until further use. 

Additionally, samples from 2D-cultured HLCs exposed to 30 mM APAP for 24 hours at D27 were 

collected for qRT-PCR analysis.  

 

2.5.2. Pre-conditioning of hnUCM-MSCs: production of conditioned 

medium (MSC-CM) 

For the production of MSC-CM, hnUCM-MSCs, with a maximum of 15 passages, were inoculated at 

a density of 1.0x104 cells/cm2 in 175 cm2 and 75 cm2 t-flasks with α-MEM and 5 % (v/v) FBS. When 

60 % confluence was reached, cells were washed with PBS and α-MEM. Afterwards, for priming 

MSC-CM with the SOS medium, the hnUCM-MSCs medium was replaced by α-MEM without FBS (90 % 

of the final volume) and with 10 % of SOS medium 50x concentrated, at a final volume of 18 mL per 

175 cm2 t-flask and 8 mL per 75 cm2 t-flask. 

After the 24-hour priming, the cells were washed with PBS and α-MEM and the medium was replaced 

by fresh α-MEM without FBS, at a final volume of 25 mL per 175 cm2 t-flask and 10.7 mL per 75 cm2 

t-flask. After conditioning for 48 hours, primed MSC-CM (pMSC-CM) was collected under sterile 

conditions and centrifuged as mentioned in section 2.5.1.  

Control MSC-CM (cMSC-CM) was produced from a 3-day incubation of hnUCM-MSCs with α-MEM 

and 5 % (v/v) FBS, followed by 48 hours with α-MEM without FBS at a final volume of 25 mL per 175 cm2 

t-flask and 10.7 mL per 75 cm2 t-flask. Cells were harvested for total protein quantification and qRT-PCR 

analysis. As described in section 2.5.1, CM was concentrated and stored at - 80 ºC until further use.  

A summarized outline of the laboratory work developed is presented in Figure 8. 
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Figure 8 - Outline of the work developed divided in three major phases: 1) production of the SOS medium 

from hnUCM-MSC-derived HLCs; 2) production of MSC-CM primed with SOS medium 5x concentrated 

(pMSC-CM); 3) evaluation of MSC-CM, either primed (pMSC-CM) or control (cMSC-CM) 10x concentrated, 

effect on APAP-injured hnUCM-MSC-derived HLCs through qRT-PCR and MTS assays. Abbreviations: 

hnUCM-MSCs (human neonatal umbilical cord matrix-derived mesenchymal stem cells); HLCs (hepatocyte-like 

cells); DM (differentiation medium); SOS medium (hepatocyte-like cells medium with SOS secreted signals after 

APAP exposure); α-MEM (minimum essential medium eagle alpha modification); pMSC-CM (human neonatal 

umbilical cord matrix-derived mesenchymal stem cells conditioned medium primed with the hepatocyte-like cell 

SOS medium); cMSC-CM (human neonatal umbilical cord matrix-derived mesenchymal stem cells conditioned 

medium); qRT-PCR (quantitative real-time polymerase chain reaction). 

 

 

 

 

 



26 
 

2.6. Cell viability assays 

APAP cytotoxicity and the effect of CM in HLCs upon APAP exposure were evaluated using the MTS 

reduction assay (Promega®). Cell viability was measured, according to the manufacturer’s instructions. 

The absorbance was measured at 490 and 690 nm using microplate reader SPECTROstar Omega 

(BMG Labtech®). 

For evaluating APAP cytotoxicity, HLCs at D27 seeded in 96-well plates, were exposed to 0, 5, 10, 

15, 20, 30, 50 and 60 mM APAP for 24 hours. The estimated half-maximal inhibitory concentration (IC50) 

was calculated through a non-linear regression fit.  

For assessing the effect of MSC-CM in HLCs viability upon APAP exposure, HLCs were exposed to 

0, 5, 15 and 30 mM APAP at D27. After a 24-hour exposure, cells were washed with PBS and the 

medium was replaced by DM with 10 % (v/v) of pMSC-CM or cMSC-CM 100x concentrated for other 24 

hours. 10 % (v/v) DMSO was used as negative control and IMDM as positive control. Results were 

presented as relative percentages to the positive control, which was considered as 100 % of cellular 

viability.  

 

2.7. Gene expression 

Total RNA was isolated from samples with 0.5 - 1.0 x 106 cells using Trizol® (Life Technologies®) and 

extracted according to the manufacturer’s instructions. RNA concentration was determined by 

measuring absorbance at 260 nM using LVis Plate mode on SPECTROstar Omega. The 260/280 nm 

ratio was used as purity measurement for protein presence, considering ratios between 1.8 - 2.0. c-DNA 

was synthesized from 1 μg of RNA using NZY First-Strand cDNA Synthesis Kit (NZYTech®), following 

the manufacturer instructions.   

qRT-PCR was performed using PowerUp™ SYBR® Green Master Mix (Life Technologies®). Master 

mix was prepared for a final reaction volume of 15 μL, using 2 μL of template cDNA and 0.333 μM of 

forward and reverse primers (table A, section 6). The reaction was performed on QuantStudio™ 7 Flex 

Real-Time PCR System (Applied Biosystems®) consisting of an activation step of Uracil-DNA 

Glycosylase (UDG) at 50 °C for 2 min, a denaturation step at 95 °C for 10 minutes, followed by 40 cycles 

of denaturation at 95 °C for 15 seconds and annealing and extension at 60 °C for 1 minute. As a quality 

and specificity measure, a dissociation stage which determines the melting temperature of a single 

nucleic acid target sequence was added. Blank controls with no cDNA templates were performed to rule 

out contamination. The comparative Ct method (2-ΔΔCt) was used to quantify gene expression, which 

was normalized to the reference gene (β-actin).  

 

 

 



27 
 

2.8. Protein quantification 

For total protein quantification, cells were lysed with 0.1 M sodium hydroxide (NaOH) overnight at 

37 °C. Protein concentration was determined through the calorimetric Bradford assay with protein assay 

dye reagent concentrate (Bio-rad®) diluted in 1:5 in Milli-Q® water. The absorbance was measured at 

595 nm using microplate mode on SPECTROstar Omega. 

 

2.9. Statistical analysis 

Statistical data analysis was performed using GraphPad Prism version 9.0 (GraphPad Software®). 

The results are shown as the average ± SD. Data comparisons were analysed by two-way ANOVA with 

Tukey’s or Šidák’s test and differences were considered statistically significant for p < 0.05.  
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3. Results and discussion 

The high prevalent of APAP hepatotoxicity, accounting for 46 % of all ALF in the US and between 40 

to 70 % of all cases in Europe, raised concern worldwide and the mechanisms behind its metabolization 

have been elucidated in the past years.28 The current therapies rely on the prompt administration of 

NAC. However, this implies a timely identification of the overdosage and many times the DILI diagnosis 

comes from an exclusion-based method, resulting on a delayed recognition of the insult. Under extreme 

cases, liver transplantation is the only viable option, although the transplantation rates only meet 10 % 

of the global need.49 Therefore, alternative therapies, particularly related with the liver’s regeneration 

after injury are being studied.  

Recently, there has been growing evidence of MSCs therapeutic roles in liver injuries, mainly through 

their secretome and the stimulation of endogenous repair processes which induce intrinsic hepatocyte 

regeneration.129 Within the various sources of MSCs, hnUCM-MSCs have demonstrated to be more 

potent immunosuppressors and less immunogenic than hnBM-MSCs.73 Moreover, the CM produced by 

hnUCM-MSCs had previously been characterized, showing great paracrine activity and potential for 

regenerative capacity.119,130,131 Additionally, the therapeutic effect of MSC secretome can be enhanced 

with different priming strategies, namely, cytokines and growth factors or injured liver tissue 

exposure.98,110,111 

The study herein presented mimicked the mechanisms related with APAP-induced hepatotoxicity, 

namely, mitochondrial oxidative stress and ER stress and aimed to modulate and enhance the 

therapeutic effect of the MSC secretome in hepatic regeneration by priming MSCs with medium from 

HLCs injured by APAP (SOS medium).  

 

3.1. APAP toxicity in hepatocyte-like cells (HLCs) 

Over the years, animal models have been used to study liver mechanisms, mimic liver diseases and 

assess novel therapeutics, enabling the study of whole organs and living organisms. However, the 

inherent interspecies differences, the ethical concerns and the impossibility to evaluate molecular 

mechanisms urged the need for more reliable hepatic models which predicted human toxic events, 

minimizing the amount of drug failures.132 Alternatively, primary human hepatocytes (PHH) resembled 

the specific metabolism and functionality of the human liver, but their scarcity and suitability only for 

short-term studies in monolayer cultures due to their rapid loss of functionality hindered their 

application.16 Hence, researchers explored hepatocyte immortalized cell lines (e.g. HepG2 and 

HepaRG) derived from hepatomas or through genetic manipulations. However, these cell lines 

presented altered metabolic functions and genetic abnormalities, failing to mimic human physiology. 

Therefore, in vitro stem cell-differentiation into HLCs arose, overcoming the limitations related with the 

aforementioned cell sources.133  
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HLCs can be differentiated from ESCs, iPSCs and MSCs, but MSCs characteristics and benefits were 

optimal for in vitro models. Indeed, MSC-derived HLCs presented hepatocyte-specific gene expression 

and functions, namely, urea and glycogen production.134 Among the different MSCs sources, 

hnUCM-MSCs were more favourable to differentiate into HLCs for a human-based in vitro liver model, 

owing to the lack of major ethical issues, the low risk of viral transmission, the low immunogenicity, the 

abundant and non-invasive availability and to its more primitive origin.135  

The three-step protocol herein followed for hepatocyte differentiation using hnUCM-MSCs was 

adapted from the previously described and characterized in Cipriano et al. (2017).127,128 From D21 

onwards HLCs were metabolically competent, displaying drug transporter and phase I and II enzymes 

expression and activity.127,136 Considering the results reported by Cipriano et al. (2020)136, namely, the 

expression of genes involved in phase I, II and III of biotransformation of 3D and 2D-cultured HLCs 

exposed to nevirapine, it was decided that for this study the APAP exposure would be performed at D27 

of the differentiation protocol. 

To assess the effect of APAP in HLCs, we plotted the APAP dose-response curve in HLCs at D27 

through the MTS cell viability assay (Figure 9). The cells were exposed to 5, 10, 15, 20, 30, 50 and 

60 mM of APAP for 24 hours.  

 

Figure 9 - APAP toxicity in HLCs. The HLCs were incubated with 5, 10, 15, 20, 30, 50 and 60 mM of APAP for 

24 hours (n=2) at D27. The percentage of live cells is calculated relatively to non-treated HLCs at D28. 

Abbreviations: IC50 (half-maximal inhibitory concentration). 
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From the resulting dose-response curve, the IC50 was determined as 29.64 ± 0.85 mM APAP for a 

24-hour exposure in HLCs. Hereafter, we approximated the APAP IC50 value to 30 mM. Therefore, as a 

starting point, we considered the IC50 value for the APAP-induced liver injury in in vitro cultures, namely, 

for the SOS medium production, since it was a reasonable and sufficient APAP concentration to induce 

hepatotoxicity while maintaining cells functional.  

 

3.2. APAP-induced injury in 2D and 3D HLC in vitro cultures reveal 

differential liver injury-related gene expression levels  

3.2.1. APAP induced morphological changes and altered gene 

expression in 2D-cultured HLCs 

Upon APAP-induced injury human hepatocytes are known to secrete specific cytokines. Indeed, CM 

from APAP-exposed human ESC-derived HLCs revealed an increase in inflammatory cytokines and 

activated immune cells, triggering an immune-mediated hepatotoxicity.137 Herein, to produce the 

APAP-induced HLCs injury medium with inflammatory signals (SOS medium), which we hypothesised 

that could modulate the MSC secretome, we exposed HLCs to 30 mM APAP. Ongoing work in our 

laboratory group, determined through total protein quantification of HLCs exposed to APAP (data not 

shown) that the level of cell injury was similar either at 24-hour (the incubation period used for the 

dose-response curve) or at 8-hour exposure to APAP. Therefore, to ensure minimal loss of injury signals 

and the presence of the initially produced inflammatory cytokines, we established an 8-hour APAP 

exposure for the SOS medium production. After an 8-hour APAP exposure, the medium was replaced 

by fresh medium to remove the presence of APAP. After the 24 hours conditioning period, the 

conditioned medium was collected (SOS medium), in order to guarantee that HLCs’ inflammatory 

signals consequent of the APAP toxicity were present. 

Throughout the differentiation protocol, the hnUCM-MSC-derived HLCs showed significant differences 

in morphology as a result of the sequential exposure to cytokines, growth factors and small molecules 

which mimicked the liver embryonic development, transitioning from a fibroblast-like to an epithelial 

polygonal shape morphology with binucleated cells, seen in Figure 10 a). The HLCs morphology 

resultant from an 8-hour exposure to 30 mM APAP at D27 is presented in Figure 10 b). Upon APAP 

exposure, HLCs modified their hepatocellular morphology and the detachment of some cells from the 

culture flask was visible as a result to the deleterious drug. Their morphology 24 hours after removing 

APAP, at the end of the conditioning period (Figure 10 c)), exhibited a significant improvement, 

re-gaining their polygonal shape, suggesting that HLCs had the capacity to recover until a certain extent 

after the drug removal.  
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Figure 10 - APAP altered HLCs’ polygonal shape morphology and caused detachment. a) morphological 

changes in 2D-cultured HLCs throughout the differentiation protocol, from D1 to D27; b) HLCs’ morphology 

after an 8-hour exposure to 30 mM APAP; b) HLCs’ morphology at the end of the conditioning period to 

produce the SOS medium. HLCs were exposed to APAP at D27. After APAP exposure, the medium was replaced 

by fresh medium without APAP. Scale bar = 100 μm. Abbreviations: D1 - D27 (days 1 to 27 of the hepatocyte 

differentiation protocol). 
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Under excessive doses of APAP, the APAP reactive metabolite NAPQI accumulates in the liver, 

leading to the formation of NAPQI-adducts, causing mitochondrial oxidative stress, ER stress, DNA 

fragmentation and hepatocyte necrosis. Therefore, to evaluate the effect of APAP in HLCs we assessed 

the expression level of ASK1, RIPK3, ATF-6 and BAX, involved in the APAP-induced hepatotoxicity, 

namely, mitochondrial oxidative stress, necroptosis, ER stress and apoptosis, respectively. 

Additionally, expression levels of HNF4-A and TNF-A were also analysed. The interest in the 

transcription factor HNF4-α relied on its crucial role in hepatocyte differentiation during embryogenesis, 

in the maintenance of the hepatic function, in the regulation of the hepatic epithelial morphology and in 

the enhancement of MSC differentiation. In decompensated livers, in animal models of chronic liver 

failure and in HCC, the nuclear HNF4-A revealed to be significantly down-regulated.138,139,140 Moreover, 

this transcription factor had a crucial role in the termination phase of liver regeneration, since its 

re-expression after initial decrease was pivotal for hepatocytes exit from the cell cycle.48 In regard to 

TNF-α, this pleiotropic cytokine influenced cell growth, differentiation and metabolism, being involved in 

both systemic inflammation and regeneration. Indeed, TNF-A, one of the most abundant early mediators 

in injured tissue, showed up-regulation during liver injury.90,141 Moreover, TNF-α also prime the hepatic 

liver regeneration cycle.142 

Therefore, a panel of genes involved in APAP-induced toxicity were quantified to shed light on the 

effects of APAP exposure to the cells. The gene expression profile of HLCs was evaluated at the time 

of the SOS medium collection, i.e., in HLCs exposed for 8 hours to 30 mM APAP followed by a 24-hour 

conditioning with fresh medium without APAP. Results are shown in Figure 11, relative to non-injured 

HLCs recovered at D28.  

The results presented in Figure 11 showed that only ATF-6 (p < 0.001) and BAX (p < 0.01) were 

significantly overexpressed relatively to non-injured cells, suggesting APAP-induced hepatotoxicity 

through ER stress and apoptosis. Concordantly with the literature, HNF4-α was dramatically reduced 

(p < 0.001), relatively to control, indicating the existence of hepatic injury.138,139,140  

Since ASK-1 represents the mitochondrial oxidative stress induced by NAPQI, its inhibition (p < 0.01) 

relatively to non-injured HLCs, might be related with the wash-out of APAP and, consequently, its 

reactive metabolite NAPQI, during the replacement of medium for the conditioning period. The 

stress-induced environment triggered by APAP exposure might have stimulated HLCs to intrinsically 

regenerate and regain their normal phenotype during the following 24-hour conditioning period, seen in 

the inhibition of ASK1 and RIPK3 and in the morphological recovery in Figure 10 c). 

The overall presented results seemed to suggest that upon an 8-hour exposure to 30 mM APAP, HLCs 

suffered damage and activated APAP-related hepatotoxicity pathways, implying that the APAP-induced 

liver injury in vitro culture might have mimicked, to a certain degree, the liver injury microenvironment. 

Therefore, the SOS medium might display the capacity to prime/modulate the hnUCM-MSCs into a 

regenerative status.  
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Figure 11 - Endoplasmic reticulum stress and apoptosis were induced in HLCs following APAP exposure. 

Gene expression of HLCs with an 8-hour exposure to 30 mM APAP, at D27, followed by a 24-hour conditioning 

with fresh medium without APAP, relative to non-injured HLCs recovered at D28. Data represented as average ± SD 

(n=1-3). **, *** significantly differed from the non-injured HLCs gene expression with p < 0.01 and p < 0.001, 

respectively. Abbreviations: ASK1 (apoptosis signal-regulating kinase 1); RIPK3 (receptor-interacting protein 

kinases 3); ATF-6 (activating transcription factor 6); BAX (Bcl-2-associated X protein); HNF4-A (hepatocyte nuclear 

factor 4 alpha); TNF-A (tumour necrosis factor alpha). 

 

Even though the in vitro APAP-induced liver injury through 2D culturing of HLCs seemed to replicate 

liver injury, several strategies have been studied to identify and further optimize in vitro conditions for 

hepatocyte maturation, assessment of drug toxicities and disease mechanisms, namely, 3D cell 

culturing.  

 

3.2.2. 3D culturing of HLCs to establish an in vitro APAP-induced liver 

injury model  

The advantages of 3D-cultured HLCs rely on a high cell-to-cell and cell-to-ECM contact, on a nutrient 

and oxygen gradients and on cell polarization which are essential for liver development.143 3D 

aggregates surge from the adherence of cells to one another, forming a spherical aggregate. Regarding 

hepatogenic differentiation, 3D culturing of hESCs-derived and iPSCs-derived HLCs improved 

hepatocyte phenotype, namely, the biotransformation activity.144,145 Likewise, the MSC differentiation 

into HLCs in 3D cultures showed higher liver functional features, namely, phase I and II metabolization 

capacity and urea and albumin production.128  
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Therefore, taking a step forward in this work, we started the development of an APAP-induced liver 

injury model in 3D culture. As such, from D17 onwards HLCs were cultured in ultra-low attachment 

culture plates. The inoculated cells formed clusters which progressively aggregated into small 

spheroids, as seen in Figure 12 a). At D27, 3D-cultured HLCs were exposed to 30 mM APAP for 8 hours 

(Figure 12 b)), as in 2D cultures. Afterwards, the medium was replaced to remove APAP and followed 

by the 24-hour conditioning period (Figure 12 c)), for the production of the SOS medium in 3D culture. 

The HLCs aggregates’ diameters in different days of the differentiation protocol, upon an 8-hour 

exposure to 30 mM APAP (at D27) and at the end of the conditioning period (at D28) are presented in 

Figure 13.  

 

Figure 12 – HLCs aggregates’ morphological changes in 3D culturing. a) morphological variation of 

hnUCM-MSC-derived HLCs aggregates at D21 and D27 cultured in ultra-low attachment plates; b) HLCs 

aggregates’ morphology after an 8-hour exposure to 30 mM APAP, at D27; c) HLCs aggregates’ morphology 

at the end of the 24-hour conditioning period. Scale bar = 100 μm. Abbreviations: D21, D27 (days 21 and 27 of 

the hepatocyte differentiation protocol). 
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Figure 13 – HLCs aggregates reduced their diameter upon APAP exposure. HLCs aggregates’ diameters, in 

μm, at D21, D27, after an 8-hour exposure to 30 mM APAP at D27 (D27 + APAP) and at D28 at the end of the 

24-hour conditioning period. The diameters were measured through phase contrast microscopy images of HLCs 

inoculated in ultra-low attachment culture plates. Abbreviations: D21 - D28 (days 21 to 28 of the hepatocyte 

differentiation protocol). 

 

Figure 12 a) illustrates the HLCs aggregates’ increased cell density from D21 to D27 which was 

reflected on the augmentation of their diameter (Figure 13). After an 8-hour exposure to 30 mM APAP 

(Figure 12 b)), the spheroids showed an irregular border and the number of dead cells in suspension 

increased, resulting in a slight reduction of their diameter. Alike 2D-cultured HLCs (Figure 10 c)), the 

aggregates showed improvements in their morphology and diameter size after removing the deleterious 

drug at the end of the 24-hour conditioning period (Figure 12 c)). 

Afterwards, to evaluate if APAP exposure affects differently 2D and 3D-cultured HLCs, a panel of 

APAP-related hepatotoxicity genes was assessed. In both cultures, the gene expression was quantified 

after the conditioning of 24 hours in HLCs exposed to 30 mM APAP for 8 hours. The gene expression 

of 3D injured HLCs are shown in Figure 14 relative to 2D injured HLCs.  
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Figure 14 - 3D-cultured HLCs inhibited APAP-related pathways. Gene expression of 3D-cultured HLCs is 

presented relative to 2D-cultured HLCs both exposed to 30 mM APAP for 8 hours and recovered at the end of the 

conditioning period. Data represented as average ± SD (n=1-3). **, *** significantly differs from 2D and 3D-cultured 

HLCs with p < 0.01 and p < 0.001, respectively. Abbreviations: ASK1 (apoptosis signal-regulating kinase 1); RIPK3 

(receptor interacting protein kinases 3); ATF-6 (activating transcription factor 6); BAX (Bcl-2-associated X protein); 

HNF4-A (hepatocyte nuclear factor 4 alpha); TNF-A (tumour necrosis factor alpha). 

 

The results showed that 3D-cultured HLCs had lower expression of necroptotic, apoptotic and ER 

stress genes, i.e., RIPK3 (p < 0.01), BAX and ATF-6 (p < 0.001), respectively, than 2D-cultured HLCs. 

Conversely, TNF-A was more up-regulated in 3D cultures (p < 0.001). These differences might have 

been related with the gradients of nutrients, oxygen and, consequently, APAP, generated within the 

spheroids, not exposing all cells to the same drug concentration as in 2D-cultured HLCs. Moreover, 

3D-cultured HLCs might have displayed a higher hepatoprotective potential than 2D-cultured. Likewise, 

it was previously suggested that 3D cultures might had a higher ability to scavenge reactive species 

comparing to 2D models.136 Therefore, further studies should focus on the APAP-induced mechanisms 

in 3D-cultured HLCs. Due to time limitations, APAP-induced injury and the effect of the MSC secretome 

was continued only in 2D-cultured HLCs. 

 

3.3. Priming with the SOS medium exerted pro-angiogenic and 

regenerative effects in hnUCM-MSCs 

The capacity that MSCs have to answer accordingly to their surrounding microenvironment, enabled 

their pre-conditioning with pro-inflammatory cytokines or injured liver tissue, which resembled the in vivo 

environment, enhancing the secretion of paracrine factors.98,104,111 Considering that APAP treatment 

might have induced the HLCs’ secretion of pro-inflammatory cytokines into their medium (SOS medium), 
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as suggested by the induction of ER stress and apoptosis pathways in HLCs upon APAP exposure 

(Figure 11), the incubation of hnUCM-MSCs with the SOS medium might modulate them into a more 

anti-inflammatory and/or pro-regenerative phenotype. 

Thus, the next step was to evaluate the effect of priming hnUCM-MSCs with the SOS medium 

(pMSC-CM) for 24 hours in serum-free conditions. After priming, the medium was replaced by fresh 

medium without FBS and pMSC-CM was collected 48 hours after. hnUCM-MSCs not exposed to the 

SOS medium were used as control (cMSC-CM). As a normalization step to ensure that hnUCM-MSCs 

were always exposed to the same SOS medium conditions, the total protein of HLCs after an 8-hour 

exposure to 30 mM APAP followed by the 24-hour conditioning period, from which the SOS medium 

was produced, was quantified (data not shown) and the ratio of total protein per cm2 was maintained. 

The morphological changes of hnUCM-MSCs during this process are presented in Figure 15. 2 days 

post-inoculation with 5 % (v/v) FBS (Figure 15 a)), hnUCM-MSCs presented the expected 60 % 

confluence and fibroblast-like morphology. At day 5 post-inoculation, 72 hours after priming with the 

SOS medium 5x concentrated (Figure 15 b)), the primed hnUCM-MSCs displayed higher confluency 

when compared to the non-primed hnUCM-MSCs (Figure 15 c)), as also confirmed by total protein 

quantification (data not shown), suggesting that the inflammatory signals in the SOS medium might have 

triggered a proliferative response in hnUCM-MSCs. 

 

Figure 15 - Priming with the SOS medium increased hnUCM-MSCs’ confluency. a) hnUCM-MSCs’ 

morphology 2 days post-inoculation; b) hnUCM-MSCs’ morphology 5 days post-inoculation and 72 hours 

after the priming with the SOS medium; c) non-primed hnUCM-MSCs’ morphology 5 days post-inoculation. 

Scale bar = 100 μm.  

 

The gene expression profile of the primed hnUCM-MSCs was evaluated and compared to that of 

non-primed hnUCM-MSCs. From all the known growth factors and cytokines secreted by MSCs, we 

assessed the expression of key genes (Figure 16) either involved in hepatocyte proliferation and 

regeneration (IL-6 and TNF-A) or with anti-fibrotic (HGF), chemoattractive (SDF-1) and pro-angiogenic 

(VEGF-A and SDF-1) properties.  
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Figure 16 - Enhanced pro-angiogenic effects in hnUCM-MSCs primed with the SOS medium. Gene 

expression of hnUCM-MSCs primed for 24 hours with the SOS medium following a 48-hour incubation with fresh 

medium is presented relative to non-primed hnUCM-MSCs. Data represented as average ± SD (n=2-3). 

*** significantly differs from the non-primed hnUCM-MSCs gene expression with p < 0.001. Abbreviations: IL-6 

(interleukin 6); VEGF-A (vascular endothelial growth factor alpha); HGF (hepatocyte growth factor); SDF-1 (stromal 

cell-derived factor 1); TNF-A (tumour necrosis factor alpha). 

 

As seen in Figure 16, SDF-1 and TNF-A (p < 0.001) showed a significant up-regulation in primed 

hnUCM-MSCs comparatively to non-primed hnUCM-MSCs. 

SDF-1 has been identified in MSCs amniotic fluid stem cells CM, along with VEGF. These two 

cytokines have been described to act synergically in mediating angiogenesis.146 Moreover, SDF-1 has 

been identified in UC-MSCs CM and its chemoattractive activity induced the recruitment of cells in 

injured tissue, enhancing the proliferation and exerting therapeutical relevance.147 Therefore, the SDF-1 

high expression values in primed hnUCM-MSCs showed that its pro-angiogenic effect was activated. 

Additionally, TNF-α has revealed to be pro-angiogenic and cytoprotective.148 The great expression of 

TNF-A in primed hnUCM-MSCs might be beneficial for the initiation of liver regeneration. 

IL-6 is a multifunctional cytokine that mediates cell proliferation, differentiation, survival and apoptosis 

via the JAK-signal transducer and activator of transcription (STAT) pathway, the MAPK pathway and 

the PI3K/Akt pathway.149 IL-6 has a dual role as a pro-inflammatory cytokine150 and as a 

hepatoprotective factor, exerting pro-regenerative151 and anti-apoptotic effects152 through the 

suppression of NK T cells in the liver.153 Indeed, IL-6 expressed in MSC-CM had anti-apoptotic effects.154 

Additionally, IL-6 was essential for the proliferation and immunosuppression capacities of MSCs.155 

Moreover, in the hepatocyte cell cycle, TNF-α and IL-6 are known to initiate the liver regeneration 

cycle.142 Therefore, IL-6 presence in the MSC-CM might stimulate hepatocyte proliferation and 
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regeneration. However, our results showed IL-6 inhibition (p < 0.001) in primed hnUCM-MSCs. This 

lower gene expression relatively to control might have been related with the inflammatory signals 

present in the SOS medium, for instance ATF-6, modulating MSCs into a more anti-inflammatory 

phenotype and suppressing IL-6 due to its pro-inflammatory role. 

MSCs are known to secrete HGF and VEGF-α in high quantities. VEGF-α has an important role in cell 

protection and survival, being known to induce angiogenesis and HGF is an important anti-fibrotic 

cytokine known to induce MSCs differentiation into hepatocytes in vitro.156 HGF is recognised by the 

c-Met receptor in hepatocytes which triggers the activation of a tyrosine kinase signalling cascade, 

resulting in the stimulation of cell proliferation and in the induction of HSCs apoptosis (anti-fibrotic effect). 

Indeed, MSC-CM with high levels of HGF inhibited the activation of HSCs in vitro.98 Moreover, MSCs 

overexpressing HGF resulted in reduced liver failure and mortality in rats but also improved the 

functionality of hepatocytes.157 Furthermore, the secretion of VEGF-α and HGF significantly increased 

in stress-induced environments, namely in cultures with TNF-α, LPS or hypoxia stimulus.158 However, 

in this work, the priming did not enhance the secretion of neither VEGF-α or HGF, since their expression 

values were similar to control. This result might suggest that the inflammatory signals presented in the 

SOS medium were not enough to enhance the expression of these genes, probably related with the 

intrinsic regeneration of HLCs seen when the SOS medium was collected.  

Overall, the expression values of the assessed genes concluded that upon priming with the SOS 

medium, hnUCM-MSCs were modulated into a more anti-inflammatory phenotype, with pro-angiogenic 

effect. The pMSC-CM might exert hepatic pro-regenerative effects due to the presence of these soluble 

mediators, enhancing the formation of new microvasculature from pre-existing blood vessels and 

priming the hepatocytes cell cycle. Therefore, to assess whether the priming exerts the 

above-mentioned effects we evaluated the pMSC-CM effect on HLCs. 

 

3.4. Evaluation of the regenerative effect of primed MSC secretome in 

APAP-induced liver injury in vitro model 

3.4.1. Inducing liver injury through APAP exposure 

The MSC secretome has improved several diseases outcomes through the counterplay between the 

secreted trophic factors and cells. Bearing in mind the objective of this work, the potential effects of the 

pMSC-CM secretome in enhancing the regeneration in an APAP-induced HLC in vitro model were 

herein assessed in vitro. HLCs were injured at D27 with 30 mM APAP for 24 hours, maintaining the 

same time of exposure as the established in the APAP dose-response curve. Afterwards, the cells were 

incubated either with pMSC-CM or cMSC-CM 10x concentrated, for other 24 hours. 

To evaluate the hepatic injury in HLCs exposed to 30 mM APAP for 24 hours (prior to treatment with 

MSC-CM), we analysed the panel of genes involved in APAP-induced hepatotoxicity. Results are shown 

in Figure 17 relative to non-injured HLCs recovered at D28.  



40 
 

 

Figure 17 - Mitochondrial and oxidative stress were induced in HLCs following APAP exposure. Gene 

expression of HLCs exposed to 30 mM APAP for 24 hours is presented relative to non-injured HLCs recovered at 

D28. Data represented as average ± SD (n=1-3). *, *** significantly differs from the non-injured HLCs gene 

expression with p < 0.05 and p < 0.001, respectively. Abbreviations: ASK1 (apoptosis signal regulating kinase 1); 

RIPK3 (receptor-interacting protein kinases 3); ATF-6 (activating transcription factor 6); BAX (Bcl-2-associated X 

protein); HNF4-A (hepatocyte nuclear factor 4 alpha); TNF-A (tumour necrosis factor alpha). 

 

The results presented in Figure 17 showed that ASK1 (p < 0.05), ATF-6 and TNF-A (p < 0.001) were 

significantly overexpressed relatively to non-injured cells, indicating the APAP-induced hepatotoxicity, 

as expected, namely, the mitochondrial and ER stress. Moreover, the HNF4-A (p < 0.001) is dramatically 

reduced, relatively to control, indicating the existence of hepatic injury. After inducing the injury, we must 

evaluate the regenerative effect of pMSC-CM in injured HLCs. 

 

3.4.2. pMSC-CM displayed a regenerative effect in APAP-induced injury 

in vitro model 

To evaluate the MSC secretome (MSC-CM) effect on the HLCs regeneration after APAP-induced 

injury, we analysed the expression of key genes involved in hepatocyte proliferation (C-MET and 

CCND1 (gene for cyclin D1)) and angiogenesis (FGF-2 and VEGF-A). Additionally, to assess the effect 

of the MSC secretome in apoptotic pathways, BAX expression was analysed. Gene expression of HLCs 

exposed to 30 mM APAP for 24 hours and incubated with the primed MSC secretome (pMSC-CM) or 

the control MSC secretome (cMSC-CM) for other 24 hours is presented in Figure 18. Results are 

presented relative to HLCs injured with 30 mM APAP for 24 hours and incubated with their basal medium 

for other 24 hours (control).  
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Figure 18 - Regenerative genes were up-regulated in HLCs exposed to the MSC secretome. Gene expression 

of HLCs with cMSC-CM and pMSC-CM 10x concentrated, after a 24-hour exposure to 30 mM APAP, is presented 

relative to HLCs exposed to 30 mM APAP for 24 hours incubated with their basal medium (control) for other 24 

hours. Data represented as average ± SD (n=2-3). *, *** significantly differs from the control gene expression with 

p < 0.05 and p < 0.001, respectively. ##, ### significative difference between injured HLCs with cMSC-CM and with 

pMSC-CM with p < 0.01 and p < 0.001, respectively. Abbreviations: HLCs (hepatocyte-like cells); BAX 

(Bcl-2-associated X protein); CCND1 (cyclin D1); VEGF-A (vascular endothelial growth factor alpha); FGF-2 

(fibroblast growth factor 2); cMSC-CM (human neonatal umbilical cord matrix-derived mesenchymal stem cells 

conditioned medium not primed); pMSC-CM (human neonatal umbilical cord matrix-derived mesenchymal stem 

cells conditioned medium primed with the hepatocyte-like cell SOS medium). 

 

The genes involved in the hepatic regeneration, proliferation and angiogenesis – CCND1, C-MET, 

VEGF-α and FGF-2 – were overexpressed (p < 0.05) in both MSC secretome conditions when compared 

to control. Nevertheless, the expression level of BAX was maintained, indicating that both primed and 

non-primed MSC secretome did not influence apoptosis.  

The priming phase of liver regeneration is mediated by TNF-α and IL-6, which induce the transcription 

of cyclin D1, for instance. Even though CCND1 expression increased upon treatment with both MSC-CM 

conditions relatively to control, the results showed no significant differences between CCND1 

expression in HLCs exposed to pMSC-CM and cMSC-CM. This seemed to suggest that the higher 

overexpression of TNF-A in primed MSCs (Figure 16, section 3.3) did not enhance the CCND1 

expression. 

Under inflammatory status, the regenerative genes induce the release of HGF and, consequently, the 

activation of its hepatocyte receptor c-Met. This receptor plays a crucial role in liver regeneration, 
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activating CDKs and enhancing cell proliferation and survival. Since MSCs expressed HGF (Figure 16, 

section 3.3), the higher available quantity of HGF predictably induced the up-regulation of C-MET, 

relatively to control, in HLCs exposed to the MSC secretome.  

Within the pro-regenerative signalling pathways, VEGF-α and FGF-2 are responsible for angiogenesis 

and duplication of hepatic endothelial cells in the injured liver. These cytokines are crucial to restore the 

vessel wall (endothelial cells, smooth muscle cells and fibroblast cells) of the liver.45 Thus, the significant 

overexpression of VEGF-A and FGF-2 in injured HLCs exposed to the MSC secretome, relatively to 

control, may suggest that the hepatocyte regeneration was enhanced. This result is concordant with the 

observed in Du, Z. et al. (2013) in which VEGF-A higher expression was associated with hepatocyte 

proliferation after MSC-CM therapy.159  

The MSC secretome seemed to be beneficial on injured HLCs by enhancing their regenerative 

pathways. However, the gene expression of HLCs exposed to 30 mM APAP for 24 hours did not 

evidence clearly which CM condition (cMSC-CM or pMSC-CM) improved the hepatic regeneration to a 

greater extent, since VEGF-A and C-MET were more induced in HLCs exposed to cMSC-CM (p < 0.01) 

while FGF-2 (p < 0.001) had a higher induction in HLCs treated with pMSC-CM. This might be related 

with the level of injury, which corresponded to the APAP IC50, being too high and in this case the CM 

cannot exert more notorious therapeutic effects.   

Given these results, we hypothesized that the MSC secretome therapeutical action could be enhanced 

under lower APAP concentrations. Thus, in an attempt to distinguish the benefits of the two MSC 

secretome conditions, we tested their proliferative effect under lower levels of HLC injury.   

The APAP concentrations herein analysed consisted of the concentration used until this point, the IC50 

(30 mM); an intermediate (15 mM) and a lower concentration (5 mM); and a control with HLCs not 

exposed to APAP (0 mM) tested upon a 24-hour incubation. After inducing the injury, the medium was 

replaced by fresh medium with either pMSC-CM or cMSC-CM 10x concentrated, exposing the cells for 

24 hours to the MSC secretome. Finally, the cell viability was measured (Figure 19). The results are 

presented as a normalization to the positive control (HLCs not exposed to APAP with their basal 

medium).  

The results show that the MSC secretome was not toxic for HLCs. Indeed, in HLCs exposed to 5 mM 

and 15 mM APAP, both cMSC-CM and pMSC-CM, revealed to be beneficial in comparison to not treated 

HLCs, showing higher cell viability percentages (p < 0.05). However, non-injured HLCs (0 mM APAP) 

and HLCs exposed to 30 mM APAP, incubated with either cMSC-CM or pMSC-CM did not display 

significative cell viability alterations. This result seemed to indicate that until a certain concentration of 

APAP and, consequently, a certain degree of APAP-induced injury, the therapeutic effect of both primed 

and non-primed MSC secretomes is stimulated. Therefore, the MSC secretome therapeutical action 

appeared to be between 5 and 15 mM APAP. 

Notably, the cell viability percentages presented in Figure 19 did not correspond to the estimated by 

the APAP dose-response curve (Figure 9, section 3.1). The cell viability in HLCs exposed to 30 mM 

APAP was superior to the calculated IC50. This result was concordant with the cell morphology seen 24 
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hours after removing APAP in Figure 10 c), section 3.2.1., reinforcing the hypothesis that HLCs were 

able to recover until a certain extension of injury even with their basal medium. 

 

Figure 19 - MSC secretome enhanced HLCs proliferation in lower APAP concentrations. Cell viability of HLCs 

exposed to different APAP concentrations for 24 hours and incubated with cMSC-CM or pMSC-CM, 10x 

concentrated, or with their basal medium, for 24 hours. Cell viability percentage was normalized to the positive 

control (HLCs not exposed to APAP). Data represented as average ± SD (n=1). *, **, *** significantly differs from 

the injured HLCs control, cMSC-CM or pMSC-CM gene expression with p < 0.05, p < 0.01 and p < 0.001, 

respectively. Abbreviations: HLCs (hepatocyte-like cells); cMSC-CM (human neonatal umbilical cord matrix-derived 

mesenchymal stem cells conditioned medium); pMSC-CM (human neonatal umbilical cord matrix-derived 

mesenchymal stem cells conditioned medium primed with the hepatocyte-like cell SOS medium). 

 

Regarding the priming strategy, in intermediate injuries (15 mM APAP), the pMSC-CM exerted more 

beneficial effects than cMSC-CM, suggesting that the secreted pro-angiogenic and pro-regenerative 

factors (Figure 16, section 3.3) seemed to enhance the cell proliferation. Conversely, in a lesser extent 

of injury (5 mM APAP) the priming did not seem crucial for HLCs regeneration, since cMSC-CM revealed 

a higher enhancement in cell proliferation. 

Concordantly with the up-regulation of regenerative genes in HLCs exposed to the MSC secretome 

(Figure 18), this CM therapy appeared to be beneficial and enhance the regeneration of APAP-injured 

HLCs. Particularly, the priming strategy herein applied to hnUCM-MSCs seemed to indicate that in an 

intermediate APAP concentration (15 mM) the hepatic regeneration was potentiated, appearing to be a 

favourable liver regenerative therapy.  
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4. Conclusions and future perspectives  

To develop efficient therapies for APAP-induced liver injury, the underlying mechanisms of 

hepatotoxicity and liver regeneration need to be thoroughly understood. In particular, MSC paracrine 

activity, which can be modulated according to the surrounding microenvironment, has been 

demonstrated to present important immunomodulatory and anti-inflammatory effects, representing an 

interesting therapeutic approach. 

Firstly, injury was induced by exposing HLCs to APAP IC50 (30 mM) in 2D and 3D cultures. In 2D 

cultures, it was observed that mitochondrial and ER stress and apoptosis were activated. In contrast, 

3D-cultured HLCs had lower expression of necroptotic, apoptotic and ER stress genes and increased 

upregulation of TNF-A when compared to 2D cultures. These differences might be related with gradients 

of APAP generated within the spheroids and possible hepatoprotective effects previously described in 

3D cultures. As such, further studies should focus on the APAP-induced toxicity mechanisms in 

3D-cultured HLCs. Nevertheless, given the resultant hepatotoxicity upon APAP incubation, 2D-cultured 

HLCs were used to evaluate MSC secretome therapeutic effect. Accordingly, the resultant medium from 

APAP-injured HLCs with inflammatory signals (SOS medium) was then used to prime MSC-derived 

secretome (pMSC-CM) into a more regenerative phenotype. It was observed that MSCs exposed to 

SOS medium presented a more pro-regenerative phenotype, activating pro-angiogenic pathways.  

The next step was to evaluate the effect of the MSC secretome in APAP-injured HLCs. Overall, both 

primed MSC secretome (pMSC-CM) and non-primed (cMSC-CM) induced regeneration, proliferation 

and angiogenic pathways in HLCs. In particular, pMSC-CM induced higher FGF-2 overexpression than 

cMSC-CM, which is related to angiogenesis. On the other hand, cMSC-CM induced higher 

overexpression of C-MET and VEGF-A, related to cell proliferation and angiogenesis, respectively. As 

both secretomes exerted beneficial effects on HLCs injured with 30 mM of APAP, lower levels of injury 

were studied to assess if differential effects could be observed in cell viability. In fact, in an intermediate 

level of injury (15 mM), pMSC-CM induced higher HLC proliferation while cMSC-CM stimulated higher 

cell proliferation in a lower injury level (5 mM). Therefore, our results suggest that at lower levels of 

injury, MSC secretome does not need to be modulated to produce effects at the cell proliferation level 

but MSC priming strategy seemed to be best suited for intermediate levels of HLC injury.  

As differences in cell proliferation upon MSC secretome treatment were observed with different levels 

of HLC injury, future work should include a broader characterization of HLCs and MSC secretome. 

Specifically, HLCs should be analysed regarding gene expression, secreted factors and mitochondrial 

and ER functionality. Moreover, the specific paracrine mediators present in the SOS medium, in the 

pMSC-CM and in the cMSC-CM should also be determined, through e.g. proteomic analysis.  

Furthermore, our results suggested that HLCs were able to activate intrinsic regenerative mechanisms 

in the 24 hours of conditioning for the production of the SOS medium. Therefore, to increase the 

presence of inflammatory signals in the SOS medium, we might consider the reduction of the 

conditioning time.  
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In the present work, we tested MSC-CM 10x concentrated, corresponding to 10 % of the final volume, 

since it was previously established in our group as an optimized concentration. However, Poll, D. et al. 

(2008), noticed that low concentrations of MSC-CM in the culture medium revealed a direct 

anti-apoptotic effect on hepatocytes. Actually, 2% MSC-CM in the culture medium revealed to have 

better results than 8 %.90 Thus, it might be interesting to assess the regenerative effect of different 

MSC-CM concentrations in the HLCs regeneration in future work. 

In conclusion, this work demonstrated that the medium obtained from an APAP-induced liver injury 

in vitro model (SOS medium) was capable of mimicking the liver injury microenvironment and 

successfully modulated hnUCM-MSCs into a pro-regenerative phenotype. Therefore, the primed MSC 

secretome revealed to enhance the hepatic regeneration in intermediate degrees of APAP-induced 

injury. Although further studies are needed to better understand the regenerative mechanisms 

potentiated by the primed MSC secretome and in which conditions it is best applied as a hepatic therapy, 

the work herein achieved showcased the first steps towards establishing a stem cell free-based therapy 

for hepatic regeneration. 
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6. Annexes 

Table A - Primers used for qRT-PCR. 

Name Sequence 

ASK1_F CTGCATTTTGGGAAACTCGACT 

ASK1_R AAGGTGGTAAAACAAGGACGG 

RIPK3_F CCAAATCCAGTAACAGGGCG 

RIPK3_R TCTTTAGGGCCTTCTTGCGA 

ATF-6_F GACAGTACCAACGCTTATGCC 

ATF-6_R CTGGCCTTTAGTGGGTGCAG 

BAX_F CCCGAGAGGTCTTTTTCCGAG 

BAX_R CCAGCCCATGATGGTTCTGAT 

TNF-A_F AAGCACACTGGTTTCCACACT 

TNF-A_R TGGGTCCCTGCATATCCGTT 

HNF4-A_F ATTGACAACCTGTTGCAGGA 

HNF4-A_R CGTTGGTTCCCATATGTTCC 

IL-6_F ACTCACCTCTTCAGAACGAATTG 

IL-6_R CCATCTTTGGAAGGTTCAGGTTG 

HGF_F GCTATCGGGGTAAAGACCTACA 

HGF_R CGTAGCGTACCTCTGGATTGC 

SDF-1_F ATTCTCAACACTCCAAACTGTGC 

SDF-1_R ACTTTAGCTTCGGGTCAATGC 

VEGF-A_F AGGGCAGAATCATCACGAAGT 

VEGF-A_R AGGGTCTCGATTGGATGGCA 

C-MET_F AGCAATGGGGAGTGTAAAGAGG 

C-MET_R CCCAGTCTTGTACTCAGCAAC 

CCND1_F GCTGCGAAGTGGAAACCATC 

CCND1_R CCTCCTTCTGCACACATTTGAA 

FGF-2_F AGAAGAGCGACCCTCACATCA 

FGF-2_R CGGTTAGCACACACTCCTTTG 

 


