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ABSTRACT 

Drug-induced liver injury (DILI) is a major burden for health care systems and a 

principal reason for attrition during drug development. Prediction of clinical DILI 

remains difficult and diagnosis is usually based on exclusion using blood-based 

biomarkers for cell injury. Currently used chemistry parameters lack sensitivity, 

specificity and prognostic capability. More importantly, they provide little insight 

into the underlying mechanistic basis of DILI hindering stratification and 

appropriate therapeutic intervention. A panel of circulating biomarkers that can 

identify liver injury in patients with DILI with enhanced sensitivity and specificity 

over currently used tests and translational to animal models has been previously 

described. Serum microRNA-122 (miR-122) has shown liver specificity and 

higher sensitivity than alanine aminotransferase (ALT) and High mobility group 

box 1 (HMGB1) is an informative and early serum indicator of cell death and 

inflammatory processes in Paracetamol (APAP)-induced liver injury (APAP-ILI). 

The mechanistic nature of these biomarkers allows for a deeper understanding 

of the basis to the toxicological events in DILI scenarios. However, this 

biomarkers panel is made up of analytes that reflect cell death mode or 

inflammation processes and lacks novel mechanisms for determining liver 

function.  

 

Multispectral Optoacoustic Tomography (MSOT) is an imaging modality that 

facilitates the whole-body imaging of toxicological processes in organs that can 

be observed in vivo, real-time and with high resolution. MSOT imaging operates 

in the near-infrared (NIR) spectral window and high detection specificity is 

achieved by multispectral reconstruction which allows accurate monitoring of 

biodistribution of relevant molecules. It has been used preclinically to assess 

kidney function in Adriamycin-induced nephropathy mouse model where 

clearance of the near infrared dye IRDye 800CW carboxylate was assessed. 

Indocyanine green (ICG) is a fluorescent dye that can also be detected in the 

system by MSOT imaging. It is removed from circulation exclusively by the liver 

parenchyma and is clinically used in medical diagnostics as a marker for liver 

function. Here for the first time, we demonstrate that ICG clearance from blood 

can be monitored using real-time and non-invasive MSOT imaging. Established 

(ALT and total bilirubin; TBIL) and novel (miR-122 and HMGB1) serum 
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biomarkers were analysed and histopathological examination for liver injury was 

assessed in APAP-ILI mouse model. Data showed a significant increase of ICG 

half-life at 3 hours (h) post-APAP followed by a gradual decrease at 24 h timepoint 

and a second peak of ICG clearance delay at 48 h with full recovery at 96 h post-

APAP. The strong correlation between parameters demonstrated the utility of 

MSOT imaging for the assessment and monitoring of liver function in DILI mouse 

model. Furthermore, a cohort of mice received APAP antidote, N-Acetyl-Cysteine 

(NAC), for the evaluation of MSOT imaging utility in reporting the efficacy of 

therapeutic intervention. We were able to monitor recovery after NAC treatment 

using non-invasive imaging. This work was then extrapolated to a chronic DILI 

model where mice received carbon tetrachloride (CCl4) twice per week for up to 

12 weeks (w) and had the same parameters than above measured at different 

timepoints throughout the timecourse. MSOT imaging delivered interesting and 

novel data regarding liver function in this model. Finally, a cohort of mice received 

a potential cell therapy and MSOT imaging was used to monitor efficacy of this 

novel therapy as well as tracking the fate of these cells in the animal. This time 

MSOT proved the multimodal utility in drug development. Furthermore, the lack 

of understanding of the mechanisms of release in blood of biomarkers and its 

relationship with tissue injury was addressed. We showed for the first time the 

tissue-periphery distribution of miR-122 and HMGB1 in APAP-ILI. Thorough 

histopathological examination and quantification of miR-122 in situ hybridisation 

(ISH) and HMGB1 immunohistochemistry (IH) and liver injury severity 

assessment was performed. This data was then correlated with serum 

biomarkers levels. Serum miR-122 and HMGB1 elevation directly correlated to 

high expression of miR-122 and HMGB1 translocation in hepatocytes undergoing 

cell stress.  

 

In summary, the data in this thesis provides a novel approach for the diagnosis 

of DILI using a novel photoacoustic imaging technology which allows the non-

invasive and real-time monitoring of liver function in combination with novel panel 

of circulating biomarkers for liver injury. Altogether proved to be more sensitive, 

specific and importantly more informative of the underlying mechanistic basis of 

DILI.  
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1.1 THE LIVER MICROARCHITECTURE  

The liver is a vital organ responsible for maintaining homeostasis and is the 

principal organ involved in drug metabolism and detoxification. Additionally, 

the liver synthesizes proteins, triglycerides and cholesterol, glycogen, and bile 

acids (Malarkey, Johnson et al. 2005).  

 

It has a dual blood supply. The portal vein (PV) provides about 70 % of the 

liver’s blood supply originating from different branches of the gastrointestinal 

tract. Generally, this blood is not perfectly mixed and reaches the left and right 

side of the liver with different concentrations of nutrients and toxins (Malarkey, 

Johnson et al. 2005). Portal vein enters the liver parenchyma through the portal 

triad (PT) and runs along the sinusoids to the centrilobular vein (CV). The blood 

is then emptied into large hepatic veins and into the vena cava. The PV runs 

together with the hepatic artery which supplies the remaining blood to the liver. 

The latter is a branch of the celiac artery and supplies blood to the gallbladder 

via the cystic artery and the liver via the left and right hepatic arteries. The PV 

delivers 40 % of oxygen compared to the 60 % supplied by the artery 

(Malarkey, Johnson et al. 2005). Altogether, provides gradients of oxygen, 

nutrients, metabolites, hormones and cytokines which in contact with the 

hepatocytes, display structural and functional heterogeneity along the 

sinusoidal axis; a phenomenon known as metabolic zonation (Gebhardt and 

Matz-Soja 2014).  

 

Structurally, the liver can be described as hexagonal liver lobules oriented 

around the terminal hepatic veins (or CV) with PT at the lobule’s periphery 

separated by 15 to 25 hepatocytes (Baratta, Ngo et al. 2009). Functionally, the 

2 - 3 layers of hepatocytes in the vicinity of the terminal hepatic vein are called 

CV (or zone 3) and those near the PT (6 - 8 layers of hepatocytes) are 

“periportal” (PP or PV; or zone 1) (LeCluyse, Witek et al. 2012). Blood enters 

the PP area through the portal venules and hepatic arterioles, traverses the 

sinusoids, and exits into the CV (Figure 1.1). Between hepatocytes are the 

bile canaliculi (channels 1 - 2 μm diameter) which drain into the canals of 

Hering that, in turn, connect to bile ductules in the PP region. The ductules 
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empty into the terminal bile ducts within the PT (Figure 1.1) (Malarkey, 

Johnson et al. 2005).  

 

Within the lobule, parenchymal (hepatocytes) and non-parenchymal (hepatic 

sinusoidal endothelial cells (HSEC), biliary epithelial cells (BEC), hepatic 

stellate cells (HSC) and Kupffer cells (KC)) cells are present (Baratta, Ngo et 

al. 2009, LeCluyse, Witek et al. 2012) (Figure 1.1). Hepatocytes constitute the 

majority of cells in the liver (60 % of the total cells) and represent 80 % of the 

volume of liver (Malarkey, Johnson et al. 2005). They are arranged in plates 

and are either adjacent to bile canaliculi or exposed to the perisinusoidal 

space. The BECs act as conductors for bile flow but can also modify 

canalicular bile and concentrate bile in the gall bladder (Malarkey, Johnson et 

al. 2005). The HSECs (20 % of the liver cells) are the primary barrier between 

blood and hepatocytes and they filter fluids, solutes, and particles between the 

blood and space of Disse (Malarkey, Johnson et al. 2005, LeCluyse, Witek et 

al. 2012). The KCs represent 15 % of the liver cells and are derived from 

circulating monocytes. They are phagocytic cells and are the major producers 

of cytokines mediators of inflammation. The HSCs comprise about 5 % of liver 

cells and have a role in regeneration and hepatic fibrogenesis. The 

extracellular matrix (ECM) is important in the regulation and modulation of 

hepatic function and 5 - 10 % of the liver is collagen (Malarkey, Johnson et al. 

2005, LeCluyse, Witek et al. 2012) . 

 



 
 

  

 
Figure 1.1 Schematic overview of hepatic cell types and general liver structure. CV; centrilobular vein, HA; hepatic 
aorta, PV; periportal vein, BD; bile duct, BEC; biliary epithelial cell, HSC; hepatic stellate cell, KC; Kupffer cell, HSEC; hepatic 
sinusoidal endothelial cell. 
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1.2 ADVERSE DRUG REACTIONS (ADRs) 

 

ADRs are a major human health concern and represent a significant burden in 

drug development due to their impact on drug attrition and withdrawn from the 

market (Lasser, Allen et al. 2002). Approximately 30 % of compound attrition 

has been attributed to ADRs (Greene and Naven 2009). Furthermore, ADRs 

have been rated as a major reason for hospital admission causing more than 

10,000 deaths and costing to the NHS up to £ 466 million per year 

(Pirmohamed, James et al. 2004). In the United States (USA), ADRs were 

classified as one of the leading cause of death where its economic impact 

scaled up to $ 30.1 billion per year (Sultana, Cutroneo et al. 2013). Importantly, 

research has shown that half of the ADRs in hospitals could have been 

prevented with better informed clinicians and more sensitive biomarkers 

(Davies, Green et al. 2009).  

 

The liver is the principal organ involved in drug metabolism and detoxification 

and therefore it is one of the organs most vulnerable to toxicity. Although the 

occurrence of adverse hepatic reactions to a drug are rare, they contribute 

significantly to patient morbidity and mortality (Lee and Senior 2005).  

  

‘An ADR is any undesirable effect of a drug beyond its anticipated 

therapeutic effects occurring during clinical use’ 

(Pirmohamed, Breckenridge et al. 1998) 
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1.3 DRUG-INDUCED LIVER INJURY (DILI)  

DILI can be classified and defined as predictable based on their pharmacology 

(or intrinsic) such as Acetaminophen (Paracetamol; APAP) toxicity, and 

idiosyncratic DILI (iDILI) such as isoniazid and amoxicillin-clavulanic acid 

(Jaeschke, Xie et al. 2014). Predictable DILI reactions result from an 

exaggeration of a drug’s normal pharmacological action and normally occurs 

in a dose-dependent manner (Jaeschke, Xie et al. 2014). It has the potential 

to affect all patients. APAP is an analgesic and antipyretic drug that inhibits 

cyclooxygenase (COX) and prostaglandin (PG) and its toxicity in overdose 

conditions is due to its metabolise in the liver into the reactive metabolite N-

acetyl-p-benzoquinoneimie (NAPQI). IDILI reactions are novel responses that 

are not expected from the known pharmacological actions of the drug (Kullak-

Ublick, Andrade et al. 2017). These are less common and occur in susceptible 

patients. IDILI affects less than 1 in 10,000 patients and the symptoms can 

range from mild, transient liver injury and dysfunction to acute liver failure 

(ALF) (Fontana 2014).  

 

DILI is the most frequent cause of drug-related regulatory actions and 

termination of clinical drug trials as well as the major reason for post market 

withdrawal of drugs (Kaplowitz 2001, Larrey 2002). According to the Liver Tox 

(https://livertox.nih.gov/), from an analysis of 673 marketed drugs evaluated, 

53 % had published convincing cases of DILI (Bjornsson and Hoofnagle 2016). 

However, as mentioned before, DILI is infrequently observed in clinical 

practice. An annual incidence rate of 13,9 cases per 100,000 inhabitants 

(0,014 %) was recorded in a French population cohort study where 34 cases 

of DILI (80 % outpatients) in a population of 81,301 habitants were found in 3 

years, the majority caused by a single drug treatment (Sgro, Clinard et al. 

2002). Another study in Iceland showed an annual incidence rate of 19.1 cases 

per 100,000 inhabitants (0,019 %) of DILI where 96 cases of DILI in a 

population of 251,000 habitants were described in 2 years. Additionally, 75 % 

of these cases were caused by a single prescription medication and the rest 

by dietary supplements or multiple agents (Bjornsson, Bergmann et al. 2013). 

In Switzerland an incidence of 1.4 % (57 cases of DILI out of 4,209 patients) 

in an in-patient study was recorded (Meier, Cavallaro et al. 2005). Also, in 
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Sweden, an annual incidence rate of 2.3 cases per 100,000 inhabitants was 

recorded where liver injury with at least a possible causal relationship to drugs 

was reported in 77 of 1,164 cases (6.6 % incidence of liver injury related to 

drug administration) between 1995 and 2005 (De Valle, Av Klinteberg et al. 

2006). Despite its rarity, because of the wide use of medications, DILI is 

considered a leading cause of ADRs (Watkins, Merz et al. 2014) and a major 

cause of ALF. Within the USA alone, drugs account for more than 50 % of 

cases of ALF, with approximately 49 - 50 % due to APAP (Larson, Polson et 

al. 2005, Lee, Stravitz et al. 2012, Lee 2017). 
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1.4 MECHANISMS OF CELL INJURY 

Cell injury results from the exposure of organelles (endoplasmic reticulum (ER) 

and mitochondrial stress) and deoxyribonucleic acid (DNA) to drugs or their 

reactive metabolites, which can eventually trigger an inflammatory response 

(adaptive and innate immunity) when for instance cellular content is 

extracellularly released (Iorga, Dara et al. 2017). This can happen when 

reactive metabolites accumulate and subsequent formation of covalent binding 

to intracellular proteins occurs. This induces the generation of reactive oxygen 

species (ROS) and causes organelle stress (Iorga, Dara et al. 2017). At that 

stage, if the stress is minor the damage is reversible, but if this is exacerbated, 

organelle stress can activate the mechanisms of cell death (apoptosis via 

mitochondrial outer membrane permeabilization or necrosis by mitochondrial 

permeability transition) (Iorga, Dara et al. 2017).  

 

When drugs damage mitochondria, they directly bind or disable the 

respiratory-chain enzymes or mitochondrial DNA resulting in failure of 

oxidative phosphorylation and progressive depletion of adenosine 

triphosphate (ATP) culminating in cell necrosis (Iorga, Dara et al. 2017). When 

cell damage occurs, danger-associated molecular patterns (DAMPs) such as 

high mobility group box 1 (HMGB1) are released extracellularly. Once in the 

extracellular space DAMPs have the capacity to stimulate an inflammatory 

response which contributes to liver injury severity, at least in the case of APAP 

hepatotoxicity (Martin-Murphy, Holt et al. 2010). HMGB1 has shown to act as 

a ligand for the receptor for advanced glycation end products (RAGE), and can 

interact with toll-like receptors (TLRs) and activate KC (Bianchi 2007, Martin-

Murphy, Holt et al. 2010).  

 

KCs secrete pro-inflammatory cytokines and chemokines that drive a systemic 

inflammatory response and recruit neutrophils to the liver (Krenkel, Mossanen 

et al. 2014). Neutrophils may then contribute to local tissue damage through 

the production of ROS and the release of proteases (Krenkel, Mossanen et al. 

2014). However, the role of neutrophils in early tissue injury remains 

controversial (Williams, Bajt et al. 2014). Infiltrating monocytes, initially pro-

inflammatory in function, mature within the liver to monocyte derived 
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macrophages which have important tissue repair functions (Zigmond, Samia-

Grinberg et al. 2014) (see section 1.7.1). Therefore, the cells involved in the 

innate immune response play a key role in the progression and severity of 

tissue injury in some cases of DILI.  
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1.5 ACUTE APAP-INDUCED LIVER INJURY (ILI) 

APAP, has been an over-the-counter drug for more than 50 years and is the 

most commonly-used analgesic and antipyretic in the world. The usual dosing 

of APAP for adult ranges between 325 - 1000 mg, not to exceed 4 g/day. 

Despite safety margins and the availability of specific antidote, high incidence 

of hepatotoxicity is reported in many countries (Larson, Polson et al. 2005). 

APAP-ILI contributes to up to 50 % of cases of ALF in the USA and 70 % in 

the UK, results in more than 200 deaths/year in the UK alone and is a common 

reason for hospital admission resulting in significant hospital bed occupancy 

(Bernal 2003, Russo, Galanko et al. 2004). APAP overdoses can be treated at 

its early stages (within 8 hours) by administration of N-acetylcysteine (NAC), 

which restores hepatocellular glutathione (GSH) stores. However, NAC 

treatment takes at least 20 hours (h) to complete and up to 45 % of treated 

patients develop adverse effects (Kerr, Dawson et al. 2005). In serious APAP 

overdose liver failure occurs and liver transplantation might then be required. 

 

 1.5.1 APAP metabolism 

At therapeutic doses, 85 % of APAP undergoes detoxification in the liver 

through Phase II enzymes (glucoronidation and sulphation pathways) and 15 

% is metabolized through the activity of Phase I Cytochrome P450 (CYP2E1, 

CYP1A2, CYP3A4) (Figure 1.2) (Raucy, Lasker et al. 1989, Thummel, Lee et 

al. 1993). APAP is metabolised to N-acetyl p-benzoquinoneimine (NAPQI), a 

highly reactive metabolite efficiently detoxified by conjugation with GSH 

(Jollow, Mitchell et al. 1973). However, in overdose situations a larger portion 

of APAP is metabolized through Phase I. Subsequently, NAPQI metabolite 

deplete hepatic glutathione (80–90%) and becomes free to covalently bound 

to hepatic proteins and inhibit their function (Jollow, Mitchell et al. 1973, 

Mitchell, Jollow et al. 1973, Zaher, Buters et al. 1998) (Figure 1.2). The 

covalent binding have been shown to correlate with hepatotoxicity and cell 

death (Potter, Thorgeirsson et al. 1974). In addition to covalent binding, 

oxidative stress can also contribute to cell death in APAP-ILI. Reactive oxygen 

species (ROS) such as superoxide anion and hydrogen peroxide may be 

formed by multiple mechanisms including uncoupling of CYP2E1 and 

mitochondria or GSH depletion (as GSH is the cofactor for GSH peroxidase 



Chapter 1 

 
 

23 

detoxification of peroxides) (Hinson, Roberts et al. 2010). ROS can promote 

mitochondrial permeability transition (MPT). This phenomenon is associated 

with inner mitochondrial membrane depolarization, uncoupling of oxidative 

phosphorylation, release of intramitochondrial content (including 

endonuclease G which participates in nuclear DNA fragmentation in APAP-

ILI), mitochondrial swelling, and decreased ATP synthesis (Hinson, Roberts et 

al. 2010). This can subsequently lead to the loss of hepatocytes viability. The 

zonated expression of the enzymes CYP450 in the CV and GSH in the PP 

area contributes to the localized necrosis in the CV region (Gebhardt and Matz-

Soja 2014).  

 

In response to hepatocyte damage, different pathways are activated in order 

to protect cells from further injury. The transcription factor nuclear factor 

erythroid 2-related factor 2 (Nrf2) regulates the expression of numerous 

cytoprotective genes and is activated by oxidative stress (Figure 1.2) 

(Aleksunes, Goedken et al. 2006, Copple, Goldring et al. 2008). Once 

activated, Nrf2 promotes expression of detoxification and antioxidant genes 

including NAD(P)H:quinone oxidoreductase 1 (NQO1) as the major enzyme 

involved in hepatocyte protection by neutralising superoxide anions and 

regenerating reduced (and therefore more active) forms of protective 

endogenous antioxidant compounds and glutamate cysteine ligase (GCL) 

which contributes to GSH replacement (Figure 1.2) (Jaiswal 2004, Aleksunes, 

Goedken et al. 2006, Copple, Goldring et al. 2008).  

 



 
 

  

 
Figure 1.2 Schematic representation of APAP metabolism.  NAPQI; N-acetyl p-benzoquinoneimine, CYP2E1; Cytochrome P450 
2E1, ROS; reactive oxygen species, Nrf2; nuclear factor erythroid 2–related factor 2. Histological image showing the centrilobular 
vein area with necrotic hepatocytes (cell death) after APAP overdose. 
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1.6 CHRONIC CARBON TETRACHLORIDE (CCl4)-ILI 
Chronic liver diseases are major global health concerns causing approximately 

800,000 deaths per year worldwide (Bataller and Brenner 2005). Liver fibrosis 

is one of the histological consequences from chronic insults to the liver. It is 

derived from the accumulation of extracellular matrix (ECM) proteins 

(Friedman 2003, Bataller and Brenner 2005). The main causes of liver fibrosis 

in industrialized countries include chronic HCV infection, alcohol abuse, and 

non-alcoholic steatohepatitis (NASH) (Friedman 2003, Bataller and Brenner 

2005). The accumulation of ECM leads to the changes in the hepatic 

architecture and the regenerative response of hepatocytes aggravates the 

situation by developing nodules (cirrhosis) (Bataller and Brenner 2005). At this 

stage, there is hepatocellular dysfunction and increased intrahepatic 

resistance to blood flow, which result in hepatic insufficiency and portal 

hypertension, respectively (Bataller and Brenner 2005). 

 

CCl4 was used as a solvent and cleaner for industry and home but its use was 

restricted because of its toxicity. Now, CCl4 is used in an hepatotoxicant model 

to elucidate mechanisms of fibrosis and cirrhosis. Its toxicity depends on the 

dose and the duration of exposure and high dose or long exposure to CCl4 

have a toxic effect characterised by fatty degeneration, fibrosis, cirrhosis and 

even cancer (Liedtke, Luedde et al. 2013).  

 

 1.6.1 CCl4 metabolism 
CCl4 enters the hepatocytes and is subsequently metabolised in microsomes 

by CYP2E1 to the reactive metabolite thrichlorometane (CCl3+) (Weber, Boll et 

al. 2003). Once activated, CCl3+ triggers a chain of reactions that leads to 

hepatocellular damage. It can bind to cellular molecules such as nucleic acids, 

proteins and lipids which will impair crucial cellular processes such as lipid 

metabolism leading to fatty degeneration (steatosis) or cause cancer if adducts 

formation between DNA and CCl3+ occur (Weber, Boll et al. 2003). However, 

CCl3+ radical is reactive enough to bind to CYP2E1 causing its inactivation and 

therefore reducing CCl4 sensitivity (Weber, Boll et al. 2003). Other radicals are 

involved in this phenomenon and can cause lipid peroxidation which will 

destroy polyunsaturated fatty acids targeting mainly endoplasmic reticulum, 
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mitochondria and Golgi apparatus altering their permeability and therefore 

causing the alteration of Ca2+ homeostasis which will lead to severe 

hepatocellular damage. Additionally, breakdown products of lipids peroxidation 

can cause covalent bindings with important protein groups inhibiting vital 

enzyme activities (Weber, Boll et al. 2003).  

 

The progression of CCl4 toxicity involves KC and HSC and can either 

aggravate liver injury by potentiating the inflammatory response or repair 

damage by promoting regeneration (Liedtke, Luedde et al. 2013).  
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1.7 INFLAMMATION AND REPAIR  

 

Recruited cells to the site of injury include phagocytic leukocytes and 

components of innate immunity such as natural killer cells, dendritic cells, and 

epithelial cells (Mitchell 2015). These cells can release cytokines that can have 

a pro-inflammatory or an anti-inflammatory role in the liver depending on the 

disease model.  

 

Tumour necrosis factor-α (TNF-α) released from KC is one of the earliest 

events that occurs in hepatic inflammation and can enhance inflammatory 

responses by inducing the release of other pro-inflammatory cytokines such 

as interleukin (IL)-1 and interferon-µ (IFN-γ) (Masson 2010, Chazaud 2014). 

However, its role remains controversial as TNF-α can promote tissue repair 

and stimulate hepatocyte proliferation (Luster, Simeonova et al. 2001, Selzner, 

Selzner et al. 2002). IFN-γ is a pro-inflammatory cytokine that can recruit 

inflammatory cells to the liver and has also the capacity of suppressing liver 

regeneration (Gao 2005). IL-1 is also a pro-inflammatory cytokine released 

from HSEC and activated KC that can induce the release of other pro-

inflammatory mediators, such as IL-6 (Gao 2005, Chazaud 2014). However, 

IL-6 role is also controversial as they have proved its implication in liver 

regeneration (Luster, Simeonova et al. 2001, Selzner, Selzner et al. 2002).  

 

Chemokines such as macrophage inflammatory protein-2 (MIP-2) and 

monocyte chemoattractant protein-1 (MCP-1) are released from hepatocytes 

in response to liver injury or from activated macrophages to recruit 

inflammatory cells (neutrophils, monocytes and macrophages) to the injured 

tissue (Masson 2010). However, both have controversial functions as MIP-2 

Inflammation is a response of vascularized tissues to infections and 

damaged tissues that brings cells and molecules of host defence from the 

circulation to the sites where they are needed, in order to eliminate the 

initial cause of cell injury (e.g., microbes, toxins) and the consequences of 

such injury (e.g., necrotic cells and tissues). 

(Mitchell 2015) 
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has been reported to protect from liver injury and to promote hepatocytes 

proliferation and MCP-1 has an anti-inflammatory effect in APAP-ILI 

(Hogaboam, Bone-Larson et al. 2000, Ren, Carpenter et al. 2003).  

 

Repair of damaged tissues occurs by two types of reactions; either through 

regeneration by proliferation of mature cells or repopulation of progenitor cells, 

or through the deposition of ECM to form a fibrotic scar (Mitchell 2015). 

Activated KC can release anti-inflammatory cytokines such as IL-6 and IL-10 

and growth factors to promote liver regeneration in many models of ALI, 

including CCl4-ILI and partial hepatectomy. IL-6 promotes liver regeneration 

and IL-10 downregulates the production of pro-inflammatory cytokines and 

promotes liver regeneration (Gao 2005, Chazaud 2014). Growth factors such 

as TGF, promote tissue repair and liver regeneration by stimulating hepatocyte 

proliferation and triggering M2 phenotype differentiation (Masson 2010, 

Chazaud 2014). However, Bird et al, recently showed the role of macrophage-

derived TGF-β1 in liver regeneration after acute APAP-ILI where TGF-β1 

receptor inhibition enhanced liver regeneration (Bird, Muller et al. 2018).  

 

After severe or chronic liver injury or inflammation the proliferative capacity of 

hepatocytes is impaired and progenitor cells in the liver contribute to 

repopulation (Raven, Lu et al. 2017). These progenitor cells can be found in 

the canals of Hering (Figure 1.1). The signals that drive proliferation of 

progenitor cells and their differentiation into mature hepatocytes are topics of 

active investigation and macrophages are thought to be important drivers 

(Hoehme, Brulport et al. 2010, Chazaud 2014, Raven, Lu et al. 2017). 

 
1.7.1 Role of macrophages in inflammation and repair 

As mentioned before, if repair cannot be accomplished by regeneration from 

either the remaining uninjured cells or progenitor cells, replacement of the 

injured cells with connective tissue occurs. Macrophages can be activated into 

M1 or M2 by different stimuli and play a key role in either stimulation of 

inflammation or repair by secreting cytokines that stimulate fibroblast 

proliferation and connective tissue synthesis and deposition (Lumeng, Bodzin 

et al. 2007). M1 or “classically activated” macrophages are induced by pro-
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inflammatory mediators such as lipopolysaccharide (LPS) and IFN-γ (Gordon 

and Taylor 2005). M1 macrophages have enhanced pro-inflammatory cytokine 

(TNF-α, IL-1, IL-8) and chemokines production and generate ROS as 

described before. M1 macrophages are associated with the first phases of 

acute inflammation (Figure 1.3). M2 or “alternatively activated” macrophages 

are differentiated by exposure to IL-4 and IL-13 and have high levels of anti-

inflammatory cytokines such as IL-10 and chemokines and promote tissue 

repair (Figure 1.3) (Gordon and Martinez 2010). They secrete growth factors 

that promote angiogenesis, activate fibroblasts, and stimulate collagen 

synthesis (Lumeng, Bodzin et al. 2007, Chazaud 2014). 

 
Figure 1.3 Schematic representation of cytokines and chemokines 
release from M1 or M2 differentiated macrophages and their role in 
inflammation or tissue repair. TNF: Tumour necrosis factor, IL: interleukin, 
DAMP: damage associated molecular pattern, LPS: lipopolysaccharide, IFN: 
interferon, TGF: transforming growth factor. 



Chapter 1 

 
 

30 

1.8 CIRCULATING BIOMARKERS FOR DILI 

DILI is a complex event comprised of many underlying processes that are often 

difficult to link the cause of injury with clinically measurable markers (Lee and 

Senior 2005). Extracellular leakage of proteins and molecules through the 

impaired cell membrane provides a means of detecting tissue-specific cell 

injury. To date, clinical diagnosis of DILI is often based on a diagnosis of 

exclusion due to the small number of absolute markers available (Chalasani, 

Fontana et al. 2008, Kleiner, Chalasani et al. 2014). In preclinical assessment 

of DILI, a liver biopsy is usually the definitive form of diagnosis. For these 

reasons, researchers have turned focus onto the early and accurate diagnosis 

of DILI through the discovery and development of novel mechanistic and 

specific biomarkers (Kullak-Ublick, Andrade et al. 2017). 
 

An improved biomarker must add utility or value to currently used diagnostics 

in order to achieve validity and widespread acceptance (Antoine, Harrill et al. 

2014, Vliegenthart, Antoine et al. 2015). They must improve patient safety (in 

the general sense of adding to risk-benefit assessment) or add mechanistic 

value (aid therapy stratification or the design of new drug targets) (Vliegenthart, 

Antoine et al. 2015, Weiler, Merz et al. 2015). The combinations or ‘panels’ of 

circulating biomarkers may be likely to surpass the utility of one marker alone 

as they are able to complement advantageous features and create the ultimate 

working profile (Weiler, Merz et al. 2015). Markers that give an enhanced 

mechanistic insight are likely to play a key role in this putative panel. Primarily, 

by informing on the pathophysiology of injury and identifying an exact 

mechanism, they could be useful in directing appropriate therapeutic 

interventions to specific targets (Watkins, Seligman et al. 2008). In addition, 

mechanistic biomarkers will coincide with the earlier detection of liver injury as 

the mechanisms induced will precede injury and any successive clinical 

A biomarker is ‘objectively measured and evaluated as an indicator of 

normal biological process, a pathogenic process or a pharmacological 

response to a therapeutic intervention’ 

US National Institute of Health (NIH), 2001 
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symptoms (Jaeschke, Xie et al. 2014). Finally, biomarkers informing of a 

mechanism of injury could theoretically hold a characteristic and direct 

quantitative association with the extent of injury allowing for improved patient 

stratification or a more informed evaluation of risk-benefit (McGill and 

Jaeschke 2014).  

 

Biomarkers can be utilised in numerous settings within basic research, drug 

development and clinical practice. It is for this reason that the biomarker 

translatability across in vitro models, animals and humans is important. 

Although it has been suggested that a marker being translational between only 

rodent models and humans would be acceptable (Vliegenthart, Antoine et al. 

2015). Results of both clinical and pre-clinical studies of APAP-ILI have 

demonstrated the identification and development of circulating biomarkers that 

provide enhanced hepatic specificity (microRNA-122; miR-122) or can inform 

on mechanistic events such as necrosis and inflammation (HMGB1 and acetyl-

HMGB1) (Vliegenthart, Antoine et al. 2015, Clarke, Dear et al. 2016). 

 

1.8.1 Current serum biomarkers to assess DILI 
According to the cells affected in the liver, injury can be either hepatocellular 

(injury predominantly to hepatocytes), cholestatic (injury to bile ducts or 

affecting bile flow) or mixed (hepatocellular and cholestatic injury) (Weiler, 

Merz et al. 2015). A common method used clinically for differentiating liver 

injury is through the measurement of enzymes alanine aminotransferase (ALT) 

and alkaline phosphatase (ALP) in blood and their ratio to the upper limits of 

normal (ULN). This normalised ratio ALT/ALP gives an R value. Values less 

than 2 are categorised as cholestatic (R < 2), greater than 5 (R > 5) as 

hepatocellular injury, and in between are classed as ‘mixed’ (Weiler, Merz et 

al. 2015).  

 

To clinically assess acute liver injury (ALI) the Hy’s Law according to the US 

Food and Drug Administration (FDA) is used (Temple 2006), which combines 

ALT activity (> 3 times over ULN) and elevations of total bilirubin (TBIL) (> 2 

times over ULN) which represent declining hepatic function (Kasarala and 

Tillmann 2016). Serum ALT and TBIL have been in clinical use for many years 
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and still remain a part of the gold standard in identifying DILI. As a result, their 

behaviour has been thoroughly investigated and limitations have been 

identified (Senior 2012).  

 

Additionally, serum drug concentration itself or drug metabolites and covalent 

protein adducts can be measured as markers for DILI. However, these 

parameters have some limitations. For instance, drug concentration is intrinsic 

to the drug of choice and measurement of the drug itself is non-translatable 

between different drugs and protein adducts is normally measured using high-

performance liquid chromatography with electrochemical detection (HPLC-

EC) which is time consuming and expensive and not yet available in hospital 

clinical laboratories (Davern, James et al. 2006).  

 

1.8.1.1 Alanine Aminotransferase (ALT)  

ALT has been in clinical use for many years and remain the gold standard in 

identifying DILI (Senior 2012). However, ALT has some limitations. For 

instance, the methods used to quantify ALT activity have not been 

standardized and a robust definition of normal reference ranges has not been 

agreed upon; these ranges inevitably depend upon the population group 

defined as normal and assay measurements will vary between laboratories. 

Although ALT activity is generally sensitive for detecting liver injury when it 

occurs, it is not sensitive with respect to time/kinetics. ALT has been reported 

to have a half-life of 48+/-17 h, potentially causing a delayed period of 

uncertainty whilst waiting to see if ALT would indeed return to baseline (Saheki, 

Komorizono et al. 1990).  

 

Additionally, there is a high frequency of false positive/negative results, a lack 

of tissue specificity and furthermore a lack of sensitivity (delayed elevations) 

(Starkey Lewis, Dear et al. 2011). Changes in enzyme activity are not specific 

for DILI and can occur in a number of disease processes, including viral 

hepatitis, fatty liver disease and liver cancer (Ozer, Ratner et al. 2008). 

Moreover, elevations in the aminotransferases are not unique to liver injury 

since ALT increases can also result from myocardial damage, muscle damage 

or extreme exercise (Pettersson, Hindorf et al. 2008).  
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Furthermore, ALT activity has often been described as having little prognostic 

value due to the fact that an ALT elevation represents injury to the liver after it 

has occurred. From a regulatory point of view, elevations in ALT activity are 

also worrisome with regards to establishing liver safety during drug treatment. 

Frequent elevations in ALT activity are associated with treatments that do not 

pose a clinical liver safety issue, such as low APAP dose, heparins and tacrine 

(Harrill, Roach et al. 2012). The challenge here is to distinguish between 

benign elevations in ALT activity and the potential for a serious DILI outcome.  

 

  1.8.1.2 Total Bilirubin (TBIL)  

It is not a true function of the liver to regulate levels of enzyme activity in the 

plasma. Elevated levels of ALT for instance, may reflect injury to liver cells if 

damaged, but function must be measured by other tests such as bilirubin 

concentration, prothrombin time (PT), or its international normalized ratio (INR) 

derivative. Bilirubin is the oxidative product of the heme group of proteins, such 

as haemoglobin in mammals, and is excreted into the bile after conjugation in 

the liver parenchyma (Iyanagi, Emi et al. 1998). In physiological conditions, 

unconjugated bilirubin is generated from the breakdown of these hemoproteins 

and cleared through the liver passively through diffusion or actively through 

organic anion transporting polypeptide (OATP) transporters. Once in the 

hepatocytes, bilirubin is conjugated by UDP glucuronosyltransferase (UGT) 

and is then secreted into bile or blood by multidrug resistance-associated 

protein (MRP) transporters (Fevery 2008). The accumulation of unconjugated 

or conjugated bilirubin in the serum can therefore be caused by different 

disorders either extra or intrahepatic (Iyanagi, Emi et al. 1998, Fevery 2008). 

For instance, unconjugated bilirubin can increase in haemolysis conditions or 

when hepatic bilirubin conjugation is impaired or when OATP transporters are 

genetically affected or inhibited by drugs (Fevery 2008). On the other hand, 

decreased biliary secretion in cholestasis (for instance acute biliary 

obstruction) can lead to an increase in conjugated bilirubin. TBIL includes both 

conjugated and unconjugated forms and is known to rise once there has been 

a substantial loss of functioning hepatocytes, placing the patient in danger of 

liver failure. Therefore, serum TBIL in this setting is not a biomarker that 



Chapter 1 

 
 

34 

predicts severe toxicity potential, but instead a confirmation that severe 

hepatotoxicity has occurred. 

 

In addition, conventional coagulation tests are also used to stratify patients. 

The PT evaluates a person's ability to appropriately form blood clots and the 

INR is a calculation based on results of a PT. Liver parenchymal cells produce 

the majority of the coagulation factors and when liver injury occur, the 

synthesis capacity of cells decrease and the coagulative capacity is impaired 

(Kujovich 2015). Serum TBIL in combination with INR for prothrombin time are 

part of the Model for End-Stage Liver Disease (MELD), a disease severity 

index for patients awaiting liver transplantation (Kamath, Wiesner et al. 2001). 

INR provides a measure of blood clotting capacity and is also considered a 

measure of liver function. It has been established as a biomarker of patient 

prognosis and can be useful in stratifying severity in ALI. However, it has high 

interlaboratory variability and has not yet been validated for chronic liver 

disease (Kujovich 2015).  

 

1.8.2 Diagram of the current workup for suspected DILI 
As mentioned before, DILI is a diagnosis of exclusion often based on 

circumstantial evidence and therefore, first steps to carefully follow are 

thorough patient examination and clinical history taking in order to narrow 

down the potential etiologies of liver dysfunction (Chalasani, Hayashi et al. 

2014, Kullak-Ublick, Andrade et al. 2017) (Figure 1.4). Once liver injury is 

recognized, blood test should be performed to categorize the type of liver injury 

into hepatocellular or cholestatic (or mixed). For this purpose, R-value 

(ALT/ALP ratio) is the gold standard scoring (Chalasani, Hayashi et al. 2014, 

Kullak-Ublick, Andrade et al. 2017). This will then allow to exclude other 

etiologies from our differential diagnosis. Once the pattern of injury is 

recognised, some serologies and tests can be done to rule out competing 

causes. For instance, in the case of hepatocellular injury serologies for acute 

viral hepatitis (A, B, and C) and autoimmune hepatitis or tests for Wilson’s and 

Budd-Chiari syndrome are recommended (Chalasani, Hayashi et al. 2014). In 

the case of cholestatic injury, abdominal imaging (ultrasound or computerized 

tomography scan) can be performed to exclude other causes such as biliary 



Chapter 1 

 
 

35 

tract pathology and infiltrative processes (Chalasani, Hayashi et al. 2014). 

Liver biopsy will help in cases where for example autoimmune hepatitis 

remains a competing etiology or if there are signs of liver function worsening 

(i.e. peak of aminotransferase level do not decrease) (Chalasani, Hayashi et 

al. 2014). It will provide information about severity and help to exclude other 

causes. Finally, causality assessment should be performed using Roussel 

Uclaf Causality Assessment Method (RUCAM) for instance, which provides a 

useful framework for the evaluation of suspected DILI (Chalasani, Hayashi et 

al. 2014). In addition to this guide, literature review (LiverTox or Pubmed) 

should be done for the suspected drug (Chalasani, Hayashi et al. 2014). At 

this stage, if the cause of liver dysfunction is still unclear, clinicians should 

consider seeking expert consultation to ascertain the diagnosis of DILI 

(Chalasani, Hayashi et al. 2014). This will potentially allow to discard etiologies 

and attribute causality to a suspected drug. 

 

 



 
 

  

 
Figure 1.4 Schematic flow diagram to evaluate suspected DILI. ALP; alkaline phosphatase, ALT; alanine aminotransferase, DILI; 

drug-induced liver injury, ULN; upper limit of normal, RUCAM; Roussel Uclaf Causality Assessment Method (Chalasani, Hayashi et al. 

2014, Kullak-Ublick, Andrade et al. 2017). 
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 1.8.3 Novel serum biomarkers 
1.8.3.1 DILI biomarkers with improved liver specificity  

 

MicroRNAs (miRNA) are short (18-25 nucleotides), non-protein coding RNA 

molecules that function to regulate post-transcriptional gene expression and 

thus impact the phenotype of the cell (Szabo and Bala 2013). Their synthesis 

is triggered in the hepatocytes nuclei of cells and maturation is terminated in 

the cytoplasm (Figure 1.5). MiRNAs are accessible (via the blood or urine), 

many show organ specificity and translational conservation providing 

advantageous biomarkers for a multitude of therapeutic settings (Zen and 

Zhang 2012). Due to these characteristics, they have become of great interest 

in numerous research fields and a variety of pathological settings (Starkey 

Lewis, Dear et al. 2011, Starkey Lewis, Merz et al. 2012). MiRNAs also play a 

vital role in normal liver development and fundamental biological liver 

processes (Chen and Verfaillie 2014).   

 

MiR-122 is one of the most investigated DILI miRNA markers. It is widely 

conserved across species and exhibits almost-exclusive hepatic expression 

(constituting over 75% of total hepatic miRNA). MiR-122 can be passively 

released in the extracellular compartment when hepatocytes undergo necrosis 

and has been shown to be more sensitive than ALT activity (Antoine and Dear 

2013). MiR-122 represents a more sensitive biomarker of APAP-ILI in humans 

compared to currently used clinical chemistry parameters (Dear, Clarke et al. 

2018); increased miR-122 can be detected in blood 24 h before an increase in 

ALT activity (Thulin, Nordahl et al. 2014). The translational and liver specificity 

value of miR-122 has been shown in zebrafish and mouse where expression 

was found to be localized to the hepatocytes and subsequently measurable in 

blood using the same assay as for clinical serum samples (Wang, Zhang et al. 

2009, Vliegenthart, Starkey Lewis et al. 2014).  

• Liver specificity 

• Fully conserved across in vitro models, in vivo models and humans 

• Early marker for DILI 

• Predicts ALT rise 
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Figure 1.5 Schematic representation of miR-122 synthesis. The primary 
transcript (pri-microRNA) is cleaved in the nucleus by a DROSHA complex to 
form a short precursor (pre-microRNA) which is transported into the cytoplasm. 
In the cytoplasm, DICER cleaves pre-microRNA and form a microRNA duplex 
(green and purple strands). The more stable functional strand (green strand) 
is then separated by argonaute 2 (Ago2) to form the mature microRNA 
responsible for post-transcriptional regulation (Szabo et al., 2013). 
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Despite increasing confidence in the sensitivity and utility of miR-122 as DILI 

biomarker, the precise mechanism of early release is not fully understood.  

Generally, the extracellular release of miRNAs is thought to occur either 

passively via binding to proteins (such as Argonaute 2; Ago2 or lipoproteins) 

in hepatocytes undergoing necrosis or actively within extracellular vesicles 

(exosomes, microparticles or larger apoptotic bodies). It may be that these 

varying mechanisms of release, prior to detection in the serum, are 

representative of differential underlying processes but comprehension of this 

remains incomplete (Arrese, Eguchi et al. 2015). It is known that hepatocyte-

derived exosomes (HDEs) are able to readily cross fenestrations in the 

sinusoidal endothelium and enter the bloodstream. The release of miRNAs into 

the extracellular space and circulation has been extensively investigated and 

thought to serve physiological processes (such as cell-to-cell communication) 

or indicate liver injury/inflammation (Arrese, Eguchi et al. 2015). Clinically 

relevant alterations in the cargo of these exosomes has been reported in 

numerous models of liver injury where exosomes have been found to be 

immunomodulatory and HDE-based miR-122 has been shown to activate 

recipient monocytes (Holman, Mosedale et al. 2016).  

 

  1.8.3.2 DILI biomarkers with improved prognostic value 

 

Identified over 30 years ago, HMGB1 is a 25 kDa, ubiquitously expressed, 

nuclear protein present in all cells (Andersson and Rauvala 2011). HMGB1 is 

highly conserved between mammalian species and its structure and behaviour 

between the intracellular (nuclear and cytosolic) and extracellular 

compartment has very well been defined (Sutrias-Grau, Bianchi et al. 1999, 

Andersson, Antoine et al. 2014). The localization and function of HMGB1 are 

known to be determined by post-translational modifications (Yang, Antoine et 

al. 2013).  

• Indicative of necrosis and inflammatory response 

• Predicts ALT rise 

• Conserved between rodent models and humans (99%) 

• Prognostic marker 
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Within the nucleus, HMGB1 is involved in gene transcription interacting with 

the nucleosome complexes (Sutrias-Grau, Bianchi et al. 1999). Cells 

undergoing necrosis passively release a non-acetylated HMGB1 (fully reduced 

HMGB1) isoform, which acts as a DAMP by targeting TLRs and RAGE within 

monocytes and macrophages inducing an inflammatory response (Scaffidi, 

Misteli et al. 2002, Huebener, Pradere et al. 2015). Inflammatory cells 

(monocytes and macrophages) can undergo HMGB1-acetylation after 

activation by inflammatory stimuli, leading to protein translocation to the 

cytoplasm and subsequent excretion to the extracellular compartment 

(Bonaldi, Talamo et al. 2003). Once the inflammatory cells are activated, they 

can liberate ROS. In oxidizing conditions, fully reduced HMGB1 can be 

oxidized to disulphide HMGB1 which will act as a potentiator, as disulphide 

HMGB1 has higher affinity for TLR and RAGE, increasing cytokine release and 

inducing more inflammatory cell recruitment (Andersson, Antoine et al. 2014). 

The disulfide and reduced form of HMGB1 are mutually exclusive, therefore 

the redox status of HMGB1 determines the shift between chemoattractant and 

inflammation (Yang, Lundback et al. 2012).  

 

HMGB1 has been identified as an informative and early serum indicator of liver 

cell death processes in pre-clinical and clinical models of APAP-induced 

toxicity. In pre-clinical studies, HMGB1 has shown to result in 100 % survival 

following an APAP overdose that is usually lethal in mice by reducing the 

migration of neutrophils which were shown to amplify injury following necrosis 

(Huebener, Pradere et al. 2015). Circulating levels of total and acetylated 

HMGB1 displayed different temporal profiles, which in mouse models of APAP 

toxicity correlate with the onset of necrosis and inflammation, respectively 

(Antoine, Williams et al. 2009). Clinically HMGB1 has shown strong correlation 

with ALT activity and PT and has been associated with a poor prognosis and 

outcome in patients with established ALI following APAP-ILI (Antoine and Dear 

2013, Antoine, Dear et al. 2013). In addition to being a DILI biomarker, HMGB1 

has been demonstrated to be a mechanistic player and biomarker in alcoholic 

liver disease (Ge, Antoine et al. 2014), hepatic fibrosis (Arriazu, Ge et al. 2017) 

and preclinical and clinical cholestasis (Woolbright, Antoine et al. 2013). 

HMGB1 has been shown to participate in the pathogenesis of alcoholic liver 



Chapter 1 

 
 

41 

disease by displaying an increased expression and translocation correlating 

with disease stage (Ge, Antoine et al. 2014). 

 

As well as being an important biomarker of APAP toxicity, conditional knock 

out animals for HMGB1 and novel therapeutic targeting of this signalling 

pathways have demonstrated its importance in the pathogenesis of the 

disease. Studies have shown that anti-HMGB1 antibodies and knocking out 

HMGB1 in the liver reduces hepatic inflammation and liver injury in mouse 

models of APAP-ILI (Scaffidi, Misteli et al. 2002, Antoine, Williams et al. 2010, 

Yang, Lundback et al. 2012, Huebener, Pradere et al. 2015, Lundback, Lea et 

al. 2016). Anti-HMGB1 antibodies are in development for the treatment of 

human disease (Vliegenthart, Antoine et al. 2015).  
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1.9 MSOT IMAGING FOR THE MONITORING OF LIVER FUNCTION   
With appropriate applications, imaging methods offer several advantages over 

other current practices (Fischman, Alpert et al. 2002). The use of imaging 

instead of time-consuming dissection and histology can significantly decrease 

the workload involved in tissue analysis and speed up the evaluation of 

potential novel drugs (Rudin and Weissleder 2003). Furthermore, the 

application of molecular and functional imaging can result in significant savings 

in time and costs during all stages of drug development and testing (Stephen 

and Gillies 2007). Essentially, emerging whole body imaging with molecular-

imaging tools could provide much earlier markers of therapy success (Rudin 

and Weissleder 2003). Imaging biomarkers can also help to identify disease 

state and processes, therefore helping define stratified study groups. 

Moreover, as imaging methods are non-invasive, they allow for longitudinal 

studies in a single animal in pre-clinical stages. This increases the statistical 

relevance of a study, allows for more clinically-relevant study designs and also 

complying with the principles of the 3Rs by decreasing the number of animals 

required in a study. Imaging will also provide important information on the 

optimal timing and dosing of drugs.  

 

Indocyanine green (ICG) is a non-toxic water-soluble dye approved by the FDA 

as a useful compound for liver function assessment.  This hydrophobic organic 

anion dye mainly binds to plasma proteins (albumin) after intravenous (i.v.) (tail 

vein) administration without any extravascular distribution (Ott 1998). It is 

almost exclusively taken up by hepatocytes through an independent-

adenosine triphosphate (ATP) transport such as organic anion transporting 

polypeptides (OATPs) and sodium-taurocholate co-transporting polypeptide 

(NTCPs) (de Graaf, Hausler et al. 2011) and is then almost completely 

excreted unchanged via the canalicular membrane into bile by an adenosine 

triphosphate-dependent transport system such as multidrug resistance P-

glycoprotein 2 (Mdr2) and multidrug resistance-associated protein 2 (Mrp2) 

(Huang and Vore 2001) without entering the enterohepatic circulation (Ott 

1998) (Figure 1.6). 
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Figure 1.6 Schematic representation of ICG clearance through the 
hepatocytes. OATP: organic anion transporting polypeptide, NTCP: sodium-
taurocholate co-transporting polypeptide, Mdr2: multidrug resistance P-
glycoprotein 2, Mrp2: multidrug resistance-associated protein 2. 
 

The elimination of ICG is, therefore, dependent on blood flow, hepatocyte 

integrity and biliary excretion. Due to its exclusive hepatic clearance, ICG 

elimination has been used in clinic to assess liver function, hepatic blood flow, 

hepato-splanchnic haemodynamic and establish prognostic information 

(Sakka, Reinhart et al. 2002, Faybik and Hetz 2006, Sakka 2007, Olmedilla, 

Perez-Pena et al. 2009, Halle, Poulsen et al. 2014, Lisotti, Azzaroli et al. 2014, 

Levesque, Martin et al. 2016). Measurements of ICG for the assessment of 

liver function in patients undergoing liver surgery is performed using a 

spectrophotometry technique by repeating blood sampling (Levesque, Martin 

et al. 2016). However, this gold standard technique involves the insertion of a 

fibre-optic-aortic catheter into the femoral artery which is an invasive, costing 

and time consuming technique (Levesque, Martin et al. 2016). 

 

Recently and as shown in Chapter 3, the non-invasive and dynamic 

assessment of liver function by measuring ICG clearance in vivo has been 

made possible in a mouse model using Multispectral Optoacoustic 

Tomography (MSOT) imaging. This novel optical imaging modality has been 

demonstrated to have improved resolution and optical imaging accuracy 

combined with excellent spatial resolution and deep tissue penetration depth 
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(Zhang, Maslov et al. 2006). Recent applications have revealed its utility for in 

vivo imaging in cancer, cardiovascular disease, neurology (Dima, Burton et al. 

2014), nephrotoxicity applications (Scarfe, Rak-Raszewska et al. 2015), as 

well as in the clinic for the non-invasive imaging of disease activity in Crohn's 

disease (Waldner, Knieling et al. 2016). Finally, the use of ICG elimination 

measured by photoacoustic imaging has been used in vivo to assess gastric 

emptying and it has also been implemented in human’s finger vasculature 

(Lutzweiler, Meier et al. 2014, Morscher, Driessen et al. 2014). 

 
MSOT is a technique that uses multiple excitation wavelengths from 680 nm 

to 980 nm to resolve specific sources of absorption, whether they are 

endogenous or exogenous (Taruttis, Morscher et al. 2012). The way that 

MSOT imaging works is through a thermoelastic expansion effect. This means 

that at first, molecules within the tissue are excited by the energy released from 

a pulse laser light. Consequently, electrons start to move which results in the 

emission of pressure wave (or sound) that is finally detected by an ultrasound. 

Interestingly and in terms of applicability, this novel imaging technology allows 

the identification of a different profile of endogenous (i.e. oxygenated blood) 

and exogenous (i.e. ICG dye) molecules in vivo, non-invasive and real time 

manner (Scarfe, Rak-Raszewska et al. 2015, Comenge, Sharkey et al. 2018). 

 
 1.9.1 Emerging clinical methods for measuring liver function 
As mentioned before, DILI diagnosis is still based on biochemistry tests that 

mainly reflect hepatic cell injury and quantification of liver function is still a 

challenge. The liver has several functions and regulates homeostasis of vital 

compounds and therefore, various methods and tests have been developed to 

assess these different functions (such as levels of hepatic enzymes). However, 

as described before, these lack sensitivity and specificity and DILI diagnosis 

ends up being of exclusion where biopsy might be required for ascertain DILI 

etiology. Due to the functional reserve of the liver, available functional tests 

such as TBIL are only detectable in blood once sever liver injury is reached. A 

more sensitive and early detection of liver function impairment could improve 

the management and stratification of patients ameliorating public health.  
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In general, hepatic clearance of substrates (as seen with ICG) depends on 

liver blood flow and hepatocyte integrity (which will affect the efficiency of 

hepatocyte efflux and metabolism of substrate). According to the substrate 

administered and the route of administration, the clearance through the liver 

will indicate either blood flow perturbation or liver function impairment. Breath 

tests have been developed for the assessment of liver metabolism. For 

instance, breath tests using exogenous hepatic enzyme-specific 13C-labelled 

methacetin (Rubin, Heyne et al. 2017). Here, 13C-labelled methacetin is orally 

administered and once in blood, it is taken up by hepatocytes, metabolised 

and back in blood where it can be excreted through the lungs and detected via 

exhalation (Rubin, Heyne et al. 2017). Another test called dual cholate 

clearance has also been used to assess blood flow perturbation and perfusion 

(Helmke, Colmenero et al. 2015). Cholate is an endogenous bile salt 

synthesized in the liver from cholesterol, mainly cleared through the liver and 

without being metabolised. Concentration in blood after its oral administration 

or i.v injection can then be calculated (Helmke, Colmenero et al. 2015). Other 

breath tests are based on the measurement of volatile organic compounds 

(VOCs) by means of mass spectroscopy (Van Berkel, Dallinga et al. 2008). 

These are known to be effective, easy to obtain and simple to perform at 

bedside. The presence of VOCs in human breath is due to degradation of 

polyunsaturated fatty acids by oxidative stress. Hydrocarbons are generated 

from this reaction and due to their low solubility in blood they are excreted into 

the breath (Van Berkel, Dallinga et al. 2008). 
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1.10 MATHEMATICAL MODELLING  

 
In vivo models for toxicity studies were first used for experimental purposes 

and have now existed for a long time. Later on, thanks to the advances in high 

throughput screening, in vitro toxicity assays became available 

(http://alttox.org/mapp/toxicity-testing-overview/). Then, in silico toxicology (or 

pharmacology) emerged and became a field of interest for many researchers. 

In silico modelling uses computational resources such as algorithms and 

datasets, to model, simulate, or predict toxicity of compounds and analyze 

beneficial or adverse effects of drugs for therapeutic purposes (Valerio 2009, 

Combes 2012, Raies and Bajic 2016). In silico methods aim to complement in 

vitro and in vivo toxicity tests to reduce animal testing, cost and time of toxicity 

tests. Additionally, in silico methods allow to improve toxicity prediction (even 

before they are synthesized) and safety assessment (Madan, Bajaj et al. 

2013).  

 

In silico toxicology methods use mathematical equations to predict and 

estimate toxicity of new chemicals compounds. Such methods include 

compound pattern recognition which uses published data (Antoine and Dear 

2017), structural alerts which are based on structure similarities and known in 

vivo outcomes (Chen, Hong et al. 2013), and quantitative structure–activity 

relationship (QSAR) which uses a defined chemical space or structure and a 

known activity of chemical compounds (Liu, Shi et al. 2011). All of the above, 

as mentioned before, need standardized good quality data in large quantity 

enough to ensure the specificity of the prediction (enough training data set 

within the chemical space of the query) and accuracy (correct data details 

within that chemical space). For these reasons, in silico toxicology need a wide 

range of computational tools such as (Raies and Bajic 2016): 

Determining the mechanism(s) of disease progression and mechanism(s) 

of action of drugs on multi-scale systems through iterative and integrated 

computational and experimental methods to optimize the development of 

therapeutic strategies. 

(Stern, Schurdak et al. 2016) 
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• Databases for storing data about chemicals, toxicity, and chemical 

properties. 

• Software for generating molecular descriptors.  

• Simulation tools for systems biology and molecular dynamics. 

• Modelling methods for toxicity prediction.  

• Modelling tools for generating prediction models. 

• Expert systems that include pre-built models.  

• Visualization tools. 

 

Generally, modelling methods require few steps for developing prediction 

models, which include gathering biological data, calculating molecular 

descriptors of the chemicals, generating a prediction model, evaluating the 

accuracy of the model and interpreting the model (Devillers 2013). 
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1.10 THESIS AIMS AND HYPOTHESIS 
DILI is still a major human health concern and a burden for industry and drug 

development. One of the main challenges is that currently used biomarkers 

lack sensitivity and specificity. As described previously, imaging methods offer 

several advantages over other current practices.  

 

The aims of this Thesis were to:  

• Develop and validate the use of MSOT imaging as a tool for the non-

invasive and real time monitoring of liver function and assess its capacity 

to report the efficacy of established therapies in APAP-ILI animal model. 

• Determine the hepatic expression and cellular biodistribution of 

biomarkers of interest and their relationship with their circulating levels in 

APAP-ILI.  

• Enhance the understanding of the mechanisms of ICG clearance 

measured by means of MSOT imaging by establishing a mathematical 

model in APAP-ILI for further translatability. 

• Examine the utility of MSOT imaging to assess and monitor liver function 

in a multifactorial liver injury model of chronic-CCl4 exposure. 

• Define the use of MSOT imaging for tracking cell-labelled therapy and 

assess efficacy by monitoring liver function amelioration in a chronic 

model of liver injury. 

 

The main hypothesis under investigation within this Thesis is that by 

developing a dynamic and longitudinal imaging approach for the monitoring of 

liver function we would add a valuable strategy to assess DILI pre-clinically 

and clinically in a non-invasive and real-time manner. Furthermore, this tool 

would enhance the understanding of the mechanistic basis of DILI and 

potentially become helpful in drug development. 
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2.1 MATERIALS  
Alanine aminotransferase (ALT) activity in serum was measured using 

InfinityTM ALT (GPT) Liquid Stable Reagent kit from ThermoFisher Scientific 

and total bilirubin (TBIL) in serum using Bilirubin Assay Kit from Sigma Aldrich. 

Micro-RNA122 (miR-122) was measured in serum using kits from Qiagen 

(Venlo, Netherlands) and reverse transcription kit from Applied Biosystems 

with primers (miR122, small nuclear ribonucleoprotein (snRNA) U6 and Cel-

lin-4-5p (Lin-4)) from Life Technology. High mobility group box 1 (HMGB1) 

ELISA kit was purchased from IBL International (Shino-Test). PCR data was 

analysed on a ViiA7 machine (Life Technologies) and ELISA and fluorescent 

assays were read using a Varioskan Flash machine (Thermo Scientific). All 

other materials were purchased from Sigma-Aldrich (Pool, UK) unless 

otherwise indicated. 

 

In Chapter 7, hydrochloric acid (HCl; 35 wt%) and nitric acid (HNO3; 67 wt%) 

were from Fisher Chemicals. For inductively coupled plasma optical emission 

spectrometry (ICP-OES), an Agilent 5110 ICP-OES spectrometer was used. 

Organ samples were freeze-dried using Labconco freezone 4.5 freezedryer. 

Vis-NIR spectra were recorded using a Shimadzu SpectraMax Plus 384 

spectrometer. 
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2.2 SAMPLE PREPARATION 
For each study, sample size was decided according to the type of experiment 

performed. For instance, a small group of mice (n = 3) was used to optimize 

MSOT imaging and a larger group of mice (n = 6 - 10) was used for the 

validation of ICG clearance as a metric of liver function. This was decided as 

we were using a model (APAP-ILI) which shows variability within individuals, 

MSOT imaging to assess liver function which also shows variability due to 

imaging technology limitations and, serum biomarkers and histopathological 

examination that can also show variability related to liver toxicity but also 

related to recovery. When using a chronic model of liver injury, as MSOT 

imaging was already optimized, a small group of mice (n = 4-5) was used in 

order to comply with the 3Rs principles. 

 

Blood was immediately collected by cardiac puncture after animals were 

culled. Blood samples were stored at 4 °C and allowed to clot for 30 min, then 

separated into serum (2,000 x g, 10 min, 4 °C). Serum was then stored at -80 

°C.  

 

Livers were removed, and the left lateral lobe fixed in 4 % paraformaldehyde 

(PFA) for approximately 24 hours (h) and stored in 70 % EtOH at room 

temperature (RT). Livers were then formalin fixed and paraffin-embedded 

(FFPE), and stored at RT, before being stained. 

 

Hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), Picrosirius Red and 

Proliferating cell nuclear antigen (PCNA) staining were performed on 3-4 µm 

liver sections at the Department of Veterinary Pathology & Public Health in the 

Institute of Veterinary Science at the University of Liverpool. 

 

For Chapter 7, liver, kidney, lungs and spleen were removed and fixed in PFA 

4 % for ICP-OES based quantification of gold (Au). Organ samples were 

freeze-dried using Labconco freezone 4.5 freezedryer and their dry weight was 

measured before ICP-OES based quantification of Au. The GNRs synthesis 

and ICP-OES based quantification of Au was performed by Dr. Sumaira Ashraf 

from the department of Bioscience at the University of Liverpool. 
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2.3 HISTOPATHOLOGICAL ASSESSMENT 
Sections (3 - 4 µm) were prepared and routinely stained with H&E and PAS for 

histopathological examination. Briefly H&E staining consisted of the following 

steps. Deparaffinisation via 3 x 15 min in xylene, 5 min in 100 % ethanol, 1 dip 

in 100 % ethanol, 1 dip in 95 % ethanol, 1 dip in 80 % ethanol, 1 dip in 70 % 

ethanol, 1 dip in 50 % ethanol and two washes in distilled water. Slides were 

then submerged in Mayer’s hematoxylin for 5 min, followed by one wash in tap 

water for at least 5 min and one wash in distilled water. Slides were then 

submerged in Eosin Y solution alcoholic for 5 min before undergoing 

dehydration via 1 dip in 95 % ethanol, 2 x dips in 100 % ethanol and finally 2 x 

1 minute in xylene. Slides were then mounted with Pertex via a RCM 7000 

coverslipping machine (Medite). For the PAS staining, sections were dewaxed 

in xylene down through descending percentage (%) alcohols to water, they 

were then submerged into 0.5 % periodic acid for 10 min, rinsed with distilled 

water, submerged in Schiff solution for 30 min, washed in running tap water 

for 10 min, submerged in Mayers haemalum for 2 min, rinsed in tap water for 

5 min and finally dehydrated. 

 

They were histologically assessed under light microscopy for any pathological 

changes by Prof. Anja Kipar at the Institute of Veterinary Pathology, University 

of Zurich, and the APAP-ILI changes scored blindly as previously described 

(Antoine, Williams et al. 2009) and according to the criteria detailed in Table 

2.1. Briefly, score for hepatocyte necrosis (drug-induced liver injury score; DILI 

score) for each animal was based on the average of all lobules in the liver 

section (0: no necrosis; 1: necrosis present, but ≤25% of the lobules affected; 

2: > 25 ≤ 50% of the lobules affected; 3: > 50 of the lobules affected; 4: ≤ 75% 

of the lobules affected; 5: > 75% of the lobules affected).  

 

For liver fibrosis, histological assessment was performed by Prof. Anja Kipar. 

Picrosirius red staining was performed as an indicator of collagen deposition 

(Lattouf, Younes et al. 2014). The semi-quantitative scoring was performed as 

described before (Chevallier, Guerret et al. 1994). The score was adapted to 

accommodate also the centrocentral and -portal/portoportal bridging fibrosis 

that was seen at some stage. For instance, a very mild degree of CV fibrosis 
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was scored as 0.5; a score of 3 was given, when there was CV fibrosis of grade 

2 in combination with general bridging fibrosis. 

 

Table 2.1 Criteria for DILI scoring. APAP-induced hepatocyte death 
(necrosis) where a score of 0 refers to normal tissue and 5 denotes the most 
severe injury. CV; centrilobular vein. 
 

 

Score Description 
0 Normal – no evidence of hepatocyte necrosis 

1 

Hepatocyte loss and necrosis – minimal to mild 

Focal 

Limited to CV region 

Less than ¼ of affected lobules are necrotic 

Associated with vacuolar degeneration or haemorrhages 

2 

Hepatocyte loss and necrosis – mild to moderate 

Focal and multifocal 

Extends from central to midzonal lobular region 

½ of affected lobules are necrotic 

Associated with vacuolar degeneration or haemorrhages 

3 

Hepatocyte loss and necrosis – moderate to severe 

Multifocal 

May extends from CV to portal region 

½ to ¾ of affected lobules are necrotic 

Associated with vacuolar degeneration or haemorrhages 

4 

Hepatocyte loss and necrosis – severe 

Multifocal 

More than ¾ of affected lobules are necrotic 

Associated with vacuolar degeneration or haemorrhages 

5 

Massive hepatocyte loss and necrosis – severe, involving entire 

lobules 

Hepatocytes loss extends from central vein to portal area 

Multilobular necrosis 

Associated with vacuolar degeneration or haemorrhages 
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In mice examined at 3 h post APAP, a score was established that reflected the 

extent of CV hydropic degeneration (HD) based on the number of the CV 

hepatocyte layers that were affected and according to the criteria detailed 

below (Table 2.2). Briefly, a score was established reflecting the extent of 

centrilobular HD (score for degenerative changes) based on the number of the 

innermost centrilobular hepatocyte layers that were affected (1: 1–2 layers with 

HD; 2: 2–3 layers with HD; 3: 3–4 layers with HD; 3.5: 3–5 layers with HD; 4: 

4–5 layers with HD), again, an average score was deter- mined for each 

mouse. HD was assessed on PAS stained samples allowing greater 

visualisation of vacuolisation features and loss of glycogen storage. 

 

 
Table 2.2 Criteria for HD scoring. APAP-induced hepatocyte stress (or HD) 
at early timepoints (3 and 6 h post-APAP). A score of 0 refers to normal tissue 
and 4 denotes de most severe grade of HD. 
 
Signs of HD included vacuolisation and swelling of hepatocyte cytoplasm. HD 

is a result of the incapacity of maintaining ionic and fluid homeostasis. The 

failure of energy-dependent ion pumps in the plasma membrane due to cellular 

insult results in an increase intracellular fluid (histologically shown as swelling 

and vacuolisation) (Del Monte 2005). These changes can be associated to 

decreased generation of ATP, loss of cell membrane integrity, defects in 

protein synthesis, accumulation of ROS and DNA damage (Mitchell 2015).  

  

Score Description of degenerative changes 
0 Normal – no evidence of cell stress 

1 1-2 hepatocyte layers 

2 2-3 hepatocyte layers 

3 3-4 hepatocyte layers 

4 4-5 hepatocyte layers 
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2.4 SERUM BIOMARKERS QUANTIFICATION 
2.4.1 Serum Alanine Aminotransferase (ALT) activity 

Serum ALT (U/l) was determined by kinetic assay ThermoTrace Infinity ALT 

Liquid stable reagent (Alpha Labs, Eastleigh, UK), according to the 

manufacturer’s instructions. Normal and abnormal controls and 30 µl of sample 

were loaded in duplicate into 96-well plates. ALT reagent was warmed up to 

37 °C and 300 µl per well was added to samples and controls. Absorbance 

was measured at 340 nm.  

 

2.4.2 Total Bilirubin (TBIL) in serum 
TBIL was measured in serum using a Bilirubin Assay Kit (Sigma-Aldrich) 

following the manufacturer’s instructions. Fifty (50) microliters of the calibrator 

and water were transferred into separate wells and 200 µl of water into each 

well was added for a final volume of 250 µl. Fifty microliters of serum sample 

were added in duplicate and 200 µl of appropriate working reagent was added 

for total and blank measurements. This assay measures total bilirubin (which 

includes both unconjugated and conjugated bilirubin) after the reaction of 

bilirubin with diazotized sulfanilic acid resulting in a colorimetric product 

measured at 530 nm. 

 

2.4.3 Serum microRNA-122 (miR-122)  
MiR-122 was quantified in serum using the previously published method 

(Starkey Lewis, Dear et al. 2011). MiR-122 was extracted and purified using a 

miRNeasy kit followed by RNeasy MiniElute Cleanup Kit, in accordance with 

the manufacturer’s instructions. Forty microliters of serum were diluted in 

nuclease-free water (H2O) to a final volume of 200 µl and was mixed and 

incubated for 5 min at RT with 700 µl of Qiazol. Chloroform was added (140µl) 

and vigorously mixed for 15 s then the samples were centrifuged (12,000 x g, 

15 min, 4 °C). Three hundred and fifty microliters of the aqueous supernatant 

were mixed with 70 % ethanol (EtOH) (350 µl) and applied to miRNeasy mini 

spin columns and centrifuged (> 8000 x g, 15 s, RT) by a QIAcube (Qiagen) 

machine as well as the next steps described below. The flow-through was 

added to 100 % EtOH (450 µl) then samples were applied to RNeasy MiniElute 
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columns and centrifuged (> 8000 x g, 5 min, RT). The elute was then purified 

by washing with RWT and RPE (confidential wash buffers) and 80 % EtOH. 

The columns were then dried by centrifugation (8000 x g, 5 min, RT) and the 

small RNA fraction eluted in 14 µl of nuclease-free H2O before storing at -80 

°C. Reverse transcription was performed using the TaqMan miRNA reverse 

transcription kit and miR-122, U6snRNA (endogenous control) and Lin-4 

(exogenous control) primers using a GeneAmp PCR9700 machine. Two 

microliters purified miRNA was used to synthesise cDNA with a total reaction 

volume of 15 µl via thermal cycling (30 min at 16 °C, 30 min at 42 °C, 5 min at 

85 °C and then held at 4 °C). QPCR reactions were run in duplicate in 384-

well plates using Taqman PCR primers and Master mix according to 

manufacturer’s instructions. A volume of 1.33 µl of cDNA was used and plated 

by QIAgility (Qiagen) machine for high-precision automated PCR setup and 

analysed on a ViiA7 machine (Life Technologies).  

 

Relative and absolute quantification were calculated; miR-122 concentration 

was normalised to the level of endogenous miRNA U6snRNA (sequence: 

TGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACAGAGAAG 

ATTAGCATGGCCCCTGCGCAAGGATGACACGCAATTCGTGAAGCGTTC

CATATTTT) in the APAP-ILI experiments (Chapter 3 and 4) as used before 

(Starkey Lewis, Dear et al. 2011) or Cel-lin-4-5p (lin-4) as a spiked-in 

exogenous (sequence UCCCUGAGACCUCAAGUGUGA) in the CCl4-ILI 

experiments (Chapter 6 and 7) as previously used in drug toxicity (Kia, Kelly 

et al. 2015). Lin-4 is a microRNA exclusive to C. elegans species and was 

used as a spike-in control to provide exogenous normalisation for miR-122 

analysis. In this case, 5 µl of 100 pM were added to the QIAzol/sample reaction 

mix and following extraction, with reverse transcription and qPCR carried out 

as usual. Changes in the normalizer gene was decided in the chronic model of 

liver injury (Chapter 6 and 7) as endogenous U6 snRNA was reported to be an 

unstable endogenous control (Qi, Weiland et al. 2012).  
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2.4.4 Total High Mobility Group Box 1 (HMGB1) in serum 
Total HMGB1 measurement was determined through the use of an enzyme-

linked immunosorbent assay (ELISA) kit (IBL international GmbH), according 

to the manufacturer’s instructions using a chicken anti-HMGB1 polyclonal 

antibody as the capture antibody. Samples were compared against a pig 

HMGB1 standard curve. HMGB1 content was detected by turnover of 3,3’,5,5’-

tetramethyl-benzidine (TMB) by a peroxidise-linked anti-HMGB1 antibody. The 

concentration of HMGB1 is determined by the measure of optical density with 

a photometer at 450 nm. The lower limit of detection was 0.1 ng/ml. 
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2.5 MiR-122 IN SITU HYBRIDISATION (ISH)  
MiR-122 in situ hybridisation (ISH) was performed at the Molecular Toxicology 

Department, Novartis, Switzerland.  

 

Slides were prepared as described in Chapter 2, section 2.2. MiR-122 was 

localised using double-DIG-labeled miRCURY LNA miRNA detection probes 

(Exiqon A/S, Vedbaek, Denmark). The ISH procedure was performed on a fully 

automated Ventana Discovery Ultra (Roche diagnostics AG, Rotkreuz, 

Switzerland). All reagents were provided by Roche Diagnostics. Liver sections 

were deparaffinised at 62 oC for 4 min before the proteinase K (Exiqon A/S, 

Vedbaek, Denmark) digestion treatment (37 oC, 16 min). The anti-miR-122-5p 

probe (50 μM) was then incubated at 54 oC for 3 h. Sections were then washed 

with 3 x 8 min cycles of saline sodium citrate at increasing stringency per cycle 

(2.0 x, 1.0 x and 0.5 x). The secondary antibody (alkaline phosphatase-linked, 

sheep anti-DIG, dilution 1:500 in antibody diluent) was then incubated at 37 oC 

for 32 min. Chromogenic detection was performed using the Blue Map kit as 

per the manufacturer’s instructions. The substrate was allowed to develop for 

6 h before counterstaining with Red Counterstain II (Ventana) for 4 min. Slides 

were washed manually before mounting on laboratory-grade glycerol gelatin 

(Sigma-Aldrich, Buchs, Switzerland).  
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2.6 IMMUNOHISTOCHEMISTRY (IH) 
2.6.1 Liver tissue HMGB1  

HMGB1 immunohistochemistry (IH) was performed at the Department of 

Pathology, University of Illinois at Chicago. HMGB1 was localised using the 

antibodies as previously described (Ge, Antoine et al. 2014).  

 

Slides were prepared as described in Chapter 2, section 2.2. Briefly, liver 

sections were deparaffinised at 75 oC for 8 min before heat-induced epitope 

retrieval using Tris-EDTA based buffer. A/B (avidin/biotin) block (Ventana) was 

applied followed by an incubation period of 4 min each. Primary antibody (1:50 

HMGB1 in antibody diluent) was incubated for 6 h and secondary (1:500 in 

antibody diluent) for 16 min. HMGB1 was localised using the Histostain Plus 

detection system (Invitrogen). Counterstaining included an incubation with 

hematoxylin II for 8 minutes before bluing reagent for a further 8 min. Slides 

were washed manually before mounting with pertex via a RCM 7000 

coverslipping machine (Medite). 

 
2.6.2 Liver tissue picrosirius red 

Picrosirius Red staining was performed at the Department of Veterinary 

Pathology & Public Health in the Institute of Veterinary Science at the 

University of Liverpool for the identification and quantification of collagen 

deposition as an indicative of liver fibrosis (Lattouf, Younes et al. 2014). 

 

Slides were prepared as described in Chapter 2, section 2.2. Picrosirius Red 

(Sirius Red - Direct red 80 - and saturated solution of Picric Acid - 1.3 % in 

water - Sigma Aldrich) staining was performed to identify collagen. Briefly, 

deparaffinisation was done in 3-4 µm sections thick via 3 x 15 min in xylene, 5 

min in 100 % ethanol, 1 dip in 100 % ethanol, 1 dip in 95 % ethanol, 1 dip in 

80 % ethanol, 1 dip in 70 % ethanol, 1 dip in 50 % ethanol and two washes in 

distilled water. Incubation for 1 h in Picro-Sirius Red solution (0.5 g of Sirius 

Red F3B in 500 ml saturated aqueous solution of picric acid) and subsequent 

washes in acidified water (5 ml glacial acetic acid in 1 L of dH2O) were 

performed. Finally, water was removed by vigorous shaking and slides were 
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cleared in xylene before coverslip and mounted in DPX medium (distyrene, 

plasticiser-tricresyl phosphate- and xylene). 

 

2.6.3 Liver tissue Proliferating Cell Nuclear Antigen (PCNA) 
Proliferating cell nuclear antigen (PCNA) IH was performed at the Department 

of Veterinary Pathology & Public Health in the Institute of Veterinary Science 

at the University of Liverpool for the identification of mitotic cells as an 

indicative of hepatocyte proliferation (Kubben, Peeters-Haesevoets et al. 

1994). 

 

Slides were prepared as described in Chapter 2, section 2.2. PCNA staining 

was performed on Autostainer Link 48 to identify mitotic cells. Epitope retrieval 

was performed using EnVisionTM FLEX Target Retrieval Solution (TRS) High 

pH (Tris/EDTA buffer, pH 9). EnVisionTM FLEX Wash Buffer (K8007). 

Autostainer was set up to deliver 2 x reagent drops of 150µl to upper and lower 

zones on the slide. Following end of protocol slides were remove from staining 

racks and dehydrate (1 min 96 % ethanol, 2x 3 min 100 % ethanol), coverslip 

and mounted in DPX medium. 
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2.7 QUANTIFICATION OF ISH AND IH STAINING 
After sectioning and staining, all the slides were scanned at the Institute of 

Veterinary Pathology, University of Zürich using a digital slide scanner 

(NanoZoomer-XR C12000; Hamamatsu, Hamamatsu City, Japan).  

Subsequently a morphometric evaluation across each tissue was carried out 

with the computer software Visiopharm Integrator System version 5.0.4. 1382; 

(Visiopharm A/S, Hørsholm, Denmark). Three liver sections were selected in 

each case by manually defining regions of interest (ROIs) following the outlines 

of the tissue. 

 

2.7.1 Quantifying miR-122 staining in liver tissue 
The percentage (%) of tissue positive for miR-122 (% miR-122) was calculated 

over the whole tissue. The tissue images comprised within the ROIs were 

segmented into the following categories: upregulated miR-122 signal (label 1, 

green), positive miR-122 (label 2, blue), negative miR-122 signal (label 3, red) 

and background (label 4, yellow) (Figure 2.1). The classification method used 

for this purpose was the unsupervised K-means clustering. This classification 

method automatically separates the image into a number of pre-defined 

classes (in this case 4 classes) based on the pixel intensities. Total tissue area 

(labels 1 + 2 + 3) and the area stained positive for miR-122 (label 1 and 2) 

were calculated which enabled us to calculate the percentage of tissue positive 

for miR-122 (% miR-122) per ROI and specifically up-regulated miR-122 (label 

1 only) versus total tissue (1+ 2 + 3) was calculated. An average value from 

the ROIs could then be worked out.  
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Figure 2.1 Image taken during miR-122 quantification showing the central 
vein (CV) area of APAP-ILI tissue. The highlighted region shows miR-122-
positive tissue (blue), miR-122-upregulted tissue (green) and miR-122 
negative tissue (red) and background (yellow). CV; centrilobular vein. 
 

2.7.2 Quantifying HMGB1 staining in liver tissue 
HMGB1 translocation (HMGB1-positive cytoplasm) was also quantified using 

K-means clustering (unsupervised). In this case 3 different classes were 

classified: HMGB1-positive in hepatocyte nuclei (label 1, green), HMGB1-

positive cytoplasm (label 2, red) and HMGB1-negative cytoplasm (label 3, 

yellow) (Figure 2.2). The results were averaged and expressed as a % of 

HMGB1-positive cytoplasm (label 2) versus the total cytoplasm (label 2 + 3) 

from the ROIs. 

 
Figure 2.2 Image taken during cytoplasmic HMGB1 quantification 
showing the CV areas of APAP-ILI tissue. The highlighted region shows 
HMGB1-positive in hepatocytes nulcei (green) and HMGB1-positive cytoplasm 
(red) and HMGB1-negative cytoplasm (yellow). CV; centrilobular vein. 



Chapter 2 

 64 

2.7.3 Quantifying picrosirius red staining in liver tissue 
Threshold analysis was the classification method used for the quantification of 

areas with positive picrosirius red (Figure 2.3). This method defines a 

threshold for a given feature and assigns, one class to all pixels with a feature 

value above or equal to that value and another class for the rest. With the 

threshold classification method, the tissue was segmented in 2 different labels: 

positive picrosirius red staining (label 1, blue) and negative picrosirius red 

staining (label 2, red). Total tissue area (labels 1 + 2) and the area stained 

positive for picrosirius (label 2 only) were calculated which enabled us to 

calculate the percentage of collagen tissue per ROI. An average value from 

the three ROIs was worked out.  

 

 

Figure 2.3 Image taken during quantification showing the ROI within a 
typical liver section. In this case, the highlighted region shows picrosirius red 
staining (or collagen deposition) representative for fibrosis tissue (blue) and 
negative tissue (red).  
 

The fibrosis analysis was also manually performed by Prof. Anja Kipar at the 

Institute of Veterinary Pathology, University of Zurich. The semi-quantitative 

scoring of fibrosis after CCl4 treatment, was based on the score published by 

Chevallier et al. (1994), as this allows scoring of the fibrosis (collagen 

deposition) around the CV area (Chevallier, Guerret et al. 1994) (see Chapter 

2, section 2.3). This scoring was used to support the quantification of 

picrosirius red staining performed the automatic Visiopharm Software. 
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2.7.4 Quantifying PCNA staining in liver tissue  
K-means clustering (unsupervised) analysis was utilised for cytoplasm-positive 

staining. Two labels were created: nuclei (label 1, green) and positive 

cytoplasm (label 2, blue). The % of cells with positive cytoplasm was calculated 

by measuring the number of cells with positive PCNA signal (label 1 

surrounded by label 2) versus the total number of cells (label 1) (Figure 2.4). 
An average value from the ROIs could then be worked out. 

 

 
Figure 2.4 Image taken during cytoplasmic PCNA quantification showing 
the region of interest (ROI) within a typical liver section. In this case, the 
completed ROI shows PCNA-positive cytoplasm (blue) and all hepatocyte 
nuclei (green).  
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2.8 QUANTIFYING FIBROSIS USING MAGNETIC RESONANCE IMAGING  
Fibrosis quantification by means of magnetic resonance imaging (MRI) was 

performed by Dr. Abigail Chahil (data is published in Dr. Abigail Chahil’s thesis 

2018). At each timepoint following treatment with CCl4, mice were imaged in a 

7 Tesla (T) research MRI scanner (7T Bruker Biospin Inc.) with a 4 channel 40 

mm mouse body coil. MRI pulse sequence T2_TURBO_RARE was used to 

provide structural information and T1_maps and PRESS_1H sequences was 

conducted for T1 relaxation time and fat/water ratio respectively as indicators 

of liver fibrosis (Banerjee, Pavlides et al. 2014, Pavlides, Banerjee et al. 2016). 

Contrast enhanced MRI was not considered. 

 

Imaging parameters for the T1_maps were TR = 6000.0 ms, TE = 5.97, 17.91, 

29.85, 41.79, 53.73, 65.67, 77.61 ms, flip angle (FA) of 90 deg, field of view 

(FOV) 32 mm × 15 mm, image resolution of 0.25 mm/pixel × 0.125 mm/pixel, 

slice size 2 mm, signal average of 2 and scan time of 2.14 min. T2 weighted 

sequences (T2 RARE) parameters were TR = 2500.0 ms and TE = 24.0 ms, 

FA 90.0 deg, FOV 28 mm × 28 mm, image resolution 0.125 mm/pixel × 0.125 

mm/pixel, slice size 0.5 mm, signal average of 3 and scan time of 12 min. The 

animals were anesthetized with isoflurane at 2.0% isoflurane mixed with 

oxygen. 
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2.9 ASSESSING LIVER FUNCTION USING PHOTOACOUSTIC IMAGING  
For optoacoustic imaging, a multispectral optoacoustic tomography (MSOT) 

inVision 256-TF small animal imaging system (iThera Medical GmbH, Munich, 

Germany) was used as previously published (Morscher, Driessen et al. 2014). 

Indocyanine green (ICG) (Pulsion Medical Systems, Germany) stock (5 mg/ml 

in sterile double distilled deionized water (dH2O)) was diluted in 0.9 % saline 

to 40 nmol in a final volume of 220 µl for blood vessels clearance imaging.  

 

Mice were anesthetised with 1.0–2.0 % isoflurane delivered in 1 L/min oxygen 

gas ventilation, had hair removed by shaving and depilatory cream, from the 

abdominal and lumbar region and were imaged in the inVision 256-TF MSOT 

imaging system using a multispectral protocol for 23 min (rate of 10 frames per 

second using wavelengths 700, 730, 760, 800, 850 and 900 nm, and averaging 

10 consecutive frames to minimise motion-induced perturbations in the image 

quality). Mice were placed on their belly or on their back for liver or vessels 

imaging respectively. Between 10 - 15 min was used to allow mice to 

acclimatise to the water bath temperature. After 3 min of baseline imaging, the 

mice received 220 μl (either 5 nmol for liver or 40 nmol blood vessels 

measures) of ICG fluorescent dye in 0.9 % saline through a tail vein cannula 

over a period of 10 s and the imaging data was continuously acquired for 

another 20 min.  

 

Briefly, a tunable optical parametric oscillator (OPO) pumped by an Nd:YAG 

laser provides excitation pulses with a duration of 9 ns at wavelengths from 

680 nm to 980 nm at a repetition rate of 10 Hz with a wavelength tuning speed 

of 10 ms and a peak pulse energy of 100 mJ at 730 nm. Ten arms of a fiber 

bundle provide even illumination of a ring-shaped light strip of approximately 8 

mm width. For ultrasound detection, 256 toroidally focused ultrasound 

transducers with a center frequency of 5 MHz (60 % bandwidth), organized in 

a concave array of 270 degree angular cov(A)erage and a radius of curvature 

of 4 cm, were used.  
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Data were reconstructed using ViewMSOTTM using a backprojection algorithm 

with impulse response and multispectral processing performed using linear 

regression with ICG, and oxy- and deoxy-hemoglobin spectra to resolve 

signals for the ICG dye, including gradient scaling for each animal at a time 

prior to the injection of the ICG. Regions of interest (ROIs) drawn around the 

ischiatic vessels of each mouse were used to determine the mean peak pixel 

intensity value (MSOT arbitrary units). The MSOT signal over time for mean 

ischiatic vessel or liver pixel intensities were fitted in PK GUI_v6_04 MSOT 

software program to an exponential decay model to determine the 

characteristic excretion half-life and rate constant. 

 

Dynamic contrast enhanced (DCE) images were generated using a custom-

written pharmacokinetic (PK) analysis tool from iThera Medical.  A PK model 

was fitted to image data using an optimization routine to minimize the sum of 

square error between the model-prediction and the data.  Based on the 

assumption of single-phase elimination of ICG via liver clearance pathway, a 

single exponential decay model was used: 

      

 

 

Fitting was run on a per-pixel basis to provide a parametric map of 

anatomically-selected ROIs within the image. Pixels in the DCE image were 

excluded based on a goodness of fit criterion, where pixels yielding an R2 < 

0.02 were excluded from the DCE image to improve the confidence of values 

represented in the image. The final DCE image is represented as the 

respective parametric map as an overlay on top of representative 900 nm 

image. 

  

Y(#) = (&' − &)))*
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2.10 SYNTHETISING GOLD NANORODS (GNRS)  
Gold nanorods (GNRs) were synthesised and coated with 35 nm thick silica 

coating by Dr. Sumaira Ashraf from the Department of Bioscience at the 

University of Liverpool, following a modified method of Comenge et al. 

(Comenge, Fragueiro et al. 2016). Gold (Au) content per GNR and molar 

concentration of GNRs in GNRs solution was determined by means of 

inductively coupled plasma optical emission spectrometry (ICP-OES). 
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2.11 ISOLATING AND DIFFERENTIATING BONE MARROW DERIVED 
MACROPHAGES (BMDM)  
To obtain Bone Marrow Derived Macrophages (BMDM), the bone marrow cells 

from femurs and tibias from CD1 male mice were harvested using aseptic 

techniques and cultured as previously described (Sharkey, Starkey Lewis et 

al. 2017). Briefly, isolated cells (around 1 x 107 per mouse) were incubated in 

Dulbecco’s Modified Eagle Media w/o glutamine (DMEM/F-12 no Glutamine; 

Gibco, ThermoFisher Scientific) supplemented with 10 % heat-inactivated fetal 

bovine serum (FBS) (Life Technologies, Grand Island, NY), 1 % 

penicillin/streptomycin (Life Technologies, Grand Island, NY), 1 % L-glutamine 

(Life Technologies, Grand Island, NY), and 20 ng/mL of recombinant murine 

macrophage colony stimulating factor (mCSF) (PeproTech) in T25 Corning® 

Ultra-Low attachment cell culture flasks (Sigma Aldrich) in an incubator with 

humidified atmosphere and 5 % CO2 at 37 °C. MCSF-1 is needed to promote 

differentiation of bone marrow cells into macrophages (7 - 10 days) as 

previously demonstrated (Burgess and Nice 1985). On day 7 in culture the 

cells were washed in phosphate buffered saline (PBS), counted and replated 

in culture media (without (w/o) mCSF-1) at different densities according to the 

plate used for further analysis. Cells were activated (M1 condition) with LPS 

(50 ng/ml, Sigma-Aldrich L2880) + IFN-γ (20 ng/mL, eBioscience PMC4031) 

or alternatively activated (M2 condition) with IL-4 (20 ng/mL, eBioscience 14-

8041-80) and incubated overnight (o/n).  

 

Cell Titer Glo Luminescent Cell Viability Assay (Promega) was used to assess 

toxicity following manufacturer’s instruction. After o/n incubation in a 96 well 

plate (1 x 104 cells/well), 20 μl of the ATP reagent was added. The plate was 

mixed in an orbital shaker (700 rpm for 1 min), and after 5 min incubation, 100 

μl of the content of the plate was transferred to white, opaque, 96-well plates, 

and introduced in the plate reader (Varioskan) for luminescent analysis.  
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2.12 PHENOTYPING M1 AND M2 MACROPHAGES  
M1 and M2 macrophages were characterised by means of qPCR and flow 

cytometry analysis (FACS analysis – BD FACScalibur). On day 7 in culture 1 

x 106 cells/well were plated (6-well plate, Falcon polystyrene) for determination 

of gene expression by means of qPCR or 5 x 106 cells were plated in a 90mm 

Sterilin Dish Triple vent (not T/C) (Fisher Scientific) for protein expression 

characterisation by means of FACS analysis. 

  

Cells were harvested at 24 h post-stimulation with LPS + INF-γ (for M1 

differentiation) or IL-4 (for M2 differentiation), washed and lysed in RLT buffer 

(Qiagen) for total mRNA isolation. Expression of mRNA genes was determined 

using Taqman qPCR. Total mRNA was extracted from 1 x 106 BMDM 

(harvested on day 7), 1 x 106 M1 and 1 x 106 M2 macrophages (harvested 

after 7 days + 1 day of incubation for differentiation) in duplicate using RNeasy 

Mini kit (Qiagen) according to the manufacturer’s instructions. The RNA 

concentration was quantified by a UV spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). Complementary DNA was generated from 500 

ng mRNA per sample using GoScript(TM) Reverse Transcription System 

(PROMEGA), according to manufacturer’s instructions. Product (50 ng of 

cDNA per sample) was amplified using Taqman primers and Taqman 

Mastermix (Life Technologies) on a ViiA7 machine (Life Technologies). 

Primers for interleukin (IL)-6, inducible nitric oxide synthase (iNOS), mannose 

receptor (MRC-1), tumor necrosis factor (TNF)-α, and Arginase (Arg) were 

purchased from Life Technology (Table 2.3). Expression of target genes 

values were normalized to reference gene Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and data was analysed using the comparative Ct 

(ΔΔCT) values and normalised to BMDM gene expression. 

 

 

 

 

 

 

 



Chapter 2 

 72 

PRIMERS Reference number Macrophage 

Tumor Necrosis Factor-alpha (TNF-α) Mm00443258_m1 

M1 
Interleukin 6 (IL-6) Mm00446190_m1 

Nitric oxide synthase 2, inducible 

(iNOS) 
Mm00440502_m1 

Arginase, Liver (Arg) Mm00475988_m1 
M2 

Mannose receptor, C type 1 (MRC-1) Mm01329362_m1 

Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 
Mm99999915_g1 

Endogenous 
control 

 
Table 2.3 Primers details for qPCR characterisation of M1 and M2 
differentiated macrophages. 
 

For protein characterisation, BMDM were differentiated into M1 or M2 as 

described in section 2.11 and were labelled for membrane (CD38 for M1 

differentiated macrophages) and intracellular (EGR2 for M2 differentiated 

macrophages) markers (Table 2.4). Cells were surface stained with 0.5 mg/ml 

anti-mouse CD38 monoclonal antibody (Invitrogen) in PBS with 1 % FBS for 

30 min in the dark at 4 °C. Subsequently cells were fixed in eBioscience 

Fixation buffer for 10 - 20 min in the dark at RT. Cells were washed 3 times 

with 1 % FBS and permeabilized in 1 x eBioscience Permeabilization buffer for 

10 - 15min at RT. For intracellular staining cells were incubated in 0.2 mg/ml 

intracellular anti-mouse EGR monoclonal antibody (Invitrogen) with PBS with 

1 % FBS for 20 min at 4 °C in the dark. After washing 3 times in 1 % FBS, cells 

were resuspended in PBS and run on a BD FacsCalibur machine. FACS 

results were then analysed using Flowing Softaware 2.5.1 (University of Turku 

and Turku Bioimaging, Helsinki, Finland). 

 

 
Table 2.4 Antibodies details for FACS characterisation of M1 and M2 
differentiated macrophages. 

Macrophage Markers Fluorophore Company Catalogue Number 

M1 CD38 FITC eBioscience 11-0381-81 

M2 EGR2 APC eBioscience 17-6691-80 
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2.13 LABELLING M2 MACROPHAGES WITH GNRs 
To monitor the biodistribution of intravenously injected macrophages, M2 

differentiated macrophages were loaded with GNRs before being injected. For 

this purpose, BMDM macrophages (1.5 × 107 per mouse) were seeded in a 90 

mm Sterilin Dish Triple vent (not T/C) (Fisher Scientific) with 12 ml of cell 

culture medium (DMEM/F-12 supplemented with 10 % FBS, 1 % 

Penicillin/Streptomycin and 1 % L-Glutamine) and differentiated o/n to M2 as 

described in section 2.11. After 24 h their growth media was changed with 

fresh cell growth media containing 10 pM of GNRs and incubated inside an 

incubator with humidified atmosphere and 5 % CO2 set at 37 °C for 24 h. Latter 

cells were washed 3 times with PBS, trypsinized, and used for in vivo 

experiments.  

 

Cell viability was assessed with Cell Titer Glo Luminescent Cell Viability Assay 

(Promega) for different GNRs concentration. BMDM, M1 and M2 macrophages 

were seeded in 96-well plates (1 x 104 cells/well) and incubated with 0, 5, 10 

and 20 pM GNRs in media (80 % media and 20 % GNRs solution in each case) 

for 24 h.  
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2.14 TRACKING M2 MACROPHAGES WITH MSOT IMAGING AFTER 
SYSTEMIC INJECTION 
BMDM macrophages (1.5 × 107 per mouse intervention) were seeded in a 90 

mm Sterilin Dish and differentiated o/n to M2 macrophages as described in 

section 2.11. After 24 h, medium was replaced with 10 pM GNRs in fresh 

medium (for labelled M2 macrophages) or with fresh medium only (for non-

labelled M2 macrophages) and cells were incubated o/n as described in 

section 2.13. Then, cells were harvested using Tryple Express (Life 

technology), washed twice with PBS, and counted manually. 

 

MSOT imaging was used to track the biodistribution of M2 differentiated 

macrophages. For this purpose, mice were shaved, and fur was epilated 

around the abdomen as described in section 2.9. Around 1 x 107 of GNRs 

labelled M2 or non-labelled M2 macrophages in a final volume of 100 μl of PBS 

were injected i.v. (tail vein) to each animal (n = 3 per group) after 30 min 

background imaging. All imaging was performed in the inVision 256-TF MSOT 

imaging system (iThera Medical) as previously published (Comenge, 

Fragueiro et al. 2016). A single slice scan of the liver was imaged following M2 

injection during 90 min. Linear-mode-based reconstruction and linear 

regression spectral unmixing were applied using ViewMSOT (iThera Medical).  

 

Mice were immediately culled under rising concentration of CO2. Kidney, lung, 

spleen, and lateral left lobe of the liver were washed with PBS, embedded in 

PFA 4 % o/n and kept in 70 % ethanol. In parallel to in vivo experiments 1 x 

106 labelled M2 macrophages were centrifuged at 500 x g for 3 minutes, 

discarded the supernatant and resuspended in PBS. The vis-NIR spectra were 

recorded and later used for ICP-OES based quantification of Au in injected 

macrophages. 

  



Chapter 2 

 75 

2.15 QUANTIFYING GOLD CONTENT IN THE LIVER WITH ICP-OES  
ICP-OES quantification of Au was performed by Dr. Sumaira Ashraf from the 

department of Bioscience at the University of Liverpool to confirm the presence 

of GNRs (and therefore M2 macrophages) in the liver.  

 

The fixed organs were filter dried, frozen, freeze dried, crushed and grinded 

until fine powder was formed. The weight of ground samples was noted and 

samples were digested with 0.5 ml aqua regia (1 part HNO3 and 3 parts HCl 

by volume) at RT for 5 days. The samples of GNRs labelled macrophages 

(injected in mice) were also acid digested by same method. After acid 

digestion, 9.5 ml dH2O was added in each sample to a final volume of 10 ml 

(to reduce final acid content to less than 5 % per sample) and filtered through 

syringe filter (pore size 0.22 µm) to remove any debris. For preparing blank 

solution 0.5 ml aqua regia was diluted to 10 ml. Samples were run through 

ICP-OES (5 repetitions per sample) and the concentration of Au was 

determined from the calibration curve for Au consisting of 6 measurement 

points (0 to 11 µg/ml or parts per million (ppm)) derived from Au standard 

solutions provided from Agilent. Results were provided as mean of 5 

measurements per sample.   
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2.16 STATISTICAL ANALYSIS 
All samples were measured in duplicate and the average used in subsequent 

analyses. Statistical analysis of data was undertaken using GraphPad Prism 7 

software (GraphPad Software, San Diego, CA). Data were assayed for 

normality by Shapiro-Wilk test. When assaying differences amongst at least 

three groups, if data was normally distributed, statistical analysis was 

performed using One Way ANOVA with Turkey’s multiple comparison, as this 

test is specifically designed to compare the mean of each group with mean of 

every other group. If there was no evidence of normality, Kruskal-Wallis 

(Dunn’s multiple comparison) test was applied instead. To test for differences 

amongst two groups, a t-test was performed if data was classified as normal 

and a Mann-Whitney test when data showed no evidence of normality. Results 

were considered significant when p values < 0.05 (*P ≤ 0.05, **P ≤ 0.01, ***P 

≤ 0.001 and ****P ≤ 0.0001). Quantification data were expressed as mean ± 

standard error of the mean (SEM) or standard deviation of the mean (SD). 

 

Association between parameters were performed using Spearman correlation 

coefficients when associating continuous and discrete data (i.e. ICG half-life 

and score for liver injury) or Pearson correlation coefficients model when 

associating continuous with continuous data (i.e ICG half-life and serum 

biomarkers). The assumption of normality of variance was also previously 

assessed and Tukey or Dunn’s post hoc test was applied accordingly. 
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3.1 INTRODUCTION 
Paracetamol (APAP) overdose is a major human health concern as it is a 

frequent cause of liver injury. APAP-ILI is directly responsible for around 50 % 

of acute liver failure (ALF) cases and every year results in 500 deaths in the 

USA and 200 in the UK (Russo, Galanko et al. 2004, Larson, Polson et al. 

2005, Bernal and Wendon 2013). One of the roadblocks to reducing this high 

morbidity and mortality is an absence of biomarkers for early and accurate 

drug-induced liver injury (DILI) diagnosis. Additionally, the majority of tests 

utilised for DILI diagnosis are based on the analysis of cell death rather than 

liver function. Therefore, the lack of informative biomarkers of the underlying 

mechanistic basis of DILI is a main concern. In this study we developed and 

validated a novel imaging tool for the early and non-invasive assessment of 

liver function in APAP-ILI that can be used repeatedly in vivo and real-time 

manner (Figure 3.1).  
 

3.1.1 Aims and hypothesis 
The aims of this chapter were to: 

• Establish Indocyanine Green (ICG) parameter as a metric for liver function 

to confirm the utility of multispectral optoacoustic tomography (MSOT) 

imaging to assess liver function impairment in APAP-ILI. 

• Use novel circulating biomarkers with increased sensitivity and specificity 

to establish an experimental “tool box” that uses a novel non-invasive, 

dynamic imaging modality to assess hepatic function at early stages of 

liver injury. 

• Study the utility of MSOT to report the efficacy of established therapeutic 

intervention after APAP-ILI in mice. 

 

The main hypothesis under investigation within this chapter was that by 

measuring ICG clearance from the blood by means of MSOT imaging we 

would be able to develop a novel approach for the diagnosis of DILI based on 

the monitoring of liver function.  



Chapter 3 

 80 

 

Figure 3.1. Schematic representation of this study. Integrated 
photoacoustic imaging, circulating mechanistic biomarkers and histology for 
the sensitive and specific assessment of experimental APAP-ILI. 
 

 

The results of this chapter were published as:  

Brillant N, Elmasry M, Burton N C, Monné J M, Sharkey J W, Fenwick S, 

Poptani H, Kitteringham N R, Goldring C E, Kipar A, Park K. Dynamic and 

accurate assessment of acetaminophen-induced hepatotoxicity by integrated 

photoacoustic imaging and mechanistic biomarkers in vivo. Toxicology and 

Applied Pharmacology 2017. https://doi.org/10.1016/j.taap.2017.07.019 

 
Within this paper, I wrote most of the article (with Dan Antoine’s assistance), I 

designed most of the experiment (with Dan Antoine’s assistance), I performed 

most of the research (with Jack Sharkey assistance during MSOT imaging 

optimisation and Harish Poptani assistance during MRI measurements of liver 

volume) except for the partial hepatectomy which was performed by Mohamed 

Elmasry and I analysed the majority of the data acquired (with assistance of 

Neal Burton for MSOT data interpretation and analysis, and Josep Maria 

Monné and Anja Kipar for the histopathological examination). 
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3.3 SUPPLEMENTARY FIGURES AND METHODS 
Dynamic and accurate assessment of acetaminophen-induced 
hepatotoxicity by integrated photoacoustic imaging and mechanistic 
biomarkers in vivo 
Brillant N, Elmasry M, Burton N C, Monné J M, Sharkey J W, Fenwick S, 

Poptani H, Kitteringham N R, Goldring C E, Kipar A, Park K 

 

3.3.1 Supplementary Figure 1 

 

 

Supplementary Figure 1. Score for DILI and degenerative changes. This 
table shows the features considered for the scoring of liver necrosis (DILI 
score) and hepatocytes undergoing hydropic degeneration (HD) (degenerative 
changes). 
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3.3.2 Supplementary Figure 2 

 

 

 

 

 

 

 

 

 
Supplementary Figure 2. Relationship between hepatic mass measured 
by magnetic resonance imaging (MRI) following partial hepatectomy (PH) 
in mice and hepatic function measured by MSOT at 3 and 24 h post-
APAP. Scatterplot showing a correlation coefficient of the 60 % hepatectomy 
cohort data between the liver mass loss (%) and ICG half-life measurements 
(r = 0.78, P value < 0.0001) and the correlation coefficient between the APAP-
overdosed mice score for (A) degenerative changes at 3 h post APAP dosing 
(r = 0.90, P value < 0.0001) and (B) necrosis at 24 h post dosing (r = 0.69, P 
value = 0.004) and ICG half-life measurements. Data points represent 
individual animals (Empty triangles = 60 % hepatectomy, n = 5, day 1, 2, 3 and 
7 after surgery; black-filled triangles = APAP-overdosed mice, 3 h time point n 
= 8 and 24 h time point n = 10).  
 

3.3.3 Supplementary material and methods 
3.3.3.1 Dynamic contrast enhanced (DCE) MSOT image 

generation 

DCE images were generated using a custom-written pharmacokinetic (PK) 

analysis tool from iThera Medical.  A PK model was fitted to image data using 

an optimization routine to minimize the sum of square error between the 

model-prediction and the data.  Based on the assumption of single-phase 

elimination of _(ICG)_ via _(liver clearance)_ pathway, a single exponential 

decay model was used: 
&(#) = (&' − &)))*

+,∗. + &))      

Fitting was run on a per-pixel basis to provide a parametric map of 

anatomically-selected ROIs within the image.  Pixels in the DCE image were 

excluded based on a goodness of fit criterion, where pixels yielding an R2 < 

0.02 were excluded from the DCE image to improve the confidence of values 

represented in the image. The final DCE image is represented as the 

Liver mass loss (%) 

IC
G

 H
al

f-l
ife

 
(s

) 

0 20 40 60 80 
0 

100 

200 

300 

400 
APAP 
PH 

3h 

Liver mass loss (%) 

IC
G

 H
al

f-l
ife

 (s
) 

0 20 40 60 80 
0 

100 

200 

300 

400 

24h 

A B 



Chapter 3 

 94 

respective parametric map as an overlay on top of representative 900 nm 

image. 

 

3.3.3.2 Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) studies were performed with a 9.4T Bruker 

Biospec 94/20 MRI scanner using a 78 mm body coil transmit and a four-

channel receive array coil (Bruker Biospin, Inc.). Mice from the PH study were 

scanned the day before surgery and on day 1, 2, 3 and 7 after PH. Mice were 

anesthetised with 1.0–2.0 % isoflurane delivered in 1 L/min oxygen gas 

ventilation before being placed on a bed where probes for monitoring rectal 

temperature and respiration were connected to their body. A water-circulating 

heating pad was placed over the body to maintain a constant temperature of 

37 °C during experiments. At the end of scanning, the mouse was removed 

from the scanner, and transferred to the MSOT holder device. A 

T2_TurboRARE MRI sequence was used to acquire the images covering the 

liver in the coronal plane with the following parameters: TR/TE = 2500/24; echo 

train length=8; pixel bandwidth = 446.43; averages = 3; field of view = 30x28 

mm; slice thickness = 500 µm; slice gap = 100 µm; and in-plane resolution = 

125x125 µm. The liver in MR images was segmented using ImageJ for liver 

volume measurements. 
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optimisation) and HP (assisted in the use of MRI for liver volume examination 

after partial hepatectomy) performed research; NB (performed the majority of 

data analysis), NCB (assisted with the analysis and interpretation of MSOT 

data), JM and AK (assisted in the histopathological examination) analysed 
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3.6 DISCUSSION 

In this chapter we used for the first-time photoacoustic imaging (MSOT) to 

assess liver function in APAP-ILI in a dynamic and longitudinal manner. We 

also used NAC as the main antidote to evaluate the capacity of MSOT to report 

liver function amelioration in a non-invasive manner. A strong and statistically 

significant relationship between the novel (miR-122 and HMGB1) and 

traditional (ALT and TBIL) biomarkers of hepatic injury, histopathological 

assessments and ICG clearance measured by MSOT imaging was described. 

This study demonstrates for the first time that the integration of novel non-

invasive and real-time imaging of hepatic function with mechanistic circulating 

biomarkers of hepatotoxicity, alongside traditional histopathological 

evaluation, can provide a new way to assess experimental hepatotoxicity and 

its pharmacological restoration that has translational potential. 

 

In this chapter we can conclude:  

- We report for the first time the utility of non-invasive photoacoustic imaging 

for assessing liver function impairment in APAP-ILI and we show its utility 

in reporting the efficacy of established therapeutic intervention.  

- MSOT imaging in combination with serum biomarkers for DILI, allowed us 

to investigate the onset and recovery from experimental DILI focusing on 

the monitoring of liver function in a non-invasive and real-time manner.   

 

To evaluate the translational potential of measurements of ICG clearance 

through the parenchyma by means of MSOT imaging and its use as a metric 

of liver function we thought important to highlight and clarify some limitations 

of the model used in this experiment.  
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- The biliary excretion of APAP and APAP-metabolites was described in 

2003 by Chen et al. Here, Mrp2 was shown to be the main efflux 

transporter (Chen, Hennig et al. 2003). These findings suggest the 

possibility of competition between APAP and ICG for Mrp2 transporters 

and therefore the possibility of perturbating ICG clearance. However, we 

know that Mdr2 is essential for the excretion of ICG (Huang and Vore 

2001) and therefore this could be the route taken if Mrp2 transporters were 

saturated by APAP efflux.  

- In 2005, Aleksunes et al., demonstrated downregulation of OATP1a1 at 24 

h post APAP (300 mg/kg) and no effect on NTCP or the efflux transporter 

Mrp2 (Aleksunes, Slitt et al. 2005). The downregulation of OATP1a1 could 

perturbate ICG uptake by hepatocytes where ICG would accumulate in 

blood. However, ICG has been shown to be taken up by OATP1b1 and 

NTCP transporters (de Graaf, Hausler et al. 2011) and therefore its 

clearance would not be affected by OATP1a1 downregulation. 

Additionally, in our study, at 24 h ICG clearance increased (ICG half-life 

decreased) suggesting amelioration of liver function and therefore this 

cannot be related to OATP downregulation. Aleksunes et al. also reported 

the upregulation of Mrp2 and 3 at 6 and 48 h post-APAP (400 mg/kg) 

(Aleksunes, Slitt et al. 2005). However, in our study we used 300 mg/kg 

and in any case, the upregulation of Mrp2 would facilitate the clearance of 

ICG and this was not seen at 48 h post-APAP where a second peak of ICG 

half-life was observed. 

- It is well-known that ICG clearance can be used to assess blood flow 

(Lisotti, Azzaroli et al. 2014, Lutzweiler, Meier et al. 2014). In APAP-ILI, 

hepatic blood flow could be impaired from the onset of injury throughout 

recovery. For this reason, we measured hepatic blood flow at 6 and 24 h 

post-APAP by means of Doppler Ultrasound. Even though no changes 

were seen, further studies should be performed to assess changes in 

hepatic blood flow at 3 h as well as 48 h post-APAP to ensure that changes 

in ICG clearance can be related to the loss of hepatic functional mass 

rather that impairment of hepatic blood flow. Additionally other accurate  

techniques (MRI) could be used for this matter.
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4.1 INTRODUCTION  
Drug-induced liver injury (DILI) is a phenomenon that involves many 

underlying processes. The absence of specific biomarkers means its diagnosis 

is often based on the exclusion of other disease processes (Chalasani, 

Fontana et al. 2008, Kleiner, Chalasani et al. 2014). The gold standard 

biomarkers for the diagnosis of DILI diagnosis are based on the determination 

of the activity of serum hepatocellular enzymes (ALT, ALP) or the 

concentrations of drug and protein adducts (Davern, James et al. 2006, 

Temple 2006). However, the histological examination of a biopsy is often 

required for final diagnosis as none of the available biomarkers are 

‘informative’ enough of the underlying mechanistic processes (Kleiner 2009, 

Kleiner, Chalasani et al. 2014).  

 

Numerous efforts have been made to identify and develop reliable and 

predictive biomarkers, such as miR-122 and HMGB1, to detect the early signs 

of DILI (Clarke, Dear et al. 2016). However, there is little information about the 

relationship between these novel serum biomarkers and their tissue of origin. 

The relationship between histopathological findings, laboratory data analysis, 

clinical symptoms, and the extent of liver injury at presentation has already 

been described (Chalasani, Fontana et al. 2008, Kleiner, Chalasani et al. 

2014). On the other hand, serum miR-122 has already been linked to liver 

tissue in a zebrafish and mouse model of DILI (Wang, Zhang et al. 2009, 

Vliegenthart, Starkey Lewis et al. 2014). A previous study has shown that 

APAP-ILI is associated with loss of HMGB1 expression in centrilobular (CV) 

areas (Lundback, Lea et al. 2016). Additionally, in an alcohol liver disease 

(ALD) mouse model, serum HMGB1 was upregulated and, interestingly, in the 

hepatocytes, HMGB1 underwent cytoplasmic translocation (Ge, Antoine et al. 

2014). This was also described in an ischemia reperfusion injury rat model, 

where they concluded that HMGB1 translocation and expression depended on 

the type of liver injury (Liu, Dirsch et al. 2011). 

 

The behaviour of these biomarkers in the tissue needs to be further 

investigated. The relationship between these novel serum biomarkers with 

enhanced sensitivity and prognostic value, and their behaviour in the liver in 
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an APAP-ILI mouse model has not been studied before. In this chapter serum 

miR-122 and HMGB1 were measured in blood from onset of injury to liver 

regeneration and recovery. In-situ hybridization (ISH) and 

immunohistochemistry (IHC) for miR-122 and HMGB1 was performed to 

assess the cellular expression pattern of these markers in physiological and 

APAP-ILI scenarios. Directly linking the change in circulating biomarker 

concentration with tissue injury/repair may improve DILI diagnosis and 

consequently improve patient stratification and treatment. 

 

 4.1.1 Aims and hypothesis  
The aims of this chapter were to:  

• Determine the cellular biodistribution and expression of miR-122 and 

HMGB1 in the liver in physiological conditions.  

• Determine the cellular biodistribution and expression of miR-122 and 

HMGB1 in the liver in APAP-ILI.  

• Correlate the tissue specific miR-122 and HMGB1 behaviour with the 

severity of liver injury in control and APAP-ILI mice. 

• Correlate the tissue specific miR-122 and HMGB1 behaviour with the 

quantified serum biomarkers in control and APAP-ILI mice. 

 

The main hypotheses under investigation throughout this chapter were that 

miR-122 and HMGB1 would have a specific and characteristic cellular and 

hepatic biodistribution and that the quantitative changes in the cellular 

expression pattern across the time course of liver injury and regeneration 

would be informative and correlate with liver injury extent.  
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4.2 STUDY DESIGN 
Mice were obtained from Charles River Laboratories (Tranent, Scotland). The 

protocols described were undertaken in accordance with criteria outlined in a 

license granted under the Animal (Scientific Procedures) Act 1986 and 

approved by the University of Liverpool Animal Ethics Committee. Male 

C57Bl/6 mice, 7 - 8 weeks old, were fasted for 14 h prior to APAP 

administration. For the timecourse study, groups of randomly selected animals 

were administered 300 mg/kg of APAP in 0.9 % saline (Braun, Melsungen, 

Germany) or 0.9 % saline (control) with a single intraperitoneal (i.p.) injection. 

Mice were euthanised at 3 h (controls, n = 5; APAP, n = 6), 6 h (controls, n = 

5; APAP, n = 6), 24 h (controls, n = 4; APAP, n = 6), 48 h (controls, n = 4; 

APAP, n = 6), 72 h (controls, n = 4; APAP, n = 6) and 96 h (controls, n = 5; 

APAP, n = 5) post-APAP administration via exposure to a rising concentration 

of carbon dioxide (CO2) (Figure 4.1).  
 

 
Figure 4.1 Summary of the study design. Fasting (blue triangle showing 14 
h of fasting prior to APAP administration), APAP administration (purple triangle 
showing time 0 h for APAP administration), culling timepoints and collection of 
samples (brown triangles showing 3, 6, 24, 48, 72 and 96 h timepoints). 
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4.3 RESULTS  
 4.3.1 Serum miR-122 and HMGB1 increase after liver injury  
To assess the timecourse of liver injury after APAP administration, we 

measured serum miR-122 and total HMGB1. Significant elevations in miR-122 

(4861.6 ± 793.1 ΔΔCt U6 normalised) and HMGB1 (160.2 ± 40.1 ng/ml) were 

evident as early as 3 h after APAP dosing (Figure 4.2 A and B) compared to 

control miR-122 (310.9 ± 79.1 ΔΔCt U6 normalised) and HMGB1 (5.13 ± 0.3 

ng/ml). By 6 h post dosing, miR-122 concentration had increased further 

(Figure 4.2 A), whereas HMGB1 concentration had already dropped 

substantially (Figure 4.2 B) remaining significantly elevated compared to 

control. A decreasing trend in biomarkers was observed over the time course 

assessed, with miR-122 and HMGB1 concentrations returning to baseline 

values by 48 h.  

 
Figure 4.2 Serum biomarker levels observed during APAP-ILI in mice. 
Mice received APAP (300 mg/kg i.p.) and blood was taken at 3, 6, 24, 48, 72 
and 96 h after dosing. (A) miR-122 increased significantly early and 
progressively up to 6 h in the serum of APAP-ILI mice compared to non-treated 
mice. (B) After an early significant increase in total HMGB1 in the serum of 
APAP-ILI mice compared to non-treated mice, values decreased 
progressively. (A and B) Bars represent mean ± standard deviation (SD) of 
group of animals (grey dots = control, n = 4–5; black dots = APAP overdose, n 
= 6). Asterisks indicate significance between APAP treated mice and control 
of two-sample t-tests: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).  

 
4.3.2 Tissue miR-122 and HMGB1 vs histopathological features  

We compared the biodistribution of these biomarkers in liver tissue with the 

histopathological changes (cells stress morphologically shown as hydropic 
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degeneration (HD) and cell death shown as DILI score) across the APAP-ILI 

timecourse. 

 

Histopathological evaluation of the livers was performed by Prof Anja Kipar. At 

3 h timepoint post-APAP dosing, evidence of complete hepatocellular loss of 

glycogen in the parenchyma was observed (Figure 4.3 H&E and PAS). The 

CV hepatocyte layers (up to 5 layers) exhibited HD, a feature consistent with 

cell stress (see Chapter 2, section 2.3). By 6 h post dosing, the histological 

examination revealed substantial hepatocyte death (coagulative necrosis; 

median score 2). At 24 h post dosing the histological picture was similar to that 

at 6 h (median score 2.25), though there was in general evidence of glycogen 

restitution outside affected areas (Figure 4.3 H&E and PAS). By 48 h, necrotic 

hepatocytes were less numerous (median score 1) and there was also mild 

leukocyte infiltration. Outside affected areas, the parenchyma exhibited full 

glycogen restitution. At 72 and 96 h, necrotic cells were not observed anymore, 

and several mitotic hepatocytes were observed, all consistent with liver 

regeneration (Figure 4.3 H&E and PAS). 
 

For the examination of miR-122 and HMGB1 distribution in the liver, we 

randomly selected 3 treated mice from the 3, 6, 24, 48, 72 and 96 h timepoints 

and 1 control from each timepoint. In situ hybridization (ISH) and 

immunohistochemistry (IHC) staining techniques were employed to localize 

miR-122 and HMGB1 in both control and APAP-ILI liver tissue. In a control 

animal, miR-122 was localized homogenously in the hepatocyte cytoplasm 

and HMGB1 was localized in the hepatocyte nuclei homogeneously across the 

liver. At 3 h timepoint when HD (or cell stress) in the CV was the main 

histological feature, miR-122 and HMGB1 were negative in the first 2-3 

hepatocyte layer surrounding the CV (Figure 4.3). This negative area was then 

surrounded by another layer of stressed hepatocytes (histologically described 

as cells undergoing HD by Prof. Anja Kipar) that were expressing increased 

miR-122 (or upregulated miR-122) and cytoplasmic HMGB1 (or HMGB1 

translocation) (Figure 4.3). At 6 and 24 h timepoint the necrotic cells in the CV 

were negative for both miR-122 and HMGB1 and again, this area was 

surrounded by a layer of hepatocyte undergoing HD (or cell stress with 
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glycogen loss) that expressed increased miR-122 and cytoplasmic HMGB1 

(Figure 4.3). At 48 h and 72 h when there was mainly inflammatory cells 

infiltration and regeneration, increased miR-122 (or upregulated miR-122) 

appeared in individual hepatocytes and HMGB1 was negative in the cytoplasm 

and positive in the nuclei. At 96 h liver histology and biomarkers were back to 

normal.  

 

h H&E PAS HMGB1 miR-122 

0 

    

3 

    

6 

    



Chapter 4 

 105 

24 

    

48 

    

72 

    

96 

    
 
Figure 4.3 Representative images from control and APAP-ILI mice for the 
complete timecourse. H&E images showing the process of cell death, PAS 
representing the loss of glycogen and therefore the sign of HD or cell stress in 
the CV area, HMGB1 and miR-122 expression in the CV area across the 
timecourse. Scale bar represents 50 μm. 
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4.3.3 MiR-122 is upregulated in stressed hepatocytes after APAP-
ILI 
In normal conditions, we saw ubiquitous and homogenous distribution of miR-

122 across the liver (Figure 4.4; green arrows). Following APAP-ILI, miR-122 

was negative in damaged and necrotic hepatocytes surrounding the CV from 

3 h to 48 h post-APAP, remaining positive in the uninjured areas in the 

periportal (PP) zone (histologically described by Prof. Anja Kipar). (Figure 
4.4).  Interestingly, as early as 3 h post-APAP, we could differentiate individual 

hepatocytes surrounding the damaged cells in the CV with an increased 

intensity of miR-122 staining (upregulated miR-122). Additionally, at 6 and 24 

h post-APAP dosing, a ‘ring’ of hepatocytes was found surrounding the 

necrotic cells in the CV (Figure 4.5; Black arrows) with increased miR-122 

staining. This ring of hepatocytes was identified microscopically by Prof. Anja 

Kipar as cells undergoing HD. Finally, at later timepoint (72 h) we saw the 

same increased of miR-122 intensity staining, but this time localised in the 3-

4 layers of the new hepatocytes from the CV (Figure 4.6). 
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Figure 4.4 Homogeneous expression of miR-122 across the liver in non-
treated mice. Representative mouse liver tissue stained via ISH for miR-122. 
Scale bar represents 250 μm (top) and 100 μm (bottom). CV, centrilobular 
vein; green arrow, miR-122-positive hepatocyte cytoplasm.  
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Figure 4.5 Zonal expression and upregulation of miR-122 after APAP-ILI. 
Representative mouse liver tissue, 6 h post-APAP, stained via ISH for miR-
122. Scale bar represents 100 μm. CV, centrilobular vein. asterisk, necrosis 
and miR-122-negative; black arrow, ‘ring’ of stressed hepatocytes and 
upregulation of miR-122; green arrow, undamaged cells and miR-122-positive. 
Scale bar represents 250 μm (top) and 100 μm (bottom).  
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Figure 4.6 Zonal upregulation of miR-122 in regenerated CV area post-
injury. Representative mouse liver tissue, 72 h post-APAP, stained via ISH for 
miR-122. Scale bar represents 50 μm. CV, centrilobular vein. 
 

We used Visiopharm softaware to quantify miR-122 changes observed (miR-

122 upregulation) throughout the timecourse of APAP exposure. Normal tissue 

profile of miR-122 was 41.7 % (± SD 1.3 %) average overall expression from 

which 9.2 % (± SD 1.2 %) was upregulated miR-122 and 32.4 % (± SD 0.5 %) 

was positive miR122 (Figure 4.7 A). Percentage were calculated as explained 

in Chapter 2, section 2.7.1. After APAP-ILI, we saw 1-fold change increase of 

upregulated miR-122 at 6 h timepoint followed by a gradual recovery back to 

baseline by 96 h (Figure 4.7 B). 
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Figure 4.7 Quantification of the area with miR-122 upregulation in the 
liver. Upregulated miR-122 area (% of miR-122 upregulated vs total tissue 
area) in APAP-ILI (A) and (B) data depicted as change fold of control. Data 
are shown as mean ± SD, are representative of control (n = 4) and APAP-ILI 
(n = 3) cases along the timecourse (from 3 h to 96 h). Assessment of (3 x) 
large section of liver tissue used for miR-122 quantification. Asterisks indicate 
significance of two-sample t-tests: p ≤ 0.05 (*). 
 

4.3.4 Serum miR-122 correlates with histopathological score  
We wanted to look at the relation between the histopathological changes and 

serum miR-122 to better understand the relationship between tissue and blood 

measurements. At 3 h timepoint as described before, we did not see cell death 

but only HD where cells morphologically showed signs of stress and had their 

cytoplasm membrane permeability impaired (specific feature described during 

HD due to cell swelling; see Chapter 2, section 2.3). At this timepoint, we saw 

a strong correlation between HD score and serum miR-122 (R = 0,7369) 

(Figure 4.8 A).  From 6 h timepoint cell death had already occurred and we 

saw a strong correlation between DILI score (necrosis) and levels of miR-122 

(R = 0,7698) (Figure 4.8 B). At 24 and 48 h we found similar pattern with 

significant correlation between both parameters (Figure 4.8 C and D). 
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Figure 4.8 Correlation between serum miR-122 and hepatocyte injury. 
The correlation between miR-122 concentration in serum and 
histopathological scoring are shown for timepoints (A) 3, (B) 6, (C) 24, (D) 48 
h. Data are shown as individual animals (empty circles: APAP-ILI mice, n = 6); 
filled circles: control mice (n = 4-5). Correlation was determined by Spearman 
correlation coefficients. 
 

4.3.5 HMGB1 is localised in cytoplasm when hepatocytes are 
stressed after APAP-ILI 
We identified homogenous and ubiquitous nuclear HMGB1 expression in 

hepatocytes nuclei (Figure 4.9; black arrows), bile duct epithelium and 

vascular endothelial cells (red arrow) across healthy liver sections (Figure 4.9; 
red arrows). HMGB1 was also identified in infiltrating inflammatory cells in 

advanced phases (48, 72 and 96 h) of APAP-ILI timecourse (Figure 4.11; 
black arrows). Interestingly, we saw a cytoplasmic expression of HMGB1 in 

specific cells surrounding the damaged hepatocytes (Figure 4.10; black 
arrow). In these specific hepatocytes where cytoplasmic translocation 

occurred, hepatocyte nuclei were HMGB1-negative (Figure 4.10; red arrow).  
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Figure 4.9 HMGB1-positive hepatocyte nuclei (amongst other cells) in a 
normal mouse liver tissue. This representative tissue section was stained 
via IHC for HMGB1. Black arrow indicates individual hepatocytes that stained 
positive for HMGB1 in the nuclei. Red arrow indicates individual endothelial 
cell that stained positive for HMGB1 in the nulcei. Scale bar represents 250 
μm (top) and 100 μm (bottom). CV, centrilobular vein. 
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Figure 4.10 Cytoplasmic translocation of HMGB1 in an injured liver 
section. This representative tissue section (6 h post-APAP) was stained via 
IHC for HMGB1. Black arrow indicates hepatocytes that stained positive for 
HMGB1 in the cytoplasm compartment. Red arrow indicates hepatocytes 
negative for HMGB1 in the nuclei but positive in the cytoplasm compartment. 
Green arrow indicates hepatocytes that stained positive for HMGB1 in the 
nuclei. Scale bar represents 250 μm (top) and 100 μm (bottom). CV, 
centrilobular vein. 
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Figure 4.11 HMGB1-positive inflammatory cells in advanced liver injury. 
This representative tissue section was stained via IHC for HMGB1. Arrows 
indicate individual inflammatory cells (leukocytes) stained positive for HMGB1. 
Scale bars represent 50 μm. CV, centrilobular vein. 
 

We used Visiopharm to quantify the changes observed (HMGB1 translocation) 

throughout the timecourse of APAP exposure. Normal tissue profile of 

HMGB1-positive cytoplasm was 4.5 % (± SD 0.9 %) average overall 

expression. Following APAP-ILI HMGB-positive cytoplasm increase to 7.5 % 

(± SD 2.4 %) and significantly peaked at 6 h post-APAP to 13.8 % (± SD 1,4 

%) followed by a gradual decrease (Figure 4.12 A). To better appreciate the 

changes of HMGB1 within the liver after APAP administration compared to 

non-treated mice data is expressed as a change fold of control (Figure 4.12 
B). We saw a 2 fold change increase of HMGB1-positive cytoplasm at 6 h 

timepoint after APAP-ILI.  
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Figure 4.12 Quantification of HMGB1 translocation in the liver. Graph 
showing (A) the HMGB1-positive cytoplasm proportion (%) of the total 
cytoplasm in APAP-ILI mice and (B) the change fold of control of HMGB1-
positive cytoplasm in APAP-ILI mice. (A) Data are shown as mean ± SD and 
are representative of all control (n = 6) and APAP cases (n=3). Assessment of 
(3 x) large section of liver tissue used for cytoplasm HMGB1 quantification. 
Asterisks indicate significance of two-sample t-tests: p ≤ 0.05 (*). 
 

4.3.6 Serum HMGB1 correlates with histopathological score  
 We wanted to explore the relationship between the histopathological changes 

and serum HMGB1 to better understand the relationship between tissue and 

blood measurements. At 3 h timepoint, serum HMGB1 levels strongly 

correlated with HD score (R = 0,8818) (Figure 4.13 A). At 6 and 24 timepoint 

significant correlation between serum HMGB1 and DILI score was also seen 

(Figure 4.13 B and C) and this correlation tended to decrease overtime 

(Figure 4.13 D).   

 
Figure 4.13 Correlation between serum HMGB1 and hepatocyte injury. 
Correlation between HMGB1 levels in blood and histopathological scoring are 
shown for timepoints (A) 3, (B) 6, (C) 24, (D) 48 h. Data are shown as individual 
animals (empty circles: APAP-treated mice, n = 6); filled circles: control mice, 
n = 4 - 5). Correlation was determined by Spearman correlation coefficients. 
Significant when P value > 0.05. 
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4.3.7 miR-122 upregulation and HMGB1 translocation correlate 
with HD score 
In order to understand the relationship between tissue miR-122 and HMGB1 

and the early histological features, quantified upregulated miR-122 and 

HMGB1 translocation in tissue were grouped according to their HD score 

(Figure 4.14 A and B). We saw an increase in upregulated miR-122 and 

HMGB1 translocation as HD score increased. We found that as HD score 

increased, and areas affected by HD grew larger in size affecting an increasing 

number of hepatocytes, there was a concordant increased in upregulated miR-

122 and HMGB1 translocation.  

 

 
Figure 4.14 Association between miR-122 upregulation or HMGB1 
translocation and HD score. Data from control (n = 5) and APAP-treated 
mice (n = 6) are shown in different groups separated by HD score. Dots 
represent individual animals from the 3 and 6 h post-APAP groups where HD 
was scored by Prof. Anja Kipar.  Data are shown as mean ± SD. Asterisks 
indicate significance of two-sample t-tests: p ≤ 0.001 (***), p ≤ 0.0001 (****).   
 

4.3.8 Upregulated miR-122 and HMGB1 translocation correlate 
with serum miR-122 and HMGB1   
To better interpret the data and understand miR-122 and HMGB1 release from 

the tissue into the blood, correlation between serum miR-122 and HMGB1 and 

upregulated miR-122 and HMGB1 translocation in tissue was calculated 

(Figure 4.15 A and B). Significant correlation was seen for serum miR-122 

and miR-122 upregulation in liver suggesting an early release into the blood 
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from the hepatocytes before cells undergo necrosis after APAP-ILI. This 

correlation was not statistically significant for HMGB1. 

 

 
Figure 4.15 Correlation between upregulated miR-122 or HMGB1 
translocation in tissue with serum miR-122 and HMGB1. Correlation 
between (A) serum miR-122 and upregulated miR-122 in tissue and (B) serum 
HMGB1 and HMGB1 translocation. Data are shown as individual animals from 
control group (n = 5), 3 (n = 3) and 6 h (n = 3) timepoints when the main 
histological feature is HD. Correlation was determined by Pearson correlation 
coefficients. Significant when P value > 0.05. 
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4.4 DICSUSSION 
The aim for this chapter was to assess the tissue-periphery biodistribution of 

miR-122 and HMGB1 after APAP-ILI. We randomly selected 1 control and 3 

APAP-ILI mice from each timepoint (3, 6, 24, 48, 72, 96 h) for miR-122 and 

HMGB1 staining to better understand the biomarker expression pattern under 

physiological conditions and their changes in tissue after liver injury.  

 

As mentioned before, work in this field has mostly focussed on novel serum 

biomarkers and their potential to be clinically used as predictive biomarkers for 

liver injury (Starkey Lewis, Merz et al. 2012, Antoine, Dear et al. 2013, Clarke, 

Dear et al. 2016). However, little is known about the direct relation between 

these serum biomarkers and their expression in liver tissue. This is the first 

time that miR-122 and HMGB1 tissue expression has been correlated with 

serum concentration and histopathological features across the timecourse of 

APAP-ILI which includes onset of injury and regeneration.  

 

The hepatic expression of miR-122 in the liver has already been described in 

zebrafish and mouse which demonstrated the translational potential of miR-

122 (Wang, Zhang et al. 2009, Vliegenthart, Starkey Lewis et al. 2014). In our 

study, in normal conditions, miR-122 stained homogenously the hepatocytes 

across the whole liver. However, after APAP-ILI, miR-122 was upregulated in 

specific cells surrounding the damaged CV hepatocytes. These cells were 

undergoing HD (or cell stress) and were adjacent hepatocytes in contact with 

the damaged cells. As described in Chapter 1, section 1.8.2.1, miR-122 can 

also be found circulating in exosomes (hepatocyte derived exosome; HDE). 

Recently, Holman et al. described a significant alteration in the liver-specific 

miRNAs content of HDE at subtoxic doses of APAP in rats. These alterations 

reflect a selected packaging of miRNA in HDE rather than an increase in HDE 

number in cells that are being stressed (Holman, Mosedale et al. 2016). Our 

research group at the University of Liverpool with the collaboration of the 

University of Edinburgh performed an in vivo preliminary study in mouse model 

that confirmed this hypothesis (published in Dr. Joanna Clarke’s Thesis) where 

no changes in serum exosome number was seen after APAP-ILI, but miR-122 

was increased in the serum exosomes following APAP-ILI. Interestingly in vitro 



Chapter 4 

 119 

studies have previously revealed exosomes to be immunomodulatory and 

HDE-based miR-122 has been shown to activate monocytes and modulate the 

extent of liver injury (Momen-Heravi, Bala et al. 2015, Holman, Mosedale et al. 

2016). MiR-122 upregulation in liver tissue could also have a key role in 

modulating liver toxicity via downstream inhibitions as a recent publication has 

demonstrated in a liver-specific miR-122 knockout mouse the role of miR-122 

in inhibiting Cytochrome P450 (CYP2E1; main APAP-metabolic enzyme) and 

consequently reducing hepatotoxicity after APAP-ILI (Chowdhary, Teng et al. 

2017). This data has never been shown in combination with miR-122 behavior 

in tissue and we therefore cannot assure this increase in exosome-miR-122 is 

a consequence of an increase in miR-122 expression from the hepatocytes 

after an insult. From the data we described in this chapter, the increase in miR-

122 in the stressed hepatocytes could have a reason related to this selected 

packaging where miR-122 expression would increase in hepatocytes stressed 

to allow further packaging in HDE in order to serve a biological signaling 

purpose. However, the increase in miR-122 expression in tissue could also be 

associated to the consequent increase in protein-rich miR-122 that we 

measure in serum when cells are still preserving their functionality and are 

being stressed.  

 

Consistent with previous studies, HMGB1 was homogenously expressed 

across the liver, mainly located within cell nuclei in physiological conditions 

(Liu, Dirsch et al. 2011, Ge, Antoine et al. 2014). However, after APAP-ILI we 

saw a reduction in HMGB1-nuclear expression in damaged cells adjacent to 

the CV surrounded by a layer of stressed cells (histologically described by Prof. 

Anja Kipar) with a reduction in nuclear expression and an increase in 

cytoplasmic expression. HMGB1 translocation has already been described in 

alcohol liver disease (ALD) and ischemia reperfusion in animal model where 

HMGB1 acts as an early proinflammatory cytokine and therefore has a key 

role in the pathogenesis (Evankovich, Cho et al. 2010, Liu, Dirsch et al. 2011, 

Ge, Antoine et al. 2014). This mechanistic event was seen early (within 1 h) 

post-challenge. In our study, we saw an earlier increase in blood of HMGB1 

(peak at 3 h post-APAP) compared to miR-122 (peak at 6 h post-APAP). We 

hypothesise that oxidised-HMGB1 might be actively released into the 
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extracellular compartment after undergoing acetylation due to oxidative stress 

early post-insult (as seen in ALD and ischemia/reperfusion) and act as a 

proinflammatory mediator. In this case, HMGB1 translocation would happen 

before the 3 h timepoint and would then be released in blood at 3 h timepoint 

and this would explain why we see the peak of HMGB1 translocation at 6 h 

and not at 3 h post APAP. At the same time, reduced-HMGB1 could be 

passively released due to membrane permeability impairment and act as a 

chemoattractant molecule (as described before). In the other hand, miR-122 

might also be passively released due to membrane permeability impairment 

(miR-122 is significantly elevated compared to control from 3 h post-APAP) but 

take longer to transcribe (upregulation of miR-122 in tissue was seen at 6 h 

post-APAP) and therefore take longer to be released in blood in high amount. 

MiR-122 levels could also take longer to peak in blood if the release was 

dominated by active and selective packaging via exosomes as already 

described in ALD and subtoxic doses of APAP (Bala, Petrasek et al. 2012, 

Momen-Heravi, Bala et al. 2015, Holman, Mosedale et al. 2016).  

 

By putting together miR-122 and HMGB1 staining, serum levels of miR-122 

and HMGB1 and histopathological changes we were able to link the 

biodistribution of miR-122 and HMGB1 in liver tissue to corresponding serum 

levels and assessed the relationship between tissue expression and 

histopathological changes. Quantifying biomarkers and assessing distribution 

in relation to injury severity is extremely informative, especially as it relates to 

otherwise inaccessible tissue. This work showed an increase in miR-122 and 

an increase in HMGB1 translocation in hepatocytes undergoing cell stress 

post-APAP dosing that consequently was reflected in serum miR-122 and 

HMGB1 levels. We can conclude that miR-122 and HMGB1 mechanistically 

behave as early signs of cell stress and injury. The exact purpose for miR-122 

upregulation and HMGB1 translocation during cell stress is yet to be 

discovered although as described before, some investigation has pointed 

towards a potential role in cell communication and inflammatory cells 

recruitment.  
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Further experiments could be performed to confirm this work. Repeating this 

experiment to confirm the results found would be important as one of the main 

issues encountered for statistical analysis was the small n number that we had 

to work with. Additionally, it would be interesting to approach the hypothesis 

discussed above by staining for miR-122 primary transcript to confirm this 

upregulation of miR-122. Another question aroused was related to the capacity 

of hepatocytes to synthetase miR-122, how fast does this process takes as 

well as how fast are the exosomes formed and more importantly how fast the 

miR-122 can inhibit CYP450. We could also look at other organs to definitely 

confirm the increase in HMGB1 we see in blood is coming from the increase 

in HMGB1 translocation in the liver. Looking at acetylated-HMGB1 in blood 

could confirm the active translocation in hepatocytes. Looking at earlier 

timepoints than 3 h post-APAP could also reveal instant changes of these 

biomarkers in the liver after APAP challenge. Finally, co-staining of both 

biomarkers could also confirm that the changes in expression and distribution 

is happening in the same stressed cells. The confirmation of this work would 

allow us to enhance our understanding in the mechanisms of release from the 

tissue (otherwise inaccessible) to the blood and provide insights into the 

underlying events related to DILI. This would favor the translatability of these 

biomarkers for its clinical use for an early and specific DILI diagnosis and 

potentially improve patient stratification. 
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5.1 INTRODUCTION 
Indocyanine green (ICG) is a water-soluble dye that binds to plasma proteins 

when injected intravenously and is mainly taken by the hepatocytes (Ott 1998). 

Without any metabolic change, ICG is excreted into the canaliculi and into the 

gallbladder and is then eliminated from the body without entering into the 

enterohepatic circulation (Ott 1998). ICG clearance is principally dependent on 

blood flow and hepatocyte integrity and can be used as a metric of liver 

function (Halle, Poulsen et al. 2014, Levesque, Martin et al. 2016). We used 

ICG measured by MSOT imaging, in mouse, to monitor liver function 

impairment after paracetamol (APAP)-induced liver injury (APAP-ILI). We 

showed that delay of ICG clearance (increase in ICG half-life) was related to 

the loss of hepatic functional mass due to cell death as it strongly correlated 

with novel and established DILI biomarkers and histopathological score for 

liver injury and necrosis (see Chapter 3). The model used in Chapter 3 to 

calculate ICG half-life was suggested by the supplier (iThera Medical GmbH): 

0(#) = (0' − 011) exp(−5#) + 011, 

The 0(#) parameter is the ICG signal intensity at time t, 0' is the initial (i.e., 

0(# = 0) = 0') signal intensity, 011 is the background intensity and 5 is the rate 

of ICG signal decay. This expression is then fitted to the experimental data and 

estimates for 0', 011 and 5 are obtained. This is a solution of the following rate 

equation describing the rate of change of ICG signal intensity versus time: 
80(#)

8#
= −5(0(#) − 011), 

This only assumes a first order decay of the signal intensity to the background 

level 011 at rate governed by 5 (hour -1). This is useful as it allows the simple 

metric of signal half-life ln(2) /5 to be obtained but is restricted as it omits key 

features of the underlying biology and therefore elucidating effects of, for 

example, hepatocyte death, varying hepatic blood flow rate, reduction in 

hepatic ATP, is difficult.  

 

APAP-ILI normally resolves after undergoing a phase of hepatocytes necrosis, 

inflammatory response and regeneration. When there is necrosis in the 

centrilobular vein (CV) area, neutrophils and macrophages are recruited and 

to facilitate the extravasation of cells there is vasodilation and blood flow 
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velocity is reduced (Mitchell 2015). Liver architecture is disturbed due to the 

dead hepatocytes which subsequently also impairs blood flow through the 

sinusoids in the CV area. Altogether, these factors could be delaying ICG 

clearance from the blood. Furthermore, ICG uptake by the liver parenchyma is 

carried out by non-ATP dependent transporters and its excretion is carried out 

by ATP dependent transporters (Huang and Vore 2001, de Graaf, Hausler et 

al. 2011). Therefore, the clearance of ICG may also be influenced by changes 

in hepatocyte homeostasis, energy storage and membrane transporter activity.  

 

Considering all these events in APAP-ILI scenario, there are many question 

marks raised regarding how ICG clearance measured by means of MSOT can 

be pre-clinically and clinically applied. There is still a lack of knowledge on 

which parameters are likely to influence ICG elimination from the body in 

APAP-ILI. In-silico modelling allows the enhancement of the mechanistic 

understanding of biological systems and toxicological events (Valerio 2009, 

Combes 2012, Raies and Bajic 2016). It is based on the mathematical 

construction of a cell or organ network that can then be manipulated towards 

theoretical or normally inaccessible pharmacological scenarios and allows the 

analysis and quantification of parameters that would normally not be possible 

with in-vitro or in-vivo experiments (Diaz Ochoa, Bucher et al. 2012, Remien, 

Adler et al. 2012). Additionally, this approach is a cost-effective way of 

understanding physiological and pathophysiological events while complying 

with the principles of the 3Rs in decreasing the number of animals required in 

a study. In 2014, Forsgren et al., showed the utility of modelling in non-

alcoholic fatty liver disease (NASH) and cirrhosis where the measurements of 

hepatic uptake of a contrast agent by means of magnetic resonance imaging 

(MRI) was used as a non-invasive diagnostic tool (Forsgren, Dahlqvist 

Leinhard et al. 2014). To really understand the potential of this dynamic 

measurements for clinical or research purposes they needed more advanced 

methods for data analysis. They used a mathematical model to better 

understand the uptake of this contrast agent and its potential for assessing 

liver function in patients with hepatic function compromised (Forsgren, 

Dahlqvist Leinhard et al. 2014). 

  



Chapter 5 

 126 

After establishing our animal model of DILI and validating ICG clearance as a 

metric of liver function APAP-ILI (see Chapter 3), we wanted to establish a 

mathematical model of ICG clearance from the blood through the liver 

parenchyma to better understand which compartments of the body will most 

likely influence the speed of ICG clearance in APAP-ILI. For this purpose, and 

in collaboration with Dr. Steve Webb, Chantelle Mason and Dr. Joe Leedale 

from the Department of Applied Mathematics at Liverpool John Moores 

University, we used in-silico modelling to enhance the mechanistic 

understanding of ICG clearance in the systems. Dr. Steve Webb and Dr. Joe 

Leedale set up the mechanistic model of ICG clearance using Matlab 

SimBiology with the data I obtained from previous experiments and calculated 

the time-dependent ICG sensitivity coefficients. Additionally, Chantelle Mason 

applied statistical methods to the data I gathered in previous experiments 

providing robust and relevant data, which allowed us to establish an optimal 

panel of biomarkers in combination with ICG parameter to predict either early 

injury (hydropic degeneration; HD) or hepatocyte necrosis (DILI score). 

 

5.1.1 Aims and hypothesis: 
The aims of this chapter were to: 

• Quantitatively assess the compartments in the system that can affect and 

delay ICG clearance in APAP-ILI. 

• Investigate the optimal panel of biomarkers in combination with ICG 

clearance parameter (ICG half-life) to predict APAP-ILI.  

 

The main hypothesis within this chapter was that by establishing a mechanistic 

pharmacokinetic model of ICG that incorporates more of the underlying biology 

we would be able to use it in a more predictive manner. Additionally, after 

undergoing robust statistical analysis we would be able to assess the pre-

clinical potential and further translatability use of ICG clearance measured by 

photoacoustic imaging as a metric of liver function. 
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5.2 METHODOLOGY 
5.2.1 Setting up the new mechanistic model of ICG clearance 

For this new model, we assume a four-compartment model for the 

pharmacokinetics (PK) of ICG. A schematic of the model and a full description 

on how we obtained the model parameter values are given in Figure 5.1 and 

Table 5.1. The compartments denote: 1) blood (with volume Vb = 0.002 L), 2) 

liver sinusoid/blood (with volume Vs = 1.34 × 10+B L), 3) liver cells/hepatocytes 

(with volume Vh = 4.14 × 10+B L), 4) gall bladder (with volume Vg = 1.4 × 10+C 

L) (Kusuhara and Sugiyama 2010, Utturkar, Paul et al. 2013). Rather than 

signal intensity, we track the concentration of ICG in each of these 

compartments and use the notation ICGb, ICGs, ICGh, ICGg to denote the 

concentrations (nM) of ICG in the blood, sinusoid, hepatocytes and gall 

bladder, respectively. In line with the experiments, we assume an initial (t = 0) 

level of ICG in the blood (ICGb) of 4 nM (assuming that we injected 40 nM 

diluted in 200 µl of saline (0.9 %) i.v. (tail vein) and this was then 

instantaneously distributed throughout the blood (Vb = 0.002 L)) and zero initial 

ICG concentration elsewhere (i.e. ICGs = ICGh = ICGg = 0). We assume that 

the transport to/from the blood into the liver sinusoid is governed by first order 

(linear) kinetics and we use the notation QL to denote the liver blood flow rate 

(0.165 L/hour) (Utturkar, Paul et al. 2013).  
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Figure 5.1 Schematic of the ICG PK model. We assume 4 PK compartments 
for 1) blood (with volume Vb liters), 2) Liver sinusoid/blood (with volume Vs 
liters), 3) Liver cells/hepatocytes (with volume Vh liters), 4) gall bladder (with 
volume Vg liters). We use the notation: QL to denote the liver blood flow rate 
(liter/hour); ICGb, ICGs, ICGh, ICGg to denote the concentrations (nM) of ICG 
in the blood, sinusoid, hepatocytes and gall bladder, respectively. Organic 
anion transporting polypeptide (OATP) and multidrug resistant P-glycoprotein 
(MRP2) denotes transport from liver blood into the hepatocytes and 
hepatocytes into the gall bladder, respectively.  
 

We assume that uptake from the liver sinusoid into the hepatocytes is 

governed by non-ATP dependent membrane transport proteins (e.g. Organic 

anion transporting polypeptide (OATP), sodium-taurocholate co-transporting 

polypeptide (NTCP)); we denote this transport in the model via the term 
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denoted OATP) whereas efflux from the hepatocytes into the bile, and 

ultimately the gall bladder, is governed by ATP-dependent transporters (e.g. 

MRP2; denoted in the model via the term MRP2). For the purpose of this study, 

since ICG does not return to the circulation from the gall bladder, we simply 

assume that the gall bladder is a sink for ICG.  

 

We use standard Michaelis-Menten saturating kinetics for the (OAPT and 

MRP2) transport terms, namely: 

 
Rate	of	uptake

into	hepatocytes
=

QRSTUVWX1

YRSTU + VWX1
, 

Rate	of	efflux	from
hepatocytes	into	bile

=
Q]^UVWX_

Y]^U + VWX_
. 

 

The V parameters denote the maximum transport rates and the K’s reflect the 

reciprocal of the substrate-transporter affinity, e.g. a large K value denotes a 

low substrate:transporter affinity and vice-versa. We take QRSTU = 6.24 ×

10anmol/h, Q]^U = 120	nmol/h, YRSTU = 2.92 × 10BnM, Y]^U = 1 × 10CnM 

(see Table 5.1 for references). Putting this all together, we can derive the 

following rate of change equations denoting how the concentrations of ICG in 

the four compartments change over time: 

 
8VWXc

8#
=
de

Qc
(VWX1 − VWXc), 

8VWX1

8#
=
1

Q1
fde(VWXc − VWX1) −

QRSTUVWX1

YRSTU + VWX1
g, 

8VWX_

8#
=
1

Q_
f
QRSTUVWX1

YRSTU + VWX1
−

Q]^UVWX_

Y]^U + VWX_
g, 

8VWXh

8#
=
1

Qh
f
Q]^UVWX_

Y]^U + VWX_
g. 

 

In our analysis, we would like to explore the sensitivity of the ICG dynamics on 

the model parameters, in particular we would like to test how sensitive the ICG 

blood concentration is on the number of viable hepatocytes, liver flow rate, 

hepatocyte uptake kinetics and hepatocyte ATP-dependent efflux kinetics. The 
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effect of liver flow rate can be simply explored by varying the parameter QL. 

However, viable hepatocytes, hepatocyte uptake kinetics and hepatocyte ATP-

dependent efflux kinetics are more difficult with the model in its current form 

as both transporter terms implicitly depend on the number of viable 

hepatocytes. For example, in terms of their physical meaning, the QRSTU and 

Q]^U terms are equal to the products of their respective, transport rates (units 

per hour) and the amount of corresponding transport proteins (units nmole), 

that is in both cases: 

 

Q =
rate	of	transport

(hour+i)
×
number	of	transport

proteins	(nmole)
 

 
This can be rewritten as: 
 	

Q =
rate	of	transport

(hour+i)
×

number	of	transport

proteins	per	cell

f
nmole

cell
g

×
number	of	cells

(cell)
. 

 
Or equivalently: 
 

Q =
rate	of	transport

(hour+i)
×

number	of	transport

proteins	per	cell

f
nmole

cell
g

×

total	hepatocyte

volume	(cell × liter)

volume	of	a	single

hepatocyte	(liter)

, 

				= l
rate	of	transport

(hour+i)
×

number	of	transport

proteins	per	cell

f
nmole

cell
g

/
volume	of	a	single

hepatocyte	(liter)
m

noooooooooooooooooooopooooooooooooooooooooq

×
total	hepatocyte

volume	(cell × liter)
. 

 

In terms of our model, the total hepatocyte volume is denoted by Vh. So that, 

denoting the bracketed term by Qr , we can write the maximum transporter rates 

as Q = QrQ_, namely: QRSTU = QrRSTUQ_ and Q]^U = Qr]^UQ_. Substituting these 

into our rate of change equations gives:  

 
8VWXc

8#
=
de

Qc
(VWX1 − VWXc), 
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8VWX1

8#
=
1

Q1
sde(VWXc − VWX1) −

QrRSTUQ_VWX1

YRSTU + VWX1
t, 

8VWX_

8#
=

QrRSTUVWX1

YRSTU + VWX1
−

Qr]^UVWX_

Y]^U + VWX_
, 

8VWXh

8#
=
1

Qh
s
Qr]^UQ_VWX_

Y]^U + VWX_
t, 

 
 

Where, by using our estimates for QRSTU, Q]^U and Q_ we obtain QrRSTU =

1.5072 × 10wnmol/hour/liter and Qr]^U = 2.8986 × 10Cnmol/hour/liter. In this 

new form, the dependency of hepatocyte volume on transporter kinetics is 

made explicit and therefore viable hepatocytes, hepatocyte uptake kinetics 

and hepatocyte ATP-dependent efflux kinetics can now be explored directly by 

varying parameters Q_	(for viable hepatocytes), QrRSTU, YRSTU (for hepatocyte 

uptake kinetics) and Qr]^U, Y]^U (for hepatocyte ATP-dependent efflux 

kinetics).  

 

Parameter 
value Description Value Units Notes Ref 

Qc Volume of blood 0.002 Liter  
(Utturkar
, Paul et 
al. 2013) 

Q1 
Sinusoid (liver 
blood) volume 1.34 × 10+B Liter 

Value in ref is 
sinusoid volume = 
6.7 ml/kg. We use 
mouse weight = 

0.02kg. 

(Kusuhar
a and 

Sugiyam
a 2010) 

Q_ Hepatocyte 
volume 4.14 × 10+B Liter 

Value in ref is hep 
volume = 20.7 
ml/kg. We use 

mouse weight = 
0.02 kg. 

(Kusuhar
a and 

Sugiyam
a 2010) 

Qh Gall bladder 
volume 1.4 × 10+C Liter 14 uL 

(Wang, 
Paigen 
et al. 
1997) 

de Hepatic flow 0.165 Liter/
hour 

Value in ref is 
4.64 × 10+C 
liter/second 

(Utturkar
, Paul et 
al. 2013) 
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QRSTU 

Max (ATP-
independent) 

influx rate of ICG 
into hepatocytes 

6.24 × 10a nmol/
hour  

(Paumga
rtner 
1970) 

YRSTU 

Sinusoid ICG 
concentration at 

which ICG 
hepatic influx is 

half of QRSTU 

2.92 × 10B nmol  (Ott 
1998) 

Q]^U 

Max (ATP-
dependent) 

efflux rate of ICG 
into from 

hepatocytes into 
bile 

120 nmol/
hour  

(Huang 
and Vore 

2001) 

Y]^U 

hepatocyte ICG 
concentration at 

which ICG 
hepatic efflux is 

half of Q]^U 

1 × 10C nmol No available data. Estimat. 

 

Table 5.1 Model parameter values. 
 

Note that all of the model parameters can be sourced from the literature or our 

own experiments except for Y]^U, which represents the hepatocyte ICG 

concentration at which ICG hepatic efflux into the bile is half maximal. We find, 

however, that varying Y]^U has negligible effect on the ICG blood 

concentration (see sensitivity analysis below) and therefore we choose an 

arbitrary value for this parameter.  

 
5.2.2 Using Matlab SimBiology for generating the new model 

The model was generated using the block diagram editor in Mathworks 

SimBiology (http://uk.mathworks.com/products/simbiology/), which allows the 

user to graphically build the model by dragging and connecting blocks. There 

are three basic blocks in SimBiology: Species, which represent dynamic states 

of the model (typically the concentration or amount of an entity) such as a 

parent compound, protein or metabolite (in our model, the species are the four 

variables for ICG in the blood, sinusoid, hepatocytes and gallbladder). 
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Compartments, which represent physically isolated regions in which you can 

associate sets of species, e.g. the four PK compartments described above, 

and reactions, which represent interactions between one or more species, 

such as transport between connected compartments e.g. from the blood to the 

liver sinusoid, or from the sinusoid into the hepatocytes. SimBiology uses a 

reaction-network modelling approach wherein each reaction in the model 

defines the structure and the rate of the individual interaction. SimBiology then 

uses mass-balance principles to automatically translate this network 

representation of the model into the set of ordinary differential equations 

(ODEs) described above (Gilbert, Fuss et al. 2006).  
 
5.2.3 Calculating the model sensitivities 

Calculating sensitivities allows you to determine which output in a model (e.g., 

concentration of blood ICG) is most sensitive to a specific condition (e.g., 

change in hepatic flow rate), defined by model parameter (e.g. de). To do this, 

we first calculate time-dependent ICG sensitivity coefficients, which we use 

Cz(t) to denote the sensitivity of parameter q, say, on ICG~(t), namely: 

 

W�(#) =
Ä

VWXc(#)

Å(VWXc(#))

Å(Ä)

=
(Ä + ∆Ä 2⁄ )

ÑVWXc(#, Ä + ∆Ä) + VWXc(#, Ä)Ö 2⁄

ÑVWXc(#, Ä + ∆Ä) − VWXc(#, Ä)Ö

∆Ä
, 

 

Here, Ä represents the model parameters de, Q_, QRSTU, YRSTU, Q]^U and Y]^U, 

and each Cz are normalised so that each output is dimensionless. This helps 

to assess the relative sensitivity of each parameter on the model output. From 

these, we then calculate the corresponding time-integral sensitivity coefficients 

(Ü�), which give an indication of the total sensitivity of the model parameter on 

ICG over the entire time course of the simulation (which we take to be 20 min, 

which we found to be sufficient for the model variables to reach steady state): 

 

Ü� = á àW�(#)à
.âä'	mins

.â'

8#. 
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Full details of this method can be found in, for example, (Martins 2000, Martins 

2001, Ingalls and Sauro 2003). The end result, however, is a number for each 

parameter indicating how sensitive the ICG blood concentration is to 

perturbations to this parameter. The larger the value indicates a higher 

sensitivity and, therefore, small changes in this model parameter would cause 

large changes to ICG blood, and visa-versa.  

 

5.2.4 Multinomial logistic regression: predicting HD or DILI score 
To test the use of biomarkers and ICG in predicting liver injury, multinomial 

logistic regression models were created, attempting to predict both HD and 

DILI scores. To determine the usefulness of ICG in predicting biomarker 

concentrations, multiple linear regression analysis was applied. 

 
Logistic regression measures the relationship between one or more predictor 

(or independent) variables, and a resultant outcome (or dependent) variable. 

In the standard logistic regression setting, the dependent variable is binary, 

and therefore can be representative of either one category or another. In the 

multinomial logistic regression setting, this is extended so that the dependent 

variable is nominal and can represent a range of different categories. In the 

analysis performed here, it is assumed that the observed data (i.e. either HD 

or DILI score, Y) is a linear function of any combination of the predictor 

variables (X1, X2 X3 X4 X5 and X6 for values representative of APAP, ALT, 

miR122, HMGB1, TBIL concentrations and ICG respectively). If all predictor 

variables were included in the model, the relationship can be represented 

using a generalised linear model: Y=β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X5 

+ β6X6. The idea of logistic regression is to determine the parameters β0-6 

that best fit the observed (HD/DILI) data. Since expression as a generalised 

linear model is assumed, ordinary least squares can suffice as a fitting method 

(minimising the distance from the model output and the data points). 

 

In order to apply a multinomial logistic regression model, there are several 

assumptions that must be tested to ensure the test is appropriate. 
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• The dependent variable is measured on a nominal level; this assumption 

holds for both scenarios since the HD scores are categories ranging from 

0-4 and the DILI scores are categories ranging from 0-2.5.   

• One or more of the independent variables are continuous, ordinal or 

nominal; the predictor variables in our model are represented by biomarker 

concentrations (APAP, ALT, miR122, HMGB1, TBIL) and ICG, all of which 

are measured on a continuous scale.  

• Observations must be independent. Additionally, the dependent variable 

should have mutually exclusive/exhaustive categories (i.e. each 

observation must belong to an outcome group, and they must only belong 

to one outcome group, not many); in the data used for this analysis, each 

mouse is independent of one another, and each mouse must fall into 

category [0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4] for HD score or [0, 0.5, 1, 1.5, 2, 

2.5] for DILI score. For both models, each mouse can only be assigned 

one score.  

• Multi-collinearity should not be present between any predictor variables; 

this assumption was tested using the Variance Inflation Factor (VIF) test. 

The VIF is indicative of the amount of variance an estimated regression 

coefficient is increased n n  nndue to multicollinearity. Since the VIF is 

representative of increased variance, the square root of this result would 

be indicative of the increased standard error. As an example, a variable 

with VIF 9 has a standard error √9 = 3 times larger than it would be if the 

variable was uncorrelated with the other variables. A recommended 

reasonable range for the VIF is 1 - 10. Predictor variables for all models 

were tested and remained within this range, therefore multicollinearity 

does not exist between the predictor variables and the assumption is met. 

• Outliers/highly influential points should not be present in the observed 

data; no outliers were detected.  

• Adequate sample size; a recommended sample size is 10 x the number of 

predictor variables. For the model predicting HD, there are 12 observations 

and therefore only one predictor variable may be used at each time. For 

the model predicting DILI score, there are 29 observations, therefore a 

maximum of 3 predictor variables may be used at one time.  
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Once multinomial logistic regression was deemed a feasible test for the data, 

variations of two separate models were investigated. One for predicting HD 

score and one for predicting DILI score. ICG, ALT, TBIL, miR-122 and HMGB1 

are independent variables tested for predicting HD and APAP, ICG, APAP + 

ICG, APAP + ICG + TBIL, APAP + ICG + ALT, APAP + ALT + TBIL, ICG + 

ALT, ICG + HMGB1, ICG + TBIL, ICG + ALT + TBIL are independent 

variables/combinations of variables tested for predicting DILI score. For any 

model testing a panel of predictors, a forward stepwise manner was applied. 

This means that the most significant predictor is entered into the model first, 

and one additional predictor is included at each stage, but only if the overall 

significance of the model is improved by the inclusion. 

 
5.2.5 Multiple linear regression: using ICG to predict biomarker  

Similar to multinomial logistic regression, multiple linear regression uses more 

than one predictor variable (in this instance, biomarkers and ICG) to predict an 

outcome variable. In the linear regression setting, the outcome variable must 

be continuous rather than nominal/categorical. The observed data (in this 

instance one of the biomarkers APAP, ALT, TBIL, Y) is a linear function of the 

predictor variables (combinations of biomarkers + ICG, or ICG alone). The 

relationship between predictor and outcome variables can be determined 

identically to that described in the equation above. The objective of multiple 

linear regression is to optimise the parameters within the model so that they 

provide the best fit to the observed data. For this analysis, the observed data 

varies for each test, representing one range of biomarker concentrations 

(APAP, ALT, TBIL) in each instance. 

 

Before carrying out the analysis, various assumptions of the multiple linear 

regression model were tested. 

• The dependent variable is measured on a continuous level; this 

assumption holds for all scenarios since all of the biomarker 

concentrations are continuous values.   



Chapter 5 

 137 

• One or more of the independent variables are continuous, ordinal or 

nominal; as defined in the multinomial logistic regression methods, this 

assumption was met. 

• Observations must be independent; each mouse was independent. 

• Multi-collinearity should not be present between any predictor variables; 

this assumption was tested using the Variance Inflation Factor (VIF) test. 

This approach is detailed in the methods for the multinomial logistic 

regression analysis. There was no multi-collinearity present between the 

predictor variables. 

• Outliers/highly influential points should not be present in the observed 

data; no outliers were detected.  

• Residuals should be approximately normally distributed; a histogram and 

Normal P-P plot of the standardized residuals were inspected, and the data 

was found to be approximately normally-distributed. 

 

Since multiple regression was a suitable test for the data, various regression 

models were created to predict the outcome variables APAP, ALT, and TBIL. 

Independent variables/combinations of variables used in an attempt to predict 

the above were ICG and ICG + all remaining biomarkers. 
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5.3 RESULTS 
5.3.1 Example model output  

Solving these ODEs using the SimBiology simulation tool with initial conditions 

ICGb = 4 nM and ICGh = ICGs = ICGg = 0 gives the output shown in Figure 5.2. 
Here, we observe rapid uptake of ICG from the blood into the liver and 

subsequently into the hepatocytes. The hepatic ICG concentration then 

decreases over time due to efflux into the bile and gallbladder via the ATP-

dependent transporters.   

 

Figure 5.2 Example simulation results of the four compartment ICG PK model 
using the SimBiology simulation tool with initial conditions ICGb= 4 nM and 
ICGh = ICGs = ICGg= 0. 

 
5.3.2 Sensitivity analysis  

The results from the sensitivity analysis show that the ICG blood concentration 

is largely insensitive to the rate of ATP-dependent hepatic efflux into the bile 

(Figure 5.3). The remaining parameters (de, Q_, QRSTU, YRSTU), however, do 
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demonstrate sensitivity with a slight higher effect observed via perturbations to 

the rate of hepatic blood flow (de).  

 

Figure 5.3 Time-integral sensitivity coefficients (Ü�), giving an indication of the 
total sensitivity of the model parameters  de, Q_, QRSTU, YRSTU, Q]^U and Y]^U on 
ICG blood over the entire time course of the simulation (which we take to be 
20mins).  
 

5.3.3 Multinomial logistic regression: predicting HD score 
For each model created in an attempt to predict HD score, a Pearson Chi-

square statistic was used to test whether or not the model was a good fit to the 

data. Additionally, likelihood ratio tests were used to determine whether the 

predictors used in the model were providing more accurate predictions in 

comparison to the intercept alone being used. If L is assumed to be the Log-

Likelihood function, the Likelihood Ratio Chi-square test is calculated by: -

2L (intercept alone model) +2L (full model including predictor variable). 

Results for the suitability of biomarkers/ICG in predicting HD are indicated in 

Table 5.2. 
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 Goodness of fit Likelihood ratio tests 
Predictor Chi-square Sig (p-value) Chi-square Sig (p-value) 

ALT 40.984 0.814 7.205 0.206 
TBIL 39.402 0.707 8.447 0.133 

MiR-122 46.010 0.634 4.624 0.623 
HMGB1 55.201 0.285 4.273 0.511 

ICG 34.702 0.951 12.173 0.032 
 
Table 5.2 Suitability of biomarkers/ICG half-life in predicting HD. Degrees 
of freedom; 50 (goodness of fit); 5 (likelihood ratio tests). The significance (p-
values) are calculated by using the chi-square distribution and the given 
degrees of freedom. For the goodness of fit tests, significant results (p < 0.05) 
indicate a poor fit to the data. We therefore require the p-value to be > 0.05 in 
order for the model to fit the data well. For the likelihood ratio tests however, 
significant results (p < 0.05) indicate that the model including predictor variable 
is an improvement on the intercept only model. We therefore require the p-
value to be < 0.05 in order for the model to be useful. MiR-122: microRNA-
122; HMGB1: high mobility group box 1. 
 

As can be seen from the results in Table 5.2, all models (ALT, TBIL, 

microRNA-122; miR-122, high mobility group box 1; HMGB1 and ICG as 

predictors) fit the data well, as indicated by all p-values > 0.05. The only 

predictor that caused a statistically significant improvement in predictions 

when compared to an intercept only model however, was ICG, as indicated by 

a significant likelihood ratio test (p = 0.032). None of the other biomarkers 

provided a significant improvement in predictions. The parameter estimates for 

the model of ICG predicting HD are shown in Table 5.3. 

 
HD score Parameter estimate 

1.5 -1.331 
2.5 -1.370 
3 -1.309 

3.5 -1.333 
4 -1.295 

 
Table 5.3 Parameter estimates for the model of ICG predicting HD. For 
each row, ‘Parameter estimate’ represents the regression coefficient of ICG 
predicting the corresponding HD score. Parameter coefficients in the model 
represent the ratio of choosing the corresponding HD score over the reference 
score based on an increase in ICG (often referred to as log odds). The 
reference category used in each test is a HD score of 4.5 (the highest score 
possible in this analysis).  
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Since all of the parameter values were negative, an increased level of ICG 

would mean you are less likely to fall in category [1,2.5,3,3.5] in comparison to 

category 4. Or, as described alternatively, an increased level of ICG indicates 

you are more likely to have a high HD score. 

 

5.3.4 Multinomial logistic regression: predicting DILI score 
Similar to when predicting HD, a Pearson Chi-square statistic was used to test 

goodness of fit to the data when determining the suitability of biomarkers/ICG 

in predicting DILI score. Additionally, likelihood ratio tests were used to 

determine whether the predictors used in the model were useful in terms of 

improving accuracy of the model when compared to an intercept-alone model. 

Results for the suitability of biomarkers/ICG in predicting DILI score are 

indicated in Table 5.4. 

 

 Goodness of fit Likelihood ratio 
tests 

åç 
Predictor Chi-square Sig (p-

value) 
Chi-

square 

Sig 
(p-

value) 
APAP 5.606 1.000 48.490 0.000 0.545 

APAP+ALT+TBIL 46.564 1.000 64.594 0.000 0.797 
ICG 168.780 0.026 11.448 0.043  

APAP+ICG 56.438 1.000 56.797 0.000 0.638 
ALT+ICG 55.529 1.000 50.578 0.000 0.568 
TBIL+ICG 161.418 0.032 17.386 0.066  

APAP+ICG+ALT 9523430.565 0.000 38.888 0.001  
APAP+ICG+TBIL 46.564 1.000 64.594 0.000 0.726 
ALT+TBIL+ICG 8.067 1.000 79.369 0.000 0.892 

ICG+HMGB1+miR-122 14.298 1.000 73.809 0.000 0.829 
 
Table 5.4 Suitability of biomarkers/ICG in predicting DILI score. The 
significance (p-values) are calculated by using the chi-square distribution and 
the given degrees of freedom. For the goodness of fit tests, significant results 
(p < 0.05) indicate a poor fit to the data. For the likelihood ratio tests however, 
significant results (p < 0.05) indicate that the model including predictor variable 
is an improvement on the intercept only model. For any models which are an 
improvement on the intercept only model, éäare provided to describe how well 
the model can represent the variation in the data. 
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As can be seen from the results in Table 5.4, all models other than those using 

ICG alone, TBIL + ICG combined, and APAP + ICG + ALT combined as 

predictors of DILI score, fit the data well, as indicated by all p-values > 0.05. 

Of the models that fit the data well, all provided an improvement over the 

intercept only model. Results here focus in particular on three models for 

predicting DILI score: the current clinical panel of (APAP + ALT + TBIL) and 

two proposed panels, (ALT + TBIL + ICG) and (ICG + miR-122 + HMGB1).  

 

All three panels used for predicting DILI score (APAP + ALT + TBIL), (ALT + 

TBIL + ICG) and (ICG + miR-122 + HMGB1) had mostly negative parameter 

values (especially for the lower category DILI scores). This means that an 

increase in biomarker concentrations and ICG would indicate you are less 

likely to fall into one of the lower DILI score categories in comparison to the 

highest. Or, as described alternatively, an increase in biomarker concentration 

and ICG would indicate you are more likely to have a high DILI score. While 

all models behaved similarly in terms of the relationship between biomarker 

concentration and resultant DILI score, some models were better 

representative of the data than others, as can be shown by the éä values in 

Table 5.4. The model using the clinical panel (APAP + ALT + TBIL) had an éä 

value of 0.797, meaning that 79.7% of the variation in the data could be 

represented by the model. If APAP were to be replaced with ICG, a non-

invasive marker, this éä increases to 0.892. The completely novel panel (ICG 

+ miR-122 + HMGB1) also provided a better éä value than the clinical panel 

(0.829). 

 

5.3.5 Multiple linear regression: predicting clinical biomarker  
Several linear regression models were firstly created to test the suitability of 

ICG alone in predicting biomarker concentrations APAP, ALT, and TBIL. To 

determine true model suitability for predicting clinical biomarker 

concentrations, the F distribution was used to obtain model significance.  For 

each model, the F-ratio, degrees of freedom, and resultant significance value 

from the F-distribution is defined in Table 5.5. P value < 0.05 indicates that the 

predictor is significantly suitable in predicting the outcome. 
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Predictor 
variable(s) 

Outcome 
variable(s) è DF P-value 

(Sig.) 
ICG APAP 5.881 (1,28) 0.022 
ICG ALT 0.095 (1,33) 0.760 
ICG TBIL 3.733 (1,33) 0.062 

 
Table 5.5 ANOVA results to determine model significance of ICG 
predicting various biomarkers. P-value < 0.05 indicates a significant model. 
 

Results from the analysis shown in Table 5.5 suggest that APAP concentration 

could be significantly predicted from ICG half-life. Although ICG was not a 

significant predictor for ALT or TBIL, it was almost significant in predicting 

TBIL, with a p-value 0.062. 

 

For each regression model that was created in an attempt to predict an 

individual biomarker concentration, the éä was analysed to determine how well 

the model fitted to the data. This value represents the amount of variability in 

the dependent (or outcome) variable that is explained by the independent (or 

predictor) variable. éä values for ICG alone in predicting various biomarker 

concentrations can be found in Table 5.6. 
 

Predictor 
variable(s) 

Outcome 
variable(s) åç 

ICG APAP 0.174 
ICG ALT 0.003 
ICG TBIL 0.102 

 

Table 5.6 Model fit results for ICG predicting various biomarkers. éä 
values (how much variation in each outcome variable can be explained by the 
predictor variables in the model). 
 

From the results provided in Table 5.6, it is clear that ICG alone struggled to 

account for the variation in most biomarkers, which is expected since only the 

model for predicting APAP was significant. However, 17.4 % of variation in 

APAP concentration could be explained by ICG alone. 

 

 Once tested independently for its usefulness in predicting biomarker 

concentrations, ICG was combined with various other biomarkers as a panel 
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to predict the outcome in a multiple linear regression setting. A forward 

stepwise regression analysis was used for any test including a panel of 

biomarkers. This means that the software used, SPSS, creates iterative 

multiple linear regression models, at each iteration including only the most 

significant predictor. An additional predictor will only be included in the model 

if it will bring improvement to the overall significance of the model. The 

resultant predictive biomarkers for each model created can be found in Table 
5.7. 

 

Initial panel of predictors Outcome 
variable 

Final panel of 
predictors 

ICG + ALT + HMGB1 + miR-122 +TBIL APAP miR-122 
ICG + APAP + HMGB1 + miR-122 + TBIL ALT miR-122 + TBIL 
ICG + APAP + ALT + HMGB1 + miR-122 TBIL HMGB1 

 
Table 5.7 Final panel of significant predictors for estimating each 
biomarker outcome variable. For each original panel of biomarkers used in 
an attempt to predict the outcome variable, the final panel of significant 
predictors in the resultant model is provided. 
 

 While alone, ICG was a significant predictor for APAP concentration. When 

combined with a panel however, other biomarkers were more significant, and 

including ICG did not improve the significance of the models. This result is 

defined in Table 5.7. The final models (which do not include ICG as a predictor) 

are described below. As in the linear regression setting, when using ICG alone 

to predict the biomarker concentrations, model suitability was tested when 

using the various panels to predict clinical biomarker concentrations. For each 

model, the F-ratio, degrees of freedom, and resultant significance value from 

the F-distribution is defined in Table 5.8. P value < 0.05 indicates that the 

predictor or predictors are significantly suitable in predicting the outcome. 
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Table 5.8 ANOVA results to determine model significance of panels 
predicting various biomarkers. P-value <0.05 indicates a significant model. 
 

Results from the multiple linear regression analysis shown in Table 5.8 

suggest that APAP concentration could be significantly predicted from miR-

122 concentration. Additionally, ALT concentration could be significantly 

predicted from a combination of miR-122 and TBIL concentrations and TBIL 

concentration could significantly be predicted by HMGB1 concentration. 

 

For each multiple linear regression model that was created, the éä or adjusted 

éä was analysed to determine how well the model fitted to the data. Whilst 

interpreting the standard éä is sufficient when using one predictor variable, an 

adjusted éä is necessary in the multiple regression scenario (when there is 

more than one predictor) to account for the increasing number of predictor 

variables. This value represents the amount of variability in the dependent (or 

outcome) variable that is explained by the independent (or predictor) variables. 

The éä or adjusted éä values for each model can be found in Table 5.9. 

 

Predictor 
variable(s) 

Outcome 
variable(s) åç Adjusted åç 

miR-122 APAP 0.456  
miR-122 + TBIL ALT  0.505 

HMGB1 TBIL 0.288  
 

Table 5.9 Model fit results for panels predicting various biomarkers. éä 
values (how much variation in each outcome variable can be explained by the 
predictor variables in the model). 
 

From looking at the éä (or adjusted éä in the multiple predictors setting) defined 

in Table 5.9, the results suggest miR-122 + TBIL concentrations can explain 

the most variation in another biomarker (50.5 % of the variation in ALT 

concentration can be explained by miR-122 and TBIL concentrations).   

Predictor 
variable(s) 

Outcome 
variable(s) è DF P-value 

(Sig.) 
miR-122 APAP 22.595 (1,27) 0.000 

miR-122 + TBIL ALT 18.354 (2,32) 0.000 
HMGB1 TBIL 13.364 (1,33) 0.001 
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5.4 DISCUSSION 
The aim of this chapter was firstly to determine a new mechanistic 

pharmacokinetic model of ICG clearance from the blood through the hepatic 

parenchyma that incorporates more of the underlying biology. By developing 

a mechanistic model of ICG clearance we aimed to better understand the effect 

of each compartment in the system on the clearance of ICG in APAP-ILI mouse 

model. This would allow ICG parameters to be used in a more predictive 

manner and clarify questions arisen in Chapter 3 that could not be addressed. 

Furthermore, we wanted to assess the utility of ICG kinetics measured by 

MSOT means in comparison to the currently used clinical techniques. We 

achieved this by applying statistical analysis to biomarkers (ALT, TBIL, miR-

122 and HMGB1) and ICG half-life and assessing their relationship with 

histopathological data (data from Chapter 3). 

 

As discussed in previous chapters, DILI is a major human health concern and 

one of the principal reasons is that currently used biomarkers lack sensitivity 

and specificity (Kaplowitz 2001, Lee and Senior 2005). Hy’s law still remains 

the gold standard panel used for the diagnosis of severe liver injury (which 

includes alanine aminotransferase; ALT and total bilirubin; TBIL) and other 

parameters such as APAP concentration in the case of APAP overdose or 

protein adducts (Davern, James et al. 2006, Temple 2006). However, these 

biomarkers provide little insight into the underlying mechanisms of DILI and 

APAP concentration or protein adducts for instance are only applicable in 

APAP-ILI cases. For these reasons, developing and validating as well as 

analysing the translatability of novel tools is important.  

 

In-silico modelling allows the investigation of biological and physiological 

mechanisms without using in-vivo or in-vitro experiments and therefore 

reducing costs, time and complying with the principles of the 3Rs by 

decreasing the number of animals required in a study. In collaboration with Dr. 

Steve Webb, Chantelle Mason and Dr. Joe Leedale from the Department of 

Applied Mathematics at Liverpool John Moores University we used in-silico 

modelling to enhance the mechanistic understanding of ICG clearance in the 

systems. We set out to develop a mechanistic model of ICG clearance from 
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the blood where the different compartments were classified as blood, liver 

sinusoid/blood, liver cells/hepatocytes and gall bladder. Several assumptions 

were then adjusted in relation to the type of transporters involved in ICG uptake 

into hepatocytes and efflux into the gall bladder. Once the model was set up, 

manipulation and variations of the different compartments within the model 

were tested in order to define which (if any) had the greatest effect on ICG 

clearance. The significance of this sensitivity analysis suggested that the 

observed differences in experimental ICG blood half-life following APAP 

dosing was not due to an inhibition of ATP-dependent hepatic efflux. Our 

model predicted that an impairment in hepatic blood flow (de) most likely 

caused a delay in ICG clearance, although reductions in the number of viable 

hepatocytes (represented in our model via the parameter Q_), or hepatic ICG 

uptake (represented by QRSTU, YRSTU) were predicted to have similar effects. 

Being able to discount inhibition of ATP-dependent efflux as a mechanism is a 

significant finding which would not have been possible without the use of our 

new in-silico model.  

 

Furthermore, in order to identify the best panel of biomarkers for predicting 

early injury (HD score) and necrosis (DILI score) multinomial logistic 

regression (for predicting HD score), multinomial logistic regression (for 

predicting DILI score (necrosis)) and multiple linear regression (for predicting 

clinical biomarker) were applied. Interestingly, the statistical analysis revealed 

that the combination of ALT + TBIL + ICG compared to the established clinical 

panel ALT + TBIL + APAP provided a better prediction of DILI. This finding 

could add beneficial value to diagnosis as APAP concentration can only be 

applied for APAP hepatotoxicity cases whereas ICG kinetics could potentially 

be used in other DILI scenarios. Additionally, this shows the potential 

translatability of ICG to be incorporated in the diagnostic panel of DILI. 

Furthermore, ICG demonstrated great utility in predicting HD over the other 

parameters allowing its use for early detection of liver injury and monitoring of 

liver function impairment.  
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In summary, this mathematical analysis provided insight into the mechanisms 

of ICG clearance from the blood and through the liver parenchyma, identifying 

the compartments that affected more its clearance. We were able to dismiss 

the hypothesis about the effect of ATP-dependent transporters expression in 

APAP-ILI cases on the clearance rate of ICG. This consequently allowed us to 

better understand and interpret the delay in ICG clearance in APAP-ILI (see 

Chapter 3). Additionally, the statistical input allowed us to recognise that the 

combination of ALT + TBIL + ICG is the best panel for predicting hepatocyte 

necrosis (DILI score). Altogether, results from this analysis increases the value 

and translatability of ICG kinetics measured by means of non-invasive MSOT 

imaging in DILI scenarios. 
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MSOT imaging allows the non-invasive 

assessment of liver function during the 

different phases of chronic CCl4 liver injury 
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6.1 INTRODUCTION 
Chronic liver disease is a major human health concern worldwide causing 

about 800,000 death per year (Liu, Wang et al. 2012). It progresses through 

different pathological stages such as liver fibrosis and cirrhosis (Bataller and 

Brenner 2005). Liver fibrosis results from chronic damage and is histologically 

defined as an excess of extra-cellular matrix (ECM) (Friedman 2003). The 

accumulation of ECM leads to the formation of fibrous scar which consequently 

alters the arrangement of the cells and the hepatic architecture. At this stage, 

the regenerative response of the liver causes the development of nodules 

(cirrhosis) which subsequently increases intrahepatic resistance to blood flow, 

which can then result in portal hypertension (Bataller and Brenner 2005). 

Assessment of these different stages of liver injury is important for the accurate 

diagnosis, patient stratification, and implementation of appropriate treatment. 

Currently, the readouts used to assess hepatic fibrosis are based on blood 

tests and non-invasive imaging techniques (Cequera and Garcia de Leon 

Mendez 2014, Fallatah 2014). However, current gold standard techniques 

utilised for making a final accurate diagnosis and to predict outcome by staging 

fibrosis are still based on the histological examination obtained through tissue 

biopsy (Lombardi, Buzzetti et al. 2015). This is an invasive technique with 

limitations such as sampling error as biopsy does not reflect the fibrotic 

changes occurring in the entire liver, variability of interpretation due to the small 

portion of liver examined, discomfort, and risk of complications such as 

bleeding (Papastergiou, Tsochatzis et al. 2012). An alternative is magnetic 

resonance imaging (MRI). MRI is a reliable and valid non-invasive method 

used to assess chronic liver disease due to its high sensitivity and specificity 

compared to other technologies (Talwalkar, Yin et al. 2008). However, MRI 

remains relatively expensive, some histological features cannot be evaluated, 

it does not always allow accurate prediction of clinical outcomes and there is 

a lack of standardization which leads to variability in diagnostic performance 

(Talwalkar, Yin et al. 2008, Lee and Park 2014, Kinner, Reeder et al. 2016). 

 

As presented in Chapter 3, the clearance of indocyanine green (ICG) dye 

through the hepatic parenchyma - as measured with multispectral optoacoustic 

tomography (MSOT) imaging - is dependent on blood flow, hepatic integrity 
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and biliary excretion (Levesque, Martin et al. 2016). Due to the dye’s exclusive 

clearance through the liver its elimination can be used to assess liver functional 

impairment in a non-invasive and real-time manner in an acute APAP-induced 

liver injury where the main histological feature is the loss of functional hepatic 

mass due to hepatocyte necrosis (see Chapter 3). ICG clearance has been 

used clinically to assess portal hypertension in patients with compensated liver 

cirrhosis and to estimate short-term survival in decompensated cirrhosis 

(Lisotti, Azzaroli et al. 2014). Therefore, MSOT measurements of ICG 

clearance could be used in combination with traditional circulating biomarkers 

and imaging technologies (such as MRI) to provide a whole mechanistic 

picture of chronic liver injury.  

 

In this chapter MSOT imaging was used to monitor liver function in a chronic- 

carbon tetrachloride (CCl4) model of liver injury. To better understand the 

measurements obtained, serum biomarkers (ALT, TBIL, miR-122 and 

HMGB1) that are known to correlate with MSOT measurements of ICG 

clearance (see Chapter 3) were analysed. Serum ALT and TBIL were 

measured as indirect biomarkers used routinely in chronic liver models, 

HMGB1 and miR-122 were also analysed as sensitive and specific novel 

biomarkers for liver injury (Clarke, Dear et al. 2016, Dear, Clarke et al. 2018). 

Histopathological examination was performed as the gold standard technique 

for the final diagnosis of chronic liver injury. Picrosirius red staining was used 

to quantify collagen deposition as a direct indicator of liver fibrosis (Lattouf, 

Younes et al. 2014) and MRI was used to confirm the fibrosis analysis. 

 

6.1.1 Aims and hypothesis  
The aims of this chapter were to: 

• Use ICG parameters as a metric for liver function in a chronic model of 

liver injury.  

• Study the utility of MSOT to report the different phases of liver injury during 

chronic liver injury. 

• Assess the capacity of MSOT to monitor liver function recovery after a 

chronic exposure of CCl4.  
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The main hypothesis under investigation within this chapter was that ICG 

clearance measured by MSOT imaging would allow the monitoring of liver 

function impairment during chronic liver injury as well as liver function 

amelioration during regeneration and that this emergent imaging technology 

would add an important value to the already established analysis and tools 

used in chronic liver injury.   
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6.2 STUDY DESIGN  
Male C57BJ/6J mice, 7 - 8 weeks (w) -old, were obtained from Charles River 

Laboratories (Tranent, Scotland). The protocols described were undertaken in 

accordance with criteria outlined in a license granted under the Animal 

(Scientific Procedures) Act 1986 and approved by the University of Liverpool 

Animal Ethics Committee.  

 

Mice had a 7-day acclimatization period prior to the planned experiments. Mice 

were fed ad libitum and were housed in individual cages on a 12 h light/dark 

cycle. Mice were dosed with control (corn oil; 1 µl/gr) or CCl4 (a solution of 

50:50 CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4) 

twice a week in order to develop liver fibrosis (Liedtke, Luedde et al. 2013). 

The experimental groups were culled after 48 h, 2, 8, 10 and 12 w (Table 6.1). 
There were two recovery groups of 2 and 4 w after dosing with CCl4 for 8 w 

(recovery groups). After euthanizing with CO2 blood was immediately taken by 

cardiac puncture. The mouse livers were sectioned and fixed in PFA 4 % for 

histological analysis as described in Chapter 2, section 2.2.  

 

Fibrosis 
group Time (weeks) Corn oil controls CCl4 

Chronic 48 h 4 5 
Chronic 2 4 5 
Chronic 8 4 5 
Chronic 10 4 5 
Chronic 12 4 5 

Recovery 8 + 2 withdrawn from 
dosing 

4 
(corn oil stopped) 5 

Recovery 8 + 4 withdrawn from 
dosing 

4 
(corn oil stopped) 5 

 
Table 6.1 Representation of the designated experimental groups. The 
recovery groups had an 8 w dosing period when CCl4 or corn oil dosing were 
stopped and mice were followed for another 2 or 4 w to assess recovery. 
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6.3 RESULTS 
6.3.1 Chronic CCl4 triggers histological changes in the liver  

6.3.1.1 Chronic CCl4 causes CV necrosis and liver fibrosis   

To assess liver injury during the CCl4 dosing timecourse, histopathological 

examination was performed by Prof. Anja Kipar at the Institute of Veterinary 

Pathology, University of Zurich, as described in Chapter 2, section 2.3. All 

slides were histologically assessed under light microscopy.  

 

Necrosis in the CV area was present as early as 48 h post a single dose of 

CCl4 (Figure 6.1 H&E). At 2 w post-CCl4 dosing, between 3 to 4 hepatocyte 

layers around the CV were necrotic and the main histological feature was the 

infiltration of neutrophils and macrophages and a complete loss of glycogen 

(Figure 6.1 H&E and PAS). At 8 w post-CCl4 dosing, an increase in mitotic 

cells was evident and the inflammatory response was dominated by 

macrophages (Figure 6.1 H&E and PAS). After 10 w post-CCl4 we saw an 

increase in mitotic cells compared to the 8 w timepoint and finally by 12 w of 

chronic CCl4 dosing, variable cell and nuclear size was present with overall 

irregular arrangement of hepatocytes and macrophage infiltration in the CV 

(Figure 6.1 H&E and PAS). 
 

Condition Time 
H&E 

(Necrosis) 
PAS 

(Glycogen) 
Picrosirius Red 

(Fibrosis) 

Corn Oil Ctrl 

   

 
 
 
 

48 h 
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CCl4 
 

2 w 

   

8 w 

   

10 w 

   

12 w 

   
 
Figure 6.1 Representative images from 48 h, 2, 8, 10 and 12 w timepoints 
of CCl4 dosing compared to control. Mice were treated with CCl4 (a solution 
of 50:50 CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, 
twice a week) or corn oil (control; Ctrl) and culled at 48 h, 2, 8, 10 and 12 w 
after dosing. H&E staining demonstrates coagulative necrosis and 
inflammatory cells infiltration, PAS staining demonstrates reduced glycogen 
storage in the hepatocytes and picrosirius red staining shows collagen 
deposition. Original magnification, 40 x. Scale bar represents 100 µm. 
 

The quantitative analysis of necrosis (DILI score) was performed by Prof. Anja 

Kipar as described in Chapter 2, section 2.3. After a single dose of CCl4, the 

score for necrosis increased to 1.60 (median of 5 mice) compared to control 

(score of 0) (median of 4 mice) and continued to increase to 1.90 (median of 5 

mice) (Figure 6.2 A). After the 2 w timepoint, necrosis decreased back to 

normal (Figure 6.2 A).  
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The quantitative analysis of fibrosis was performed as described in Chapter 2, 

section 2.7.3 using Visiopharm software where collagen deposition stained 

with picrosirius red was quantified in a ROI in proportion to the rest of the 

negative tissue (%) (Figure 6.2 B). Deposition of collagen started after 2 w of 

CCl4 dosing with a significant increase in picrosirius red staining (3.80 ± 0.90 

%) compared to control (1.30 ± 0.10 %) followed by a gradual increase with a 

peak of liver fibrosis at 10 w post-CCl4 (6.30 ± 0.50 %) (Figure 6.2 B). 
Interestingly at 12 w post-CCl4 dosing, fibrosis decreased (4.70 ± 0.40 %) 

compared to the 10 w timepoint remaining significantly elevated compared to 

control. The collagen increase developed stretching around and between CV, 

and between periportal (PP) areas forming bridging fibrosis from 10 w 

timepoint compromising the architecture of the liver (described histologically 

by Prof. Anja Kipar). 

 
Figure 6.2 Necrosis and fibrosis analysis in mice during CCl4 dosing. 
Mice were administered with CCl4 (a solution of 50:50 CCl4 and corn oil, final 
volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, twice a week) or corn oil (control) 
and monitored at 48 h, 2, 8, 10 and 12 w after dosing. (A)  DILI score across 
the timecourse and (B) fibrosis depicted as the percentage (%) of picrosirius 
red positive area measured from a ROI in proportion to the rest of the negative 
tissue, measured with Visopharm software. Dots represent individual animals 
for control, 48 h, 2, 8, 10 and 12 w timepoints. Bars represent mean ± SD of 
group of animals (grey dots = controls, n = 4; black dots = CCl4, n = 5). 
Asterisks indicate significance between CCl4 treated groups and control of two-
sample t-tests: p ≤ 0.05 (*), p ≤ 0.01 (**). 
 

To support the analysis of liver fibrosis, MRI was used in parallel with MSOT 

imaging to assess liver fibrosis over time (data published in Dr. Abigail Chahil 

Thesis 2018). T1 relaxation time (ms) demonstrated increase of liver fibrosis. 
At 2 w, T1 values were significantly higher (1157.90 ± 52.37 ms (p< 0.003)) 
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after administration of CCl4 compared to the control group (733.40 ± 44.71 

ms). The Fat/Water Ratio after 2 w significantly increased in CCl4 dosed mice 

(22.62 ± 1.19 (p< 0.0001)) compared to control mice (7.45 ± 0.33). Continued 

dosing of CCl4 led to a peak increase in Fat/Water ratio (82.91 ± 6.26 (p< 

0.0001)) after 8 w. By 10 w of dosing, the Fat/Water ratio slightly decreased 

(59.71 ± 9.00 (p< 0.0022)) although it was still significantly higher than control 

mice. Similar results were observed at 12 w of CCl4 administration (59.19 ± 

7.65 (p< 0.004)). Continuous dosing of corn oil also had an effect, although not 

significant, on T1 relaxation time (ms) and Fat/Water Ratio in control mice liver. 

For instance, the T1 relaxation time (ms) increased from 733.40 ± 44.71 ms at 

2 w to 887.70 ± 17.29 ms after 8 w of corn oil administration and the Fat/Water 

Ratio went from 7.45 ± 0.34 at 2 w to 22.63 ± 0.83 after 12 w of corn oil 

administration.  
 

6.3.1.2 Serum biomarkers increase during necrosis 
Established biomarkers (ALT and TBIL) and novel biomarkers for liver injury 

(miR-122 and HMGB1) were measured across the timecourse (Figure 6.3 A-
D). ALT increased significantly early at 48 h after a single dose of CCl4 (4757.4 

± 1576.1 U/I) and progressively up to 2 w in the serum of CCl4 mice (5794.4 ± 

2461.2 U/I) compared to corn oil treated (control) mice (29.3 ± 4.2 U/I) (Figure 
6.3 A). Serum ALT activity dropped at 8 w (80.9 ± 7.5 U/I) remaining constant 

and significantly elevated compared to control. TBIL peaked at 2 w of CCl4 

exposure (0.83 ± 0.17 mg/dL) although no statistical significance was seen 

compared to control (0.52 ± 0.05 mg/dL) (Figure 6.3 B). TBIL returned to 

baseline concentration at 10 w (0.55 ± 0.02 mg/dL) followed by an increase in 

blood at 12 w (0.71 ± 0.12 mg/dL) (Figure 6.3 B). Serum miR-122 

concentration increased up to 2 w in CCl4-treated mice (37.89 ± 17.95 ΔΔCt 

Lin-4 normalised) compared to control mice (0.78 ± 0.11 ΔΔCt Lin-4 

normalised) and returned to baseline at 8 w - 12 w (Figure 6.3 C). The HMGB1 

concentration in the serum peaked at 2 w (52.11 ± 25.86 ng/ml) compared to 

control mice (6.36 ± 1.46 ng/ml) and decreased back to baseline at 8 w to 12 

w (Figure 6.3 D).   
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Figure 6.3 Serum biomarker levels observed during CCl4 dosing in mice. 
Mice were treated with CCl4 (a solution of 50:50 CCl4 and corn oil, final volume 
of 1 µl/g, final dose of 0.5 µl/g of CCl4, twice a week) or corn oil (control) and 
monitored at 48 h, 2, 8, 10 and 12 w after dosing. (A) ALT: CCl4 mice compared 
to corn oil treated (control) mice. (B) TBIL: CCl4 dosing compared to control 
mice (corn oil). (C) miR-122: CCl4 mice compared to control mice. (D) Total 
HMGB1: CCl4 mice compared to control mice. Dots represent individual 
animals for control, 48 h, 2, 8, 10 and 12 w timepoints. Bars represent mean ± 
SD of group of animals (grey dots = controls, n = 4; black dots = CCl4, n = 5). 
Asterisks indicate significance between CCl4 treated groups and control of two-
sample t-tests: p ≤ 0.05 (*), p ≤ 0.01 (**). 
 

6.3.1.3 Chronic CCl4 triggers regeneration 

To assess regeneration, proliferating cell nuclear antigen (PCNA) staining was 

performed and quantified (%) using the Visiopharm software as described in 

Chapter 2, section 2.7.4. PCNA is a nuclear protein whose expression and 

synthesis are linked with cell proliferation (Kubben, Peeters-Haesevoets et al. 

1994). Expression of PCNA increases during the S phase of the cell cycle, 

intensify during the late G1 and early G2 phase and becomes positive in the 

cytoplasm when the cells are dividing. For this reason, we quantified the 

cytoplasmic reaction of PCNA in the hepatocytes to assess cell proliferation.  
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PCNA percentage (%) was calculated from the PCNA positive staining in 

cytoplasm over all hepatocytes from the ROI selected. PCNA quantification 

showed a significant increase at 48 h post-CCl4 dosing (22.01 ± 4.65 %) 

compared to control (1.52 ± 0.45 %) (Figure 6.4 A-B). Note, this increase was 

not consistent with the histopathological examination performed by Prof. Anja 

Kipar from the H&E slides where mitotic cells were not described. This 

increase seen at 48 h timepoint in the PCNA stained slides is due to the 

background of PCNA staining in necrotic cells. At 8 w significant increase of 

PCNA was seen (15.61 ± 5.34 %) compared to control as well as the 10 w 

timepoint (Figure 6.4 A-B). Cell proliferation was back to baseline at 12 w post-

CCl4 dosing.  

 
Figure 6.4 Cell proliferation assessment at 48 h, 2, 8, 10 and 12 w post-
CCl4 dosing. Mice were treated with CCl4 (a solution of 50:50 CCl4 and corn 
oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, twice a week) or corn 
oil (control) for 48 h, 2, 8, 10 and 12 w. (A) representative images of PCNA 
staining from control (corn oil) mice and 8 and 10 w CCl4 treated mice. Original 
magnification, 40 x. Scale bar represents 50 µm. CV; centrilobular vein (B) 
Graph shows the quantification of PCNA positive cytoplasm over all 
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hepatocytes from the selected ROI, in percentage (%), measured with the 
Vsiopharm software. Dots represent individual animals, bars represent mean 
± SD of group of animals (grey dots = controls, n = 4; black dots = CCl4, n = 
5). Asterisks indicate significance between CCl4 treated groups and control of 
two-sample t-tests: p ≤ 0.05 (*), p ≤ 0.01 (**). 
 

 6.3.2 MSOT imaging reveals liver function impairment overtime 
After the promising results obtained in the acute model of liver injury described 

in chapter 2, we investigated the potential of non-invasive imaging to evaluate 

liver function during chronic CCl4 dosing. ICG clearance (ICG half-life; seconds 

(s)) from the ischiatic vessels was measured by MSOT imaging in real-time at 

48 h, 2, 8, 10 and 12 w post-CCl4 chronic dosing as described in Chapter 2, 

section 2.9).  

 

At 2 w post-CCl4 dosing, compared to control mice (51.41 ± 3.84 s) the 

elimination of ICG from the blood of CCl4-injured mice was significantly 

impaired (221.59 ± 33.26 s) (Figure 6.5). A gradual decrease at 8 w and a 

return to physiological levels by 10 w of ICG half-life was seen. At 12 w post-

CCl4 chronic exposure a second peak of liver function impairment was 

observed (169.21 ± 52.35 s) (Figure 6.5).  

 
Figure 6.5 Measurements of ICG clearance, a metric for liver function, 
during CCl4 dosing. Mice were administered with CCl4 (a solution of 50:50 
CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, twice a 
week) or corn oil (control) and monitored at 48 h, 2, 8, 10 and 12 w after dosing.  
Dots represent individual animals for control, 48 h, 2, 8, 10 and 12 w 
timepoints. Bars represent mean ± SD of group of animals (grey dots = 
controls, n = 4; black dots = CCl4, n = 5). Asterisks indicate significance 
between CCl4 treated groups and control of two-sample t-tests: p ≤ 0.05 (*). 
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To evaluate the utility of MSOT-measured ICG clearance in experimental 

chronic liver injury, we correlated these measurements with the quantitative 

values of circulating biomarkers previously determined at the same time in the 

same animal for each timepoint (48 h, 2, 8, 10 and 12 w). At early timepoint 

post-CCl4 (48 h), there was no significant correlation between ICG half-life and 

the biomarkers (Table 6.2). However, a strong correlation with the biomarkers 

for liver injury and ICG half-life was observed at 2 w post-CCl4. The correlation 

disconnected for the circulating biomarkers ALT and ICG clearance although 

a significant correlation between ICG clearance and HMGB1 was present until 

10 w after CCl4 exposure. Finally, miR-122 and TBIL appear to correlate with 

ICG clearance at 12 w post-CCl4 dosing (Table 6.2). 
 

Correlation with ICG 
half-life  

BIOMARKERS 
ALT miR-122 TBIL HMGB1 

TIMEPOINT 

48 h 
0.38 

(0.27) 
ns 

0.29 
(0.41) 

ns 

0.06 
(0.87) 

ns 

-0.06 
(0.86) 

ns 

2 w 
0.78 

(0.01) 
* 

0.79 
(0.01) 

* 

0.72 
(0.03) 

* 

0.75 
(0.02) 

* 

8 w 
0.05 

(0.90) 
ns 

-0.40 
(0.29) 

ns 

0.38 
(0.31) 

ns 

0.84 
(0.0049) 

** 

10 w 
0.27 

(0.48) 
ns 

0.03 
(0.95) 

ns 

-0.51 
(0.16) 

ns 

0.81 
(0.01) 

** 

12 w 
-0.32 
(0.44) 

ns 

0.71 
(0.03) 

* 

0.86 
(0.00) 

** 

-0.31 
(0.42) 

ns 
 
Table 6.2 Correlation between circulating biomarkers and ICG half-life 
during CCl4 hepatotoxicity in mice for each timepoint. This table shows 
the correlation between ICG half-life and serum biomarkers ALT, miR-122, 
TBIL and HMGB1 for each time point (48 h, 2, 8, 10 and 12 w) in control and 
CCl4 treated mice. Data are the correlation coefficient r (P value) from the 
analysis gathered of both corn oil control (n = 4) and CCl4 treated mice (n = 5) 
for each timepoint by Pearson correlation coefficients. Asterisks and green 
highlight indicate significance p ≤ 0.05 (*), p ≤ 0.01 (**). BM: biomarker 
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6.3.3 Analysing recovery after chronic-CCl4 
6.3.3.1 Histological changes are back to normal after 4 w R 

Recovery groups were used to assess the capacity of MSOT imaging to report 

recovery of liver function. For this purpose, CCl4 was withdrawn from a cohort 

(n = 5) after 8 w of chronic CCl4 dosing for a 2 w recovery time and another 

cohort (n = 5) for a 4 w recovery time. All animals were culled and had their 

liver and blood harvested for histopathological examination and biomarkers 

analysis (see chapter 2, section 2.3 and 2.4) to better assess the efficacy of 

liver function monitoring by means of MSOT imaging. 

 

An increased variability in cell and nuclear size was observed and a mildly 

irregular arrangement of hepatocytes around the CV was present after 2 w 

post-recovery (Figure 6.6 H&E). A slight mononuclear infiltration along the CV 

area and glycogen reduction in CV areas was also seen (Figure 6.6 H&E and 
PAS). At this timepoint, collagen deposition with mild bridging fibrosis was 

present after 2 w of recovery (Figure 6.6 Picrosirius red). After 4 w of 

recovery, decrease of the variability in cell and nuclear size was present and 

the arrangement of the cells was almost back to normal in the CV areas 

(Figure 6.6 H&E). However, a slight mononuclear infiltration along CV areas 

was still visible and there was mild collagen stretching around and between 

CV and PP (Figure 6.6 H&E, PAS and picrosirius red). 
 

Condition Time 
H&E 

(Necrosis) 
PAS 

(Glycogen) 
Picrosirius Red 

(Fibrosis) 

Corn Oil Ctrl 

   

Recovery  2 w 
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Figure 6.6 Representative images from the 2 and 4 w recovery groups. 
Mice were administered with CCl4 (a solution of 50:50 CCl4 and corn oil, final 
volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, twice a week) or corn oil (control; 
Ctrl) and monitored during recovery for 2 and 4 w after 8 w of chronic CCl4 
exposure. H&E staining where coagulative necrosis and inflammatory cells 
infiltration can be seen, PAS staining where we can see reduced glycogen 
storage in the hepatocytes and picrosirius stain where we can see collagen 
deposition were performed for histological and fibrotic changes assessment 
during CCl4 chronic dosing. Original magnification, 40 x. Scale bar represents 
100 µm.  
 

Fibrosis assessment was also done by quantifying the collagen deposition 

stained with picrosirius red from a ROI in proportion to the rest of the negative 

tissue (%) with the Visiopharm Software to obtain a more accurate value for 

liver fibrosis (see Chapter 2, section 2.7.3). After 2 w recovery, fibrosis in the 

liver had decreased (3.79 ± 0.90 %) compared to the group of mice that still 

had CCl4 dosing twice a week (6.25 ± 0.50 %) remaining significantly increased 

compared to control (1.53 ± 0.08 %) (Figure 6.7). After 4 w of recovery from 8 

w of chronic CCl4 dosing, mice still had significantly increased collagen 

deposition (3.22 ± 0.04 %) compared to control but was also significantly 

decreased compared to mice receiving CCl4 for 12 w (4.74 ± 0.4 %) (Figure 
6.7). 

 

Recovery  4 w 
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Figure 6.7 Fibrosis analysis in mice during CCl4 dosing. Mice were 
administered with CCl4 (a solution of 50:50 CCl4 and corn oil, final volume of 1 
µl/g, final dose of 0.5 µl/g of CCl4, twice a week) or corn oil (control) and 
monitored during recovery for 2 and 4 w after 8 w of chronic CCl4 exposure. 
Fibrosis is shown as the percentage of picrosirius red staining area measured 
from a ROI in proportion to the rest of the unstained tissue. Scattered dots 
represent individual animals for control, 10 and 12 w of CCl4 chronic dosing 
and 2 w recovery (2w R) and 4 w recovery (4w R) timepoints. Bars represent 
mean ± SD of group of animals (grey dots = controls, n = 4; black dots = CCl4, 
n = 5). Asterisks indicate significance between CCl4 treated groups and control 
of two-sample t-tests: p ≤ 0.05 (*). Comparison of 4 w recovery with 12 w of 
CCl4 dosing; p < 0.005 (##). 
 

Supporting these data, after CCl4 withdrawal (during the recovery phase), the 

T1 relaxation (ms) values, measured by means of MRI, decreased to (1153.3 

± 43.61 ms (p< 0.0014)) after 2 w and further down to (1035.40 ± 34.04 ms 

(p< 0.002)) after 4 w of recovery, although these values were still statistically 

higher than the control groups (corn oil). For the Fat/Water Ratio mice from the 

2 and 4 w recovery period showed no statistical significance compared to the 

control groups. However, no statistical decrease of Fat/Water Ratio value was 

seen between the recovery groups and the continued CCl4 treated groups (10 

and 12 w) (data is presented in Dr. Abigail Chahil Thesis 2018). 

 

6.3.3.2 Serum biomarkers are back to baseline after 2 w R 

We measured ALT, TBIL, miR-122 and HMGB1 after 2 and 4 w of recovery to 

assess liver injury (Figure 6.8 A-D). Serum biomarkers were back to baseline 

after 2 w recovery (Figure 6.8 A-D). As we saw previously after 2 w of chronic 

CCl4 dosing, all biomarkers were already back to baseline despite continued 

chronic CCl4 dosing, apart from ALT, which significantly decreased but was 

still significantly elevated compared to control. Consistent with these data, after 

2 or 4 w of recovery miR-122, HMGB1 and TBIL were back to baseline (Figure 
6.8 B-D). However, ALT remained elevated after 2 w (59.36 ± 3.1 U/I) and 4 w 

of recovery (63.73 ± 9.7 U/I) compared to control (25.39 ± 2.3 U/I) (Figure 6.8 
A). 
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Figure 6.8 Serum Biomarker levels observed during recovery after 
chronic CCl4 dosing in mice. Mice were administered with CCl4 (a solution 
of 50:50 CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, 
twice a week) up to 8 w and had the CCl4 withdrawn for 2 and 4 w (recovery 
groups; n = 5). (A) ALT, (B) TBIL, (C) miR-122 and (D) HMGB1 in the serum 
of CCl4 mice compared to corn oil treated (control) mice and recovery groups 
2 and 4 w. Scattered dots represent individual animals for control, 10 and 12 
w of CCl4 chronic dosing and 2 w recovery (2w R) and 4 w recovery (4w R) 
timepoints. Bars represent mean ± SD of group of animals (Grey dots = control, 
n = 4; black dots = CCl4, n = 5). Asterisks indicate significance between CCl4 
treated groups and control of two-sample t-tests: p ≤ 0.05 (*).  
 

6.3.3.3 Regeneration remains active after 4 w R 

Cell proliferation during recovery was also assessed by quantifying PCNA 

staining. PCNA percentage (%) was calculated from the PCNA positive 

staining in cytoplasm over all hepatocytes from the ROI selected as described 

in Chapter 2, section 2.7.4. During the recovery phase, regeneration was 

active until 4 w post-recovery (5.04 ± 1.1 %) compared to the control group 

(1.52 ± 0.4 %) (Figure 6.9). 
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Figure 6.9 Cell proliferation assessment. Mice were administered with CCl4 
(a solution of 50:50 CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 
µl/g of CCl4, twice a week) up to 8 w and had the CCl4 withdrawn for 2 and 4 w 
(recovery groups; n = 5). Figure shows the quantification of PCNA (%) with the 
Vsiopharm software after 2 and 4 w recovery post- CCl4 chronic dosing. 
Scattered dots represent individual animals for control, 2 w recovery (2w R) 
and 4 w recovery (4w R) timepoints. Bars represent mean ± SD of group of 
animals (grey dots = controls, n = 4; black dots = CCl4, n = 5). Asterisks indicate 
significance between CCl4 treated groups and control of two-sample t-tests: p 
≤ 0.05 (*). 

 

6.3.3.4 MSOT reports accurately liver function recovery  

Liver function was monitored during the recovery phase by means of MSOT 

imaging in a non-invasive and real time manner as described in Chapter 2, 

section 2.9. Coinciding with the novel biomarkers levels in blood and the 

histopathological examination, liver function was back to physiological 

conditions after 4 w of recovery. After 2 w of recovery, ICG half-life (s) was still 

elevated compared to control but not statistically significant (Figure 6.10).  
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Figure 6.10 Measurements of ICG clearance a metric for liver function 
during the recovery phase. Mice were administered with CCl4 (a solution of 
50:50 CCl4 and corn oil, final volume of 1 µl/g, final dose of 0.5 µl/g of CCl4, 
twice a week) up to 8 w and had the CCl4 withdrawn for 2 and 4 w (recovery 
groups; n = 5). This graph shows the representative liver function recovery, 
depicted as ICG half-life (s), during the 2 and 4 w recovery phase compared 
to mice that chronically received CCl4 up to 10 and 12 w and those that only 
received corn oil (control). Scattered dots represent individual animals for 
control, 10 and 12 w of CCl4 chronic dosing and 2 w recovery (2w R) and 4 w 
recovery (4w R) timepoints. Bars represent mean ± SD of group of animals 
(Grey dots = control, n = 4; black dots = CCl4, n = 5). Asterisks indicate 
significance between CCl4 treated groups and control of two-sample t-tests: p 
≤ 0.05 (*).  
 

6.3.4 Correlation between ICG half-life and other parameters 
To better understand the potential of ICG clearance measurements by non-

invasive MSOT imaging to be used as a tool to assess and monitor liver 

function, correlation between ICG half-life and other parameters was 

performed. The ICG half-life was correlated to each biomarker (ALT, TBIL, 

miR-122 and HMGB1), cell proliferation marker (PCNA), MRI data (T1 and 

Fat/Water ratio), fibrosis (picrosirius red quantification) and DILI score for 

control and CCl4-treated mice for all timepoints. ICG half-life strongly 

correlated with the serum biomarkers (ALT, miR-122, TBIL and HMGB1), 

histological examination (necrosis; DILI score) and MRI parameters of fibrosis 

(T1). No statistically significant correlation was seen between ICG half-life and 

regeneration analysis (PCNA quantification %), fibrosis quantification (%) or 

MRI Fat and water ratio data (Table 6.3). 



 
 

  

 
Table 6.3 Correlation between ICG half-life and histopathological examination and serum biomarkers analysis. Table shows 
the correlation (R), P value and significance between ICG half-life and serum ALT, TBIL, miR-122, HMGB1, tissue PCNA (%), MRI 
measurements (T1 and Fat/water (F/W) ratio), tissue picrosirius red quantification (fibrosis %) and DILI score for necrosis from control 
and treated mice for the whole timecourse. Association between parameters were performed using Spearman correlation coefficients 
when associating continuous and discrete data (i.e. ICG half-life and DILI score) or Pearson correlation coefficients model when 
associating continuous with continuous data (i.e ICG half-life and serum biomarkers). Correlation was calculated using all animals 
from all timepoints for each parameter. The assumption of normality of variance was also previously assessed and Tukey or Dunn’s 
post hoc test was applied accordingly. Results were considered significant when p values < 0.05 (**P < 0.01 and ***P < 0.001).

Correlation 
with ICG 

ALT miR-122 TBIL HMGB1 PCNA 
MRI 
(T1) 

MRI 
(F/W) 

Fibrosis 
DILI 

score 

R 0.4602 0.5803 0.6832 0.3816 -0.2387 0.3917 0.1205 0.2722 0.4541 

P value < 0.0015 0.0001 0.0001 0.0097 0.2039 0.0182 0.4838 0.0705 0.0017 

Significant ** **** **** ** NS * NS NS ** 
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6.4 DISCUSSION 

The aim for this chapter was to examine the capacity of MSOT imaging to 

assess liver function in a chronic model of liver injury and monitor liver function 

amelioration after a recovery period. C57Bl/6 mice received CCl4 i.p. for 12 w 

and different groups were culled at different timepoints along this timecourse 

in order to assess liver function impairment in a real time and non-invasive 

manner during CCl4 exposure. Additionally, to examine the capacity of MSOT 

imaging to monitor liver function recovery, 2 groups of mice had CCl4 

withdrawn after 8 w of chronic exposure and received corn oil during 2 or 4 w.  

 

In this chapter, the clearance of ICG from the blood of mice was used as a 

metric of liver function as previously describe in chapter 3. Overall, MSOT 

imaging measurements of ICG clearance (ICG half-life) revealed a significant 

liver function impairment reflected in a delay of ICG clearance (increase of ICG 

half-life) after 2 w of chronic-CCl4 exposure compared to mice that only 

received corn oil (control). This peak of ICG half-life resolved after 8 and 10 w 

of CCl4 dosing and showed a second peak of liver function impairment after 12 

w of chronic CCl4.  

 

To better understand this variation of liver function during the timecourse, 

traditional (ALT and TBIL) and novel (miR-122 and HMGB) serum biomarkers 

for liver injury were analysed in combination of post-mortem histopathological 

examination in mice receiving CCl4 or corn oil for each timepoint. 

Histopathological examination (necrosis, fibrosis and cell proliferation 

quantification) and serum biomarkers analysis showed no evidence of liver 

injury or fibrosis in control mice while mice exposed chronically to CCl4 showed 

necrosis after a single dose (48 h timepoint) followed by an increase of 

collagen deposition after 2 w of CCl4 exposure. Necrosis was accompanied by 

a significant increase of serum ALT, miR-122 and HMGB1 biomarkers that 

were back to physiological levels after 2 w of chronic CCl4 suggesting again 

an adaptation to the repeated CCl4 dosing. The increase of serum biomarkers 

for liver injury and the necrosis described histologically by Prof. Anja Kipar at 

2 w timepoint could explain the ICG half-life increase related to cell death and 

loss of functional hepatic mass, alteration of hepatocyte integrity due to insult 
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and inflammatory response. After 12 w of chronic-CCl4 exposure, an irregular 

arrangement of hepatocytes and bridging fibrosis was described histologically 

by Prof. Anja Kipar. Altogether could impair hepatic blood flow as seen in 

cirrhotic patients who commonly develop portal hypertension (Lisotti, Azzaroli 

et al. 2014, Levesque, Martin et al. 2016). This would explain the second peak 

of ICG clearance delay seen at 12 w post-chronic CCl4 dosing. 

 

Liver fibrosis was also confirmed after 2 w of CCl4 dosing by MRI, one of the 

standard imaging technologies used clinically, where T1 relaxation time (ms) 

and Fat/Water Ratio were increased in CCl4 treated mice compared to naïve 

mice. When heavy deposits of collagen are present in the tissue being imaged 

as a consequence of the disease, the water environment changes from the 

typical mix of intracellular, intravascular and interstitial, to the added 

environment of the collagen. This influences the T1 relaxation rate and has 

been demonstrated in some clinical cohorts (Banerjee, Pavlides et al. 2014, 

Pavlides, Banerjee et al. 2016) as well as various preclinical animal models 

(Chow, Gao et al. 2012) to be proportional to fibrosis. However, there are 

studies suggesting that the high inflammatory profile of the disease affects the 

T1 in the liver in a similar manner (Hoad, Palaniyappan et al. 2015). Therefore, 

this technique describes the liver inflammation and fibrosis score but does not 

distinguish the two. Additionally, in our experiment, corn oil chronic dosing had 

an effect on T1 and Fat/Water ratio values measured which was not related to 

fibrosis or inflammation. Picrosirius red staining was performed for collagen 

deposition quantification, using Visiopharm software. Here, similar trend of 

liver fibrosis was described. Fibrosis slightly decrease after 12 w of chronic 

dosing (shown in the histological picrosirius red staining and Fat/water ratio 

measured by MRI means) but remaining significantly increased compared to 

control.  

 

While liver function recovered, and the biomarkers were back to physiological 

levels after 2 w of CCl4 exposure, features of regeneration were described 

histologically by Prof. Anja Kipar and confirmed by PCNA quantification by 

Visiopharm software at 8 and 10 w timepoints. This increase in regeneration 

and new hepatocytes could explain the adaptation or compensation for the 
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loss of functional hepatic mass which would reflect in a liver function recovery 

as we know that ICG clearance is mainly cleared though the parenchyma 

(Levesque, Martin et al. 2016). Furthermore, the ICG half-life strongly 

correlated with the serum biomarkers (ALT, TBIL, miR-122 and HMGB1) 

confirming the utility of ICG kinetics as a metric of liver functional in a chronic 

model of liver injury as seen in Chapter 3 in the acute model of liver injury 

(Table 6.3). Additionally, histological examination (necrosis) and fibrosis 

measured by means of MRI (T1) also showed a statistically significant 

correlation with ICG half-life (Table 6.3). Statistically significant correlation 

between ICG half-life and liver fibrosis (%) or PCNA (%) quantification was not 

seen. This was probably due to the increase in PCNA staining seen at 48 h 

related to artefact background from necrotic cells positive for PCNA.  

 

Due to the multiple underlying processes that occur in a chronic model of liver 

injury, we can conclude that MSOT imaging can be used to assess liver 

function in a chronic model of liver injury in a non-invasive and real time 

manner only in combination with other parameters to benefit from a more 

realistic picture of the underlying mechanisms. We were able to see a recovery 

in terms of liver function when using MSOT imaging that we were not able to 

distinguish when using other individual tools such as MRI, collagen staining, 

histopathological examination or serum biomarkers for liver injury. MSOT 

imaging can then be used preclinically as a tool to monitor each phase of liver 

injury providing information about liver function which is often omitted as well 

as blood flow impairment. 

 

For future research, it would be interesting to repeat this experiment and make 

sure that animals are culled the same day after the last CCl4 dose as this might 

have affected the biomarkers levels in blood as well as the histopathological 

examination. Additionally, measuring other parameters related to chronic liver 

injury and fibrosis (such as cytokines or matrix metalloproteases) might help 

to identify other potential biomarkers that could correlate with ICG clearance 

kinetics and facilitate patient stratification in chronic model of liver injruy. 

Looking thoroughly into the regenerative phase to better understand the 

relation between the increase of new cells and the amelioration of liver function 
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could also be interesting to examine the capacity of MSOT imaging to report 

liver regeneration. Finally, increasing the timecourse could allow us to enter in 

a cirrhotic model of liver injury where animals could develop portal 

hypertension and where MSOT imaging could then be used to assess this 

phenomenon and improve stratification. 
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7.1 INTRODUCTION 

The use of imaging technologies for pre-clinical and clinical diagnosis are 

valuable as they allow the in-vivo and non-invasive analysis of different 

underlying processes in a longitudinal manner (Scarfe, Brillant et al. 2017). 

Imaging offers several advantages over currently used biomarkers that are 

known to have limitations, such as alanine aminotransferase (ALT) which is 

used for liver injury diagnosis (Fischman, Alpert et al. 2002). Additionally, when 

using imaging technologies as diagnostic tools, instead of using dissection and 

histology methods, it can significantly decrease the workload involved in tissue 

analysis (Rudin and Weissleder 2003). Finally, imaging tools can overcome 

technical limitations that researchers face when using small rodents that do 

not allow blood biomarker monitoring or longitudinal analysis (Rudin and 

Weissleder 2003). Therefore, physiological and biochemical measurements 

performed non-invasively in preclinical studies using modern imaging 

techniques can facilitate the disease diagnosis and evaluation of new 

therapies.  

 

Cell-based regenerative medicine therapies (RMTs) are a major focus of pre-

clinical research and promise to play a role in clinical care in the near future 

(Hannoun, Steichen et al. 2016). For instance, bone marrow derived 

macrophages (BMDM) have been used as a RMT as they have the potential 

to treat liver diseases (Thomas, Pope et al. 2011). When it comes to RMTs, 

the lack of knowledge regarding safety and efficacy are the main barriers to 

clinical translation (Scarfe, Brillant et al. 2017). Before these therapies can be 

used in the clinic, accurate information regarding their safety and efficacy 

needs to be obtained and defined from appropriate preclinical studies (Nerem 

2010, Heslop, Hammond et al. 2015). Additionally, it is important to understand 

the therapeutic mechanisms of the RMT, as well as to be aware of the 

relationship between the engraftment in damaged tissue of the cell-based RMT 

used and the ability to ameliorate the injury (Heslop, Hammond et al. 2015, 

Hannoun, Steichen et al. 2016). For this reason, biodistribution remains one of 

the most important factors in therapy efficacy assessment. Therefore, the 

potential of imaging technologies to inform of cell therapy biodistribution in pre-

clinical studies is important to explore (Scarfe, Brillant et al. 2017).  
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For cell tracking purposes, cells can be labelled with probes that absorb within 

the near-infrared (NIR) spectrum and can be detected by multispectral 

optoacoustic tomography (MSOT) imaging, such as gold nanorods (GNRs) 

(Comenge, Fragueiro et al. 2016). As seen before (Chapter 3), MSOT imaging 

can be performed in vivo and in real time, allowing quantitative assessment of 

organ function and, therefore, enabling efficacy studies in addition to cell 

tracking (Taruttis, Morscher et al. 2012, Lutzweiler, Meier et al. 2014, 

Morscher, Driessen et al. 2014, Comenge, Sharkey et al. 2018). The high 

sensitivity and high spatial resolution capability of MSOT imaging allows 

anatomical, functional and metabolic examination which provides insights into 

disease phenomenon and mechanisms of drug action (or cell biodistribution). 

For this reason, in this chapter we use MSOT imaging in a longitudinal manner 

to monitor the biodistribution and efficacy of cell therapy in a chronic model of 

liver injury.  

 

We utilised MSOT to assess liver function in a chronic model of liver injury 

where mice received carbon tetrachloride (CCl4) i.p. for up to 8 weeks (w). 

Serum biomarkers (ALT, total bilirubin; TBIL, microRNA-122; miR122 and high 

mobility group box 1; HMGB1), histology (DILI score; necrosis, fibrosis 

quantification; picrosirius red staining and hepatocyte proliferation; 

Proliferating Cell Nuclear Antigen (PCNA)) and liver function (indocyanine 

green (ICG) half-life; seconds (s)) were examined at 6 w and 8 w post-CCl4 to 

determine the extent of liver injury progression. Additionally, to test the efficacy 

of MSOT imaging with regard to monitoring the therapeutic potential of cell-

based RMTs, after recording the extent liver dysfunction at week 6 post-CCl4 

exposure, mouse BMDM differentiated M2 macrophages were administered 

intravenously (i.v) (tail vein) into CD1 mice. Liver function improvement was 

monitored every 2 days after the administration of M2 differentiated 

macrophages (1 x 107 M2 macrophages) during a 2 w recovery period 

compared with a group that received saline (0.9 %; 100 µl) and another one 

that received BMDM (1 x 107 BMDM macrophages). We used M2 activated 

macrophages in this study because previous publications had already 

demonstrated that they can ameliorate renal, cardiac or liver injury (Wang, 

Wang et al. 2008, Shiraishi, Shintani et al. 2016, Bai, Liu et al. 2017). However, 
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M2 differentiated macrophages have not previously been used in a chronic 

model of liver injury where MSOT imaging was used as a tool for monitoring 

liver function improvement after therapy application and for tracking the 

biodistribution of the cells injected systemically.  

 

7.1.1 Aims and hypothesis 

The aims of this chapter were to:  

• Determine the capacity of MSOT to track M2 differentiated macrophages 

labelled with GNRs.  

• Quantitatively assess liver function improvement by means of MSOT 

imaging after the administration of M2 differentiated macrophages in a 

chronic model of liver injury. 

• To assess the relationship between the biodistribution of the M2 

differentiated macrophages and their ability to improve liver injury.  

 

The main hypotheses under investigation throughout this chapter were that M2 

differentiated macrophages would engraft in the damaged tissue and improve 

liver function and that this could be assessed in vivo and real-time by using 

MSOT imaging.  
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7.2 STUDY DESIGN 

Strain CD1 male mice at approximately 8-9 w of age were purchased from 

Charles River (Margate, UK). The protocols described were undertaken in 

accordance with criteria outlined in a license granted under the Animal 

(Scientific Procedures) Act 1986 and approved by the University of Liverpool 

Animal Ethics Committee.  

 

Mice were group housed with free access to food and water with a seven-day 

acclimatization period. All mice were assigned to different groups: control 

groups (n = 5) and CCl4 groups (n = 5) (Table 7.1). Mice were treated two 

times a week for 8 w with a final dose of 0.25 µl/gr of a 25:75 solution of CCl4 

in corn oil and 1 µl/gr volume, or with vehicle (corn oil) by i.p. injection for the 

development of liver fibrosis as described in the literature (Liedtke, Luedde et 

al. 2013). Mice were imaged by means of MSOT at 6 w and 8 w after 

continuous CCl4 dosing and culled via exposure to a rising concentration of 

carbon dioxide (CO2). Three other groups had their continuous CCl4 dosing 

withdrawn after 6 w and either received saline (0.9%), bone marrow derived 

macrophages (BMDM) or M2 differentiated macrophages (M2) (see Chapter 

2, section 2.11 for BMDM isolation and M2 differentiation). Following some 

previous work done in our research group at the University of Liverpool, a dose 

of 1 x 107 of BMDM or M2 differentiated macrophages per mouse was selected 

for i.v (tail vein) injection. This dose was known to be safe for the animals 

despite being 10 times higher than other published studies where they had 

used 1 x 106 (Wang, Wang et al. 2008, Thomas, Pope et al. 2011). Additionally, 

we were sure that with this dose we would be able to detect them in the liver 

by MSOT imaging as this was already been done with mesenchymal stem cell 

(1.5 x 106) injected intracardiac (Comenge, Sharkey et al. 2018). After the 

intervention, mice were imaged every two days for liver function monitoring for 

up to 2 w of recovery time. Mice were then culled via exposure to a rising 

concentration of carbon dioxide (CO2).  

 

Blood was immediately removed by cardiac puncture. Livers were sectioned 

and fixed in PFA (4%) for histological analysis and the remaining portions of 
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the liver were collected in RNase-free tubes and snap-frozen in liquid nitrogen 

(see Chapter 2, section 2.2 for sample preparation). 

 

 

Table 7.1 Representation of the designated experimental groups. The 

recovery groups had a total of 6 w of CCl4 dosing (final dose of 0.25 µl/gr of a 

25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) and follow 

up period of 2 w after receiving the designated therapy (saline, BMDM or M2 

differentiated macrophages). 

 

For M2 differentiated macrophages tracking purposes, two groups of mice (n 

= 3) had either M2 differentiated macrophages (1 x 107) without GNRs labelling 

injected i.v or M2 differentiated macrophages (1 x 107) labelled with GNRs (see 

Chapter 2, section 2.13 for GNRs labelling and section 2.14 for MSOT imaging 

tracking methods). 

 

  

Fibrosis 

groups 
Time (w) 

Treatment after 6 w 

of CCl4 

Corn oil 

controls 
CCl4 

Chronic 6 - 5 5 

Chronic 8 - 5 5 

Recovery 

6 dosing + 2 

withdrawn from 

dosing 

Saline 0.9% 5 5 

Recovery 

6 dosing + 2 

withdrawn from 

dosing 

Bone marrow derived 

macrophages 

(BMDM) 

5 5 

Recovery 

6 dosing + 2 

withdrawn from 

dosing 

M2 differentiated 

macrophage 
5 5 
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7.3 RESULTS 

7.3.1 CCl4 induced liver necrosis and fibrosis  

To assess liver injury during the CCl4 dosing timecourse, histopathological 

examination was performed by Prof. Anja Kipar at the Institute of Veterinary 

Pathology, University of Zurich.  

 

The analysis revealed at 6 w post-chronic dosing of CCl4 2 to 4 hepatocyte 

layers with coagulative necrosis in the CV area (Figure 7.1 H&E). 

Inflammatory cells had infiltrated the CV area with neutrophils and 

macrophages identified (Figure 7.1 H&E). At this timepoint, outside the 

affected area (periportal; PP) where the hepatocytes had their morphology 

preserved, reduced glycogen was described (Figure 7.1 PAS). Collagen 

deposition (picrosirius red staining) was evident at the 6 w timepoint with 

bridging fibrosis between CV and PP areas (Figure 7.1 Picrosirius red). After 

8 w of chronic CCl4, ongoing necrosis was still present, although it had 

decreased compared to the 6 w timepoint. Also, a marked neutrophil-

dominated infiltration was observed in the CV area. Glycogen storage was also 

reduced in the PP area, and collagen deposition increased compared to the 6 

w timepoint with increased bridging fibrosis between CV and PP areas (Figure 

7.1). 

 

Condition Time 
H&E 

(Necrosis) 

PAS 

(Glycogen) 

Picrosirius red 

(Fibrosis) 

Corn Oil Ctrl 

   

CCl4 

 
6 w 
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8 w 

   

 

Figure 7.1 Representative images from 6 and 8 w timepoints of CCl4 

dosing compared to control. Mice were treated with CCl4 (final dose of 0.25 

µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) 

and analysed at 6 and 8 w after dosing. H&E staining demonstrating 

coagulative necrosis and inflammatory cell infiltration, PAS staining showing 

loss of glycogen storage in the hepatocytes and picrosirius red staining 

demonstrating collagen deposition. Original magnification, 40 x. Scale bar 

represents 100 µm. 

 

The quantitative analysis for necrosis was performed by Prof. Anja Kipar as 

described in Chapter 2, section 2.3. After 6 w of chronic CCl4, the score for 

necrosis increased to 1.6 (± 0.1) (median of 5 mice) compared to control (score 

of 0) and significantly decreased to 0.8 (± 0.3) (median of 5 mice) after 8 w of 

chronic-CCl4 exposure but was still significantly increased compared to control 

(Figure 7.2 A).  

 

The quantitative analysis for fibrosis was performed using Visiopharm software 

where positive picrosirius red areas were quantified as a percentage (%) over 

negative tissue as described in Chapter 2, section 2.7.3. Deposition of collagen 

started after 6 w of CCl4 dosing with a significant increase in the percentage of 

picrosirius red staining (3.5 ± 0.4 %) compared to control (0.9 ± 0.04 %) 

followed by an increase of liver fibrosis at 8 w post-CCl4 (3.7 ± 0.6 %) (Figure 

7.2 B).  
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Figure 7.2 Necrosis and fibrosis analysis in mice during CCl4 dosing 
compared to control. Mice were treated with CCl4 (final dose of 0.25 µl/gr of 

a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) and 

analysed at 6 and 8 w after dosing. (A) DILI score performed by Prof. Anja 

Kipar as described in Chapter 2, section 2.3 and (B) fibrosis quantified as a 

percentage (%) of positive picrosirius red area over negative areas from the 

highlighted ROIs measured with Visopharm software (see Chapter 2, section 

2.7.3 for picrosirius red quantification). Scattered dots represent individual 

animals for control, 6 and 8 w timepoint. Bars represent mean ± SD of group 

of animals (grey dots = control, n = 5; black dots = CCl4 dosing, n = 5). Asterisks 

indicate significance between CCl4 treated groups and control of two-sample 

t-tests: p ≤ 0.05 (*), p ≤ 0.01 (**). Hash indicate significance between the two 

CCl4 treated groups (6 and 8 w) of two-sample t-tests: p ≤ 0.05 (#). 

 

7.3.2 Serum biomarkers levels increased after chronic CCl4  

Established (ALT and TBIL) and novel biomarkers (miR-122 and HMGB1) for 

liver injury were measured for the 6 and 8 w timepoints (Figure 7.3 A-D). ALT 

activity (U/I) increased significantly at 6 w after chronic CCl4 exposure (3377.9 

± 986.1 U/I) and progressively peaked at 8 w in the serum of CCl4-treated mice 

(5695.5 ± 2509.8 U/I) compared to corn oil-treated (control) mice (33.4 ± 6.9 

U/I) (Figure 7.3 A). TBIL (mg/dL) peaked at 6 w of CCl4 exposure (0.8 ± 0.3 

mg/dL) although no statistical significance was seen compared to control (0.4 

± 0.0 mg/dL) (Figure 7.3 B). TBIL then decreased back to baseline at 8 w (0.4 

± 0.0 mg/dL) (Figure 7.3 B). MiR-122 (ΔΔCt Lin-4 normalised) increased 

significantly at 6 w in the serum of CCl4-treated mice (13.6 ± 7.0 ΔΔCt Lin-4 

normalised) compared to control mice (0.1 ± 0.1 ΔΔCt Lin-4 normalised) and 

slightly decreased at 8 w (7.3 ± 4.1 ΔΔCt Lin-4 normalised) remaining 

significantly elevated compared to control (Figure 7.3 C). Finally, total HMGB1 
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(ng/ml) increased in the serum of CCl4-treated mice at 6 w timepoint (39.6 ± 

14.6 ng/ml) compared to control mice (5.5 ± 1.9 ng/ml) and decreased at 8 w 

post CCl4 exposure (19.0 ± 5.0 ng/ml) (Figure 7.3 D).   

 

 

Figure 7.3 Serum Biomarker levels observed during CCl4 dosing in mice 
compared to control. Mice were administered with CCl4 (final dose of 0.25 

µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) 

and monitored at 6 and 8 w after chronic dosing. (A) ALT, (B) TBIL, (C) miR-

122 and (D) total HMGB1 in the serum of CCl4-treated mice compared to corn 

oil-treated (control) mice. Scattered dots represent individual animals for 

control, 6 and 8 w timepoint. Bars represent mean ± SD of group of animals 

(grey dots = control, n = 5; black dots = CCl4 dosing, n = 5). Asterisks indicate 

significance between CCl4 treated groups and control of two-sample t-tests: p 

≤ 0.05 (*), p ≤ 0.01 (**).  

 

7.3.3 Liver regeneration was triggered during CCl4 exposure 

To assess liver regeneration, PCNA staining was performed and PCNA-

positive cytoplasm of hepatocytes were quantified as a percentage (%) over 

all hepatocytes from the ROIs selected using the Visiopharm software at the 

Institute of Veterinary Pathology at the University of Zürich (see Chapter 2, 

section 2.7.4 for PCNA quantification methods).  
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PCNA quantification (%) showed a significant increase at 6 w post-CCl4 dosing 

(20.5 ± 3.1 %) compared to control (1.1 ± 0.2 %) (Figure 7.4 A-B). At 8 w 

timepoint significant increase of PCNA was seen (24.7 ± 4.0 %) compared to 

control and overall was increased compared to the 6 w timepoint (Figure 7.4 

A-B). This increase in mitotic cells was consistent with the histopathological 

examination performed by Prof. Anja Kipar on the H&E sections where mitotic 

cells were described at 6 and 8 w timepoints. 

 

 
Figure 7.4 Cell proliferation assessment in control mice and at 6 and 8 w 
post-CCl4 dosing. (A) Mice were administered with CCl4 (final dose of 0.25 

µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) 

and monitored at 6 and 8 w after chronic dosing. Figure shows representative 

images of PCNA staining from control (corn oil) mice, 6 and 8 CCl4-treated 

mice CCl4. Original magnification, 40 x. Scale bar represents 50 µm. (B) Figure 

shows the quantification of PCNA (%) with the Vsiopharm software of control, 

6 and 8 w of CCl4-treated mice. Scale bar represents 50 µm. CV; centrilobular 

vein. Scattered dots represent individual animals for control, 6 and 8 w 

timepoint. Bars represent mean ± SD of group of animals. Asterisks indicate 

significance between CCl4 treated groups and control of two-sample t-tests: p 

≤ 0.01 (**).  
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7.3.4 Liver function was impaired during CCl4 exposure 

We assessed liver function using MSOT imaging by measuring the clearance 

of indocyanine green (ICG) dye which is exclusively eliminated from blood by 

the liver parenchyma (see Chapter 2, section 2.9 for MSOT measurements of 

ICG clearance). ICG clearance (ICG half-life; seconds (s)) was monitored by 

MSOT imaging in real-time at 6 and 8 w post-CCl4 chronic dosing from the 

ischiatic vessels. At the 6 w timepoint, compared to control mice (20,1 ± 1.7 s), 

the elimination of ICG through the liver of CCl4-injured mice was significantly 

delayed (100.0 ± 12.1 s) (Figure 7.5). A gradual decrease of ICG half-life was 

seen at 8 w timepoint post-CCl4 (64.8 ± 11.5 s) remaining significantly 

increased compared to corn oil control (20.4 ± 2.3 s) (Figure 7.5). 

 

 
Figure 7.5 Measurements of ICG clearance, a metric for liver function, 
during CCl4 dosing compared to control. Mice were administered with CCl4 

(final dose of 0.25 µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, 

twice per week) and monitored at 6 and 8 w after chronic dosing. This graph 

shows the representative liver function impairment between corn oil-treated 

(control) mice, 6 and 8 w CCl4-treated mice where ICG half-life (s) shows a 

significant increase at 6 and 8 w post-CCl4 dosing compared to control. 

Scattered dots represent individual animals for control, 6 and 8 w timepoint. 

Bars represent mean ± SD of group of animals (grey dots = control, n = 5; 

black dots = CCl4, n = 5). Asterisks indicate significance between CCl4 treated 

groups and control of two-sample t-tests: p ≤ 0.01 (**). 
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7.3.5 M1 and M2 macrophages were differentiated and 

characterised 

M1 and M2 macrophages were activated as described in Chapter 2, section 

2.11 and were then genetically and phenotypically characterised to ensure the 

differentiation of BMDM into M2 macrophages as described in Chapter 2, 

section 2.12.  

 

For this purpose, flow cytometry (FACS) was performed and membrane CD38 

and intracellular ERG protein expression were used to label either M1 or M2 

macrophages respectively. M1 macrophages showed an increase of 

membrane CD38 protein expression whereas M2 activated macrophages 

showed an increased intracellular ERG expression (Figure 7.5 A).   

 

To confirm this data, qPCR was performed and interleukin (IL)-6, inducible 

nitric oxide synthase (iNOS), mannose receptor (MRC-1), tumor necrosis 

factor (TNF)-α, and Arginase (Arg) were used to differentiate between M1 and 

M2 macrophages as described in Chapter 2, section 2.12. Macrophages 

differentiated into M1 showed an increase in TNF-α, iNOS and IL-6 gene 

expression whereas M2 differentiate macrophages had predominantly MRC 

and Arg1 genes expressed (Figure 7.5 B). This allowed us to confirm the 

differentiation of M2 macrophages with the concentrations used for their 

activation (see Chapter 2, section 2.11 for BMDM differentiation into M2 

macrophages). 
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Figure 7.5 Characterisation of M1 and M2 macrophages. M1 and M2 

macrophages were differentiated and characterised from BMDM as described 

(see Chapter 2, section 2.11 for BMDM differentiation and 2.12 for 

characterisation methods). (A) Figure shows the differentiation by flow 

cytometry where M1 activated macrophages expressed predominantly 

membrane CD38 and M2 macrophages intracellular EGR. (B) Graph shows 

the gene expression for M1, with increased TNF-α, NOS and IL-6 gene 

expression, and M2 activated macrophages, with increased MRC and Arg1 

gene expression, normalised to GAPDH as the endogenous control. Bars 

represent mean ± SEM from three samples of 1 x 106 cells harvested M1 or 

M2 macrophages. 
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7.3.6 M2 biodistribution was tracked by means of MSOT 

M2 differentiated macrophages were tracked by MSOT imaging after being 

labelled with GNRs to track their infiltration and accumulation into the liver (see 

Chapter 2, section 2.13). For this purpose, mice (n = 3) either received 

unlabelled-M2 differentiated macrophages (1 x 107) or GNRs-labelled-M2 

differentiated macrophages (1 x 107) (see Chapter 2, section 2.13 for GNRs 

labelling) and were then prepared for MSOT imaging as described in Chapter 

2, section 2.9. Mice were then imaged for 30 min before injecting cells i.v. (tail 

vein) as described in Chapter 2, section 2.14. Mice were imaged for up to 90 

min post-injection to monitor the increase of liver signal from the injected 

GNRs-labelled-M2 activated macrophages compared to the unlabelled-M2 

differentiated macrophages. During this period of time, a slight increase in the 

mean pixel intensity (MPI) signal was generated by the accumulation of GNRs-

labelled-M2 macrophages in the liver compared to the other group (Figure 7.6 

A). The mouse cross sectional images in Figure 7.6 B also show a slight 

increase in the signal intensity 2 h post-injection compared to before injection.  

 

As the increase of signal was very subtle, a much more sensitive technique 

called inductively coupled plasma optical emission spectrometry (ICP-OES) 

was used to confirm the presence of gold (Au) from the GNRs in the liver and 

other organs. The sensitivity of detection limit of ICP-OES is much higher than 

MSOT (can resolve optical contrast in tissues in the range of mm - cm but 

sensitivity of detection limit is directly proportional to the quantity of optical 

contrast agent). Even though ICP-OES is an invasive method of detection and 

can only be used after culling the animals and harvesting the organs of interest, 

we decided to apply this technique in this study to confirm that the signal seen 

in the MSOT imaging was coming from the accumulation of M2 macrophages 

labelled with GNRs. We therefore used ICP-OES as complementary technique 

to define the distribution of Au labelled macrophages post 2 h injection in some 

organs (spleen, lungs, kidneys and liver) where the optical contrast was either 

below the sensitivity of detection limit of MSOT (e.g. liver) or MSOT based 

imaging was not possible (e.g. lungs). 
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Figure 7.6 (A) Liver MPI signal during 2 h of constant imaging where grey is 

the mean pixel intensity from the average of 3 mice dosed i.v with unlabelled-

M2 differentiated macrophages and black is the mean pixel intensity from the 

average of 3 mice treated i.v. (tail vein) with M2 macrophages labelled with 

GNRs. Red arrow represents the moment of injection of M2 activated 

macrophages labelled or not with GNRs. Note that the grey curve (unlabelled-

M2 differentiated macrophages) starts lower than the black curve (labelled-M2 

differentiated macrophages) before injection as the data is depicted as the MPI 

detected when the imaging starts and that this can vary between mice without 

affecting the readout due to different body temperature, different body weight, 

different position of the mice and different section of the liver imaged. (B) 
Representative images showing a typical cross section of a mouse as obtained 

by the MSOT prior to and 2 h post injection of M2 macrophages labelled with 

GNRs.  
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7.3.7 ICP-OES allowed the confirmation of Au in the liver 

To confirm the presence of GNRs from the M2 macrophages in the liver after 

i.v injection, ICP-OES analysis was performed by Dr. Sumaira Ashraf from the 

Department of Bioscience at the University of Liverpool.  

 

For the ICP-OES analysis the Au content (µg/mL) was determined in GNRs 

(used to label macrophages), GNRs labelled macrophages and in organs 

(liver, kidney, spleen and lungs) of mice which were injected with GNRs 

labelled M2 macrophages. The analysis revealed that 59.5 µg of Au was used 

for labelling 1 x 107 macrophages and 94 % (around 56 µg) of added Au was 

internalized by the cells. Macrophages (1 x 107) containing 56 µg Au were 

injected into each mouse. After 2 h post-injection the distribution of Au in 

organs was quantified where percentage of Au present in each organ was 

calculated with respect to the injected Au (sample of GNRs labelled 

macrophages) (Figure 7.7 A). In addition, the Au content (µg) present in dry 

organs was calculated and presented in percentage (%) of Au (µg)/dried organ 

mass (µg) (Figure 7.7 B). The ICP-OES analysis revealed at 2 h post-injection 

of GNRs labelled macrophages a negligible or no Au in kidneys (0.04 ± 0.04 

%), whereas in liver (0.58 ± 0.2 %) and spleen (0.27 ± 0.07 %) the presence 

of Au was detected. The majority of Au was encountered in the lungs (6.27 ± 

0.11 %) (Figure 7.7 A). Inside the different organs, in mice that received 

unlabelled-M2 differentiated macrophages, there was negligible Au content 

(Figure 7.7 B).  

 

 

Figure 7.7 (A) Percentage of internalized Au inside organs 2 h post-injection 

of GNRs labelled macrophages determined by ICP-OES measurements. Data 
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represents the Au content inside each organ divided by the total Au injected 

inside mouse in the form of labelled macrophages. Results are provided as 

mean of five measurements per sample and are calculated in relation of the 

amount of GNRs injected. Bars represent mean ± SD from 3 mice that were 

administered 1 x 107 macrophages labelled with GNRs. (B) Graph shows the 

percentage (%) of internalized Au per dry weight of organs 2 h post-injection 

of either GNRs-labelled-M2 differentiated macrophages or unlabelled-M2 

differentiated macrophages determined from ICP-OES measurements.  
 

 7.3.8 MSOT was used to monitor the efficacy of M2 therapy  

Three treated groups (n = 5) were used to assess the utility of MSOT to monitor 

recovery and efficacy of treatments. For this purpose, groups were analysed 

for histopathological changes, serum biomarkers and had their liver function 

monitored after 6 w of chronic CCl4 and during 2 w of recovery post-treatment. 

 

7.3.8.1 Histopathological changes did not improve significantly 

after recovery  

The 3 recovery groups treated with either saline (0.9 %), BMDM (1 x 107) or 

M2 activated macrophages (1 x 107) histologically showed a reduction in the 

number of hepatocytes in the CV area where hepatocytes morphologically 

looked enlarged after 2 w post-treatment (Figure 7.8 H&E). Additionally, 

inflammatory cells, predominately neutrophils and macrophages, were present 

in the CV area of the 3 groups. There was diffuse glycogen seen in the PAS 

staining compared to control (Figure 7.8 PAS) and collagen increase 

stretching between the CV and PP areas (Figure 7.8 Picrosirius red). 

 

Condition Time 
H&E 

(Necrosis) 

PAS 

(Glycogen) 

Picrosirius Red 

(Fibrosis) 

Corn Oil Ctrl 

   

CCl4 8w 
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Saline 2w 

   

BMM 2w 

   

M2 2w 

   

 

Figure 7.8 Representative images after 2 w of recovery from the different 
treated groups compared to the 8 w CCl4-treated mice and control. Mice 

were treated with CCl4 (final dose of 0.25 µl/gr of a 25:75 solution of CCl4 in 

corn oil and 1 µl/gr volume, twice per week) and analysed at 8 w after dosing 

and 2 w after treatments (saline; 0.9 %, BMDM; 1 x 107 macrophages, or M2; 

1 x 107 macrophages). H&E staining where coagulative necrosis and 

inflammatory cells infiltration can be seen, PAS staining where we can see 

glycogen storage in the hepatocytes and picrosirius stain where we can see 

collagen deposition were performed for histological and fibrotic changes 

assessment during CCl4 chronic dosing.  Original magnification, 40 x. Scale 

bar represents 100 µm. 

 

The quantitative analysis for fibrosis was performed using Visiopharm software 

where positive picrosirius red areas were quantified as a percentage (%) over 

negative tissue as described in Chapter 2, section 2.7.3. Deposition of collagen 

started at 6 w (3.5 ± 0.4 %) of CCl4 dosing and continued to increase after 8 w 

of chronic CCl4 dosing (3.7 ± 0.6 %) as described previously. Two weeks post-

treatment liver fibrosis was still apparent (saline; 3.1 ± 0.5 %, BMDM; 2.93 ± 

0.1 % or M2 macrophages; 2.95 ± 0.2 %) and significantly increased compared 

to control (0.91 ± 0.04 %) (Figure 7.9).  
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Figure 7.9 Fibrosis analysis in mice 2 w after receiving the assigned 
therapy. Mice were administered with CCl4 (final dose of 0.25 µl/gr of a 25:75 

solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) for up to 6 w 

and then treated with either saline (0.9 %), BMDM (1 x 107) or M2 activated 

macrophages (1 x 107) and monitored for 2 w, and another group received 

CCl4 up to 8 w. The graph shows the quantified fibrosis depicted as a 

percentage (%) of positive picrosirius red staining area over the negative area 

from the highlighted ROI (see chapter 2 section 2.7.3 for picrosirius red 

quantification methods) measured with Visopharm software of 8 w post-CCl4 

chronic dosing group and the 3 treated groups. Bars represent mean ± SD of 

group of animals (n = 5). Asterisks indicate significance between 8 w CCl4 

treated group or each treated group (saline, BMDM or M2 macrophages) and 

control group, of two-sample t-tests: p ≤ 0.01 (**). No statistical differences 

were seen between the three treated groups (saline, BMDM or M2) and the 8 

w CCl4 treated group. 

   

7.3.8.2 Biomarkers were back to physiological levels after 

recovery 

To assess liver injury recovery, established (ALT and TBIL) and novel 

biomarkers for liver injury (miR-122 and HMGB1) were measured for the 3 

recovery groups and for the 8 w CCl4 exposure group (Figure 7.10 A-D). ALT 

activity (U/I) remained significantly elevated after 8 w of chronic CCl4 exposure 

(5695.2 ± 2509.8 U/I) compared to control group (33.4 ± 6.9 U/I) (Figure 7.10 

A). Mice that received therapy after 6 w of chronic CCl4 dosing had normal ALT 

activity (Saline = 45.6 ± 3.6 U/I; BMDM = 38.7 ± 2.7 U/I; M2 = 48.5 ± 4.2 U/I). 

The TBIL concentration (mg/dL) was similar to ALT with TBIL concentration 

back to baseline after 2 w of recovery post-therapy (Figure 7.10 B). MiR-122 

(ΔΔCt Lin-4 normalised) also had a similar pattern to ALT where groups that 

received therapy (or saline) had a decrease of miR-122 in blood, although not 

statistically significant (Saline = 0.5 ± 0.1 ΔΔCt Lin-4 normalised; BMDM = 0.4 
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± 0.1 ΔΔCt Lin-4 normalised; M2 = 0.4 ± 0.1 ΔΔCt Lin-4 normalised) compared 

to 8 w of chronic CCl4 8 w (7.30 ± 4.06 ΔΔCt Lin-4 normalised) and  remained 

elevated compared to control (0.1 ± 0.1 ΔΔCt Lin-4 normalised), although not 

statistically significant (Figure 7.10 C). Total HMGB1 (ng/ml) in blood also 

decreased significantly after 2 w recovery post-therapy (Saline = 3.8 ± 5.0 

ng/ml; BMDM = 5.3 ± 1.5 ng/ml; M2 = 5.0 ± 1.8 ng/ml) (Figure 7.11 D).   

 

Figure 7.10 Serum Biomarker levels observed in mice 2 w after receiving 
the assigned therapy. Mice were administered with CCl4 (final dose of 0.25 

µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per week) 

for up to 8 w. Three more groups had CCl4 withdrawn after 6 w and received 

either Saline (0.9 %), BMDM (1 x 107), M2 differentiated macrophages (1 x 

107) and were monitored for 2 w. (A) ALT, (B) TBIL, (C) miR-122 and (D) total 

HMGB1 in the serum of 8 w CCl4-treated mice, corn oil treated (control) mice 

and the 3 groups that received therapy. Scattered dots represent individual 

animals for control (n = 5), 8 w (n = 5), 2 w recovery treated with Saline (n = 

5), BMDM (n = 5) and M2 differentiated macrophages (n = 5). Bars represent 

mean ± SD of group of animals. Asterisks indicate significance in One-way 

ANOVA with Turkey’s multiple comparison test: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 

0.001 (***) and # significance between 8 w CCl4 exposure and recovery groups 

(# p ≤ 0.05). 
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  7.3.8.3 Proliferation was still active after 2 w recovery 

To assess liver regeneration, PCNA staining was performed and PCNA-

positive cytoplasm of hepatocytes were quantified as a percentage (%) over 

all hepatocytes from the ROIs selected using the Visiopharm software at the 

Institute of Veterinary Pathology at the University of Zürich (see Chapter 2, 

section 2.7.4 for PCNA quantification methods).  

 

PCNA quantification (%) showed a statistically significant decrease of PCNA 

after 2 w recovery for the 3 treated groups (saline = 10.4 ± 2.4 %, BMDM = 8.9 

± 2.1 %, M2 = 7.9 ± 2.1 %) compared to the group that received chronic CCl4 

up to 8 w (24.7 ± 4.0 5) and remained elevated compared to control (1.1 ± 0.2 

%) (Figure 7.11 A-B).  

 
Figure 7.11 Cell proliferation assessment in mice 2 w after receiving the 
assigned therapy. (A) Figure shows representative images of PCNA staining 

from control (corn oil) mice and treated mice with either Saline 0.9%, BMDM 

(1 x 107) or M2 differentiated macrophages (1 x 107). Original magnification, 

40 x. Scale bar represents 50 µm. CV; centrilobular vein. (B) Figure shows the 
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quantification of PCNA (%) with the Visiopharm software of control, 8 w CCl4 

treated mice (final dose of 0.25 µl/gr of a 25:75 solution of CCl4 in corn oil and 

1 µl/gr volume, twice per week) and 2 w recovery groups that received therapy 

(Saline, BMDM, M2) after 6 w of chronic CCl4. Scattered dots represent 

individual animals for control (n = 5), 8 w (n = 5), 2 w recovery treated with 

Saline (n = 5), BMDM (n = 5) and M2 differentiated macrophages (n = 5). Bars 

represent mean ± SD of group of animals. Asterisks indicate significance in 

One-way ANOVA with Turkey’s multiple comparison test: p ≤ 0.0001 (****) and 

# significance between 8 w CCl4 exposure and recovery groups (## p ≤ 0.01). 

 

 7.3.9 MSOT imaging reported liver function amelioration after 

recovery 

MSOT imaging was used to assess liver function after 2 w of recovery period. 

For this purpose, each group had their liver function monitored during recovery 

and on the culling day (after 8 w of chronic CCl4 or after 2 w of recovery post-

therapy (Saline, BMDM or M2 differentiated macrophages) (Figure 7.12). Mice 

that received chronic CCl4 up to 8 w, showed liver function impairment (64.8 ± 

11.5 s) compared to corn oil control (20.4 ± 2.3 s). ICG clearance 

measurements demonstrated an improvement in liver function after 2 w of 

recovery (saline = 37.7 ± 3.4 s, BMDM = 40.3 ± 4.6 s, M2 = 28.3 ± 4.4 s) 

compared to the group that continued receiving CCl4 (Figure 7.12). However, 

there were no differences across the treatment groups. Only the 2 w recovery 

group that received BMDM as a therapy showed an ICG half-life significantly 

elevated compared to the other treated groups (saline or M2 differentiated 

macrophages).  

 
Figure 7.12 Measurements of ICG clearance, a metric for liver function, 
in mice 2 w after receiving the assigned therapy. This graph shows the 
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representative liver function impairment across the different groups that either 

received chronic CCl4 up to 8 w or had CCl4 withdrawn after 6 w and received 

a treatment i.v with either saline (0.9 %), BMDM (1 x 107) or M2 differentiated 

macrophages (1 x 107). Scattered dots represent individual animals for control 

(n = 5), 8 w (n = 5), 2 w recovery treated with Saline (n = 5), BMDM (n = 5) and 

M2 differentiated macrophages (n = 5). Bars represent mean ± SD of group of 

animals. Asterisks indicate significance in One-way ANOVA with Turkey’s 

multiple comparison test: p ≤ 0.05 (*), p ≤ 0.0001 (****) and # significance 

between 8 w CCl4 exposure and recovery groups (## p ≤ 0.01; #### p ≤ 

0.0001). 

 

As mentioned above and in order to test the capacity of MSOT to monitor liver 

function overtime, mice were imaged every 2 days during the 2 w after 

receiving the assigned therapy (Saline, BMDM or M2 differentiated 

macrophages). Groups were imaged after 6 w of chronic CCl4 before receiving 

the treatment and were then imaged every 2 days until culling (Figure 7.13 A). 

Data is also shown in Figure 7.13 B where only treatment groups are included 

in the graph and changes in liver function between the different treated groups 

can be better appreciated.  

 
Figure 7.13 Measurements of ICG clearance during the 2 w recovery 
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period after receiving the assigned therapy. (A) Graph shows the ICG half-

life (s) for the control group (corn oil), 8 w CCl4-chronic dosing group final dose 

of 0.25 µl/gr of a 25:75 solution of CCl4 in corn oil and 1 µl/gr volume, twice per 

week) and the groups that had CCl4 withdrawn after 6 w and received treatment 

with either saline (0.9 %), BMDM (1 x 107) or M2 differentiated macrophages 

(1 x 107). (B) Graph shows the ICG half-life (s) from the day of therapy 

administration through the recovery period (2 w) where animals were imaged 

every 2 days. Bars represent mean ± SEM of group of animals. Statistical 

results are shown in Table 7.2 A (statistical analysis control vs Saline, BMDM 

or M2) and Table 7.2 B (statistical analysis 8 w CCl4 dosing vs Saline, BMDM 

or M2), and Table 7.3 A (statistical analysis Saline vs BMDM or M2) and Table 
7.3 B (statistical analysis BMDM vs M2) 

 

No statistical differences were seen between the different treated groups 

(Table 7.3). However, a subtle difference between the group of mice that 

received saline and the 2 groups that received either BMDM or M2 

macrophages was seen on the 4th imaging during the recovery period (Figure 

7.13 B). ICG half-life was back to baseline in the saline and M2 treated groups 

compared to the other group at the 5th imaging (before culling) (Table 7.2 A). 

All three group showed a significant decrease of ICG half-life compared to the 

8 w CCl4 treated group on the 5th imaging (Table 7.2 B). 
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Table 7.2 Statistical values for Figure 7.13 A. (A) statistical analysis 

performed for control vs Saline, BMDM or M2 on the 2nd, 3rd, 4th and 5th days 

of imaging during the 2 w of recovery period after receiving the therapy 

assigned, and (B) statistical analysis performed for 8 w CCl4 dosing vs Saline, 

BMDM or M2, on the 2nd, 3rd, 4th and 5th days of imaging during the 2 w of 

recovery period after receiving the therapy assigned. Numbers represent p 

value. Asterisks indicate significance One-way ANOVA with Turkey’s multiple 

comparison test: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.0001 (****). NS; not significant. 

 

 

Table 7.3 Statistical values for Figure 7.13 B. (A) statistical analysis 

performed for control vs Saline, BMDM or M2 on the 2nd, 3rd, 4th and 5th days 

of imaging during the 2 w of recovery period after receiving the therapy 

assigned, and (B) statistical analysis performed for 8 w CCl4 dosing vs Saline, 

BMDM or M2, on the 2nd, 3rd, 4th and 5th days of imaging during the 2 w of 

recovery period after receiving the therapy assigned. Numbers represent p 

value. Asterisks indicate significance One-way ANOVA with Turkey’s multiple 

comparison test: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.0001 (****). NS; not significant. 

 

7.3.10 Correlation between ICG half-life and other parameters  

To better understand the potential of ICG clearance measured by MSOT 

imaging to be used as a tool to assess efficacy of therapeutic intervention and 

to monitor liver function, correlation between ICG half-life and other 

parameters was performed. The ICG half-life was correlated with the analysed 

biomarkers of interest (ALT, TBIL, miR-122 and HMGB1), the proliferative 

marker PCNA, the quantified fibrosis (picrosirius red staining) and necrosis 

(DILI score) in control, CCl4 treated mice and mice that received the assigned 
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therapy for each timepoint. The ICG half-life strongly correlated with the serum 

biomarkers (ALT, miR-122, TBIL and HMGB1), histological examination 

(necrosis and fibrosis) and regeneration analysis (PCNA quantification) (Table 

7.4). 

 

Correlation 

with ICG 
ALT TBIL 

miR-

122 
HMGB1 PCNA Fibrosis 

DILI 

score 

R 0.5791 0.6079 0.4715 0.7244 0.6858 0.7205 0.8415 

P value < 0.0075 0.0045 0.0359 0.0005 0.0048 0.0003 0.0001 

Significant ** ** * *** ** *** **** 

 

Table 7.4 Correlation between ICG half-life, histopathological 
examination and serum biomarkers. Table shows the correlation (R), P 

value and significance (*) between ICG half-life and ALT, TBIL, miR-122, 

HMGB1, PCNA, fibrosis and necrosis. Association between parameters were 

performed using Spearman correlation coefficients when associating 

continuous and discrete data or Pearson correlation coefficients model when 

associating continuous with continuous data. The assumption of normality of 

variance was also previously assessed and Tukey or Dunn’s post hoc test was 

applied accordingly. Results were considered significant when p values ≤ 0.05 

(**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
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7.4 DISCUSSION 

The aim of this chapter was to examine the capacity of MSOT imaging to 

assess the efficacy of M2 differentiated macrophages intervention in a chronic 

model of liver injury and to monitor the biodistribution of the systemically 

injected cell therapies. CD1 mice received CCl4 i.p. for 6 w and were then 

treated i.v. (tail vein) with either saline (control), BMDM or M2 differentiated 

macrophages to assess the ameliorative effect of M2 differentiated 

macrophages therapy. Mice had their liver function monitored every 2 days for 

up to 2 w after therapy by means of MSOT imaging in a real time and non-

invasive manner. 

 

In this chapter, the clearance of ICG from the blood of mice was used as a 

metric of liver function as previously described in Chapter 3. ICG is a water-

soluble fluorescent dye that is used clinically as a measure for liver function in 

liver resection and to predict the outcome in acute live failure (Sakka, Reinhart 

et al. 2002, Imamura, Sano et al. 2005, Sakka 2007, Levesque, Martin et al. 

2016). For cell biodistribution purposes, GNRs were used to label M2 

differentiated macrophages. GNRs are contrast agents which rely on NIR 

absorption which can then be detected by MSOT imaging (Comenge, 

Fragueiro et al. 2016, Comenge, Sharkey et al. 2018). Overall, MSOT imaging 

measurements of ICG clearance (ICG half-life) revealed no significant 

improvements in liver function between the treatments administered (saline, 

BMDM or M2 differentiated macrophages) after 6 w of chronic CCl4. However, 

significant decrease in ICG half-life was detected when comparing with mice 

that were exposed to CCl4 for up to 8 w. This suggested that regardless the 

treatment received (even saline/placebo) mice recovered their liver function 

after 2 w of CCl4 withdrawal. Previous published work have demonstrated the 

efficacy of BMDM, M1 or M2 differentiated macrophages in kidney, heart and 

liver injury (Wang, Wang et al. 2008, Thomas, Pope et al. 2011, Shiraishi, 

Shintani et al. 2016, Bai, Liu et al. 2017, Ma, Gao et al. 2017). Bai et al., proved 

protection of M2 differentiated macrophages to an acute CCl4 dose (Bai, Liu et 

al. 2017) and Ma et al. demonstrated protection of M1 but not M2 differentiated 

macrophages in a chronic model of liver injury where mice continued to receive 

CCl4 after receiving cell therapy for another 4 w (Ma, Gao et al. 2017). In this 
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case injured liver could favour the attraction and engraftment of cell therapy 

compared to our experiment. They also mentioned that the improvement seen 

was probably due to the recruitment of other inflammatory cells rather than the 

cells injected per se. Moreover, Thomas et al. (2011) found that the 

administration of BMDM to chronic-CCl4 exposed mice had a beneficial effect 

through the recruitment of macrophage and increase of IL-10 and matrix 

metalloproteinase (MMP) levels in the injury tissue (Thomas, Pope et al. 2011). 

Additionally, they described signs of liver regeneration related to a subtle 

increase in serum albumin. In our experiment we did not see any benefits in 

using BMDM or M2 macrophages. One of the reasons could be related to the 

administration route. Thomas et al. administered 1 x 106 cells directly to the 

hepatic portal vein which ensured engraftment in the liver. Additionally, they 

culled the mice 1 w post-treatment which might be when the differences are 

more apparent compared to our experiment where mice were culled after 2 w. 

They also used some parameters that could better reflect inflammation and 

fibrosis recovery after receiving the cell therapy. However, the assessment and 

monitoring of liver function improvement by means of MSOT imaging in chronic 

liver injury after the administration of M2 differentiated macrophages has not 

been previously investigated.  

 

Histopathological examination (necrosis, fibrosis and regeneration 

quantification) and serum biomarkers analysis showed no evidence of liver 

injury or fibrosis in control mice while mice exposed chronically to CCl4 showed 

necrosis and fibrosis accompanied by a significant increase of ALT, miR-122 

and HMGB and signs of regeneration with PCNA increased in the liver. Similar 

to ICG half-life pattern, during the recovery period, histopathology and 

biomarker analysis revealed no significant differences between mice which 

received saline, BMDM or M2 differentiated macrophages as therapies. 

Furthermore, the ICG half-life strongly correlated with the serum biomarkers 

(ALT, miR-122, TBIL and HMGB1) confirming the utility of ICG kinetics as a 

metric of liver function in a chronic model of liver injury (Table 7.4). 

Additionally, histological examination (necrosis and fibrosis (%)) and 

regeneration analysis (PCNA quantification (%)) also had a strong correlation 

with ICG half-life (Table 7.4). 
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In this study the modest changes in M2 differentiate macrophages 

accumulation in the liver measured by MSOT imaging were confirmed by ICP-

OES quantification of Au which showed little content of Au in liver compared 

to other organs (i.e. lungs). The lack of M2 macrophages that reached the 

injured liver could explain the lack of changes in liver function recovery 

compared to the other two treated groups (saline or BMDM). However, we 

should bear in mind that the group of mice that we used to track the labelled 

macrophages to confirm the accumulation in the liver were healthy mice and 

we do not know if the accumulation of the M2 differentiated macrophages 

increases in damaged tissue and if the efficacy of M2 differentiated 

macrophages therapy is dependent of the engraftment of cells in the damaged 

tissue. Also, the fact that the majority of Au was encountered in the lungs, this 

could suggest that M2 differentiated macrophages injected i.v. (tail vein) get 

trapped in the lungs and therefore do not reach the liver. Other administration 

routes should be considered. Previous studies showed positive results via 

intracardiac administration or hepatic portal vein injection (Thomas, Pope et 

al. 2011, Comenge, Sharkey et al. 2018). 

 

The ICG half-life during the recovery period when mice had their liver function 

monitored every 2 days after therapy administration, demonstrated a subtle 

difference towards liver function improvement in groups that received either 

BMDM or M2 differentiated macrophages compared to the saline-treated 

groups as these groups showed no statistically significant increase of ICG half-

life compared to control. Additionally, the M2 treated group compared to control 

mice that received corn oil, showed an improvement of liver function (ICG half-

life was not significantly increased compared to control) from the 2nd imaging. 

These small changes might have been more evident if mice had been culled 

before the 2 w recovery period as even the saline treated group (control) had 

its parameters almost back to baseline after this period suggesting that a 2 w 

recovery time was enough to recover liver function and serum biomarkers 

almost back to baseline when CCl4 withdrawn. Also, signs of regeneration 

(PCNA quantification) were described at 6 w of chronic-CCl4 dosing which 

suggested that adaptation and recovery had already been triggered. On the 

other hand, fibrosis and cell proliferation was still present after the 2 w of 
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recovery period which suggested that other parameters related to these finding 

(such as cytokines or MMP for instance) could have been analysed to ensure 

that there were no differences between groups regardless the treatment 

received. 

 

We can conclude that MSOT imaging can be used as a metric of liver function 

in healthy mice and in chronic CCl4 dosed mice to monitor liver function 

impairment in combination with serum biomarkers for liver injury. We have 

shown that ICG half-life correlates with traditional and novel serum biomarkers 

(ALT, miR-122, TBIL and HMGB1) and histopathological examination (fibrosis, 

necrosis and cell proliferation). This only supports the findings from Chapter 3 

and the potential of MSOT imaging to be used as a novel toolbox to assess 

liver function in acute and chronic DILI. No statistically significant improvement 

of liver injury within the treatment groups (saline, BMDM or M2) was observed. 

Additionally, MSOT imaging did not succeed in tracking M2 differentiated 

macrophages labelled with GNRs in-vivo and real time due to some limitations 

that could be addressed in the future. For these reasons, it would be interesting 

to repeat the experiment and change the study plan and the parameters used. 

For instance, we could inject more macrophages or label the macrophages 

administered to the CCl4 treated mice to confirm the accumulation in the 

damaged liver. We could also administer the cells intracardiac or via hepatic 

portal vein instead of i.v. (tail vein) to avoid the lungs and continue with CCl4 

after cell therapy is administered. We could administer the therapy before 

regeneration is triggered and cull the animals before 2 w of recovery time to 

see if there is earlier amelioration of liver injury with the treatments 

administered. Finally, we could look at other parameters used in the diagnosis 

of chronic liver injury (MELD or Child-Pugh score) and assess correlations with 

ICG measurements to really appreciate the utility of MSOT imaging to be used 

as a toolbox of assays for the assessment of chronic DILI. 
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8.1 INTRODUCTION 

Adverse drug reactions (ADRs) represent a major burden to the 

pharmaceutical industry and human health sectors (Lasser, Allen et al. 2002). 

They represent a main reason for drug attrition during development and 

withdrawal from the market, and also cause high patient morbidity and 

mortality (Pirmohamed, James et al. 2004, Greene and Naven 2009). As the 

liver is the principal organ involved in drug metabolism and detoxification it is 

the most vulnerable organ to toxicity. Although the occurrence of drug-induced 

liver injury (DILI) is rare, it contributes significantly to patient morbidity and 

mortality (Lee and Senior 2005) 

 

The over-the-counter analgesic and antipyretic drug Paracetamol 

(acetaminophen; APAP) is one of the most widely available and commonly 

used drugs worldwide. However, APAP-ILI contributes to half of acute liver 

failure (ALF) cases in the USA and even more in the UK accounting for 

significant economical expenses in hospitals (Bernal 2003, Russo, Galanko et 

al. 2004). Despite of its impact, APAP remains a compound of interest in the 

research field for its ability to cause hepatotoxicity in overdose. For this reason, 

APAP has been used for a long time as a hepatotoxic compound in 

toxicological studies. APAP metabolism and mechanism of action is now well 

described and documented. It has well been established that the toxicity of 

APAP results from its metabolic activation to N-acetyl-p-benzoquinoneimie 

(NAPQI) reactive metabolite and glutathione (GSH) depletion which leads to 

oxidative stress and covalent bindings to essential cellular components 

(Mitchell, Jollow et al. 1973, Yang, Greenhaw et al. 2012). Altogether causes 

hepatocyte necrosis localized in the centrilobular (CV) area where the main 

APAP metabolic enzymes are phenotypically expressed (Gebhardt and Matz-

Soja 2014). 

 

An important issue is that currently used clinical biomarkers of liver injury lack 

of sensitivity and specificity and, importantly, provide poor understanding of 

the mechanistic basis of hepatotoxicity (Ozer, Ratner et al. 2008). Biomarkers 

such as alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) combined with the liver-specific functional biomarker total bilirubin 
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(TBIL) are part of Hy’s law, the only currently accepted model to predict ALF 

in DILI scenarios (Temple 2006). However, these biomarkers include false 

positive/negative results, lack of tissue specificity, they take time to appear in 

blood and TBIL most likely rises once there has been a substantial loss of 

hepatic functional mass (Ozer, Ratner et al. 2008, Pettersson, Hindorf et al. 

2008, Starkey Lewis, Dear et al. 2011, Kasarala and Tillmann 2016). 

Furthermore, ALT and AST only account for cell death and not for liver 

function, a very important feature considering the capacity of the liver to adapt, 

compensate and regenerate. Therefore, mechanistic, specific and translational 

biomarkers of liver injury are needed to improve drug development, and clinical 

diagnosis for the application of appropriate therapeutic interventions. To date, 

pre-clinical and clinical studies of APAP-ILI have identified and developed 

circulating biomarkers that provide enhanced hepatic specificity (microRNA-

122; miR-122) or can inform on mechanistic events such as necrosis and 

inflammation (HMGB1 and acetyl-HMGB1) (Starkey Lewis, Dear et al. 2011, 

Antoine, Dear et al. 2013, Clarke, Dear et al. 2016). However, these 

biomarkers are still providing information on cell death ignoring the remaining 

liver function mass. 

 

Imaging has the ability to study in vivo, biological and chemical processes non-

invasively in a longitudinal manner. For this reason, imaging technologies have 

become important tools in drug development and are used in both preclinical 

and clinical stages. The anatomical, functional, metabolic, and molecular 

information becomes accessible through imaging and provides insights into 

disease events and mechanisms of drug action (Beckmann, Kaltashov et al. 

2016). Imaging technologies can replace time-consuming dissection and 

histology which can significantly decrease the workload involved in tissue 

analysis (Rudin and Weissleder 2003). It allows for longitudinal studies in a 

single animal in pre-clinical stages complying with the principles of the 3Rs by 

decreasing the number of animals required in a study. Importantly imaging 

technologies such as multispectral optoacoustic tomography (MSOT) allow the 

monitoring of organ functionality and assessment of optical agent fate 

(Taruttis, Morscher et al. 2012, Scarfe, Rak-Raszewska et al. 2015, Comenge, 

Sharkey et al. 2018).  
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In this thesis we used a novel panel of serum biomarkers (miR-122 and 

HMGB1) in combination with histopathological features for the assessment of 

DILI in a timecourse established from the onset of injury throughout recovery. 

To fill the gaps of these chemistry parameters which only account for cell 

death, we used non-invasive and real-time MSOT imaging as a tool for liver 

function assessment. For this purpose, we used indocyanine green (ICG), an 

FDA approved fluorescent dye that is currently used in clinic as a marker for 

liver function in liver resection and to predict patient outcome in ALF (Sakka, 

Reinhart et al. 2002, Imamura, Sano et al. 2005, Sakka 2007, Levesque, 

Martin et al. 2016). 
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8.2 SUMMARY OF THE WORK IN THIS THESIS 

This thesis set out to develop and validate a dynamic and longitudinal imaging 

technology for the monitoring of liver function in acute APAP-ILI in a non-

invasive manner. This goal was achieved in an animal model where novel, 

sensitive and specific biomarkers for DILI (miR-122 and HMGB1) were used 

in combination with histopathological examination for its validation as a metric 

of liver function. Here the enhanced insights into the underlying mechanistic 

basis of APAP-ILI based on liver function assessment and the benefits from its 

dynamic and non-invasive application in drug development were 

demonstrated.  

 

Additionally, studies within this thesis were designed to explore the capacity of 

MSOT imaging to report the efficacy of established therapies. Here, the main 

antidote for paracetamol overdose (N-acetylcysteine; NAC) was used after 

APAP-ILI and liver function amelioration was monitored during recovery. This 

objective was reached demonstrating the beneficial utility of non-invasive 

MSOT imaging in preclinical studies where stratification to entry into studies 

for the assessment of the utility of therapeutic interventions are required. 

 

Moreover, this thesis set out to enhance the understanding of the mechanisms 

of release of novel biomarkers miR-122 and HMGB1 from tissue to periphery 

in acute APAP-ILI. This objective was addressed and achieved by the 

measurement and analysis of novel serum biomarkers after APAP-ILI in 

animal model and the quantification and qualification of these biomarkers 

expression in hepatocytes in combination with the assessment of liver injury 

severity through histopathological examination. The results enhanced insights 

into the mechanisms of release of these biomarkers from tissue to periphery. 

The understanding of the relation between tissue injury and biomarkers 

localisation and expression in tissue was also addressed. Additionally, the 

relation between the increase of miR-122 expression in stressed hepatocytes 

at early timepoints after APAP-ILI and hepatocyte derived exosomes selective 

packaging was also exposed. This was hypothetically described as a biological 

signalling purpose in this model. 
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Finally, this thesis set out to determine the utility of MSOT imaging to assess 

liver function and recovery in a multifactorial model of chronic CCl4-ILI. This 

goal was reached by the measurement of novel serum biomarkers and 

histopathological examination for fibrotic and necrotic changes in combination 

with MSOT imaging for liver function assessment across the timecourse. In 

addition, studies within this thesis were designed to explore the utility of MSOT 

imaging to track the biodistribution of potential cell therapy in order to assess 

therapy safety and efficacy at the same time. This objective was not fully 

achieved, and complementary techniques had to be used to ascertain fate and 

engraftment of cell therapy administered. This would need further work for 

optimization and validation.    
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8.3 THE UTILITY OF IMAGING TECHNOLOGIES IN DRUG DEVELOPMENT 

Although compound attrition due to DILI has reduced in the last years, it is still 

one of the most common cause for drug withdrawal from the market (Kullak-

Ublick, Andrade et al. 2017). Imaging modalities have become increasingly 

important in drug development. They allow direct and non-invasive 

visualization of disease, and the monitoring and measurement of physiological 

and biochemical changes which can facilitate the evaluation of new therapies 

(Rudin and Weissleder 2003). The integration of clinical pharmacology with 

imaging-based measurements can help future drug development. When 

applied properly, they can even offer advantages over other current practices 

(Fischman, Alpert et al. 2002). For instance, imaging can be used to separate 

(as early as possible) responders from non-responders in patients undergoing 

therapeutic intervention and allow medical intervention inside the ‘therapeutic 

window’ increasing therapeutic benefits (Wang and Deng 2010). Furthermore, 

in clinical trials, excluding patients who are not likely to progress can increase 

the statistical power of a study and thereby reduce the number of patients and 

study duration needed to prove therapeutic efficacy (Wang and Deng 2010). 

Therefore, the application of molecular and functional imaging can be 

expected to result in significant savings in time during all stages of drug 

development and testing (Stephen and Gillies 2007). For instance, mass 

spectrometry imaging (MSI) is emerging as a potential imaging tool for drug 

development and discovery. It allows to assess compound distributions and 

drug interaction directly from tissue sections. It has potential to be used in drug 

development where blood-brain barrier access, tumor penetration/retention, 

and compound toxicity related to drug retention in specific organs/cell types 

need to be assessed (Goodwin, Nilsson et al. 2016, Karlsson and Hanrieder 

2017). However, the challenge of validation of an imaging biomarker relays in 

the availability of required technical equipment, trained scientists for data 

processing and analysis, budget, and the standardisation and validation of 

parameters and results (Frank and Hargreaves 2003). For instance, unlike for 

PCR, ELISA or histology, which are relatively affordable and available in many 

laboratories, imaging technologies are costly, and its availability is usually 

restricted to specialized imaging departments.  

 



Chapter 8 

 214 

The incorporation of imaging endpoints into clinical trials is being supported by 

initiatives from the Food and Drug Administration (FDA), the National Institutes 

of Health (NIH), the Radiological Society of North America (RSNA), 

Pharmaceutical Research and Manufacturers of America (PhRMA), the 

American College of Radiology (ACR), the Society of Nuclear Medicine (SNM) 

and the Association of American Cancer Institutes (AACI). These are being 

organized into a network wherein the RSNA and ACR are spearheading the 

adoption of uniform protocols for imaging in clinical trials, QIBA. PhRMA is 

working on an agreement for data sharing amongst its members, and the FDA 

and the NIH, as part of their Critical Path Initiative (CPI) have developed (and 

are continuing to develop) guidelines for the inclusion of imaging data into drug 

approval. Additionally, the NIH in partnership with the AACI has established a 

national consortium of Imaging Response Assessment Teams (Stephen and 

Gillies 2007). 

 

Can non-invasive pre-clinical imaging be used as part of a translatable 
biomarker strategy? 
Originally imaging technologies were developed for human use and they have 

become of great interest in rodents and primate to evaluate novel therapeutics. 

One of the reasons is that they allow longitudinal studies in a single animal, 

thereby reducing the number of animals require and increasing statistical 

relevance which subsequently lead to a more relevant clinical study design. It 

also provides important information on the optimal timing and dosing of drugs. 

Importantly, it has the potential of providing much earlier markers of therapy 

success leading to the reduction of time of new drug development and 

providing tools for faster test proof testing in clinical studies. This could have 

significant benefits for industry as it can improve many aspects of drug 

discovery processes (Murphy, McCarthy et al. 2008). Small improvements in 

clinical trial outcomes and decision-making translate into great cost-savings 

and a faster time-to-market (Wang and Deng 2010).  

 

The emerging field of biomarkers has applications in the diagnosis, staging, 

prognosis and monitoring of disease progression, as well as in the monitoring 

of clinical responses to a therapeutic intervention and the development and 



Chapter 8 

 215 

delivery of personalized treatments to reduce attrition in clinical trials (Ilyin, 

Belkowski et al. 2004). Advanced imaging biomarkers can help with the 

mechanistic understanding of DILI as well as developing safety biomarkers 

and novel therapeutics in a safe way (Vallianatou, Strittmatter et al. 2018). 

Imaging markers can provide us with information ranging from in depth 

molecular assessment of receptors and ligands via mass spectrometry 

imaging (Goodwin, Nilsson et al. 2016), functional imaging via MSOT (Scarfe, 

Rak-Raszewska et al. 2015) and states of tissue with imaging such as 

magnetic resonance imaging (MRI), positron emission tomography (PET), 

ultrasonography (US) and computed tomographic (CT) (Brix, Bahner et al. 

1999, Weber 2006, Eddowes, Sasso et al. 2016, Taylor, Woo et al. 2016). 

Hence it is valid to suggest that the development of imaging biomarkers both 

for a pre-clinical and clinical application has the potential to advance safety 

and efficacy evaluation.  

 

Although extremely advantageous, there is still a big gap for improvements of 

imaging-markers as not all available markers are sensitive enough for early 

and accurate detection of liver disorders. Even with the advancements of these 

technologies, cases such as the diagnosis of steatohepatitis from simple 

steatosis requires a liver biopsy, which is highly invasive (Banerjee, Pavlides 

et al. 2014). Hence, future research needs to focus on improving these 

methods as imaging is an important tool that can provide added value to the 

clinically available serum biomarkers for early detection of these disease 

states.   
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8.4  CONCLUDING FINDINGS OF THIS THESIS 

In summary, the results presented in this thesis show that:  

• For the first time, the assessment of liver function impairment in acute 

APAP-ILI by means of non-invasive and real time photoacoustic imaging 

was reported. The application of a novel mechanistic panel of serum 

biomarkers, sensitive and specific for DILI, in combination with ICG 

kinetics for the assessment of liver function aids further understanding of 

early cell injury as well as recovery throughout a time course of injury 

following an acute liver insult.  

 

• The in vivo and dynamic monitorization of therapeutic efficacy was also 

possible using this emergent imaging technology in combination with the 

novel panel of serum DILI biomarkers. This will be useful in future research 

for assessing utility of therapeutic interventions and safety of drugs in 

development. This will potentially allow the translation to clinic for the non-

invasive diagnosis and monitoring of liver function and subsequent 

stratification for personalised therapeutic intervention. 

 

• We were also able to show the mechanism of release of miR-122 and 

HMGB1 from tissue to periphery in APAP-ILI. Tissue miR-122 increased 

expression and HMGB1 translocation was described at early timepoints 

after APAP-ILI in cells showing histological features consistent with cell 

stress. Their direct correlation with levels measured in blood and tissue 

injury severity is extremely informative as it reveals underlying cellular 

processes in otherwise inaccessible tissue. This enhances the 

understanding of mechanistic basis of release from the hepatocytes to the 

blood proving their utility for an early and liver specific diagnosis of DILI. It 

proves their translational potential for facilitating patient stratification. 

Finally, the increase of miR-122 expression in hepatocytes undergoing 

stress also suggests a biological signaling purpose. 

 

• The use of MSOT measurements of ICG clearance in combination with the 

novel panel of serum biomarker and histological assessment was 

successfully used in a multifactorial model of chronic CCl4-ILI for the 
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assessment of liver function and monitoring of recovery. In this model, we 

emphasized the need of using a toll box rather than ICG half-life alone. 

MSOT imaging did not succeed in tracking the biodistribution of cells 

labelled with GNRs probably due to the limitations listed in chapter 7 

related to our study design.  

 

• Finally, the collaboration with Dr. Steve Webb, Chantelle Mason and Dr. 

Joe Leedale from the department of Applied Mathematics at Liverpool 

John Moores University allowed us to use In-Silico modelling to enhanced 

the mechanistic understanding of ICG clearance in the systems and to 

assess the capacity of ICG parameter measured by means of MSOT 

imaging in combination with the novel panel of serum biomarkers for DILI 

to predict either early injury (hydropic degeneration; HD) and hepatocyte 

necrosis in APAP-ILI. 
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8.5 FUTURE DIRECTIONS 

The work in this thesis provided interesting and promising results and future 

work should include further validation and confirmation of reproducibility. 

Thorough investigation of ICG clearance measurements by MSOT should be 

performed in order to understand its utility and translatability for the 

assessment of liver function in different scenarios.  

 

We have been using the ICG half-life as a metric of liver function measured by 

the non-invasive MSOT imaging. However, its disappearance from the blood 

can be influenced by the blood flow. ICG clearance has been clinically used 

for many years to estimate hepatic blood flow through the administration of 

intravenous bolus of ICG and subsequent blood sampling (Soons, De Boer et 

al. 1991). In our acute (necrosis, inflammation and loss of liver 

microarchitecture) and chronic (fibrosis, inflammation and portal hypertension) 

models of liver injury, blood flow can be impaired. We used colour doppler 

ultrasound as an established tool for the evaluation of liver hemodynamics 

(Burggraaf, Schoemaker et al. 1996). No changes in hepatic blood flow at 6 

and 24 h post-APAP were observed. However, we could look at earlier and 

later timepoints (3 or 48 h post-APAP) and apply this technique in the chronic 

model of liver injury where hepatic blood flow might be impaired (portal 

hypertension) (Bataller and Brenner 2005). Additionally, other techniques 

could be used for more detailed determination of blood flow changes. For 

instance, contrast-enhanced ultrasound (CEUS) imaging perfusion with 

microbubbles allow quantitative assessment of hepatic blood flow (Xie, Wan 

et al. 2018). Moreover, a hand-held probe for MSOT imaging has been recently 

used in human for the monitoring of blood flow of the carotid and for 

hyperthermia-induced vasodilation of the skin  (Taruttis, Timmermans et al. 

2016, Berezhnoi, Schwarz et al. 2018, Mercep, Dean-Ben et al. 2018).  

 

Regarding the study design implemented for the validation of ICG clearance 

as a metric of liver function (Chapter 3), we could use a lower (150 mg/kg) and 

higher (500mg/kg) APAP doses for assessing the potential of MSOT imaging 

to stratify between mice (or patients) that would need intervention and those 

that would recover. Additionally, other drugs that cause acute or chronic liver 
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injury but with different biological processes and histological damage limited to 

different lobular zones could be used to test the capacity of MSOT imaging to 

predict liver functional impairment in other scenarios. For instance, using α-

naphthylisothiocyanate (ANIT) or thioacetamide (TAA), allyl alcohol (AA) 

treatment would induce acute or chronic damage in the periportal area (Yin, 

Lynch et al. 1999, Liedtke, Luedde et al. 2013, Wallace, Hamesch et al. 2015). 

In the chronic model of liver injury that we developed (Chapter 6), it would be 

interesting to repeat the experiment with the imaging and culling performed the 

same day after the last CCl4 dose in all animals. We know that the liver has a 

great capacity to regenerate and therefore 1 or 3 days after the last CCl4 dose 

could make a difference in the readouts of blood and image-based biomarkers. 

Additionally, we could to take into account that the best therapy for fibrosis is 

withdrawn of the cause (in our case CCl4) and therefore continue with CCl4 treatment 

after injecting cells to assess the efficacy of M2 differentiated macrophages (Ma, Gao 

et al. 2017). 

 

Regarding the intervention strategies implemented in both acute and chronic 

model of liver injury, other therapeutic interventions could be used in acute 

models where the evaluation of efficacy could be measured by non-invasive 

MSOT imaging allowing the differentiation between responders and non-

responders. Additionally, we could repeat the M2 differentiated macrophages 

intervention as other groups have demonstrated regenerative capacity and 

potential as a novel therapy. We would first morphologically analyse these cells 

compared to already used bone-marrow derived macrophages (BMDM) or 

mesenchymal stem cells (MSC) to see if another route of administration would 

reduce the accumulation in the lungs. We could also use intra-cardiac 

administration of cells to ensure that cells reach the liver (Comenge, Sharkey 

et al. 2018). The accumulation of these cells in the liver could be measured at 

24 h instead of 2 h post-administration. Additionally, we could use an in vivo 

bi-model imaging strategy combining MSOT imaging for the assessment of 

liver function impairment and M2 differentiated macrophages therapeutic 

efficacy with IVIS for the determination of cell fate after administration. Finally, 

markers for M2 differentiated macrophages could be measured to determine if 

there is an increase of these cells in the tissue that cannot be appreciated by 
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MSOT imaging. This could be combined with other biomarkers that report liver 

injury recovery rather than indirect biomarkers such as ALT or TBIL (Cequera 

and Garcia de Leon Mendez 2014).  

 

For the biomarker tissue-periphery biodistribution, further investigation is 

recommended as this will provide valuable information on their release and 

their mechanistic behaviour in different scenarios and in otherwise 

inaccessible tissue. We could first look at miR-122 primary transcript tissue 

expression via in situ hybridisation (ISH) to confirm upregulation of hepatocyte 

miR-122 in APAP-ILI. Further investigation into the selective packaging of miR-

122, exosome release and biological purposes could be performed. For this, 

exosome markers could be used to track their fate and isolated miR-122 

enriched hepatic derived exosomes could be administered to mice (Wiklander, 

Nordin et al. 2015). We could then attempt to determine how fast miR-122 is 

transcribed as well as how fast the exosomes are formed using electron 

microscopy, for example. Additionally, HMGB1 cytoplasm translocation could 

be investigated in other tissues in APAP-ILI to ensure its release from the liver 

and looking at acetylated-HMGB1 in blood could confirm the active 

translocation in hepatocytes, as this has previously been shown in alcohol liver 

disease and ischemia-reperfusion (Evankovich, Cho et al. 2010, Ge, Antoine 

et al. 2014). Finally, we could analyse if the increase in hepatocyte miR-122 

and HMGB1 translocation is happening in stressed cells by co-staining with 

heme oxygenase 1 for instance, a marker of oxidative stress (Takeda, 

Onodera et al. 1994). 

 

In 2016, the FDA published a letter of support for DILI biomarkers validation 

and translatability. Amongst other biomarkers, miR-122 was described as a 

‘biomarker that could be studied further as biomarkers of liver specific injury 

based on their performance in patients with acute DILl, including patients with 

DILl due to acetaminophen overdose, compared to non-DILl controls‘ 

(https://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/UCM5

17355.pdf). This shows promising clinical applicability of miR-122 in DILI 

scenarios. Additionally, HMGB1 was also mentioned in this letter, as a 

biomarker that predict DILI progression, to encourage its further development 
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and exploration for its clinical use in DILI scenarios. In this case, they highlight 

the need of developing easier and quicker techniques for its measurement to 

favour its applicability in clinic. 

 

In summary larger and further studies will have to be developed to understand 

the added value of this new imaging technology in drug development and 

clinical applications for distinguishing moderate from severe liver injury as well 

as identifying underlying pathological mechanism in different scenarios for 

appropriate stratification and individual treatment implementation. 

Furthermore, thorough investigation on these novel biomarkers (miR-122 and 

HMGB1) will enhance the understanding of biodistribution and behaviour in 

DILI scenarios for future translational application.   
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