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	associerede transkriptom og dertilhørende reaktion på behandling for denne model, kan det være med til at promovere brugen af marsvinemodellen og derved bane vejen for opdagelsen af nye behandlingsmetoder og non-invasive sygdomsmarkører. 

	1. Introduction 
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	1. Introduction 

	Non-alcoholic fatty liver disease (NAFLD) affects ~25% of the population and is predicted to become the primary indication for liver transplant in the coming years (1). NAFLD is an umbrella term covering a range of disease states ranging from relatively benign hepatic steatosis (NAFL) to the more aggressive non-alcoholic steatohepatitis (NASH) defined by the presence of hepatocellular ballooning and inflammation with or without fibrosis (2, 3). An unhealthy diet coupled to a sedentary lifestyle are prime in

	2. Aims and Objectives 
	2. Aims and Objectives 
	This project aimed to identify biomarkers of fibrotic NASH and evaluate intervention targeting inflammation in an animal model closely mimicking human NASH. All studies applied the validated guinea pig model for NASH. To increase the translational potential of this model, study I aimed to induce insulin resistance and obesity by administering sugar water in addition to a high fat diet. Furthermore, the molecular mechanisms of guinea pig NASH were elucidated by targeted gene expression and transcriptome anal
	Based on the outlined challenges in NAFLD/NASH research this PhD project investigated the following hypothesis: 
	I. Guinea pig NASH resembles human NASH 
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	II. NASH and associated fibrosis can be resolved through intervention targeting inflammation 
	Manuscript IV, V 
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	III. Determination of fibrotic NASH does not require a biopsy 
	Manuscript III, IV 
	ExtraCharSpan

	3. NAFLD/NASH prevalence and etiology 
	3. NAFLD/NASH prevalence and etiology 
	NAFLD affects all age groups, and not only introduces a significant risk of detrimental consequences for liver function, but is also associated with serious co-morbidities and increased mortality (5, 15, 16) (figure 1). The importance of extrahepatic morbidities is substantiated by cardiovascular disease being the primary cause of death in NAFLD patients (17) (figure 1). Furthermore, a study of morbidly obese patients, identified NAFLD in 80.2% of the patients, and a meta-analysis estimated a NAFLD prevalen
	Figure 1. Metabolic co-morbidities 
	A diet high in simple sugars, fat and cholesterol may lead to obesity and adipocyte dysfunction (22). This can mediate an increase in circulating FFAs and cholesterol, which can be deposited in the arteries or the liver resulting in CVD and NAFLD respectively (22, 23). Likewise, a high intake of simple sugars can lead to fluctuating glucose levels putting a strain on pancreatic insulin production, in turn inducing insulin resistance and ultimately diabetes (24). Concomitantly, increased release of cytokines
	isease, CVD: Cardiovascular disease. Created with BioRender.com. 

	These mechanisms are in line with the multiple-hit hypothesis proposed by Tilg and Moschen, where steatosis arises as a result of increased free fatty acid supply, primed by insulin resistance, adipocyte dysfunction and excess dietary intake (25). The resulting steatosis is described as a hepatoprotective mechanism, which also explains why the majority of patients with simple steatosis do not progress to NASH (26, 27) (figure 2). Rather, insults leading to inflammation and fibrosis may even precede steatosi
	Sect
	P
	Figure


	Figure 2. Disease spectrum and etiology 
	NAFLD is defined by the presence of >5% liver fat and encompasses several hepatic phenotypes (2). A high caloric intake coupled to a sedentary lifestyle and genetics can lead to increased release of FFAs from dysfunctional adipose tissue, which can be taken up by the liver resulting in steatosis (22). Simple steatosis or NAFL is the liver's natural response to an increased lipid load, and is a reversible disease state without hepatocellular damage (2). However, endotoxins, adipocytokines and decreased antio
	BioRender.com 
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	4. Disease pathogenesis 
	4. Disease pathogenesis 
	4.1 Early NAFLD 
	4.1 Early NAFLD 
	4.1 Early NAFLD 

	The hepatic lipid build-up is a consequence of an imbalance between lipid uptake and de novo 
	lipogenesis (DNL) on the one hand, and oxidation and lipid export on the other. In a study of obese NAFLD patients, results using stable isotopes to discern the sources of hepatic triglyceride (TG) 
	accumulation in the liver, demonstrated that 59.9% of the TG came from peripheral tissues, 26.1% 
	from DNL and 14.9% from the diet (34). Thus in obese patients, the primary source of TG is 
	delivery from extrahepatic tissues (35-39) (figure 3). Upon entry, FFAs are esterified through a series of steps and ultimately stored as triglycerides (40). The other major contributor to the intracellular TG pool is DNL, which synthesizes fatty acids are from acetyl-CoA occurs in a setting of 
	excess carbohydrates, and is increased in NAFLD patients (figure 3) (41). Thus while increased uptake and DNL may induce a hepatic lipid build-up, this is not necessarily a pathogenic 
	mechanism in itself, but is actually hepatoprotective (25). It is generally accepted that TGs alone are not lipotoxic, rather the excess delivery and increased DNL coupled to a decreased antioxidant 
	pool, may form lipotoxic derivatives and aggregation of intermediary products (26, 27, 42). Histologically steatosis originates around the central veins and is predominantly in the form of 
	large vesicles that decentralize the hepatocyte nucleus. Microvesicular steatosis is also commonly found, but lesions of purely diffuse microvesicular steatosis are not typically associated with adult 
	NAFLD (43, 44). 
	NAFLD (43, 44). 

	Upon accumulation, lipids can leave the liver in two ways, export through very low density lipoprotein (VLDL) or oxidation (figure 3). The primary site for fatty acid oxidation is the 
	mitochondria (45). Upon mitochondrial dysfunction, or for oxidation of very long chain fatty acids 
	(>C), peroxisomal β-oxidation takes over. For branched and odd number FFAs, oxidation occurs through cytochrome p450 2e1 (CYP2e1) mediated cytochromal oxidation in the ER (27). Collectively these pathways are positively regulated by peroxisome proliferator activated receptor α (PPARα) (45, 46). 
	20
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	Figure 3. Major pathogenic mechanisms in NASH 
	Multiple factors including a diet high in fat, simple sugars and cholesterol leads to obesity and insulin resistance (22). Adipocyte insulin resistance may lead to increased release of FFA, which can be taken up by the liver by FATP5 and CD36 (35-39). FFAs can then be stored in the liver as triglycerides. Lipids are also formed de novo (DNL) in the liver by ACC1 and FAS, which are activated by SREBP-1c which in turn is upregulated by PPARγ, and simple carbohydrates such as fructose (35, 40, 47, 48). The acc
	Multiple factors including a diet high in fat, simple sugars and cholesterol leads to obesity and insulin resistance (22). Adipocyte insulin resistance may lead to increased release of FFA, which can be taken up by the liver by FATP5 and CD36 (35-39). FFAs can then be stored in the liver as triglycerides. Lipids are also formed de novo (DNL) in the liver by ACC1 and FAS, which are activated by SREBP-1c which in turn is upregulated by PPARγ, and simple carbohydrates such as fructose (35, 40, 47, 48). The acc
	hepatocyte apoptosis, which in turn activates resident Kupffer cells (54, 55). The activated Kupffer cells produce inflammatory and fibrotic cytokines which can promote recruitment of immune cells and activation of HSCs respectively (56, 57). HSCs deposit ECM leading to hepatic fibrosis, which in a positive feedback loop may further activate HSCs (57). Macrophages may adopt a resolution phenotype producing MMPs that can disintegrate the ECM (33, 58). MMPs are inhibited by TIMPs produced by HSCs and Kupffer 
	BioRender.com



	4.2 NASH 
	4.2 NASH 
	4.2 NASH 

	A multitude of factors drives the unhealthy progression of simple fatty liver to steatohepatitis. TG 
	accumulation and lipid flux through mitochondrial, peroxisomal or ER oxidation is not in itself pathogenic, however, the perpetual lipid load may exhaust the oxidative capacities of these 
	pathways, leading to the formation of reactive oxygen species (ROS), ER-stress and lipotoxic lipid metabolites (figure 3) (50). Furthermore, poor nutrition and lack of exercise drains the remaining 
	antioxidant pool leading to further accumulation of ROS and lipid toxins inducing apoptosis, which may then activate inflammatory responses (27) (figure 3). Hepatocellular damage, including 
	ballooning and apoptosis, is a major hallmark of NASH (62, 63). Ballooning hepatocytes are histologically described as enlarged cells with reticulated cytoplasm (64). Ballooning is generally 
	regarded as a sign of active disease, and the NASH diagnosis is strictly confined to patients where ballooning is evident from histopathological stainings. Inflammation is typically presented as mild 
	lobular infiltration of mononuclear cells such as T-cells and macrophages with the occasional finding of microgranulomas (43, 44). Free cholesterol is also directly damaging to hepatocytes, and free cholesterol was increased in patients with NASH compared to control livers (54, 55). Upon low 
	levels of intracellular cholesterol, sterol regulatory element binding protein 2 (SREBP2) is activated and stimulates expression of the LDL receptor, which is increased in NAFLD patients and induces increased uptake of cholesterol-rich LDL (51, 52). Simultaneously SREBP2 stimulates expression of 3-hydroxyl-3-methylglutaryl-CoA (HMG-CoA) reductase, which is responsible for the rate limiting 
	levels of intracellular cholesterol, sterol regulatory element binding protein 2 (SREBP2) is activated and stimulates expression of the LDL receptor, which is increased in NAFLD patients and induces increased uptake of cholesterol-rich LDL (51, 52). Simultaneously SREBP2 stimulates expression of 3-hydroxyl-3-methylglutaryl-CoA (HMG-CoA) reductase, which is responsible for the rate limiting 
	step in cholesterol synthesis. Bile acids are the major site of excess cholesterol excretion from the body, which occurs through bile acid transporters (52). In mouse models omitting cholesterol from a high fat (HF) diet dampens the inflammatory response, and it is speculated that cholesterol, can 

	accumulate in Kupffer cells leading to an inflammatory response (65). Collectively the damaged hepatocytes, increased ROS build-up, cholesterol and adipocytokine influx in the liver activates 
	resident Kupffer cells, which release cytokines and chemokines, which further attracts infiltrating monocytes, and neutrophils (66) (figure 3). The cytokines released from the immune cells may, in 
	turn, illicit damaging responses in hepatocytes thus propagating a vicious cycle of inflammation 
	and hepatocellular damage. Finally, the activated Kupffer cells and infiltrating monocytes may 
	release pro-fibrotic cytokines, which can fuel the differentiation of hepatic stellate cells (HSCs) from their quiescent to their activated state promoting fibrosis (56, 57) (figure 3). 

	4.3 Hepatic fibrosis 
	4.3 Hepatic fibrosis 
	4.3 Hepatic fibrosis 

	A core feature of the liver's response to injury is fibrogenesis or scarring, characterized by excessive extracellular matrix (ECM) deposition and activation of HSCs (myofibroblasts) (57). Like 
	steatosis, fibrosis begins around the central veins, and may extend to engulf individual hepatocytes creating a pattern of “chicken wire” fibrosis. Upon disease progression, the fibrotic 
	tissue will range across a lobule forming bridges between two central veins or a central vein and a portal tract (43, 44). Under normal conditions, HSCs represent 10% of all liver cells and are located 
	in the space of Disse (the subendothelial space between hepatocytes and endothelial sinusoidal cells), where they store retinoids (vitamin A) in their quiescent state (67). In contrast, activated 
	HSCs (myofibroblasts) are the major ECM producing cells of the liver – and are contractile, proliferative cells characterized by α smooth muscle actin (α-SMA) expression (57, 60, 67). 
	Macrophages and Kupffer cells are major instigators of HSC activation, and in mice ablation of macrophages severely dampens HSC activation (56, 68). Apart from infiltrating and resident 
	immune cells, apoptotic bodies from hepatocytes have been shown to activate HSC by engulfment in vivo (69). Furthermore, dietary factors such as cholesterol may directly stimulate HSC activation (70). Upon activation, HSCs can produce a range of ECM proteins, the composition of which 
	changes along with disease progression (58). Regardless of stage, the most abundant types are Collagen I and III while elastin, in particular, is primarily expressed in more advanced fibrosis (71). 
	In a positive feedback loop HSCs receive differentiation and proliferative signals from ECM 
	In a positive feedback loop HSCs receive differentiation and proliferative signals from ECM 
	components, creating a vicious cycle of fibrosis deposition and further activation of HSCs (57) (figure 3). Similar to the importance of HSC activation in fibrosis progression, inactivation or apoptosis of HSCs are cardinal mechanisms toward fibrosis regression. In contrast to quiescent HSCs, inactivated HSCs remain “primed” for activation, thus allowing them quick reversal to the activated phenotype, upon further insult (60, 61). Accordingly, complete neutralization of HSCs can only occur through apoptosis



	5. Diagnostics 
	5. Diagnostics 
	5. Diagnostics 

	Liver biopsy and assessment of patient histopathology remain the gold standard for several aspects of diagnosis and treatment options in the field of NAFLD/NASH. These include: distinguishing between NAFLD and NASH, fibrosis staging, and potential eligibility for pharmacological therapy such as inclusion criteria for clinical trials (2, 3). However, due to the invasive nature of the hepatic biopsy, the use for screening of NAFLD/NASH at a population level is not feasible. Consequently, researchers are heavi
	Liver biopsy and assessment of patient histopathology remain the gold standard for several aspects of diagnosis and treatment options in the field of NAFLD/NASH. These include: distinguishing between NAFLD and NASH, fibrosis staging, and potential eligibility for pharmacological therapy such as inclusion criteria for clinical trials (2, 3). However, due to the invasive nature of the hepatic biopsy, the use for screening of NAFLD/NASH at a population level is not feasible. Consequently, researchers are heavi
	from patients with mild or no fibrosis (F0-F2) (75). Magnetic resonance elastography (MRE) has been found superior to VCTE in assessing dichotomous and all stage fibrosis, in two head-to-head comparative studies and a meta-analysis (74, 76, 77). MRI-proton density fat fraction (MRI-PDFF) is the MRE equivalent for detection of steatosis. MRI-PDFF is FDA approved for the use as inclusion criteria in early phase (I-IIb) clinical trials for NASH and has a high diagnostic accuracy across the entire spectrum of f

	Table 1. Advantages and disadvantages of commonly used non-invasive biomarkers 
	Non-invasive marker (REF) 
	Non-invasive marker (REF) 
	Non-invasive marker (REF) 
	Detection 
	Advantages 
	Limitations 

	Ultrasonography (87) 
	Ultrasonography (87) 
	Steatosis 
	Readily available Low cost 
	Subject to inter – and intra observer variability, not quantitative, reliability influenced by obesity and diabetes 


	Computed tomography Steatosis Semi-quantitative Exposure to radiation, high 
	(82) can be obtained cost, not readily available from existing image 
	MRI-PDFF (79) 
	MRI-PDFF (79) 
	MRI-PDFF (79) 
	Steatosis 
	Quantitative, high 
	Not readily available, high 

	TR
	diagnostic accuracy 
	cost 

	MRE (88) 
	MRE (88) 
	Fibrosis 
	Quantitative, high 
	Not readily available high 

	TR
	diagnostic accuracy 
	cost 


	VCTE (75) Fibrosis Quantitative, readily Reliability influenced by available (with obesity and diabetes fibroscan) FDA approved, low cost 
	VCTE (75) Fibrosis Quantitative, readily Reliability influenced by available (with obesity and diabetes fibroscan) FDA approved, low cost 
	ELF (TIMP-1, HA, Fibrosis Fibrosis specific, Not readily available PIIINP) (91, 92) high negative 

	NFS (age, hyperglycemia, BMI, albumin, platelet counts, AST/ALT ratio) (89) 
	NFS (age, hyperglycemia, BMI, albumin, platelet counts, AST/ALT ratio) (89) 
	NFS (age, hyperglycemia, BMI, albumin, platelet counts, AST/ALT ratio) (89) 
	Fibrosis 
	Well validated, low cost, readily available, high negative predictive value 
	Low positive predictive value 

	FIB4 (age, ALT, AST and platelet count) (90) 
	FIB4 (age, ALT, AST and platelet count) (90) 
	Fibrosis 
	Well validated, readily available, low cost, high negative predictive 
	Low positive predictive value 

	TR
	value 


	predictive value 
	MRI-PDFF: Magnetic resonance imaging proton density fat fraction, MRE: Magnetic resosnance elastography, VCTE: Vibration controlled transient elastography, NFS: NAFLD fibrosis score, BMI: Body mass index, AST: Aspartate aminotransferase, ALT: Alanine aminotransferase, FIB-4: Fibrosis 4, TIMP-1: Tissue inhibitor of metalloproteinase 1, HA: Hyaluronic acid, PIIINP: Procollagen III N-terminal propeptide. 
	5.1 Identification of novel biomarkers 
	5.1 Identification of novel biomarkers 
	To identify novel biomarkers and accommodate the increasing demand for screening and monitoring patient response to treatment, the omics and even multi-omics approach holds great promise. With high throughput methods and machine learning in rapid development, this field is expanding at an accelerated pace (93, 94). Transcriptomics in the form of circulating micro-RNAs may be used for diagnosis, and expression profiling is a valuable tool for the discovery of novel biomarkers (95-97) (III). Accordingly, in a


	6. Current treatment options 
	6. Current treatment options 
	Despite several drug candidates reaching phase III clinical trials, only the REGENERATE study (Obeticholic acid – a farnesoid X receptor (FXR) agonist see figure 3) has currently reported data 
	from the interim analysis meeting the primary endpoint (101). Several other candidates reaching 
	phase III trials have been terminated (AURORA (Cenicriviroc (CVC)), RESOLVE-IT (Elafibranor), STELLAR-3 (Selonsertib) (102, 103)). This illustrates the inherent challenge in providing effective treatment to NASH patients. In lieu of FDA/EMA approved pharmacotherapy for the treatment of NASH, all patients are recommended lifestyle changes aiming at a weight loss. According to EASL and AASLD guidelines, patients are encouraged to restrict calorie intake (daily reduction of 5001000 kcal) and exercise with mode
	-

	6.1 Targeting inflammation 
	6.1 Targeting inflammation 
	When searching for potential drug targets three general aspects of NASH pathology can be targeted: steatosis, inflammation and fibrosis. Inflammation is what distinguishes NAFLD and NASH patients, and is believed to be a causal factor in the progression of fibrosis, and hence plays a key role in the progression from steatosis to active steatohepatitis (66, 104). Consequently, several drug candidates target inflammation, including CVC (a dual C-C motif chemokine receptor 2/5 (CCR2/5) inhibitor), Emricasan (a
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	Figure 4. Mechanism of action for drug candidates targeting inflammation 
	CCR2/CCR5 receptors are present on monocytes, Kupffer cells and HSCs. CVC is a dual CCR2/CCR5 receptor antagonist, and inhibits inflammation and fibrosis by halting monocyte recruitment and HSCs activation (105). Selonsertib is an ASK-1 inhibitor. ASK-1 is an oxidative stress activated kinase, which induces JNK mediated hepatocyte apoptosis, inflammation and activation of HSCs (106). Emricasan is a pan-caspase inhibitor, which decreases hepatocyte apoptosis, ballooning and ensuing inflammation (107). PTX ha
	BioRender.com

	6.1.1 Clinical research findings 
	CVC and Selonsertib, but also Emricasan have all been cancelled in costly late-phase trials (table 2). While neither study met its primary endpoint, the ENCORE-NF study was particularly devastating 
	as nominally more patients in the treatment group had worsening of ballooning and fibrosis, suggesting the inability to halt cellular death signaling cascade once activated (107) (table 2, figure 
	4). PTX reduced ballooning or NAS score in two clinical trials, an effect which was corroborated by 
	two meta-analyses (110, 111) (table 2). Likewise, antioxidant treatment with vitE reduced 
	two meta-analyses (110, 111) (table 2). Likewise, antioxidant treatment with vitE reduced 
	inflammation in NASH patients without diabetes in a large phase III study, and vitE was found to improve all histological parameters in a recent meta-analysis (table 2) (112). As such PTX and vitE, which each have multiple targets, have generally been more successful than CVC, Emricasan and Selonsertib, which are more specific (figure 4). This is supported by a current trend using combination therapy, as an example CVC is currently being tested with Tropifexor (an FXR agonist) in a phase IIb trial (113). 

	Table 2. Major clinical trials for drugs targeting inflammation 
	Clinical trial (REF) 
	Clinical trial (REF) 
	Clinical trial (REF) 
	Primary endpoint 
	Number of patients 
	Study duration 
	Reason for termination 
	Effect on inflammation 
	Effect on fibrosis 

	AURORA 
	AURORA 
	Fibrosis 
	~1200 
	52 weeks 
	Lack of 
	NA 
	NA 

	(CVC) 
	(CVC) 
	improvement 
	(part 1) 
	(part 1) 
	efficacy 

	Phase III 
	Phase III 
	without 

	(NCT03028 
	(NCT03028 
	worsening of 

	740) 
	740) 
	NASH 

	(114) 
	(114) 

	ENCORE-NF 
	ENCORE-NF 
	Fibrosis 
	320 
	72 weeks 
	Lack of 
	No. More 
	No. 

	(Emricasan) 
	(Emricasan) 
	improvement 
	efficacy 
	patients in the 
	Nominally 

	(NCT02686 
	(NCT02686 
	without 
	treatment 
	more 

	762) Phase 
	762) Phase 
	worsening of 
	group had 
	patients in 

	IIb (107) 
	IIb (107) 
	NASH 
	worsening of 
	the 

	TR
	ballooning 
	treatment 

	TR
	group had 

	TR
	worsening 

	TR
	of fibrosis 


	STELLAR-3 Selonsertib (NCT03053 050) Phase III (115) 
	STELLAR-3 Selonsertib (NCT03053 050) Phase III (115) 
	STELLAR-3 Selonsertib (NCT03053 050) Phase III (115) 
	Fibrosis improvement without worsening of NASH 
	802 
	48 weeks 
	Lack of efficacy 
	No 
	No 

	PTX (NCT00590 161) Phase II (116) PTX (NCT00267 670) Phase II (117) 
	PTX (NCT00590 161) Phase II (116) PTX (NCT00267 670) Phase II (117) 
	Improvement of ≥2 points on NAS score Improvement of ≥30% ALT from baseline 
	55 30 
	52 weeks 52 weeks 
	Study completed Study completed 
	Yes (no efon balloonNo (only ballooning and NAS) 
	fect Yes ing) No 

	TONIC (VitE) (NCT00063 635) Phase III (118) 
	TONIC (VitE) (NCT00063 635) Phase III (118) 
	Reduction in ALT to 50% of baseline or <40 IU/L 
	173 (age 8-17) 
	96 weeks 
	Study completed 
	No (howemore patiin VitE grohad resoluof NASH, a
	ver No ents up tion nd 


	ballooning improvement) 
	ballooning improvement) 

	PIVENS 
	PIVENS 
	PIVENS 
	Improvement in 
	247 
	96 weeks 
	Study 
	Yes 
	No 

	(VitE) 
	(VitE) 
	NAFLD disease 
	(without 
	completed 

	(NCT00063 
	(NCT00063 
	activity 
	diabetes) 

	622) Phase 
	622) Phase 

	III (119) 
	III (119) 

	VitE 
	VitE 
	2 point reduction 
	105 (with 
	78 weeks 
	Study 
	No 
	No 

	(NCT01002 
	(NCT01002 
	in NAFLD disease 
	diabetes) 
	completed 

	547) Phase 
	547) Phase 
	activity score 

	4 (120) 
	4 (120) 
	without 

	TR
	worsening of 

	TR
	fibrosis 


	CVC: Cenicriviroc, PTX: Pentoxifylline, VitE: Vitamin E, NAFLD: Non-alcoholic fatty liver disease, NASH: Nonalcoholic steatohepatits, NAS: NAFLD activity score, ALT: Alanine aminotransferase, IU: International units, 
	-

	L: Liter, NA: Not applicable. 
	6.1.2 Preclinical research findings 
	In response to the late-phase clinical trial failures, experts within the field have recently 
	highlighted the need for more robust preclinical data before moving forward with human testing, supporting the need for animal models with greater translational potential (10, 102). Interestingly, 
	in preclinical models, CVC did not affect inflammation, whereas CVC, Emricasan and Selonsertib all effectively reduced fibrosis, and thus, were considered successful (table 3). However, the translational potential of fibrosis is particularly challenging, as both the accumulation and 
	disintegration of fibrotic tissue is believed to occur on a different timescale in mice compared to humans (10). This comparison is made increasingly difficult by the lack of non-invasive markers 
	and standardized assessment of fibrosis regression, according to a recent panel discussion (121). Unlike CVC, PTX and vitE both reduced inflammation scores in mice, albeit this was not the case in 
	guinea pigs (table 3). Thus for CVC the lack of inflammatory response in the animal models also translated to negative results in the clinical setting. In contrast, PTX and vitE, which demonstrated 
	inflammatory reduction in mice, showed more promise in clinical trials, underscoring the importance of preclinical testing. Finally, table 3 also highlights the variety of animal models used 
	for initial drug screening. This makes inter-study comparison challenging, and potentiates advancement of candidate drugs based on a model with little relevance to human disease. Furthermore, the effectiveness of testing pharmacotherapy in animal models can be diminished by 
	the heterogeneity of disease severity in individual animals. As such a baseline non-invasive test, to 
	the heterogeneity of disease severity in individual animals. As such a baseline non-invasive test, to 
	determine disease stage and potential non-responders prior to pharmacological treatment, would increase the statistical power and reduce the number of animals in line with the 3R’s (122, 123). 

	Table 3. Major preclinical studies for drugs targeting inflammation 
	Drug candidate (REF) 
	Drug candidate (REF) 
	Drug candidate (REF) 
	Species: Strain 
	Sex 
	Model 
	Effect on inflammation 
	Effect on fibrosis 

	CVC (105) CVC (105) 
	CVC (105) CVC (105) 
	Rat: Sprague dawley Mouse: C57BL6 
	Male Male 
	TAA STZ + HF 
	NA No (only NAS) 
	Yes (Quantification) Yes (Quantification) 

	CVC (124) Emricasan (125) 
	CVC (124) Emricasan (125) 
	Mouse: C57BL6/J Mouse: C57BL/6J 
	Male Male 
	MCD HF + 50 g/L Sucrose in drinking water 
	No (only on NAS, ninflammation) Reduction in numbof infiltrating monocytes Yes 
	ot Yes (Quantification) er Yes 


	Selonsertib Mouse: Male HF Yes Yes (126, 127) C57BL/6 
	PTX (128) 
	PTX (128) 
	PTX (128) 
	Mouse: 
	Male 
	MCD 
	Yes 
	Mice did not 

	TR
	C57BL/6J 
	and 
	develop fibrosis 

	TR
	female 

	PTX (IV) 
	PTX (IV) 
	Guinea 
	Female 
	HF 
	No 
	No 

	TR
	pig: 

	TR
	Hartley 

	VitE (129) 
	VitE (129) 
	Mice: 
	Male 
	MCD 
	Yes 
	Yes 

	TR
	C57/B6 


	VitE (130) Guinea Female HF No No pig: Hartley 
	CVC: Cenicriviroc, PTX: Pentoxifylline, VitE: Vitamin E, TAA: Thioacetamide, STZ: Streptozotocin, HF: High fat, NAS: NAFLD activity score, MCD: Methionine and choline deficient, NA: Not applicable. 


	7. Modelling NASH 
	7. Modelling NASH 
	There is an urgent need for animal models recapitulating human NASH disease pathology, allowing for higher predictive validity, increasing the success rate of drug candidates, and providing much needed insight into the complex pathological mechanisms. Furthermore, as NASH is a multi
	There is an urgent need for animal models recapitulating human NASH disease pathology, allowing for higher predictive validity, increasing the success rate of drug candidates, and providing much needed insight into the complex pathological mechanisms. Furthermore, as NASH is a multi
	-

	systems disease, diet-induced obesity, as well as accompanying dyslipidemia, adipose tissue dysfunction and insulin resistance, are important factors when assessing the translational potential of a given model (figure 1). As listed in table 4, HF diet models (HF diet, Western, diet-induced animal model of non-alcoholic fatty liver disease (DIAMOND)) share development of the metabolic phenotype, but lack the presence of advanced fibrosis (unless exposed to an HF diet >25 weeks). Typically, HF diet alone rare
	4
	4


	Table 4. Murine models of NAFLD 
	Model (REF) Diet Pathology Limitation 
	High fat diet 60% calories Obesity, hyperinsulinemia, Fibrosis is not induced until 
	(140) from fat, 20% glucose intolerance, and week 50, and does not from steatosis after 12 weeks. Mild progress from mild fibrosis 
	carbohydrates, 
	carbohydrates, 
	carbohydrates, 
	inflammation after 19 weeks. 

	20% from 
	20% from 
	Mild fibrosis after 50 weeks. No 

	proteins 
	proteins 
	ballooning reported 

	Western diet 
	Western diet 
	40% calories 
	Obesity, increased insulin and 
	Only mild fibrosis after 25 

	(141) 
	(141) 
	from fat (high in 
	glucose levels, NASH with mild 
	weeks, cholesterol level 

	TR
	saturated fats), 
	fibrosis after 25 weeks 
	not physiologically relevant 

	TR
	2% cholesterol, 

	TR
	high in fructose, 

	TR
	can also include 

	TR
	access to HFCS in 

	TR
	drinking water 

	DIAMOND (137) 42% calories from fat, 0.1% cholesterol, HFCS in the drinking water CDAA + High fat Deficient in diet (142) choline, defined L-amino acid, 0.1% methionine 
	DIAMOND (137) 42% calories from fat, 0.1% cholesterol, HFCS in the drinking water CDAA + High fat Deficient in diet (142) choline, defined L-amino acid, 0.1% methionine 
	Obesity, insulin resistance, mild Only mild fibrosis after 16NASH with mild fibrosis after 24 weeks 16-24 weeks. Bridging fibrosis after 36 weeks No obesity or insulin resistance, Metabolic co-morbidities mild NASH with mild to are lacking, micronutrient advanced fibrosis after 12 deficient weeks 
	-



	MCD (143) 
	MCD (143) 
	MCD (143) 
	Deficient in choline and methionine 
	No obesity (weight loss), or insulin resistance, NASH with advanced fibrosis after 16 weeks 
	Metabolic co-morbidities are lacking, micronutrient deficient 

	CCL4 + Western diet (144) 
	CCL4 + Western diet (144) 
	As described for western diet 
	No obesity or insulin resistance, NASH with advanced fibrosis after 16 weeks 
	Metabolic co-morbidities are lacking, toxin-induced 

	ob/ob + Western diet (145) 
	ob/ob + Western diet (145) 
	As described for western diet 
	Obesity and insulin resistance with mild inflammation and fibrosis and no ballooning after 3 months 
	Only mild disease, no ballooning 

	db/db + Western diet (145) 
	db/db + Western diet (145) 
	As described for western diet 
	Obesity and insulin resistance with mild inflammation and fibrosis and no ballooning after 3 months 
	Only mild disease, no ballooning 


	For the sake of simplicity only mouse model were included. Mild fibrosis is defined as grade 1-2, advanced as grade 3-4. Mild NASH defined as <5 average NAS score. NASH: Non-alcoholic steatohepatitis, HFCS: High fructose corn syrup, DIAMOND: Diet-induced animal model of non-alcoholic fatty liver disease, CDAA: Choline deficient L-amino acid defined, MCD: Methionine and choline deficient, CCL: Carbon tetrachloride. 
	4

	7.1 The guinea pig NASH model 
	7.1 The guinea pig NASH model 
	The studies included in this PhD are based on the previously established guinea pig model for NASH, which develops NASH with bridging fibrosis within 25 weeks on an HF diet (20% fat, 0.35% 
	cholesterol, 15% sucrose) (13, 14, 146-149). Given the central role of the hepatic biopsy and subsequent histopathological scoring in diagnosis and disease monitoring, the hepatic read-out in 
	the ideal animal model should share the histological features of human NASH (132, 138). In this 
	respect, the guinea pig has strong translational potential, mimicking all individual histopathological components of human NASH apart from hepatocellular carcinoma (figure 5). 
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	Figure 5. Histopathological hallmarks in human and guinea pig NASH 
	Dense arrows denote inflammatory foci and ballooning hepatocytes. Thin arrows indicate bridging fibrosis. Images of steatosis and fibrosis were modified from (138), and images of inflammation and ballooning were modified from (132). NASH: Non-alcoholic steatohepatitis. 
	Created with BioRender.com. 

	Moreover, considering the vital role of inflammation in the progression and classification of NASH, the choice of this model is supported by several immunologic similarities between guinea pigs and humans. This includes the complement system, presence of interleukin 8 (IL8) and its receptor c-xc motif chemokine receptor 1 (CXCR1), greater sequence similarity of cluster of differentiation 8 (CD8) and c-c motif chemokine ligand 5 (CCL5) and homologous major histocompatibility complex (150). Transcriptionally,
	Moreover, considering the vital role of inflammation in the progression and classification of NASH, the choice of this model is supported by several immunologic similarities between guinea pigs and humans. This includes the complement system, presence of interleukin 8 (IL8) and its receptor c-xc motif chemokine receptor 1 (CXCR1), greater sequence similarity of cluster of differentiation 8 (CD8) and c-c motif chemokine ligand 5 (CCL5) and homologous major histocompatibility complex (150). Transcriptionally,
	-

	guinea pigs mimic human lipid and cholesterol metabolism more closely than mice and rats, with regard to their lipoprotein profile which is dominated by LDL (11, 149). Finally, unlike most other mammals, guinea pigs and humans lack the ability to produce vitamin C (vitC) and are completely reliant on dietary supplementation, making it an excellent model to study the effect of vitC in a 

	wide range of diseases (154-159). 
	Table 5. Overview of major gene and pathway regulation in human and guinea pig NASH 
	Pathway Genes associated with human NASH with increased expression in NASH guinea pigs 
	Genes 
	Genes 
	Genes 
	Genes 
	Overall 
	Overall 

	associated with 
	associated with 
	associated with 
	regulation in 
	regulation 

	human NASH 
	human NASH 
	human NASH 
	guinea pigs 
	in 

	with decreased 
	with decreased 
	with unaltered 
	humans 

	expression in 
	expression in 
	expression 
	(REF) 

	NASH guinea 
	NASH guinea 
	between NASH 

	pigs 
	pigs 
	and control 

	TR
	guinea pigs 


	Lipid import 
	Lipid import 
	Lipid import 
	CD36, LPL 
	LIPE/HSL 
	FABP1 
	(↑) 
	↑ (160, 161) 

	Lipid synthesis 
	Lipid synthesis 
	SREBF1†, FASN†, PPARG† 
	DGAT2, MLXIPL† 
	ELOVL6, DGAT1, FGF21, SCD5, ACACA† 
	↑ 
	↑ (41, 151) 

	Lipid oxidation Lipid export Cholesterol import Cholesterol synthesis Cholesterol export 
	Lipid oxidation Lipid export Cholesterol import Cholesterol synthesis Cholesterol export 
	NR1H4/FXR, 
	CYP2E1†, ACOX1† APOB, MTP SLC10A1, LDLR† NR0B2/SHP, CYP8B1, SREBP2† ABCB11 
	PPARA† CYP7A1† 
	↓ ↓ ↓ ↓ (↑) 
	↔ (162164) ↓ (152, 153) ↓ (52, 165) ↑ (52, 165) ↓ (52) 
	-


	Inflammation 
	Inflammation 
	NLRP3, CXCL8†, IL18, TLR4, TLR9, CCR2, CCL2†, TNF†, CD68 
	XBP1, CRP, 
	TLR2, IL10, CASP1, IL1B 
	↑ 
	↑ (166168) 
	-


	Fibrosis 
	Fibrosis 
	TIMP1, SERPINE1†, COL1A1† 
	↑ 
	↑ (169171) 
	-



	Genetic variants 
	Genetic variants 
	Genetic variants 
	MBOAT7 
	PNPLA3, 
	↓ 
	↓* (172, 

	TR
	TM6SF2, 
	173) 

	TR
	LYPLAL1 


	Genes are among the top 100 most strongly associated with human NASH (acquired from figure 3, III). Only genes that were identified in the guinea pig dataset, and had a function belonging to the pathways listed above, were included. The function of each gene was acquired from the description on Diseases database (174). ↑ Pathway is upregulated. ↓ Pathway is downregulated. ↔ Regulation of this pathway is uncertain. Arrows in parentheses are supported by little evidence. *These are loss of function mutations,
	-



	8. Summary of main findings 
	8. Summary of main findings 
	Due to the lack of preclinical models mirroring the entire NAFLD disease spectrum, drug development is seriously affected and subsequent monitoring of patient response to treatment 
	needs to be made possible through non-invasive markers. In an effort to overcome these challenges, this PhD aimed to assess the effect of treatment and identify non-invasive markers in a 
	translational animal model. 
	All animal experimentation was approved by the Danish Animal Experiments Inspectorate under the Danish Ministry of Environment and Food, and in accordance with European legislation of 
	Animal Experimentation 2010/63/EU. 
	8.1 Inducing obesity and insulin resistance 
	8.1 Inducing obesity and insulin resistance 
	In humans consumption of soft drinks is linked to insulin resistance and NAFLD, thus to induce co-morbidities, obesity and insulin resistance in the guinea pig model, animals were supplemented 
	In humans consumption of soft drinks is linked to insulin resistance and NAFLD, thus to induce co-morbidities, obesity and insulin resistance in the guinea pig model, animals were supplemented 
	with high fructose corn syrup (HFCS) in the drinking water in addition to an HF diet (133, 134) (I). Furthermore, previous studies have indicated increased plasma triglyceride levels and decreased glucose tolerance in guinea pigs receiving low fat (LF) diet (13, 14). In consequence, a new pair-fed control group receiving a low calorie/low starch diet was included in line with other reports (175). Results from this study revealed a clear effect of the new LF diet on body weights and glucose tolerance compare


	8.2 Comparing NASH transcriptomes 
	8.2 Comparing NASH transcriptomes 
	Having established a model now encompassing glucose intolerance and weight gain, further exploration of the molecular mechanisms behind guinea pig NASH was assessed through targeted gene expression. To this end, expression profiles of genes involved in major pathways: lipid metabolism, cholesterol metabolism, inflammation and fibrosis were reviewed, and revealed upregulation of DNL, inflammation and fibrosis in NASH guinea pigs similar to patients (II). 
	With these promising results, a more comprehensive expression profile was obtained from RNA-sequencing on samples from the same study (III). Furthermore, to put the results in a translational context the guinea pig NASH transcriptome was compared to two human datasets and three murine NAFLD/NASH models. This showed extensive overlap between human and guinea pig transcriptomes, on a single gene and pathway level. Particularly, fibrotic expression profiles were highly similar in humans and guinea pigs, and al

	8.3 Investigating the effects of intervention targeting inflammation 
	8.3 Investigating the effects of intervention targeting inflammation 
	As described above humans and guinea pigs share a vast overlap in their transcriptomic profiles, in particular with regards to inflammation and fibrosis. Thus the guinea pig seemed a suitable model to investigate the effects of acetylsalicylic acid (ASA) and PTX (IV) and vitC. In line with several clinical trials combination therapy of two anti-inflammatory compounds (ASA/PTX) was applied, in an attempt to increase the target range and optimize the chances of success (176). After a 16week HF diet preloading
	-

	Upon reflection of these results, dietary intervention and a prolonged intervention period from 8 
	to 16 weeks, were included in study V. Furthermore, to induce an aggravated state of metabolic stress, animals were preloaded with a vitC deficient HF diet for 16 weeks and the effect of vitC 
	intervention was assessed. While dietary intervention showed a clear effect on steatosis, inflammation, ballooning and fibrosis quantification, the effect of vitC was not as clear. 

	8.4 Non-invasive detection of NASH 
	8.4 Non-invasive detection of NASH 
	In both ASA/PTX and vitC intervention studies, animals were euthanized prior to intervention start to establish a baseline measure of disease progression. While this is representative of the average disease status in the animals, it does not allow for within-subject comparison, and potential non-responders cannot be excluded from analysis. Thus to establish a protocol for future non-invasive assessment of disease, CT scanning before and after intervention, was performed on all animals in 
	the ASA/PTX study (IV). CT scanning was found to correlate with steatosis degree and liver triglycerides, and enabled identification of non-responders. Liver densities also showed significant correlation to fibrosis, although this was at a lower degree than steatosis, and likely driven by lipid 
	accumulation (figure 6A, B). 
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	Figure 6. Liver densities do not reflect fibrosis 
	A Correlation of fibrosis grades and liver densities shows poor, but significant correlation. Data were analyzed by a Spearmans rank correlation test, n=52 (6 animals euthanized at baseline, and two animals with missing data, were excluded). B Plotting of fibrosis and steatosis grades for each animal reveals a linear relationship, indicating that the correlation identified in figure A is likely driven by steatosis. Each circle represents the number of animals with the indicated steatosis and fibrosis grades
	8.4.1 Identification of novel biomarkers of fibrosis 
	Although CT scanning was able to detect steatosis, this procedure was time-consuming and costly, 
	and therefore not feasible for all future in vivo studies. Consequently, correlation analysis on RNA-sequencing data was performed, which identified 9 genes demonstrating high correlation to fibrosis and similar regulation in human datasets. Two of these serpin family B member 9 
	(SERPINB9) and von Willebrand factor (VWF) were secreted factors and are interesting for future assessment as biomarker candidates. 

	9. Preliminary findings 
	9. Preliminary findings 
	In support of the main findings described above, a series of smaller experiments were performed. To investigate if the expression of SERPINB9 was also increased in similar studies, qPCR and 
	western blotting analysis were performed on samples from study V. As indicated in figure 7, SERPINB9 was significantly upregulated in HF animals on an mRNA and protein level, supporting 
	findings from (III). 
	findings from (III). 
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	Figure 7. SERPINB9 expression 
	A Gene expression analysis revealed increased expression of SERPINB9 in HF compared to LF guinea pigs. The graph depicts fold change with ranges, and results were analyzed by a student's t-test, n=6. B Likewise protein expression analysis revealed upregulation of SERPINB9 in HF compared to LF. The graph depicts means with SDs, and results were analyzed by a Welch’s t-test, n=8. *p<0.05, ***p<0.001. 
	To validate the accuracy of non-invasive detection methods, any novel biomarkers should be compared to the gold standard. As the gold standard for diagnosing NASH and staging fibrosis is a 
	hepatic biopsy, a protocol for obtaining an ultrasound-guided biopsy on anesthetized guinea pigs 
	was established. Although all guinea pigs recovered, the procedure resulted in weight loss of≥ 10% 
	(figure 8). One animal was euthanized due to general signs of malaise, albeit there was no indication of peritonitis when performing the necropsy. The resulting biopsies were fragmented, and encompassed several lobes, which was problematic, as hepatic triglyceride content has demonstrated inter-and intra lobular variation in guinea pigs (177). Consequently, this method is currently not feasible. 
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	Figure 8. Weight loss after biopsy procedure 
	Ultrasound-guided fine-needle biopsy was performed on five anesthetized guinea pigs. Animals were weighed each day for the first seven days and then every second day. A Individual weights in grams. B Individual weights depicted as % of start weight. 
	10. Discussion 
	10. Discussion 
	10. Discussion 

	This thesis presents data from several in vivo studies applying the guinea pig NASH model. Main findings show high similarity between diet-induced guinea pig NASH and human patients, supporting the translational value of this model. Results also show CT scanning as an applicable methodology for non-invasive detection of hepatic steatosis in this species. Lastly, disclosure of the disease-associated transcriptome revealed potential circulating markers (i.e. SERPINB9) of hepatic fibrosis. 
	As a relatively new model in preclinical NASH research, one of the main objectives of this thesis was to explore the translational potential of the guinea pig model. RNA-sequencing of the guinea pig NASH transcriptome not only revealed a high degree of similarity to humans, but also compared to the murine models included in study III, specifically inflammatory and 
	As a relatively new model in preclinical NASH research, one of the main objectives of this thesis was to explore the translational potential of the guinea pig model. RNA-sequencing of the guinea pig NASH transcriptome not only revealed a high degree of similarity to humans, but also compared to the murine models included in study III, specifically inflammatory and 
	fibrotic signaling pathways. Gene set enrichment analysis revealed upregulation of all pathways associated with inflammation in guinea pigs. This was in line with expression patterns in patients with advanced NASH, though not reflected in patients with mild disease (96, 171) (III). Moreover, the expression of tumor necrosis factor α (TNF-α), interleukin 8 (IL
	-


	8) and c-c motif chemokine ligand 2 (CCL2) which are among the top 100 genes associated with human NASH, was increased in this and other datasets assessing gene expression in the guinea pig NASH model (130) (II,III). Likewise, fibrotic gene expression was clearly upregulated in guinea pig NASH, and fibrotic pathways overlapped with those identified in humans with advanced NASH (ECM proteoglycans, extracellular matrix organization, elastic fiber formation) (III). However, detection of pro-fibrotic gene expre
	Apart from inflammatory and fibrotic signaling, study III also corroborated lipid-related expression patterns from study II, denoting increased DNL and lower lipid export as major contributors to intrahepatic fat accumulation in guinea pigs corresponding to findings in humans (41, 151-153). Likewise, in line with NAFLD/NASH patients, total cholesterol was increased in guinea pig livers in all of the included studies I, IV, V (52, 55). However SREBP2 and HMGCR expression was decreased in guinea pigs as oppos
	difference in the primary source of cholesterol accumulation in guinea pigs and humans, the 
	net result is comparable, and cholesterol-induced Kupffer cell, HSC, and hepatocellular damage is likely to occur in both species. In relation to this, the effects of a diet without cholesterol has not been assessed in the guinea pig NASH model, albeit studies in mice have repeatedly demonstrated that addition of cholesterol to an HF diet is necessary to progress from simple steatosis to NASH (131). Lowering the amount of dietary cholesterol to a level more relevant for humans (0.35% in the current guinea p
	The results outlined above indicate close transcriptional resemblance to humans, however, co-morbidities insulin resistance and obesity have not been shown in guinea pigs (13, 14). Thus to mimic human dietary habits of a high carbohydrate intake e.g. in the form of sweetened beverages and increasing the construct validity, animals were given access to sugar water in combination with an HF diet. In addition, the effect of an LF diet with lower caloric and starch content was assessed. Consumption of additiona
	improved glucose tolerance compared to ad libitum-fed LF animals (I). The improved 
	phenotype may not be directly attributable to caloric restriction, but could also be a result of lower starch content or higher fiber. Upon reflection of the results from study I, the LF low starch diet was selected as an appropriate control diet for future studies, including study V. HF diet guinea pigs in this study displayed weight gain and glucose intolerance compared to LF animals, similar to study I, and collectively these data show an animal model of HF-induced NASH with a metabolic phenotype more in
	In line with the translational competency, the guinea pig model was applied to assess the effect of ASA/PTX intervention and vitC deficiency on NASH progression and regression (IV, V). In study V, vitC deficiency was induced in HF animals hereby mimicking lower plasma vitC levels reported in NAFLD patients, and emphasizing the uniqueness of the guinea pig as a natural model of diet-induced vitC deficiency as opposed to almost all other mammalian species (154, 185, 186). Overall, neither ASA/PTX nor vitC had
	addition, vitC also had a beneficial effect on Insulin tolerance. This could occur through 
	increased levels of the insulin sensitizer, adiponectin, as previous results have demonstrated vitC stimulated release of adiponectin in human adipocytes (187). Moreover, a recent randomized clinical trial assessing the effect of oral vitC supplementation in 93 NAFLD patients, demonstrated decreased glucose and insulin levels as well as increased total adiponectin levels in response to vitC supplementation (188). Thus, vitC may have beneficial effects on the metabolic co-morbidities often presented in NAFLD
	In contrast to ASA/PTX and vitC, diet intervention significantly decreased steatosis, inflammation and ballooning scores in study V, in HF compared to LF diet groups. This is in line with a study assessing the effect of diet and exercise (lifestyle) intervention, measured by weight loss, in 293 NASH patients. In this study, 90% of patients who lost ≥10% body weight had resolution of NASH (189). Similarly, in study V, guinea pigs in the LF diet groups displayed 6-10% lower body weight compared to the HF grou
	-

	As inflammation and oxidative stress are central to progression from NAFL to NASH, and the guinea pig displays inflammatory transcriptional and histopathological hallmarks resembling humans, the intervention strategies in the work presented here were centered around these mechanisms (II,III, IV, V) (66, 104). However, in recent reviews it is argued that targeting late-stage characteristics in general, such as inflammation and fibrosis leaves too much room for alternate 
	pathways to cancel out any beneficial effects, suggesting that targeting upstream disease 
	pathogenesis may be preferable (10, 103). In support of this theory, the effect of liraglutide, a glucagon like peptide 1 (GLP-1) agonist with antidiabetic effects, demonstrated weight loss, as well as reduced inflammation and ballooning scores in NASH guinea pigs, within 4 weeks of treatment (191). Moreover, results from a recent phase II randomized control clinical trial with semaglutide (also a GLP-1 agonist), reported significantly more patients in the treatment group achieving NASH resolution (192). In
	In an effort to increase the statistical power of study IV and future intervention studies, we assessed CT scanning as a tool for non-invasive detection of disease. In study IV, CT scanning worked well for detecting steatosis, but showed poor, albeit significant, correlation with fibrosis scores. The inverse relationship between HU and fibrosis grade was in contrast to our expectations as fibrosis mediates increased HU (195). However, as steatosis grade also correlated with fibrosis, it is likely that incre
	particularly cirrhosis (78). Although this was not relevant in the current study, as neither TG nor 
	steatosis scores decreased in response to HF diet with or without ASA/PTX, it is important to be aware of for the use of CT scanning as a biomarker for treatment response in future intervention studies. 
	In study III we aimed to identify biomarkers detectable by a simple blood test. This resulted in the identification of SERPINB9 and VWF as secreted markers correlating with fibrotic NASH. VWF has already been assessed as a marker in NAFLD patients, but little is known about SERPINB9 (197). In support of these findings, the expression of SERPINB9 was also increased in NASH guinea pigs from study V, on an mRNA and protein level and future studies will determine any potential correlation to fibrosis. However, 
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	11. Concluding remarks 
	This work elaborates on the translational potential of the guinea pig as an animal model of diet-induced NASH. A high degree of similarity to human patients could be shown on several parameters including histopathological hallmarks, metabolic co-morbidities, and the disease-associated hepatic transcriptome. In this way hypothesis I was accepted. Moreover, findings support the guinea pig as an underappreciated model, which could provide preclinical research data of high predictive validity. The primary drive
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	1. Introduction 
	1. Introduction 

	Non-alcoholic fatty liver disease (NAFLD) and the more advanced form steatohepatitis (NASH) are multifactorial and progressive diseases, and in humans are often accompanied by comorbidities such as obesity, insulin resistance and dyslipidemia [1]. Reﬂecting the global ‘obesity-pandemic’, the incidence of NAFLD is rapidly increasing to become the most common liver disease worldwide, estimated to affect up to 25% of the adult population [2]. The deposition of surplus fat in hepatocytes (hepatic steatosis) rep
	-
	-

	Despite recommendations of a maximum intake of 10%, the average American consumes around 17% of their calories from added simple carbohydrates (glucose, fructose, sucrose, high fructose corn-syrup (HFCS)), for example through soft drinks [7,8]. In addition, soft drink consumption has a limited effect on overall satiety often resulting in 
	-
	-

	Nutrients 2021, 13
	, 2523. https://doi.org/10.3390/nu13082523 
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	additional caloric intake and subsequent ‘energy-overload’ in turn promoting metabolic stress [9,10]. This is corroborated by several studies in humans that have shown a link between soft drink consumption and obesity, insulin resistance and NAFLD [11–14]. More speciﬁcally, the addition of a fructose/corn-syrup based ‘soft drink component’ to a high fat diet has also been shown to accelerate NAFLD/NASH in some experimental animal models, consequently promoting the use of HFCS in preclinical disease modeling
	In contrast to simple carbohydrates, the physiological response to starch is underappreciated in many in vivo studies. Unlike fructose and glucose (the primary components of HFCS) starch is a polysaccharide and a major nutritional constituent of most human diets, as well as carbohydrate source in various rodent diets [8,21,22]. While starch has not been directly associated with the development of NAFLD, starches with a high glycemic index have been linked to obesity, diabetes and hyperlipidemia in humans, s
	-

	Here, we investigate the role of different carbohydrate sources by including three HF diet groups of which two were given free access to HFCS in their drinking water. The effects of the HF diets with or without sugar water were compared to two low-fat groups (LF) one with high amounts of starch (LF-HSt) and one with low amounts of starch (LF-LSt), the latter hereby targeting a low-fat/low-carbohydrate diet with proposedly minimal effect on metabolism. 
	2. Materials and Methods 
	2. Materials and Methods 
	2.1. Animals 

	All animal experimentation was approved by the Animal Experimentation Inspectorate under the Danish Ministry of Environment and Food, and in accordance with European legislation of Animal Experimentation 2010/63/EU. The study was conducted in accordance with the ARRIVE guidelines [33]. 
	-

	Forty female Hartley guinea pigs weighing 401–450 g (Charles River Laboratory, Lyon, France) were tagged with an XS 1.4 mm subcutaneous microchip (Evet, Haderslev, Denmark) upon arrival. In coherence with previous studies, this experiment was performed in female guinea pigs, as hierarchical ﬁghting between males poses serious concerns for animal welfare. Following one week of acclimatization animals were weight-stratiﬁed into 5 groups (n = 8/group): low-fat low-starch (LF-LSt): 3.8% fat, 0% sucrose, 0% chol
	Group sizes were based on power calculations (power of 80%, p < 0.05), using variances based on our previous studies and the ability to observe a difference in OGTT AUC of 
	Group sizes were based on power calculations (power of 80%, p < 0.05), using variances based on our previous studies and the ability to observe a difference in OGTT AUC of 
	30%. All diets were chow based and produced by Ssniff Spezialdiäten (Soest, Germany. See Table S2 for detailed diet information). 

	The switch from acclimatization standard chow to experimental diets was achieved gradually over a 5-day period. Likewise, sugar water was introduced gradually following the diet change, with tap water being substituted with either 4.2 or 8.4% sugar water over a period of 7 days after which animals in the sugar water groups had ad libitum access to sugar water, and restricted access to normal water (150 mL/group/day) to ensure animal welfare. The LF-LSt group was pair-fed to the LF-HSt group ensuring lower c
	2.2. Oral Glucose Tolerance Test (OGTT) 
	All animals were semi-fasted (allowing access to hay and water) for 12 h prior to testing. Testing was performed over the course of two days. To ensure unbiased sampling, animals were block randomized within groups based on weight, testing half the animals on day one and the other half the second day. On the day of testing, animals were administered 2 g/kg of a 150% glucose solution by oral dosing. In case of administration exceeding 3 min, the animal was excluded from the test. Blood samples were collected
	2.3. Insulin Tolerance Test (ITT) 
	2.3. Insulin Tolerance Test (ITT) 

	All animals were semi-fasted and randomized as described for OGTT. A dose of 
	0.5 U/kg insulin (Actrapid(Novo Nordisk A/S, Bagsværd, Denmark) was injected subcutaneously in the neck (27G needle). Blood samples were collected at time points 0 (baseline, prior to insulin administration), 15, 25, 50, 75 and 120 min and glucose measured as described for OGTT. All sampling was carried out in duplicate. For week 8, three animals were excluded (one animal from 8.4% + HF, one from HF and one from LF-LSt group). One animal was excluded from the ITT due to hypoglycemia (glucose levels below 2 
	® 

	2.4. Euthanasia and Sampling 
	2.4. Euthanasia and Sampling 

	At euthanasia animals were semi-fasted overnight before being pre-anaesthetized with 1.25 mL/kg Zoletil-mix (125 mg Tiletamin, 125 mg Zolazapam (Zoletil 50 Virbac Laboratories, Carros, France) + 200 mg xylazin (Narcoxyl vet 20 mg/mL; Intervet International, Boxmeer, Holland) + 7.5 mg butorphanol (Torbugesic vet 10 mg/mL; Scanvet, Fredensborg, Denmark). To ensure accurate dosing and isotonicity, the anesthetic mix was diluted 1:10 in isotonic NaCl and animals were dosed with 1.25 mL/kg body weight. Once anes
	At euthanasia animals were semi-fasted overnight before being pre-anaesthetized with 1.25 mL/kg Zoletil-mix (125 mg Tiletamin, 125 mg Zolazapam (Zoletil 50 Virbac Laboratories, Carros, France) + 200 mg xylazin (Narcoxyl vet 20 mg/mL; Intervet International, Boxmeer, Holland) + 7.5 mg butorphanol (Torbugesic vet 10 mg/mL; Scanvet, Fredensborg, Denmark). To ensure accurate dosing and isotonicity, the anesthetic mix was diluted 1:10 in isotonic NaCl and animals were dosed with 1.25 mL/kg body weight. Once anes
	-
	-

	collected in K3 EDTA coated microvettes (Sarstedt, Nümbrecht, Germany). Plasma was isolated by centrifugation at 2000⇥ g for 4 min at 4 C. The isolated plasma for FFA, ALP, TG, TC, ALT, AST was stored in Cobas cups (Sample cup micro 13/16, Roche Diagnostics, Mannheim, Germany) at 20 C, until analysis on a Cobas 6000 (Roche Diagnostics, Berne, Switzerland), according to manufacturer’s instructions. 

	Plasma for vitamin C measurement was immediately stabilized in metaphosphoric acid before storing at 80 C. Plasma samples for vitamin E, uric acid, and MDA were transferred to 1.5 mL Eppendorftubes and stored at 80 C, until analysis by high performance liquid chromatography as previously described [36–38]. 
	® 

	2.5. Liver Samples 
	2.5. Liver Samples 

	To retrieve liver samples, the whole liver was excised and briefly rinsed in ice-cold PBS. Six liver sections were then obtained from lobus sinister lateralis to limit variation, as previously described [39]. Four sections were immediately frozen on dry ice and stored at 
	80 Cfor TG,TC, MDA,vitamin C,vitamin E,tetrahydrobiopterin (BH4),dihydrobiopterin (BH2) determination. The remaining two sections were fixed in 10% formalin in separate containers, one for histological staining and one for other purposes (not used in this study). Liver tissue for TG and TC analysis was prepared as previously described [40], and analyzed on a Cobas 6000 (Roche Diagnostics, Berne, Switzerland), according to manufacturer’s instructions. MDA, vitamin C, vitamin E, BH2 and BH4 were all determine
	-

	2.6. Histology 
	2.6. Histology 

	Parafﬁn-embedded liver sections were sliced in sections of 2–4 µm and stained with hematoxylin and eosin (H&E) or Picro Sirius Red (PSR) with Weigert’s hematoxylin solution. To ensure reliable scoring, 10 random sections were selected for calculation of Cohen’s Kappa index [43–45]. The 10 sections were scored in a blinded manner, re-blinded and then re-scored. Cohen’s Kappa values were then calculated, and the observer was only allowed to proceed with the actual scoring if Kappa values 0.8 (steatosis, inﬂam
	2.7. Statistics 
	2.7. Statistics 

	All statistical analyses were performed in the GraphPad Prism version 9.0.1 (GraphPad Prism software, La Jolla, CA, USA). All continuous normally distributed data with equal variances among groups were analyzed by a parametric test (either one-way ANOVA, two-way ANOVA with repeated measures, or mixed effects model), with Tukey’s test for multiple comparisons, and presented as means with standard deviation (SD). Upon deviations from normality, data were log transformed and re-analyzed, these data are present
	All statistical analyses were performed in the GraphPad Prism version 9.0.1 (GraphPad Prism software, La Jolla, CA, USA). All continuous normally distributed data with equal variances among groups were analyzed by a parametric test (either one-way ANOVA, two-way ANOVA with repeated measures, or mixed effects model), with Tukey’s test for multiple comparisons, and presented as means with standard deviation (SD). Upon deviations from normality, data were log transformed and re-analyzed, these data are present
	a Dunnett’s test for multiple comparisons and presented as means with SD. Repeated measures two-way ANOVA with a Tukey’s test for multiple comparisons were performed for body weights OGTT and ITT. In case of missing values, a repeated measures mixed-effects analysis with Tukey’s test for multiple comparisons was performed instead. 

	3. Results 
	3. Results 

	3.1. Diet Composition, Calorie Intake and Body Weight 
	Bodyweights and energy intake was monitored for all groups throughout the study period (Figure 1a,c). The main differences in the basic dietary components of the LF-LSt, LF-HSt and HF groups were crude fat, crude ﬁber, starch and sugar content (Figure 1b). Although the metabolizable energy in the HF diet (16.8 MJ/kg) is greater than in LF-HSt 
	(12.6 MJ/kg) and LF-LSt (11.2 MJ/kg) diets (Table S1), the total energy intake of the HF animals was only higher compared to LF-LSt (Figure 1c). The total energy and sugar water intake of the sugar water groups (SW; 4.2% and 8.4%) was similar (Figure 1c and Figure S1a). Therefore, it is not surprising that the 8.4% group ingests ~50% more calories from sugar water compared to the 4.2% group (0.70 MJ and 0.36 MJ, respectively (Figure 1c)). As shown in Figure 1c, the increased calorie intake from the sugar wa
	Figure
	Figure 1. Body Weight and Energy Intake. (a) Body weights for each group are presented as means with SD, for each week. Data was analyzed using a mixed effects model with repeated measures with a Tukey’s test for multiple comparisons. n =8(b) Major dietary components presented in % (c) Energy intake in MJ for each group is presented as means with SD and analyzed using a one-way ANOVA with a Dunnett’s test for multiple comparisons. n = 13 average weekly intake pr. group during the study period. For LF-LSt vs
	# 

	3.2. Oral Glucose Tolerance Testing 
	To assess effects on glucose homeostasis (as a measure of metabolic state), OGTT and ITT was performed after 8 and 16 weeks on diets. All HF fed animals displayed altered glucose tolerance after 30 min compared to LF-LSt animals on both investigated time-points (Figure 2a,c). In contrast, at the 8 week time-point the LF-HSt group displayed altered glucose tolerance compared to LF-LSt at the 90 min time point and compared to LF-LSt and HF at 120 min (Figure 2a). This was not as clear after 16 weeks, as the L
	Figure
	Figure 2. Oral Glucose Tolerance Tests. (a) Oral glucose tolerance test at week 8. Data are presented as means with SD and square root transformed data were analyzed by a repeated measures two-way ANOVA, and a Tukey’s test for multiple comparisons. n =8(b) Area under the curve for each group. Data are represented as means with SD, and analyzed by Welch ANOVA with a Dunnett’s test for multiple comparisons. n =8(c) Oral Glucose tolerance test week 16. Data are represented as means with SD, and analyzed by mix
	# 
	€ 
	† 
	‡ 

	3.3. Plasma Biochemical Markers 
	3.3. Plasma Biochemical Markers 

	In support of the dietary cholesterol supplementation (Table S1), plasma TC levels were decreased in the LF-LSt group compared to all other groups (p < 0.001), which was already evident after 8 weeks of HF feeding (Table S5). Likewise, all HF diet groups displayed higher levels compared to LF-HSt (p < 0.001) (Table 1). FFA and TG showed a slightly different picture with higher levels in LF-HSt compared to LF-LSt and 8.4% + HF (p < 0.05). Liver damage marker AST was increased in all HF groups compared to bot
	-Tocopherol levels between groups (Table 1). 
	Table 1. Plasma biochemical markers. 
	Table
	TR
	LF-LSt 
	LF-HSt 
	HF 
	4.2% + HF 
	8.4% + HF 

	FFA mmol/L 1 TG mmol/L 1,3 TC mmol/L 1,2 AST U/L 1 
	FFA mmol/L 1 TG mmol/L 1,3 TC mmol/L 1,2 AST U/L 1 
	0.57 (0.5–0.65) 0.61 (0.5–0.62) 0.76 (0.68–0.84) 43.25 (29.18–62.03) 
	0.77 (0.67–0.98) * 1.51 (1.27–2.12) *** 1.22 (1.03–1.45) *** 55.35 (38.03–118.2) 
	0.58 (0.51–0.65) 0.79 (0.66–0.97) 8.25 (5.85–13.41) ***,### 479.7 (218.3–580.7) ***,### 
	0.74 (0.7–0.75) 0.83 (0.74–0.92) 9.20 (7.69–14.48) ***,### 219.1 (105.4–435.7) **,# 
	0.54 (0.45–0.62) # 0.81 (0.62–0.89) # 6.13 (4.29–10.14) ***,### 275 (86.75–467.7) **,# 

	ALT U/L 1 ALP U/L MDA µmol/L ↵-Tocopherol µmol/L 1 -Tocopherol µmol/L 2 Total Vitamin C µM 1 Uric acid µM 1 
	ALT U/L 1 ALP U/L MDA µmol/L ↵-Tocopherol µmol/L 1 -Tocopherol µmol/L 2 Total Vitamin C µM 1 Uric acid µM 1 
	30.15 (22.98–44.08) 75.88 ± 10.20 0.42 ± 0.15 1.52 (1.34–1.61) 0.03 ± 0.02 42.76 (35.90–62.70)15.24 (12.72–20.49) 
	35.5 (30.75–43.68) 64.38 ± 7.21 0.66 ± 0.19 3.16 (1.64–3.99) 0.04 ± 0.03 21.70 (18.29–27.80) *** 13.88 (13.23–14.99) 
	81.25 (62.95–87.73) ***,## 53.25 ± 9.88** 0.57 ± 0.19 10.48 (7.2–16.68) ***,### 0.07 ± 0.06 27.20 (21.36–30.50) ** 11.03 (10.09–13.56) * 
	50 (42.3–73.03) * 70.75 ± 13.99 † 0.58 ± 0.15 9.13 (6.78–15.17) ***,### 0.16 ± 0.1 22 (18.63–26.53) *** 12.50 (11.38–13.53) 
	53.9 (47.13–73.45) **,# 72.43 ± 15.09 † 0.51 ± 0.2 5.86 (3.57–9.74) *** 0.04 ± 0.02 21.02 (17.94–24.64) *** 13.66 (10.76–15.15) 


	Data are presented as means ± SD and Q25-Q75 values in brackets. Data was analyzed using a one-way ANOVA. Log transformed data were analyzed by one-way ANOVA with a Dunnett’s test for multiple comparisons, and are presented as medians with quartiles in brackets. Data was analyzed using a Welch ANOVA. Data was analyzed using a Kruskal–Wallis test. Different from LF-LSt * p < 0.05, ** p < 0.01, *** p < 0.001, different from LF-HSt p < 0.05, p < 0.01, p < 0.001, different from HF p < 0.05. n = 8. LF: Low Fat, 
	1 
	2 
	3 
	# 
	## 
	### 
	† 

	3.4. Liver Status 
	3.4. Liver Status 

	To determine liver health status, biochemical markers and histopathology was assessed for all animals at week 16 (Table 2, Figures 3 and 4). Liver TG and TC content was lower in the LF-LSt group compared to all other groups (p < 0.001, TC LF-LSt vs. LF-HSt p < 0.01). Liver TC was also signiﬁcantly lower in LF-HSt compared to all HF groups (p < 0.001), whereas there was no difference between liver TG in LF-HSt and HF groups (Table 2). This was reﬂected in the steatosis score, as two animals in the LF-HSt gro
	-

	0. The steatosis score also revealed less advanced steatosis in both sugar water groups (4.2%: median grade 1.5, 8.4%: median grade 2), compared to the HF group (grade 3) (Figure 3); representative histological images depicted in Figure 4. Additionally, there was no difference in inﬂammation, ballooning or ﬁbrosis between LF groups and the sugar water groups. This was in contrast to the HF group, which displayed higher scores in inﬂammation (p < 0.05), ballooning (p < 0.001) and ﬁbrosis (p < 0.001) compared
	Table 2. Liver biochemical markers. 
	Table
	TR
	LF-LSt 
	LF-HSt 
	HF 
	4.2% + HF 
	8.4% + HF 

	TG µmol/g 1 TC µmol/g 1,2 ↵-Tocopherol µmol/g 1 BH2/BH4 µmol/gMDA nmol/g Total Vitamin C 1 µM 
	TG µmol/g 1 TC µmol/g 1,2 ↵-Tocopherol µmol/g 1 BH2/BH4 µmol/gMDA nmol/g Total Vitamin C 1 µM 
	6.64 (4.00–8.95) 5.61 (4.66–6.38) 3.35 (2.85–6.13) 0.2 ± 0.19 140.3 ± 43.92 1810 (1567–2290) LF-LSt 
	23.74 (19.35–71.76) *** 8.26 (7.61–8.56) ** 3.1 (1–4.93) 0.28 ± 0.16 149.4 ± 64.83 1255 (1053–1471) *** LF-HSt 
	53.45 (36.67–58.90) *** 35.03 (32.92–37.17) ***,### 2.1 (1.6–3.3) 0.19 ± 0.12 130 ± 56.14 912.5 (820.9–1017) *** HF 
	46.21 (41.52–49.21) *** 29.62 (23.46–36.28) ***,### 2.25 (0.95–7.75) 0.2 ± 0.11 155.6 ± 59.47 962.3 (831.4–1023) *** 4.2% + HF 
	38.58 (30.24–56) *** 27.33 (16.55–36.66) ***,### 2.05 (1.13–3.13) 0.29 ± 0.14 180.3 ± 70.66 926.67 (873.6–1048) *** 8.4% + HF 


	Data are presented as means ± SD and Q25-Q75 values in brackets. Data was analyzed using a one-way ANOVA. Log transformed data were analyzed by one-way ANOVA with a Dunnett’s test for multiple comparisons and presented as medians with quartiles in brackets. Data was analyzed using a Welch ANOVA. Different from LF-LSt ** p < 0.01, *** p < 0.001, different from LF-HSt p < 0.001. n = 8. LF: Low Fat, HSt: High Starch, LSt: Low Starch, HF: High Fat, TG: Triglycerides, TC: Total Cholesterol, BH2: Dihydrobiopterin
	1 
	2 
	### 

	Figure
	Figure 3. Histopathological scoring. Data are represented as individual scores with medians. (a) Steatosis scores for all groups on a scale of 0–3 (b) Inﬂammation scores for all groups on a scale of 0–3 (c) Ballooning scores for all groups on a scale of 0–2 (d) Fibrosis scores for all groups on a scale of 0–3 (e) Cumulative NAFLD activity score on a scale of 0–8. Scoring was performed as previously described [28]. The data was analyzed using a non-parametric Kruskal–Wallis with a Dunn’s multiple comparisons
	Figure
	Figure 4. Representative histological images. (a,c,e,g,i) Hematoxylin and eosin stain. Scale bar shows 200 µm. (b,d,f,h,j) Picro Sirius Red stain. Scale bar shows 200 µm. Solid arrows indicate lipid vacuoles, and open arrows indicate ﬁbrosis (in red). CV: central vein, PA: portal area, HF: high fat, LF: low fat, HSt: high starch, LSt: low starch. 
	4. Discussion 
	4. Discussion 

	The present study demonstrates signiﬁcant differences in the response to various calorie sources in the guinea pig NAFLD/NASH model. Sugar water did not increase overall energy intake signiﬁcantly and, consequently, led to a different hepatic phenotype and disease severity compared to high fat counterparts. Moreover, though curves progressed differently, all high fat diets and the high starch diet had a signiﬁcant effect on the ability to maintain glucose homeostasis. Considering the variability of experime
	-

	Contrary to expectations, increased weight gain in sugar water groups was not observed, but is readily explained by the total energy intake matching HF counterparts. It should be kept in mind that values of metabolizable energy levels in feed constituents are not available for guinea pigs and the calculated levels of metabolizable energy are therefore derived from studies in rats and mice, hence might not be completely accurate (communication with ssniff [47]). In response to an increased energy intake from
	-
	-

	More than 50% of patients with type 2 diabetes also have NAFLD, making insulin resistance an important co-morbidity of NAFLD pathogenesis. In a study by Podell et al. using a high fat high carbohydrate diet (30% calories from fat, 52% calories from carbohydrates in the form of reﬁned sugar), guinea pigs showed glucose and insulin intolerance as well as increased insulin levels compared to controls (3% fat, 18% protein, 55% complex carbohydrates, 10.5 MJ/kg) [50]. In contrast to these ﬁndings, we have not pr
	-

	(10.5 MJ/kg) compared to the LF-HSt (12.6 MJ/kg, Table S1) diet used as a control diet for this and previous studies in our group [26,28–30,40,51]. Considering the lower energy content as well as the higher amount of reﬁned sugar in the high fat diet, the current study explored if insulin resistance could be induced by HFCS supplements in the drinking water while ensuring comparison to a low-calorie low-starch control group (LF-LSt, 11.2 MJ/kg). The OGTT displayed increased glucose response in all HF groups
	While all HF groups resemble the general pattern of the LF-LSt group, the LF-HSt group displayed a different concourse with a delayed peak time and prolonged glucose clearance. A delayed peak time in OGTT in humans is associated with diabetes, increased HbA1c and decreased insulin sensitivity and secretion [52,53]. Delayed glucose absorption might contribute to a delay in peak-time. However, a previous study in diabetic 
	While all HF groups resemble the general pattern of the LF-LSt group, the LF-HSt group displayed a different concourse with a delayed peak time and prolonged glucose clearance. A delayed peak time in OGTT in humans is associated with diabetes, increased HbA1c and decreased insulin sensitivity and secretion [52,53]. Delayed glucose absorption might contribute to a delay in peak-time. However, a previous study in diabetic 
	-

	rats demonstrated increased glucose transport, likely as a result of intestinal hypertrophy with a concomitant increase in SGLT1 expression in intestinal epithelial cells, compared to non-diabetic controls [54]. Another study assessing human intestinal glucose absorption in patients with type 2 diabetes, observed no difference in intestinal absorption between patients with diabetes and healthy controls [55]. This supports that the recorded delayed glucose peak in the LF-HSt group could be due to decreased i
	-
	-


	Corresponding to previous ﬁndings in the guinea pig NAFLD/NASH model, plasma TG and FFA levels (p < 0.05) were increased in the LF-HSt group, compared to the LF-LSt and the 8.4% + HF group. In line with these ﬁndings, a study with Sprague-Dawley rats assessing the effect of high or low glycemic index starches, demonstrated higher TG and FFA plasma levels in animals fed the high glycemic index starch compared to low glycemic index starches [56]. In a Chinese population study, the dietary habits and associati
	-
	lipidemia (RR: 1.73, 95% CI: 1.05–3.35) [

	Ascorbate is a major free radical scavenger in the blood. Like humans, guinea pigs are unable to synthesize vitamin C, and are dependent on dietary supplementation. All groups displayed lower plasma and liver vitamin C levels compared to LF-LSt. This was in direct contrast to plasma ↵-Tocopherol levels, which were increased in all HF diet fed groups, in line with previous ﬁndings [30]. This increase is most likely due to the lipophilic nature of ↵-tocopherol and its facilitated uptake with dietary fat [57].
	Ascorbate is a major free radical scavenger in the blood. Like humans, guinea pigs are unable to synthesize vitamin C, and are dependent on dietary supplementation. All groups displayed lower plasma and liver vitamin C levels compared to LF-LSt. This was in direct contrast to plasma ↵-Tocopherol levels, which were increased in all HF diet fed groups, in line with previous ﬁndings [30]. This increase is most likely due to the lipophilic nature of ↵-tocopherol and its facilitated uptake with dietary fat [57].
	with obesity and in guinea pigs on high fat diet [59,60]. It could also be argued that this is due to the higher food intake in the LF-LSt group. However, the observed differences persisted when accounting for food intake in each group (Figure S1b, Table S3). 

	While the role of simple carbohydrates in the development of NAFLD is well documented [61–63] the role of other carbohydrate sources, such as starch is less clear. In a study of obese children, isocaloric replacement of fructose with starch for 9 days improved liver steatosis, visceral fat and de novo lipogenesis, suggesting starch as a preferred carbohydrate source compared to fructose, albeit this was not compared to a low carbohydrate replacement diet [64]. A western/cafeteria diet, like the HF diet used
	-
	-

	Hepatic histology revealed a milder phenotype in the sugar water groups, where ballooning, inﬂammation and ﬁbrosis was not signiﬁcantly different from low fat groups, indicating that HF alone was more potent in inducing advanced NASH. This reduction in disease phenotype is likely due to the recorded ‘energy-calibration’ in the guinea pigs, leading to a reduced feed intake in both sugar-water groups, hence reducing the hepatic lipid and cholesterol burden and consequent NASH progression. This is in contrast 
	5. Conclusions 
	5. Conclusions 

	In this study, we show the limited translational value of adding a soft drink component to an experimental diet and highlight potential undesirable effects of using a high starch control diet. Supplementation of HFCS in the drinking water in addition to a HF, did not exacerbate NAFLD progression but instead reduced feed intake in a dose-dependent manner, consequently reducing inﬂammation, hepatocyte ballooning and ﬁbrosis and indicating that fat and cholesterol, were superior inducers of advanced NAFLD. In 
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	Abstract 
	Hepatic ﬁbrosis increases mortality in humans with non-alcoholic steatohepatitis (NASH), but it remains unclear how ﬁbrosis stage and progression aﬀect the pathogenic mechanisms of NASH. This study investigates the transcriptional regulation and the impact of ﬁbrosis stage, of pathways relating to hepatic lipid and cholesterol homeostasis, inﬂammation and ﬁbrosis using RT-qPCR in the guinea pig NASH model. Animals were fed a chow (4% fat), a high-fat (20% fat, 0.35% cholesterol) or high-fat/high-sucrose (20
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	Introduction 
	Introduction 
	Affecting 25% of the adult population, non-alcoholic fatty liver disease (NAFLD) is now the world’s most prevalent liver disease with considerable clinical and economic implications (Younossi et al. 2016). NAFLD describes a range of hepatic conditions, from liver steatosis to steatohepatitis (NASH) accompanied by varying degrees of fibrosis (Lau et al. 2017). Although current understanding of the molecular mechanisms of NASH development is incomplete, its multifactorial complexity is well recognized. In NAS
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	Figure
	Fig. 1 Overview of molecular pathways in NASH. NASH is characterized by a rise of intrahepatic lipids levels, inﬂammation and ﬁbrosis. Triglycerides and cholesterol accumulate in the liver when acquisition exceeds disposal, i.e. when uptake and synthesis exceeds export (and oxidation in the case of triglycerides). With disease progression, damage to the liver parenchyma triggers the release of chemoattract
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	when advanced, and is accepted as a primary prognostic factor in clinical NASH (Angulo et al. 2015, European Association for the Study of the Liver 2016; Hagstrom et al. 2017).
	Understanding the molecular mechanisms of NASH and how they may be altered by fibrosis stage is critical for the development of effective treatment options. In this regard, animal models have been indispensable (Lau et al. 2017). The development of robust and translatable pre-clinical models are, therefore, an essential step in improving the outcome of clinical trials (Santhekadur et al. 2018). Notably, guinea pigs display dyslipidemia and liver histopathology with a close similarity to what is reported in 
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	ants from resident liver macrophages (Kupﬀer cells) and hepatic stellate cells (HSC). Subsequent recruitment of circulatory immune cells serves to propagate and maintain hepatic inﬂammation. Sustained inﬂammation and liver damage activates the HSC ultimately leading to ﬁbrosis 
	ants from resident liver macrophages (Kupﬀer cells) and hepatic stellate cells (HSC). Subsequent recruitment of circulatory immune cells serves to propagate and maintain hepatic inﬂammation. Sustained inﬂammation and liver damage activates the HSC ultimately leading to ﬁbrosis 
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	Materials and methods 
	Animals 
	All animal experimentations were approved by the Animal Experimentation Inspectorate under the Danish Ministry of Environment and Food, and in accordance with the European Legislation of Animal Experimentation 2010/63/EU.
	-
	-

	This study is based on extended analysis of tissues from an in vivo study in guinea pigs, of which some results have been published previously (Ipsen et al. 2016). In short, 10–12-week-old female Hartley guinea pigs (Cavia porcellus) were block randomized based on weight and subjected to either a chow (control, 4% fat, 0% sucrose and 0% cholesterol), high-fat (HF, 20% fat, 0% sucrose and 0.35% cholesterol) or high-fat/high-sucrose (HFHS, 20% fat, 15% sucrose and 0.35% cholesterol) diet for 16 or 25 weeks (n
	-
	-
	-
	-
	-
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	2). After 16 weeks, median ﬁbrosis grade was 1 in HF and progressed to a median ﬁbrosis grade of 3 after 25 weeks.HFHS had a median ﬁbrosis grade of 3 at both weeks 16 and 25 (Ipsen et al. 2016). Exact frequencies of the histopathological grading are shown in Online Resource 2. 
	-

	RNA extraction and reverse transcription 
	Following euthanasia, liver samples were collected from the left lateral lobe (lobus hepatis sinister lateralis), ﬂash frozen in liquid nitrogen and stored at − 80 °C. Approximately 50 mg of liver tissue was homogenized in 1000 µl Mag-Max Lysis/Binding Solution Concentrate (Thermo Fisher, Waltham, MA, USA) with 0.7% β-mercaptoethanol (Sigma-Aldrich, MO, USA) using glass beads (G4649-100G, Sigma, St, Louis, MO, USA) in RNAase-free FastPrep tubes on a FastPrep-24 (MpBio, Solon, OH, USA). After being centrifug
	-
	-
	-

	qPCR 
	Standard curves were produced for all primer pairs to conﬁrm primer eﬃciency and formed the basis for determining optimal cDNA dilution. 2 µl of ﬁvefold diluted cDNA was mixed with 8 µl Master Mix consisting of 5 µl PowerUp SYBR Green Master Mix (Thermo Fisher, Waltham, MA, USA), 1 µl Primer mix (containing 5 µM of both forward and reverse primer) and 2 µl RNAse-free water. RNAse-free water was added instead of sample as a negative control. All samples were run in triplicates using the StepOnePlus™ Real-Tim
	Standard curves were produced for all primer pairs to conﬁrm primer eﬃciency and formed the basis for determining optimal cDNA dilution. 2 µl of ﬁvefold diluted cDNA was mixed with 8 µl Master Mix consisting of 5 µl PowerUp SYBR Green Master Mix (Thermo Fisher, Waltham, MA, USA), 1 µl Primer mix (containing 5 µM of both forward and reverse primer) and 2 µl RNAse-free water. RNAse-free water was added instead of sample as a negative control. All samples were run in triplicates using the StepOnePlus™ Real-Tim
	-

	out at 62 °C and 56 °C, respectively. Melting curves were produced for each primer set. Seven candidate reference genes were tested for homogeneous expression. Ultimately, HPRT1 was selected as a reference gene, since this gene displayed the most stable and homogeneous expression between groups. Primers were obtained from previously published sequences or designed with the help of Primer3 (Koressaar and Remm 2007; Untergasser et al. 2012). Details are provided in Table 1. PCR products from not previously pu
	-
	-


	Statistics 
	Statistics 
	Data were processed using StepOne Software version 2.3 (Thermo Fisher, Waltham, MA USA), analyzed by the ΔΔCT-method and presented as fold-changes with ranges (Livak and Schmittgen 2001). Graphs were made and statistical analyses were performed on ΔΔCT-values and their standard deviations using a two-way ANOVA in GraphPad Prism version 7 (GraphPad Software, La Jolla, CA, USA). If “time” was not a signiﬁcant factor, multiple comparisons were done by Sidak’s test; otherwise Tukey’s test was applied. 
	-
	-

	Results 
	Detailed overviews of the targeted cellular pathways relating to speciﬁc ﬁndings are provided in Figs. 2, 3 and 4. 
	Triglyceride metabolism 
	Lipid accumulation in liver cells is caused by an imbalance between acquisition and clearance of lipids, and is controlled by four key molecular pathways (Fig. 1). The liver can acquire lipids by removing lipids from circulation or by synthesizing them via de novo lipogenesis (DNL). Conversely, the liver disposes of lipids by exporting them as very low density lipoproteins (VLDL) or oxidizing them in the mitochondria, peroxisomes and cytochromes (Fig. 2). Expression of key regulators and genes directly rela
	-
	-
	-

	Grade 3 hepatic steatosis was present in all HF and HFHS animals at weeks 16 and 25, except one HFHS animal presenting grade 2 steatosis at week 16 (Online Resource 2). Hepatic lipid uptake is, in part, controlled by peroxisome proliferator (PPAR) γ, which induces the expression of speciﬁc transporters required for the uptake of fatty acids. Expression of PPARγ was only increased at week 16 in HFHS (p < 0.05) (Fig. 5a). The fatty acid transporters, 
	-
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	Table 1 Primer sequences used for hepatic gene expression Gene Accession no. Forward (5′–3′) Reverse (5′–3′) Product (bp) PPARγ AF317514.2 AAGTGCCTTGCTGTGGGGAT ACTCTGGGTTCAGCTGGTCG 118a CD36 XM_003469814.3 GCTAGACATCGGCAAATGCAA AGCCTTCAATCGGTCCTGAGA 98b SLC27A2 (FATP2) XM_003471865.2 GGTGGAAAGGGGAGAACGTA GATGGCAGGAAATCGGTCAC 199 SLC27A5 (FATP5) XM_003467192.2 GCCCCTTTTGAGATTGTGCA CGCACCAGTTTTCGTTCAGA 179 SREBF1 (SREBP1) ENSCPOT00000024722 GTGGAGCTTAAGGACCTGGT AGACTTCACCCCTTCCATGG 228 Mlxipl (ChREBP) XM_0131
	Table 1 Primer sequences used for hepatic gene expression Gene Accession no. Forward (5′–3′) Reverse (5′–3′) Product (bp) PPARγ AF317514.2 AAGTGCCTTGCTGTGGGGAT ACTCTGGGTTCAGCTGGTCG 118a CD36 XM_003469814.3 GCTAGACATCGGCAAATGCAA AGCCTTCAATCGGTCCTGAGA 98b SLC27A2 (FATP2) XM_003471865.2 GGTGGAAAGGGGAGAACGTA GATGGCAGGAAATCGGTCAC 199 SLC27A5 (FATP5) XM_003467192.2 GCCCCTTTTGAGATTGTGCA CGCACCAGTTTTCGTTCAGA 179 SREBF1 (SREBP1) ENSCPOT00000024722 GTGGAGCTTAAGGACCTGGT AGACTTCACCCCTTCCATGG 228 Mlxipl (ChREBP) XM_0131


	Commonly used synonyms are shown in parentheses. Previously published primer pairs are indicated as (Sarr et al. 2014), (Podszun et al. 2014), (Xu et al. 2015), (Zhang et al. 2013), (Ma et al. 2017), (Lyons et al. 2002), (Balgobin et al. 2013), (Sarr et al. 2016), (Cho et al. 2005) 
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	Figure
	Sect
	Figure

	Fig. 2 Detailed overview of molecular pathways in lipid homeostasis in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and downregulated, respectively. The expression of fatty acid transporters were unaltered (CD36 and FATP2) or decreased (FATP5) in NASH. Instead, triglyceride accumulation results from enhanced, SREBP1-mediated, DNL and decreased oxidation of fatty acids in mitochondria (CPT1), peroxisomes (ACOX) and cytochromes (CYP2E1). Genes 
	-
	-
	-

	cluster of diﬀerentiation 36 (CD36) and fatty acid transport protein 2 (FATP2) were not diﬀerentially expressed between groups. However, FATP5 was decreased in HF and HFHS at week 16 and at week 25 (p < 0.01), respectively (Fig. 5a).
	Hepatic lipid synthesis is controlled by two important transcription factors: sterol regulatory element-binding protein 1 (SREBP1) and carbohydrate response element-binding protein (ChREBP), which both induce the transcription of DNL-genes. SREBP1 was increased four-to sevenfold in both groups at week 16 and in HFHS at week 25 (p < 0.01) (Fig. 5b). In contrast, ChREBP was decreased in HFHS after 25 weeks (p < 0.01), and in HF after 16 weeks (p < 0.05), and non-signiﬁcantly at week 25 (p = 0.0721). Fatty aci
	-
	-

	Fig. 3 Detailed overview of molecular pathways in cholesterol metabolism in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and downregulated, respectively. Decreased levels of SREBP2 mediate decreased cholesterol uptake (LDLR) and synthesis (HMGCR). However, expression of the ‘hepatic cholesterol sensor’ LXRα remained unchanged and no diﬀerences were observed in enzymes involved in cholesterol export (FXR, CYP7A1, ABCG5 and -8). ABCG5 ATP-bindi
	Fig. 3 Detailed overview of molecular pathways in cholesterol metabolism in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and downregulated, respectively. Decreased levels of SREBP2 mediate decreased cholesterol uptake (LDLR) and synthesis (HMGCR). However, expression of the ‘hepatic cholesterol sensor’ LXRα remained unchanged and no diﬀerences were observed in enzymes involved in cholesterol export (FXR, CYP7A1, ABCG5 and -8). ABCG5 ATP-bindi
	-

	synthase (FASN) catalyzes the last step in DNL, and is positively regulated by SREBP1. FASN was increased two-to fourfold in HF and HFHS at both time points (p < 0.05). No diﬀerences were found in the expression of ACC1, also known to be regulated by SREBP1.
	-

	Fatty acid oxidation preferentially occurs in the mitochondria, but may also take place in the peroxisomes or cytochromes, and is transcriptionally regulated by PPARα (Rao and Reddy 2001). PPARα levels were not diﬀerent between groups in the current study, but PPARα target genes—carnitine palmitoyltransferase 1 (CPT1A) and acyl-coenzyme A oxidase (ACOX1)—were decreased (Fig. 5c). Transport of fatty acids across the mitochondrial membrane is a prerequisite to mitochondrial oxidation. CPT1A is essential in fa
	-
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	Figure
	Fig. 4 Detailed overview of molecular pathways in inﬂammation and ﬁbrogenesis in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and down-regulated, respectively. Markers of inﬂammation (TNFα, MCP-1 and IL8), pro-ﬁbrotic growth factors (TGFβ1 and β-PDGF) and hepaticstellate cell activation (αSMA) were increased alongside the expres-sion of collagens and other extracellular matrix components (laminin and elastin), suggesting increased matrix depo
	Fig. 4 Detailed overview of molecular pathways in inﬂammation and ﬁbrogenesis in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and down-regulated, respectively. Markers of inﬂammation (TNFα, MCP-1 and IL8), pro-ﬁbrotic growth factors (TGFβ1 and β-PDGF) and hepaticstellate cell activation (αSMA) were increased alongside the expres-sion of collagens and other extracellular matrix components (laminin and elastin), suggesting increased matrix depo
	Fig. 4 Detailed overview of molecular pathways in inﬂammation and ﬁbrogenesis in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and down-regulated, respectively. Markers of inﬂammation (TNFα, MCP-1 and IL8), pro-ﬁbrotic growth factors (TGFβ1 and β-PDGF) and hepaticstellate cell activation (αSMA) were increased alongside the expres-sion of collagens and other extracellular matrix components (laminin and elastin), suggesting increased matrix depo
	Fig. 4 Detailed overview of molecular pathways in inﬂammation and ﬁbrogenesis in guinea pigs with NASH and ﬁbrosis. Green, gray and red colors denote that expression is upregulated, unaltered and down-regulated, respectively. Markers of inﬂammation (TNFα, MCP-1 and IL8), pro-ﬁbrotic growth factors (TGFβ1 and β-PDGF) and hepaticstellate cell activation (αSMA) were increased alongside the expres-sion of collagens and other extracellular matrix components (laminin and elastin), suggesting increased matrix depo




	ﬁrst step of β-oxidation is catalyzed by medium-chain and long-chain acyl-CoA dehydrogenase (MCAD and LCAD, respectively). Only LCAD was found to be increased and only in HFHS after 25 weeks (p < 0.05). Compromised fatty acid oxidation in peroxisomes and cytochromes was suggested by the decreased ACOX1 expression after 16 and 25 weeks in HF (p < 0.05) and decreased cytochrome P450 2E1 (CYP2E1) expression after 16 weeks in HF and 25 weeks in both HF and HFHS (p < 0.05).
	To be cleared via export from the liver, fatty acids must be packed into water-soluble VLDL particles. The formation of VLDL particles requires apoB100 and is catalyzed by microsomal triglyceride transfer protein (MTTP). Expression of apoB100 and MTTP was similar between groups (Fig. 5d). 
	-
	-
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	Cholesterol metabolism 
	Cholesterol metabolism 
	Similar to triglycerides, cholesterol metabolism is regulated by uptake, synthesis and excretion. These pathways are managed by transcriptional regulators, which tightly control the expression of transport molecules and enzymes involved in these processes (Fig. 3).
	-

	SREBP2, the main regulator of cholesterol metabolism, is negatively regulated by cholesterol, controlling cholesterol metabolism by inducing genes related to cholesterol uptake and synthesis. SREBP2 was decreased in HF after 16 (p < 0.001) and 25 (p < 0.05) weeks, but not statistically signiﬁcant in HFHS animals (Fig. 6). Expression of the low-density lipoprotein receptor (LDLR), responsible for uptake of circulating cholesterol was decreased in both groups at week 16 (p < 0.001) and in HF at week 25 (p < 0
	-

	Endogenous cholesterol synthesis was decreased in HF, evident by lower expression of the rate-limiting enzyme HMG-CoA reductase (HMGCR) after 16 (p < 0.01) and 25 weeks (p < 0.05). Similar regulation of HMGCR was noted in HFHS, although not reaching statistical signiﬁcance. High cholesterol levels usually activate the ‘cholesterol sensor’ liver X receptor α (LXRα), in turn promoting expression of genes associated with the conversion of cholesterol to bile acids and the subsequent bile excretion. In the curr
	Inﬂammation and ﬁbrogenesis 
	After 16 weeks, inﬂammation in HF and HFHS (grade 2) was not signiﬁcantly diﬀerent from control animals (grade 1). At week 25, all HF and HFHS animals had grade 3 inﬂammation, which was signiﬁcantly higher than controls (grade 0) (Online Resource 2). Inﬂammation is part of the pathophysiology of NASH and is linked to the development of ﬁbrosis (Fig. 1). Propagation of dyslipidemia and hepatic steatosis leads to the secretion of inﬂammatory and pro-ﬁbrotic cytokines and growth factors, resulting in inﬁltrati
	-
	-
	-

	Fatty acids may induce inﬂammation by signaling through toll-like receptor 4 (TLR4), but TLR4 expression did not differ between groups (Fig. 7a). TNFα was increased four-to ﬁvefold in HF and HFHS after 16 and 25 weeks (p < 0.001). 
	-
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	Figure
	Fig. 5 Hepatic triglyceride metabolism in NASH. a Hepatic lipid transporters were unaltered or downregulated in NASH compared to control (b) while DNL, mediated by SREBP1, was increased. c Concomitant with decreased fatty acid oxidation and similar (d) export of lipids, this facilitates hepatic lipid accumulation in NASH. Means with ranges expressed as fold-changes relative to control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. n = 6–7 (n = 6 for HF at week 25 for all genes due to technical diﬃculties
	Fig. 5 Hepatic triglyceride metabolism in NASH. a Hepatic lipid transporters were unaltered or downregulated in NASH compared to control (b) while DNL, mediated by SREBP1, was increased. c Concomitant with decreased fatty acid oxidation and similar (d) export of lipids, this facilitates hepatic lipid accumulation in NASH. Means with ranges expressed as fold-changes relative to control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. n = 6–7 (n = 6 for HF at week 25 for all genes due to technical diﬃculties
	-
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	priate. ACC1 acetyl-CoA carboxylase, ACOX1 acyl-coenzyme A oxidase 1, ApoB100 apolipoprotein B 100, CD36 cluster of diﬀerentiation 36, ChREBP carbohydrate regulatory element-binding protein, CPT1A carnitine palmitoyl transferase 1A, CYP2E1 cytochrome P450 2E1, FASN fatty acid synthase, FATP fatty acid transport protein, LCAD long-chain acyl-coenzyme A dehydrogenase, MCAD medium-chain acyl-coenzyme A dehydrogenase, MTTP microsomal triglyceride transfer protein, PPAR peroxisome proliferator-activated receptor
	-
	-
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	Figure
	Fig. 6 Hepatic cholesterol metabolism in NASH. Hepatic LDLR-mediated cholesterol uptake and endogenous cholesterol synthesis were downregulated in NASH, likely due to decreased SREBP2 expression. However, in the face of high intrahepatic cholesterol levels conversion of cholesterol to and export as bile acids was not increased, potentially due to disruption of the LXRα-axis. Means with ranges expressed as fold-changes relative to control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. n = 6–7 (n = 6 for H
	Fig. 6 Hepatic cholesterol metabolism in NASH. Hepatic LDLR-mediated cholesterol uptake and endogenous cholesterol synthesis were downregulated in NASH, likely due to decreased SREBP2 expression. However, in the face of high intrahepatic cholesterol levels conversion of cholesterol to and export as bile acids was not increased, potentially due to disruption of the LXRα-axis. Means with ranges expressed as fold-changes relative to control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. n = 6–7 (n = 6 for H
	-

	for all genes due to technical diﬃculties). Data were analyzed using a two-way ANOVA with Tukey’s or Sidak’s post hoc test where appropriate. ABCG5 ATP-binding cassette sub-family G member 5, ABCG8 ATP-binding cassette sub-family G member 8, CYPA71 cytochrome P450 7A1/cholesterol 7α-hydroxylase, FXR farnesoid X receptor, HMGCR 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, LXRα liver X receptor α, LDLR low-density lipoprotein receptor, SREBP2 sterol regulatory element-binding protein 2 
	-
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	Figure
	Fig. 7 Hepatic inﬂammation and ﬁbrogenesis in NASH. a Markers of hepatic inﬂammation and b pro-ﬁbrotic growth factors were increased in guinea pigs with NASH (HF and HFHS) compared to controls. c Accordingly, genes related to extracellular matrix composition, ﬁbrosis and d the inhibition of extracellular matrix degradation were also increased. Overall, gene expression did not diﬀer between grade 1 (HF weeks 16) and grade 3 (HF week 16 and HFHS week 16 and 
	-

	25) ﬁbrosis. Means with ranges expressed as fold-changes relative to control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. p < 0.05, 
	†

	††< 0.01, p < 0.001 vs. HFHS. n = 6–7 (n = 6 for HF at week 25 for all genes, n = 5 for control at week 25 for IL-8. n = 5 for control 
	p 
	†††

	A strong 32–39-fold increase in monocyte chemotactic protein 1 (MCP-1/CCL2) expression was observed after 16 weeks in HF and HFHS (p < 0.001), progressing to 75–88fold after 25 weeks in both groups (p < 0.001). After 16 and 25 weeks, IL-8 expression was increased 5–13-fold in HF and HFHS (p < 0.001), with IL-8 expression levels signiﬁcantly higher in HF compared to HFHS at week 16 (p < 0.05).
	-

	Besides promoting recruitment of circulating immune cells, these inﬂammatory cytokines activate the HSC, which are normally present in the liver in a quiescent state. HSC are also activated by a range of pro-ﬁbrotic growth factors such as transforming growth factor β1 (TGFβ1), β-platelet-derived growth factor (β-PDGF) and connective tissue growth factor (CTGF). TGFβ1 expression was increased in HFHS at 16 weeks (p < 0.05), and week 25 (p < 0.001) (Fig. 7b). Expression of β-PDGF was increased ~ﬁvefold in bot
	-

	at week 16 and n = 3 for control at week 25 for PAI-1 due to technical diﬃculties). Data were analyzed using a two-way ANOVA with Tukey’s or Sidak’s post hoc test where appropriate. αSMA α smooth muscle actin, β-PDGF β-platelet-derived growth factor, Col1a1 collagen 1a1, Col3a1 collagen 3a1, Col4a1 collagen 4a1, CTGF connective tissue growth factor, IL-8 interleukin 8, LOX lysyl oxidase, MCP-1: monocyte chemoattractant protein 1, PAI-1 plasminogen activator inhibitor 1, TGFβ1 transforming growth factor β1, 
	at week 16 and n = 3 for control at week 25 for PAI-1 due to technical diﬃculties). Data were analyzed using a two-way ANOVA with Tukey’s or Sidak’s post hoc test where appropriate. αSMA α smooth muscle actin, β-PDGF β-platelet-derived growth factor, Col1a1 collagen 1a1, Col3a1 collagen 3a1, Col4a1 collagen 4a1, CTGF connective tissue growth factor, IL-8 interleukin 8, LOX lysyl oxidase, MCP-1: monocyte chemoattractant protein 1, PAI-1 plasminogen activator inhibitor 1, TGFβ1 transforming growth factor β1, 
	-
	-
	-

	and HFHS after 16 and 25 weeks (p <0.001), whereas CTGF levels did not diﬀer between groups. HSC activation can be assessed by α smooth muscle actin (αSMA), which was increased in HFHS after 25 weeks (p < 0.001), and tended to be increased in HF animals after 25 weeks (p = 0.056). Activated HSC promotes ﬁbrosis by increasing the synthesisof diﬀerent collagens and other components of the extracellular matrix (e.g. laminin and elastin). Col1a1 expression was increased ~ 15-fold in HF and HFHS after 16 and 25 
	-
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	both HF and HFHS (p < 0.05). Besides enhanced formation of extracellular matrix components, decreased degradation also contributes to the development of ﬁbrosis. Lysyl oxidase (LOX) promotes ﬁbrosis and limits ﬁbrosis regression by cross-linking and stabilizing collagen (Liu et al. 2016). After 16 weeks, LOX expression was higher in HFHS compared to HF and control (p < 0.05) and tended to be higher in HFHS after 25 weeks compared to control (p = 0.086) (Fig. 7d). Tissue inhibitor of metalloproteinase (TIMP)
	-
	-
	-
	-

	Discussion 
	This study reports transcriptional changes of multiple metabolic, inﬂammatory and ﬁbrogenic pathways as result of NASH and ﬁbrosis progression in the dyslipidemic guinea pig. The results support that development of NASH, in this model, is associated with enhanced DNL, while also indicating impaired fatty acid oxidation as a potential contributor to hepatic lipid accumulation. Furthermore, hepatic cholesterol overload appears to occur despite decreased uptake and bio-synthesis, due to insuﬃcient clearance of
	-
	-
	-

	The liver acquires lipids in two principal ways: through uptake of circulating lipids and synthesis via DNL (Fig. 2). The current ﬁndings suggest unaltered (CD36 and FATP2) or even suppressed (FATP5) hepatic lipid uptake in NASH, in agreement with previous reports describing unaltered CD36 expression in patients with steatosis or NASH compared to controls (Auguet et al. 2014). In contrast, others have reported an upregulation of CD36 and FATP5 in patients with steatosis or NASH (Miquilena-Colina et al. 2011
	The liver acquires lipids in two principal ways: through uptake of circulating lipids and synthesis via DNL (Fig. 2). The current ﬁndings suggest unaltered (CD36 and FATP2) or even suppressed (FATP5) hepatic lipid uptake in NASH, in agreement with previous reports describing unaltered CD36 expression in patients with steatosis or NASH compared to controls (Auguet et al. 2014). In contrast, others have reported an upregulation of CD36 and FATP5 in patients with steatosis or NASH (Miquilena-Colina et al. 2011
	-
	-
	-
	-
	-

	content of the high-fat diets (36.3–37.9% carbohydrates) compared to the chow diet (47.1% carbohydrates), as a car-bohydrate-rich diet (75.2% carbohydrates) more potently induces ChREBP than a high-fat diet (30.5% carbohydrates) in rats (Yamashita et al. 2001). ChREBP has been found to mitigate fructose-induced liver damage and dissociate hepatic steatosis from insulin resistance (Benhamed et al. 2012; Zhang et al. 2017), proposing that decreased ChREBP expression in NASH might play a role in promoting dise
	-
	-
	-


	The liver may attempt to alleviate the development of steatosis by increasing the export of lipids as VLDL particles or by oxidation. In humans, hepatic triglyceride secretion increases with hepatic lipid content until the intrahepatic lipid levels reaches 10% where after secretion reaches a plateau (Fabbrini et al. 2008). However, secretion may also decrease as the disease progresses from steatosis to NASH (Fujita et al. 2009). In the current study, markers of hepatic lipid outﬂow (apoB100 and MTTP) were n
	The liver may attempt to alleviate the development of steatosis by increasing the export of lipids as VLDL particles or by oxidation. In humans, hepatic triglyceride secretion increases with hepatic lipid content until the intrahepatic lipid levels reaches 10% where after secretion reaches a plateau (Fabbrini et al. 2008). However, secretion may also decrease as the disease progresses from steatosis to NASH (Fujita et al. 2009). In the current study, markers of hepatic lipid outﬂow (apoB100 and MTTP) were n
	-
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	-
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	In agreement with previous ﬁndings in guinea pigs (Fernandez 2001), cholesterol uptake and synthesis were down-regulated in response to high dietary cholesterol intake. The current study further suggests that this downregulation is likely mediated by suppressed SREBP2 expression (Fig. 3). Thus, regulation of cholesterol import and synthesis appear to function correctly in this NASH model. However, high levels of circulating cholesterol in guinea pigs with NASH compared to control could result in a relativel
	-

	Despite high intrahepatic cholesterol levels in guinea pigs with NASH, expression of LXRα and downstream targets, 
	i.e. the rate-limiting enzyme in bile acid synthesis (CYP7A1)and bile acid transporters (ABCG5 and -8), were not enhanced. This suggests that cholesterol accumulation may, in part, be due to an absent upregulation of cholesterol clearance pathways. The ﬁndings are in agreement with molecular analysis of liver samples from NASH patients, exhibiting a downregulation of LDLR, CYP7A1 and ABCG8 proteins (Min et al. 2012). Potentially mediated by TNFα, inﬂammation may disrupt bile acid production and export in mi
	-
	-
	-
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	Patients with NASH have increased SREBP2-mediated expression of HMGCR, suggesting exaggerated cholesterol synthesis to be a feature of NAFLD/NASH (Min et al. 2012). These results contrast our in vivo ﬁndings from guinea pigs, but may be explained by diﬀerential intake of dietary cholesterol as HMGCR is negatively regulated by dietary cholesterol (Hojland Ipsen et al. 2016; Ness and Chambers 2000). Despite being used in moderately low amounts compared to other pre-clinical models of NASH, the dietary cholest
	-
	-
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	2018). IL-8 is the principal recruiter of neutrophils, but data regarding its role in NASH are limited (Remick 2005). Similar to MCP-1, IL-8 was increased in patients with NASH, but not steatosis, suggesting that these chemokines may contribute to the progression of bland steatosis to steatohepatitis and liver injury (Bertola et al. 2010). Indeed, in patients with alcoholic steatohepatitis, IL-8 was an independent predictor of 90-day mortality, associated with both a deteriorating prognosis and the degree o
	2018). IL-8 is the principal recruiter of neutrophils, but data regarding its role in NASH are limited (Remick 2005). Similar to MCP-1, IL-8 was increased in patients with NASH, but not steatosis, suggesting that these chemokines may contribute to the progression of bland steatosis to steatohepatitis and liver injury (Bertola et al. 2010). Indeed, in patients with alcoholic steatohepatitis, IL-8 was an independent predictor of 90-day mortality, associated with both a deteriorating prognosis and the degree o
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	Increased expression of TGFβ1 has been found in the liver of patients with NASH (Bertola et al. 2010). Expression of TGFβ1 was not pronounced in HF animals with mild ﬁbrosis (grade 1) and was only increased in HFHS in which severe ﬁbrosis (grade 3) was evident at week 16. HSC activation (assessed by αSMA expression) followed TGFβ1 expression, whereas β-PDGF, one of the most potent mitogens for HSC, was rapidly induced and highly expressed at both ﬁbrosis stages, whereas CTGF was not. This could be due to an
	-
	-
	-
	-
	-
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	of TIMP2 in HFHS may account for the higher levels of Col4a1 in HFHS compared to HF and control, possibly contributing to ﬁbrosis progression. Enhanced TGFβ1, Col4a1 and TIMP2 expression were only found in severe ﬁbrosis (grade 3) potentially playing a role in advanced ﬁbrosis. However, induction of inﬂammatory cytokines, ﬁbrogenic growth factors, collagen synthesis and inhibition of extracellular matrix degradation were largely unaﬀected by ﬁbrosis stage and NASH-duration in the present study. This suggest
	-
	-
	-
	-

	In conclusion, our ﬁndings suggest that the underlying mechanisms of NASH in the guinea pig model are characterized by enhanced DNL, decreased fatty acid oxidation and failure to upregulate the export of lipids and cholesterol resulting in hepatic steatosis and accumulation of cholesterol. In turn, hepatocellular injury induces inﬂammation and ﬁbrogenesis, mimicking several aspects of the human NASH pathogenesis and accentuating the translational value of this pre-clinical model. These pathways were general
	-
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	Abstract: The successful development of effective treatments against nonalcoholic steatohepatitis (NASH) is signiﬁcantly set back by the limited availability of predictive preclinical models, thereby delaying and reducing patient recovery. Uniquely, the guinea pig NASH model develops hepatic histopathology and ﬁbrosis resembling that of human patients, supported by similarities in selected cellular pathways. The high-throughput sequencing of guinea pig livers with ﬁbrotic NASH (n = 6) and matched controls (
	Keywords: nonalcoholic steatohepatitis; fibrosis; transcriptome; animal model; guinea pig; biomarkers 
	1. Introduction 
	1. Introduction 

	Hepatic ﬁbrosis is the primary prognostic marker of mortality in nonalcoholic steatohepatitis (NASH) globally affecting millions [1]. However, treatment options are scarce, and drug development is hampered by the lack of animal models reﬂecting the disease spectrum and etiology. Though frequently applied, many mouse and rat models do not develop NASH with advanced ﬁbrosis (bridging ﬁbrosis and cirrhosis) without the use of hepatotoxins and micronutrient-deﬁcient diets, consequently compromising construct an
	-

	Uniquely, guinea pigs develop NASH with advanced ﬁbrosis when subjected to a westernised diet [5–7]. Similar to human NASH, lesions originate from the hepatic central veins and sequentially progress from mild ﬁbrosis to advanced (bridging) ﬁbrosis 
	Biomedicines 2021, 9
	, 1198. https://doi.org/10.3390/biomedicines9091198 
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	within 25 weeks [6,7]. Furthermore, guinea pigs and humans share an LDL-dominant lipoprotein proﬁle in contrast to the HDL-dominant proﬁle of rats and mice, and targeted analysis of genes related to hepatic lipid metabolism, inﬂammation, and ﬁbrogenesis further supports a high degree of similarity between the guinea pig disease model and human NASH [8,9]. However, unbiased systematic analysis of the guinea pig NASH transcriptome has not previously been undertaken, and is impeded by the incompletely annotate
	2. Materials and Methods 
	2. Materials and Methods 
	2.1. Animals 

	Animal experiments were approved by the Animal Experimentation Inspectorate under the Danish Ministry of the Environment and Food, and in accordance with the European Legislation of Animal Experimentation 2010/63/EU. 
	This study utilises a subset of liver samples, collected from intact nonperfused livers, from a previously published study [6]. Brieﬂy, 10-week-old female Hartley guinea pigs (Charles River Laboratory, Lyon, France) were allowed one week of acclimatisation before being block-randomised into groups on the basis of body weight. Consistent with previous studies, this study was only performed on female guinea pigs, as hierarchical ﬁghting in males is a critical welfare concern in long-term studies of this kind.
	At termination, the animals were preanaesthetised with 0.8 mL/kg body weight Zoletil mix (125 mg tiletamine (0.93 mg/kg), 125 mg zolazepam (0.93 mg/kg, Zoletil 50 Virbac Laboratories, Carros, France) + 200 mg xylazine (1.49 mg/kg, Narcoxyl vet 20 mg/mL; Intervet International, Boxmeer, Holland) + 7.5 mg butorphanol (0.06 mg/kg; Torbugesic vet 10 mg/mL; Scanvet, Fredensborg, Denmark) diluted 1:10 in isotonic NaCl), placed on isoﬂurane (3–5%) and, following the disappearance of intradigital reﬂexes, euthanise
	2.2. Liver Samples and Histology 
	2.2. Liver Samples and Histology 

	Liver samples were collected from the left lateral lobe (lobus hepatis sinister lateralis), snap-frozen in liquid nitrogen, stored at 80 C or ﬁxed in paraformaldehyde, and subsequently embedded in parafﬁn and stained with haematoxylin and eosin or Masson’s trichrome for histological evaluation as previously published [6]. Liver histology was scored in accordance with guidelines by Kleiner et al. [10]. Steatosis was scored as 0 (5%), 1 (5–33%), 2 (>33–66%), or 3 (>66%) of the overall parenchymal tissue. Ball
	Liver samples were collected from the left lateral lobe (lobus hepatis sinister lateralis), snap-frozen in liquid nitrogen, stored at 80 C or ﬁxed in paraformaldehyde, and subsequently embedded in parafﬁn and stained with haematoxylin and eosin or Masson’s trichrome for histological evaluation as previously published [6]. Liver histology was scored in accordance with guidelines by Kleiner et al. [10]. Steatosis was scored as 0 (5%), 1 (5–33%), 2 (>33–66%), or 3 (>66%) of the overall parenchymal tissue. Ball
	-
	-
	-

	cations of picrosirius red staining in liver samples from preclinical models and human patients [11,12]. Fibrosis area is shown in Supplementary Table S1, Additional File S1. 

	2.3. Guinea Pig Hepatic RNA Sequencing RNA sequencing was performed on 12–24 mg of liver tissue from control (n = 6) and NASH animals with bridging ﬁbrosis (n = 6). RNA extraction, puriﬁcation, and sequencing were performed by QIAGEN Genomic Services (QIAGEN, Hilden, Germany). Brieﬂy, library preparation was performed using a TruSeqStranded mRNA Sample preparation kit (Illumina Inc., San Diego, CA, USA), and library size distribution was validated and quality-inspected on a Bioanalyzer 2100 (Agilent Technol
	® 

	manufacturer’s speciﬁcations (Illumina Inc., San Diego, CA, USA). Sequencing data are available at GEO expression omnibus with accession number GSE158168. 
	2.4. Transcriptome Analyses 
	2.4. Transcriptome Analyses 

	FASTQ ﬁles obtained from QIAGEN Genomic Services were processed in Trimmomatic (version 0.38.0) [13]. Reads shorter than 50 bases were removed, and all reads were trimmed of the leading 9 bases due to base-call quality below a Phred score of 32 and biased sequence composition. Trimmed reads were mapped to the Ensembl Cavia Porcellus genome Cav.Por.3.0 (Ensembl release 98, September 2019) with Hisat2 (version 2.1.0); multimapped reads were ignored for further analysis [14]. Subsequent transcript assembly and
	-
	-

	2.5. Protein–Protein Association Network 
	A protein–protein association network was built using Cytoscape (version 3.8.0) [21] of the 100 proteins with the strongest association to NASH, as annotated by the DISEASES database [22,23]. Protein–protein associations were based on different conﬁdence channels (e.g., physical association from experimental data and functional associations from curated pathways, automatic text mining, and prediction methods) provided by the STRING database [24,25]. A STRING conﬁdence score of at least 0.7 was applied. For 
	2.6. Translational Aspects of the Guinea Pig Model 
	To investigate the translatability and benchmark the guinea pig as a model of NASH, the transcriptome was compared to two human datasets and three murine datasets (Table 1), which were all publicly available through the GEO expression omnibus [26]. Speciﬁcally, the guinea pig transcriptome was compared to human dataset (GSE126848) Human NASH1 (HNASH1) consisting of 14 healthy patients and 16 patients diagnosed with NASH (steatosis–activity–ﬁbrosis 2) [27,28]. To determine if a core set of NASH-associated ad
	To investigate the translatability and benchmark the guinea pig as a model of NASH, the transcriptome was compared to two human datasets and three murine datasets (Table 1), which were all publicly available through the GEO expression omnibus [26]. Speciﬁcally, the guinea pig transcriptome was compared to human dataset (GSE126848) Human NASH1 (HNASH1) consisting of 14 healthy patients and 16 patients diagnosed with NASH (steatosis–activity–ﬁbrosis 2) [27,28]. To determine if a core set of NASH-associated ad
	-

	2 (HNASH2), consisting of 40 patients with mild (F0–F1) nonalcoholic fatty liver disease (NAFLD) and 32 patients with advanced NAFLD and F3–F4 ﬁbrosis [29]. In addition, guinea pig expression data were compared to two preclinical mouse NAFLD models, Western Diet 1 (WD1) (GSE52748) [30], Western Diet 2 (WD2) (GSE38141) [31], and one preclinical mouse NASH model, DIAMOND (GSE67680) [32] (Table 1). The mouse models were selected on the basis of similarity in dietary content (high fat, cholesterol, and sucrose)
	-


	Table 1. Overview of included preclinical models. 
	Preclinical Model 
	Preclinical Model 
	Preclinical Model 
	Sex 
	Species: Strain 
	Weeks on Diet 
	Histological Phenotype 

	Guinea pig 
	Guinea pig 
	Female 
	Guinea pig: Dunkin-Hartley 
	25 
	NASH with ﬁbrosis. Histological scoring: NASH CRN [10] 

	TR
	Mouse: 

	DIAMOND [32] 
	DIAMOND [32] 
	Male 
	B6/129 (isogenic cross between C57BL/6J and 
	52 
	NASH with ﬁbrosis Histological scoring: NASH CRN [10] 

	TR
	129S1/SvImJ) 

	TR
	NAFLD 

	TR
	No histological scoring. 

	WD1 [30] 
	WD1 [30] 
	Male 
	Mouse: C57BL/6N 
	12 
	Positive ↵-sma liver stain and picrosirius red indicative of activated 

	TR
	hepatic stellate cells and 

	TR
	ﬁbrosis, respectively 

	WD2 [31] 
	WD2 [31] 
	Male 
	Mouse: C57BL/6J 
	20 
	NAFLD. No histological scoring 


	NAFLD: nonalcoholic fatty liver disease. NASH CRN: nonalcoholic steatohepatitis Clinical Research Network [10]. 
	2.7. Correlation Analysis of Gene Expression and Fibrosis Quantiﬁcation 
	Genes potentially linked to advanced ﬁbrosis stages were identiﬁed by correlating the normalised rlog-transformed values [20] for each gene to the relative ﬁbrosis area of each animal (Supplementary Table S1, Additional File S1). We selected genes with a Pearson correlation coefﬁcient of 0.8 for both all animals (control and NASH) and NASH animals alone. Additionally, the direction (negative or positive) of the Pearson correlation coefﬁcient had to be identical for both groups (NASH animals alone and all an
	2.8. Statistical Analysis 
	2.8. Statistical Analysis 

	Guinea pig and human dataset HNASH1 (GSE126848) were analysed by high-throughput sequencing [28]. Raw counts from RNA sequencing analysis were used as input for differential expression analysis performed with the DEseq2 package [20]. In contrast, human dataset HNASH2 (GSE49541) [29] and murine datasets (WD1 [30], WD2 [31], DIAMOND [32]) are array datasets, and the LIMMA package (version 3.42.2) [33] was used instead to identify differentially expressed genes (DEGs). For all datasets, DEGs were deﬁned as gen
	1.12.0) package in R [34]. Pathways used as input were obtained from the Molecular Signature Database (MSigDB) [35–37]. Hallmark pathways [37] provided an overview 
	1.12.0) package in R [34]. Pathways used as input were obtained from the Molecular Signature Database (MSigDB) [35–37]. Hallmark pathways [37] provided an overview 
	when comparing animal and human datasets. For the analysis of a selected set of pathways, the Reactome pathways were applied [38]. When identifying the top 50 enriched Reactome pathways, the top 25 downregulated and the top 25 downregulated pathways were selected on the basis of their absolute normalised enrichment score and q < 0.1. The full analysis of Hallmark gene sets and leading edge genes deﬁned as the genes accounting for most of the enrichment signal are shown in Supplementary Table S3, Additional 

	3. Results 
	3. Results 

	3.1. Guinea Pig NASH Development and Disease Stage 
	High-fat-fed guinea pigs developed NASH with advanced bridging ﬁbrosis (F3) as previously reported (Figure 1)[6]. Steatosis (p < 0.01), inﬂammation (p < 0.01), hepatocyte ballooning (p < 0.05), and ﬁbrosis (p < 0.01) were evident in all NASH animals compared to healthy controls (Table 2) as previously reported [6]. In accordance with advanced ﬁbrosis (F3) stage, the relative ﬁbrosis area was signiﬁcantly increased in NASH animals compared to in the controls (p < 0.001). 
	Figure
	Figure 1. Representative pictures of the distribution of hepatic ﬁbrotic tissue in control and NASH (stage F3) guinea pigs in Picro Sirius red stained sections. (A) In control animals, ﬁbrous tissue (red) surrounds the central veins and portal areas, but does not expand into the hepatic parenchyma. An isolated small area of ﬁbroplasia (arrowhead) can be seen as a normal occasional ﬁnding. (B) Bridging ﬁbrosis (arrows) (F3 grade) is clearly evident in animals with NASH after 25 weeks on a high-fat diet. 
	Table 2. Histological scoring of control and NASH guinea pigs. 
	Group 
	Group 
	Group 
	Control (n = 6) 
	NASH (n = 6) 

	Steatosis 1 
	Steatosis 1 
	0 
	3 ** 

	Ballooning 1 Inﬂammation 1 Fibrosis 1 
	Ballooning 1 Inﬂammation 1 Fibrosis 1 
	0 0 (0–1) 0 
	2 (1–2) * 3 ** 3 ** 

	Relative ﬁbrosis area 2 
	Relative ﬁbrosis area 2 
	1.39 ± 0.24 
	7.48 ± 1.81 *** 


	Steatosis, Ballooning, inﬂammation, and ﬁbrosis: medians with range (if applicable). Relative ﬁbrosis area: means with standard deviations. Histopathological scoring data (steatosis, ballooning, inﬂammation, and ﬁbrosis) is previously published [6]. Analysed using Mann–Whitney U test. Analysed by unpaired t-test with Welch’s correction. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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	3.2. The Hepatic Transcriptome Clearly Distinguishes Guinea Pigs with NASH from Controls 
	A total of 6683 DEGs were identiﬁed between guinea pigs with NASH and controls (q < 0.05). Principal-component analysis (Figure 2A) showed a clear separation of the two groups, corroborating distinct transcriptomic differences between NASH and control animals. The top 20 DEGs include genes involved in immune cell signalling (ADAMDEC1, CCL7, TNFSF18), cell-to-cell contact (SPTA1, PAK6, DSG4), cholesterol metabolism (STAR), 
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	and liver regeneration (ECT2) (Table 3). This is also reﬂected in the GSEA (Figure 2B),where the top 50 enriched pathways include extracellular-matrix organisation, MHC Class II antigen presentation, and cell-cycle mitosis. Among the downregulated pathways were cholesterol biosynthesis, bile acid and bile salt metabolism, the citric acid cycle and respiratory electron transport and fatty acid metabolism. 
	Figure
	Figure 2. Principal-component analysis and top 50 dysregulated pathways in guinea pigs with NASH (A) Principal-component analysis plot of guinea pig samples. NASH and control animals clearly separated on the basis of all genes by PC1 explaining 64.03% of the total data variance. (B) Top 50 reactome pathways obtained from GSEA in guinea pigs with NASH vs. healthy controls. Top 50 pathways included the 25 most upregulated and the 25 most downregulated pathways. All pathways were selected on the basis of corre
	Figure 2. Principal-component analysis and top 50 dysregulated pathways in guinea pigs with NASH (A) Principal-component analysis plot of guinea pig samples. NASH and control animals clearly separated on the basis of all genes by PC1 explaining 64.03% of the total data variance. (B) Top 50 reactome pathways obtained from GSEA in guinea pigs with NASH vs. healthy controls. Top 50 pathways included the 25 most upregulated and the 25 most downregulated pathways. All pathways were selected on the basis of corre

	Table 3. Top 20 differentially expressed genes in guinea pigs. 
	Gene Name (Full Name) 
	Gene Name (Full Name) 
	Gene Name (Full Name) 
	Log2 Fold Change 
	Adjusted p-Value 
	Function 

	ADAMDEC1 (ADAM like decysin 1) 
	ADAMDEC1 (ADAM like decysin 1) 
	8.01 
	4.94 ⇥10 
	60 
	Secreted protein invovled in dendritic cell maturation. 

	ADGRG3 (adhesion G protein-coupled receptor 3) 
	ADGRG3 (adhesion G protein-coupled receptor 3) 
	7.66 
	3.79 ⇥ 10 
	40 
	GPCR possibly invovled tumor angiogenesis. 

	KRT23 (keratin 23) 
	KRT23 (keratin 23) 
	10.97 
	1.53 ⇥ 10 
	35 
	Member of keratin family of intermediate ﬁlaments responsible for structural 

	TR
	integrity of epithelial cells. 

	TR
	Vacuolar ATPase mediating acidiﬁcation 

	TR
	of intracellular compartments necessary 

	ATP6V0A4 (ATPase H + transporting V0 subunit a4) 
	ATP6V0A4 (ATPase H + transporting V0 subunit a4) 
	9.02 
	3.01 ⇥ 10 
	32 
	for protein sorting, zymogen activation, receptor-mediated endocytosis and 

	TR
	synaptic vesicle protein 

	TR
	gradient generation. 

	TMEM213 (transmembrane protein 213) 
	TMEM213 (transmembrane protein 213) 
	10.12 
	1.28 ⇥ 10 
	29 
	No listed function. 

	CIB4 (calcium and integrin binding family member 4) 
	CIB4 (calcium and integrin binding family member 4) 
	9.70 
	1.82 ⇥ 10 
	26 
	No listed function. 

	TR
	p21 stimulated serine/threonine kinase 

	PAK6 (p21 (RAC1) activated kinase 6) 
	PAK6 (p21 (RAC1) activated kinase 6) 
	9.38 
	5.69 ⇥ 10 
	26 
	involved in cytoskeleton rearrangement, apoptosis and MAP kinase 

	TR
	signalling pathway. 

	TMC1 (transmembrane channel like 1) 
	TMC1 (transmembrane channel like 1) 
	9.27 
	1.82 ⇥ 10 
	25 
	No listed function. 

	TR
	Encodes MCP3-a secreted chemokine 

	CCL7 (C–C motif chemokine ligand 7) 
	CCL7 (C–C motif chemokine ligand 7) 
	9.09 
	2.30 ⇥ 10 
	25 
	recruiting macrophages during inﬂammation, and also a 

	TR
	substrate of MMP2. 

	TR
	Signalling molecule regulating processes 

	PTPRN (protein tyrosine phosphatase receptor type N) 
	PTPRN (protein tyrosine phosphatase receptor type N) 
	9.23 
	2.58 ⇥ 10 
	24 
	such as cell growth, differentiation, mitotic cycle, and 

	TR
	oncogenic transformation. 

	VSIG1 (V-set and immunoglobulin domain containing 1) 
	VSIG1 (V-set and immunoglobulin domain containing 1) 
	8.26 
	1.06 ⇥ 10 
	22 
	Encodes a member of the junctional adhesion molecule (JAM) family. 

	SLC34A2 (solute carrier family 34 member 2) 
	SLC34A2 (solute carrier family 34 member 2) 
	8.49 
	1.13 ⇥ 10 
	20 
	pH-sensitive sodium-dependent phosphate transporter 

	DSG4 (desmoglein 4) 
	DSG4 (desmoglein 4) 
	8.15 
	2.78 ⇥ 10 
	19 
	Desmosomal cadherin possibly playing a role in cell–cell adhesion in 

	TR
	epithelial cells. 

	TR
	Cytokine belonging to the TNF ligand 

	TNFSF18 (TNF super family member 18) 
	TNFSF18 (TNF super family member 18) 
	7.74 
	1.92 ⇥ 10 
	17 
	family that plays a role in T-lymphocyte survival and the interaction between 

	TR
	endothelial cells and T lymphocytes. 

	MTHFD2 
	MTHFD2 
	Nuclear encoded mitochondrial 

	(methylenetetrahydrofolate 
	(methylenetetrahydrofolate 
	bifunctional enzyme with 

	dehydrogenase (NADP + dependent) 2, 
	dehydrogenase (NADP + dependent) 2, 
	7.63 
	6.53 ⇥ 10 
	17 
	methylenetetrahydrofolate dehydrogenase and 

	methenyltetrahydrofolate 
	methenyltetrahydrofolate 
	methenyltetrahydrofolate 

	cyclohydrolase) 
	cyclohydrolase) 
	cyclohydrolase activities. 

	SPOCK1 (SPARC 
	SPOCK1 (SPARC 

	(osteonectin), cwcv and kazal-like domains 
	(osteonectin), cwcv and kazal-like domains 
	7.72 
	8.38 ⇥ 10 
	17 
	Seminal plasma proteoglycan containing chondroitin and heperan sulfate chains. 

	proteoglycan 1) 
	proteoglycan 1) 

	ECT2 (epithelial cell transforming 2) 
	ECT2 (epithelial cell transforming 2) 
	8.43 
	5.94 ⇥ 10 
	16 
	Guanine nucleotide exchange factor, expressed at high levels in mitotic cells in the regenerating liver. 


	Table 3. Cont. 
	Gene Name (Full Name) 
	Gene Name (Full Name) 
	Gene Name (Full Name) 
	Log2 Fold Change 
	Adjusted p-Value 
	Function 

	TR
	Molecular scaffold protein that links the 

	SPTA1 (spectrin alpha, erythrocytic 1) 
	SPTA1 (spectrin alpha, erythrocytic 1) 
	7.99 
	7.35 ⇥ 10 
	15 
	plasma membrane to the actin cytoskeleton and determines the 

	TR
	cell shape. 

	TR
	Involved in the acute regulation of 

	STAR (steroidogenic acute regulatory protein) 
	STAR (steroidogenic acute regulatory protein) 
	8.36 
	2.48 ⇥ 10 
	14 
	steroid hormone synthesis by enhancing the conversion of cholesterol 

	TR
	into pregnolone. 

	KEL (Kell metalloendopeptidase (Kell 
	KEL (Kell metalloendopeptidase (Kell 
	7.66 
	1.34 ⇥ 10 
	12 
	Encodes a type II transmembrane glycoprotein of the Kell blood 

	blood group)) 
	blood group)) 
	group antigen. 


	List of top 20 differentially expressed genes in the guinea pig dataset based on log2 fold change and Benjamini–Hochberg adjusted p-value. 
	GPCR: G protein-coupled receptor, MAP: mitogen-activated protein, MCP: monocyte chemotactic protein, MMP: matrix metalloproteinase, 
	TNF: tumour necrosis factor. 
	TNF: tumour necrosis factor. 

	3.3. The Guinea Pig NASH Transcriptome Is Similar to That of Humans with Early-Stage NASH 
	The translational value of the guinea pig DEGs was assessed by comparing these to the 100 human genes most strongly associated with NASH, as annotated in the DISEASE database [22,23]. This comparison revealed that 60% of the human genes were differentially expressed in guinea pigs, whereas 40% were not, and is visualised as a protein–protein association network in Figure 3. To further substantiate the translational ﬁndings, RNA sequencing results were also compared to a human dataset with early-stage NASH p
	To benchmark these results in relation to other preclinical models of NAFLD/NASH (WD1, WD2, DIAMOND), the similarity of the animal models to the human dataset (GSE126848) was compared by investigating the comparability of enriched pathways. Figure 4C shows a heatmap based on normalised enrichment scores of all 50 hallmark pathways in the different animal and human datasets (GSE126848). The three murine models group together more closely compared to the guinea pig, and all four rodent models are more similar
	3.4. Guinea Pig NASH Transcriptome Resembles Human Advanced NASH 
	The translatability of the guinea pig transcriptome was also assessed in relation to patients with advanced disease. In contrast to the HNASH1 dataset, where most patients had 1 grade ﬁbrosis (1 of 16 patients had grade 2 ﬁbrosis), and all patients had 1 grade inﬂammation, the HNASH2 dataset compares NAFLD patients with either mild (grade 0–1) or severe (grade 3–4) ﬁbrosis [28,29]. The top 200 DEGs from these patients distinguished guinea pigs and WD1 with NAFLD/NASH from the controls (Figure 5A,C). DIAMO
	of variance explained by ﬁrst principal component PC1 was lower than that of guinea pigs 
	and WD1. 
	and WD1. 

	Figure
	Figure 3. Protein–protein association network showing top 100 genes most strongly associated with human NASH. Yellow nodes indicate 40 proteins that are not differentially expressed in guinea pig NASH. Remaining network nodes are coloured by log2 fold changes of differentially expressed genes in guinea pigs using the default Cytoscape colour gradient blue–white–red of log2 fold change from 
	3 to 3. 
	3 to 3. 

	In the GSEA, murine (WD1, WD2 and DIAMOND) models clustered, while guinea pigs and the HNASH2 dataset formed a separate cluster (Figure 5E). To explore this relationship, the top 50 enriched Reactome pathways in the HNASH2 dataset were compared to the top 50 enriched Reactome pathways in each of the preclinical models. Guinea pig and HNASH2 datasets share 17/50 (34%) enriched pathways, whereas the WD2, WD1, DIAMOND mice and HNASH2 datasets share 17/50 (34%), 7/50 (14%), and 9/50 (18%), respectively (see Sup
	In the GSEA, murine (WD1, WD2 and DIAMOND) models clustered, while guinea pigs and the HNASH2 dataset formed a separate cluster (Figure 5E). To explore this relationship, the top 50 enriched Reactome pathways in the HNASH2 dataset were compared to the top 50 enriched Reactome pathways in each of the preclinical models. Guinea pig and HNASH2 datasets share 17/50 (34%) enriched pathways, whereas the WD2, WD1, DIAMOND mice and HNASH2 datasets share 17/50 (34%), 7/50 (14%), and 9/50 (18%), respectively (see Sup
	-
	-
	-
	-

	responsive (THRSP) to be differentially regulated in HNASH2 and guinea pig datasets, whereas it was upregulated in HNASH1 (Supplementary Table S4, Additional File S1). 

	Figure
	Figure 4. Comparison of preclinical models and patients with early-stage NASH. (A) Venn diagram of differentially expressed genes from HNASH1 (patients with mild disease vs. healthy controls) and guinea pig datasets, and their overlapping genes. Both datasets were analysed by DEseq2, and differentially expressed genes were selected on the basis of q < 0.05. (B) Principal-component analysis using top 200 differentially expressed genes in guinea pigs clearly separated patients with NASH from healthy controls 
	Figure
	Figure 5. Comparison of preclinical models and patients with advanced NASH. (A–D) Principal-component analysis using top 200 differentially expressed genes from HNASH2 (NASH patients with advanced vs. mild ﬁbrosis) could separate NASH/NAFLD from healthy controls in all included preclinical models. Differentially expressed genes from HNASH2 dataset selected on the basis of q < 0.05 and highest absolute log2 fold change. Principal-component analysis plots depict normalised and transformed values for the 200 g
	3.5. Identiﬁcation of Potential New Biomarkers of Fibrosis Deposition 
	To identify genes directly related to the amount of ﬁbrosis in our NASH guinea pigs, the relative ﬁbrosis amount was correlated to the expression of the 11,896 identiﬁed genes. Only genes with a correlation coefﬁcient of 0.8 and a log2 fold change of 1 were included. Each gene was compared to the two human datasets HNASH1 and HNASH2, which consisted of NASH patients with mild disease and NASH patients with advanced ﬁbrosis (grade 3–4), respectively. The ﬁnal list comprises nine genes: ACKR3, BIRC3, CHST11, 
	Table 4. Genes related to ﬁbrosis quantiﬁcation. 
	Gene 
	Gene 
	Gene 
	Pearson’s ⇢ 
	p Value 
	GPLog2FC 
	HLog2FC 
	Function 1 
	Secreted 
	Role in NASH 
	Cell-Speciﬁc Expression 2 

	ACKR3 
	ACKR3 
	All: 0.91 NASH: 0.87 
	5All: 4.54 ⇥ 10 NASH: 0.025 
	1.36 
	HNASH1: ND HNASH2: 0.69 
	GPCR, orphan receptor 
	NO 
	? 
	Endothelial cells 

	BIRC3 
	BIRC3 
	All: 0.88 NASH: 0.82 
	4All: 1.77 ⇥ 10 NASH: 0.045 
	1.1 
	HNASH1: 1.9 HNASH2: 0.7 
	Inhibits apoptosis 
	NO 
	YES (hypoxia induced) [39] 
	Immune cells, cholangiocytes, endothelial cells, and hepatocytes 

	TR
	Promotes 

	CHST11 
	CHST11 
	All: 0.95 NASH: 0.87 
	6All: 1.42 ⇥ 10 NASH: 0.023 
	1.16 
	HNASH1: 0.35 HNASH2: 0.19 
	synthesis of chondroitin 
	NO 
	? 
	Immune cells 

	TR
	(ECM) 

	EMP3 FZD7 
	EMP3 FZD7 
	All: 0.93 NASH: 0.81 All: 0.87 NASH: 0.83 
	6All: 9.41 ⇥ 10 NASH: 0.049 4All: 2.22 ⇥ 10 NASH: 0.041 
	1.5 1.2 
	HNASH1: 0.98 HNASH2: 0.19 HNASH1: ND HNASH2: 0.6 
	Membrane protein, cell proliferation Wnt signalling 
	NO NO 
	? YES in HCC [40] 
	Immune cells Cholangiocytes, HSC 

	TR
	Regulates 

	RGS14 
	RGS14 
	All: 0.83 NASH: 0.80 
	4All: 8.26 ⇥ 10 NASH: 0.053 
	1.58 
	HNASH1: HNASH2: 
	0.3 0.2 
	GPCR (increases microtubule 
	NO 
	? 
	Immune cells 

	TR
	assembly) 

	RHBDF1 
	RHBDF1 
	All: 0.96 NASH: 0.92 
	7All: 4.11 ⇥ 10 NASH: 0.010 
	1.17 
	HNASH1: 0.6 HNASH2: 0.03 
	Regulates ADAM17 and release 
	NO 
	? 
	Cholangiocytes 

	TR
	of TNF-↵ 

	TR
	Immune cells, 

	SERPINB9 
	SERPINB9 
	All: 0.9 NASH: 0.84 
	5All: 6.19 ⇥ 10 NASH: 0.037 
	1.4 
	HNASH1: 0.7 HNASH2: 0.5 
	Inhibits activity of granzyme B 
	YES 
	YES [41] 
	endothelial cells, stellate cells, and myoﬁbroblasts, macrovascular 

	TR
	endothelial cells 

	VWF 
	VWF 
	All: 0.97 NASH: 0.86 
	8All: 7.52 ⇥ 10 NASH: 0.027 
	1.46 
	HNASH1: 0.03 HNASH2: 0.5 
	Platelet aggregation 
	YES 
	YES [42,43] 
	Macrovascular endothelial cells 


	Genes listed in alphabetical order. In Pearson’s ⇢ column: All, correlation calculated using both control and NASH animals; NASH, correlation calculated using only NASH animals. Description of function based on [44]. Based on liver cell atlas [45,46]. ECM: extracellular matrix, GPCR: G-protein coupled receptor, GPLog2FC: guinea pig log2 fold change, HCC: hepatocellular carcinoma, HLog2FC: human log2 fold change, HSC: hepatic stellate cell, HNASH1: NASH patients with mild ﬁbrosis vs. healthy controls. HNASH2
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	4. Discussion 
	4. Discussion 

	This paper shows the ﬁrst comparison of human and guinea pig NASH transcriptomes, and reveals the high translational potential of this model compared to the included murine models. DEGs clearly separated guinea pigs with NASH from healthy controls, and GSEA revealed an over-representation of ﬁbrosis-related signalling, while energy-generating processes were downregulated. Importantly, guinea pigs with NASH and advanced ﬁbrosis (F3) recapitulate the transcriptional proﬁle of NASH patients with advanced (F3–F
	-
	-

	A comparison of the guinea pig transcriptome to the human dataset (GSE126848 (HNASH1)) demonstrated that the top 200 DEGs in NASH guinea pigs were able to separate patients with NASH from healthy individuals [28]. This similarity was further substantiated by the 60% overlap in guinea pig NASH DEGs and human genes from the DISEASE database [23], and a separate grouping of guinea pigs and patients from the HNASH2 dataset in the GSEA compared to the murine models. However, some pathways displayed altered regul
	Mitochondrial -oxidation is central for hepatic lipid metabolism, and mitochondrial dysfunction is considered to be a symptom of advanced NASH [49,50]. Accordingly, complex 1 biogenesis and respiratory electron transport were downregulated in humans (HNASH2), guinea pigs and DIAMOND mice that also have advanced disease, indicating an overlap in late-stage pathogenesis between these models and humans [29,32]. The protein–protein association network demonstrated either the down-or no regulation of key genes i
	Mitochondrial -oxidation is central for hepatic lipid metabolism, and mitochondrial dysfunction is considered to be a symptom of advanced NASH [49,50]. Accordingly, complex 1 biogenesis and respiratory electron transport were downregulated in humans (HNASH2), guinea pigs and DIAMOND mice that also have advanced disease, indicating an overlap in late-stage pathogenesis between these models and humans [29,32]. The protein–protein association network demonstrated either the down-or no regulation of key genes i
	disease (mild vs. advanced) are likely to account for differences between HNASH1 and guinea pig expression patterns. 

	Within the group of inﬂammatory response genes HNASH2, guinea pig and murine models showed upregulated expression patterns. Closer inspection of the genes in leading edge analysis (Supplementary Table S3, Additional File S1 (highlighted in yellow)) revealed that CCL20 and CD44 were upregulated in HNASH2 and guinea pigs, but not in HNASH1. CCL20 is a strong chemoattractant for lymphocytes and the main ligand of the chemokine receptor CCR6, and is expressed by cholangiocytes, Kupffer cells, hepatocytes, and h
	-

	With regards to hepatic ﬁbrosis, 4/17 of the overlapping pathways between guinea pigs and advanced NASH patients (HNASH2) are exclusively related to ﬁbrosis. None of the pathways overlapping between DIAMOND and advanced NASH patients are involved in ﬁbrotic processes, whereas WD1 and WD2 showed 3/7 and 12/17 of overlapping pathways, respectively. In the principal-component analysis, guinea pigs and WD1 were clearly separated by the DEGs from patients with advanced vs. mild disease (HNASH2), whereas the WD2 
	The above ﬁndings show high similarity between guinea pig and human ﬁbrotic gene expression, prompting further investigation of speciﬁc targets, with high clinical potential. This yielded a list of nine ﬁbrosis-related genes, of which two secreted factors, von Willebrand factor (VWF) and serpin family B member 9 (SERPINB9), showed high correlation with the relative ﬁbrosis area. vWF is secreted from endothelial cells, and circulating levels 
	The above ﬁndings show high similarity between guinea pig and human ﬁbrotic gene expression, prompting further investigation of speciﬁc targets, with high clinical potential. This yielded a list of nine ﬁbrosis-related genes, of which two secreted factors, von Willebrand factor (VWF) and serpin family B member 9 (SERPINB9), showed high correlation with the relative ﬁbrosis area. vWF is secreted from endothelial cells, and circulating levels 
	-

	of vWF predicted mortality and risk of decompensation in patients with cirrhosis [59–61]. Furthermore, vWF increases with ﬁbrosis stage in hepatitis C and NASH patients, supporting this as a potential marker of advancing hepatic ﬁbrosis [42,62]. Increased SERPINB9 expression was also reported in patients with hepatocellular carcinoma [63]. SERPINB9 could be a circulating biomarker for cytomegalovirus infection, and immunostainings conﬁrmed the hepatocyte expression of SERPINB9 in cirrhotic hepatitis C patie
	-


	5. Conclusions 
	5. Conclusions 

	This study showed signiﬁcant overlap between the transcriptomes of the guinea pig NASH model and NASH patients with advanced ﬁbrosis on a pathway and single-gene level. In addition to similarities in liver histopathology, this further establishes the guinea pig as a model of ﬁbrotic NASH with high translational validity. Moreover, several genes correlating with the amount of hepatic ﬁbrosis in guinea pigs displayed a similar expression pattern in NASH patients, supporting the clinical potential of using the
	Supplementary Materials: The following are available online at 390/biomedicines9091198/s1.Additional File S1:Word document docx. Supplementary Table S1.Table of relative fibrosis area based on Picro Sirius red staining for each animal. Supplementary Table S2. List of top 50 overlapping pathways between the preclinical murine models and HNASH2 dataset. Supplementary Table S3. List of all Hallmark gene sets for the guinea pig dataset, including leading edge genes. Supplementary Table S4. List of Reactome path
	https://www.mdpi.com/article/10.3 
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	Therapeutic options are urgently needed for non-alcoholic fatty liver disease (NAFLD), but development is time-consuming and costly. In contrast, drug repurposing offers the advantages of re-applying compounds that are already approved, thereby reducing cost. Acetylsalicylic acid (ASA) and pentoxifylline (PTX) have shown promise for treatment of NAFLD, but have not yet been tested in combination. Guinea pigs were fed a high-fat diet for 16 weeks and then continued on the diet while being treated with ASA, P
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	1 | INTRODUCTION 
	Non-alcoholic fatty liver disease affects approximately 25% of the world’s population and can progress to non-alcoholic steatohepatitis (NASH).The disease imposes a substantial economic burden with estimated annual healthcare costs exceeding 100 billion dollars in the USA alone.Current treatment options are scarce, but the multifactorial pathogenesis in NASH provides a clear basis for successful combination 
	Non-alcoholic fatty liver disease affects approximately 25% of the world’s population and can progress to non-alcoholic steatohepatitis (NASH).The disease imposes a substantial economic burden with estimated annual healthcare costs exceeding 100 billion dollars in the USA alone.Current treatment options are scarce, but the multifactorial pathogenesis in NASH provides a clear basis for successful combination 
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	therapy.However, due to the substantial requirements in both time and costs associated with developing novel therapeutics, monotherapy will likely be expensive once drugs are approved, and combination therapy may not be possible for all. Consequently, drug repurposing might be a feasible option for NASH patients. This approach offers the advantage that drug candidates have already undergone the expensive and time-consuming evaluation related to pharmacokinetics, dynamics and toxicology. In this regard, acet
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	in NAFLD: Two meta-analyses have suggested that PTX can improve hepatic inflammation and disease activity in NAFLD, but findings regarding hepatic steatosis and fibrosis were less clear.PTX may decrease TNFα, production of reactive oxygen species and lipid peroxidation, all of which are mechanisms involved in NAFLD and, therefore, could prove to be beneficial in a NAFLD treatment strategy.ASA is a commonly used non-steroidal anti-inflammatory drug and could mediate its effect against NAFLD by targeting the 
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	2 | MATERIALS AND METHODS 
	2.1 | Animals 
	All animal experimentation was approved by the Animal Experimentation Inspectorate under the Danish Ministryof Environment and Food (permit number 2018-15-020101591), and in accordance with the European Legislation of Animal Experimentation 2010/63/EU. The study was conducted in accordance with the Basic & Clinical Pharmacology & Toxicology policy for experimental and clinical 
	-
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	studies.
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	Female Hartley guinea pigs were housed in floor pens at 20-24°C with a 12-hours light/dark cycle and access to shelters, gnawing blocks, water and food. Following 1 week of acclimatization, guinea pigs were randomly assigned to chow (n = 5) or a high-fat diet (HFD) (n = 55, 20% fat, 15% sucrose and 0.35% cholesterol). Group sizes were based on a power analysis (power of 80%, P < .05) with variances adopted from our previous studies and an effect size of 30% 
	Female Hartley guinea pigs were housed in floor pens at 20-24°C with a 12-hours light/dark cycle and access to shelters, gnawing blocks, water and food. Following 1 week of acclimatization, guinea pigs were randomly assigned to chow (n = 5) or a high-fat diet (HFD) (n = 55, 20% fat, 15% sucrose and 0.35% cholesterol). Group sizes were based on a power analysis (power of 80%, P < .05) with variances adopted from our previous studies and an effect size of 30% 
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	considered to be biologically relevant. Dietary compositions As previously shown, guinea pigs develop NASH with fibrosis following 16 weeks of high-fat feeding and proceed to develop advanced hepatic 
	were similar to previously described.
	14 


	fibrosis by week 25-35.13,14,18,19 Thus, after 16 weeks, six 
	fibrosis by week 25-35.13,14,18,19 Thus, after 16 weeks, six 
	animals from the high-fat diet group (HFD pre-intervention) were randomly selected for baseline euthanasia. The remaining high-fat diet animals were block-randomized into four groups based on weight: HFD (n = 10), acetylsalicylic acid (ASA, n = 13), pentoxifylline (PTX, n = 13) and acetylsalicylic acid + pentoxifylline (ASA+PTX, n = 13). ASA and PTX (Glostrup Apotek, Glostrup, Denmark) were formulated into the diets (Ssniff Spezialdiäten GmbH, Soest, Germany) to ensure continuous drug exposure. Food intake 
	-
	-
	-

	2.2 | Selection of doses 
	In most RCTs, patients were treated with 1200 mg PTX per day, which corresponds to ~13.3 mg/kg as calculated by the available data from the clinical trialsand is equivalent to 
	20 

	51.7 mg/d in guinea pigs (weighing 840 g). The dose of ASA was based on previous preclinical studies assessing pharmacokinetics of dietary administered ASA in ratsand doses of ASA that decreased liver enzymes, steatosis and/or fibrosis in mice.Based on food intake data from our previousstudies,a concentration of 2174 mg/kg diet for both compounds was selected, aiming for an estimated daily intake of 50 mg of both ASA and PTX. In the current study, this resulted in a mean intake of approximately 46.3 and 45.
	-
	21 
	7,22,23 
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	2.3 | Blood samples 
	At euthanasia, animals were pre-anaesthetized with 1.25 mL/kg Zoletil-mix (Zoletil 50 Vet (Virbac Laboratories, Carros, France) dissolved with 10 mL 20 mg/mL Xylazin (Rompun Vet (Bayer Animal Health, Copenhagen, Denmark) and 
	0.75 mL 10 mg/mL butorphanol (Torbugesic Vet, ScanVet, Fredensborg, Denmark) and then diluted 1:9 in isotonic saline) and placed on 3%-5% isoflurane before an intracardial blood sample was collected in a K3-EDTA flushed syringe following disappearance of interdigital reflexes as previously described.Samples for free fatty acids (FFA) and alkaline phosphatase (ALP) were collected in NaF- and heparin-coated microvettes (Sarstedt, Nümbrecht), respectively. Plasma was isolated by centrifuging samples at 2000 g 
	0.75 mL 10 mg/mL butorphanol (Torbugesic Vet, ScanVet, Fredensborg, Denmark) and then diluted 1:9 in isotonic saline) and placed on 3%-5% isoflurane before an intracardial blood sample was collected in a K3-EDTA flushed syringe following disappearance of interdigital reflexes as previously described.Samples for free fatty acids (FFA) and alkaline phosphatase (ALP) were collected in NaF- and heparin-coated microvettes (Sarstedt, Nümbrecht), respectively. Plasma was isolated by centrifuging samples at 2000 g 
	-
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	13,14 
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	aminotransferase (ALT), aspartate aminotransferase (AST), ALP, bilirubin and albumin were measured on a Cobas 6000 (Roche Diagnostic Systems, Berne, Switzerland) according to the manufacturer’s specifications. 
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	2.4 | Liver biochemistry and histology 
	Serial liver samples, approximately 2 mm thick transversal sections spanning the entire lobe, were collected from the left lateral lobe (lobus hepatis sinister lateralis) and fixed in 10% formalin for histology, frozen at −80°C for biochemistry or snap frozen in liquid nitrogen for qPCR and subsequently stored at −80°C. Livers were stained with haematoxylin & eosin or Picro Sirius Red with Weigert’s haematoxylin solution. Liver sections were graded in a randomized and blinded manner in accordance to Kleiner
	-
	25 
	14
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	TABLE 1 Primers for qPCR 
	Gene Accession no. 
	Ccl2 (Mcp1) NM_001172926.1 Tnf (Tnfα) NM_001173025.1 Cxcl8 (Il8) NM_001173399.2 Tgfb1 NM_001173023.1 Pdgfb XM_013153075.1 Col1a1 XM_003466865.2 Gapdh NM_001172951.1 
	Forward 
	Forward 
	accordance with quantifications of picrosirius red staining in liver samples from preclinical models and patients.Liver triglyceride and cholesterol content were analysed on liver homogenates from the left lateral lobe on a COBAS 6000 according to the manufacturer’s specifications and as previously 
	27,28 
	-
	described.
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	2.5 | Liver gene expression 
	RNA extraction, purification and qPCR were performed as Briefly, liver tissue (~50 mg) from the left lateral lobe was homogenized on a FastPrep-24 (MpBio, Solon, OH, USA) in 1000 μL Mag-Max Lysis/Binding Solution Concentrate (Thermo Fisher, Waltham, MA, USA) with 0.7% β-mercaptoethanol (Sigma-Aldrich, MO, USA) using glass beads (G4649-100G, Sigma, St, Louis, MO, USA). Subsequently, samples were centrifuged at 9500 g for 1 minute at 4°C and the supernatant frozen at −20°C for 24 hours. RNA was purified using
	previously described.
	15 
	-
	-

	cDNA was synthesized from 1000 ng RNA using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA) on a 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA) using the following program: 25°C for 10 minutes, 37°C for 120 minutes and 85°C for 5 seconds. The cDNA was diluted to a final concentration of 6 ng/μL. 
	-

	Primer sequences for qPCR are provided in Table 1 and have been published 
	previously.
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	2.6 | Computed tomography (CT) scans 
	To assess longitudinal changes in liver fat and to exclude animals without fatty liver disease before intervention start, liver 
	-

	Product Reverse (bp) 

	TGCCAAACTGGACCAGAGAA 
	TGCCAAACTGGACCAGAGAA 
	TGCCAAACTGGACCAGAGAA 
	CGAATGTTCAAAGGCTTTGAAGT 
	75 

	GCCGTCTCCTACCCGGAAAA 
	GCCGTCTCCTACCCGGAAAA 
	TAGATCTGCCCGGAATCGGC 
	203a 

	GGCAGCCTTCCTGCTCTCT 
	GGCAGCCTTCCTGCTCTCT 
	CAGCTCCGAGACCAACTTTGT 
	67b 

	AACCCGAGCCGGACTACTATG 
	AACCCGAGCCGGACTACTATG 
	TGCTTTTATAGATATTGTGGCTGTTGT 
	78c 

	CCCCTCCAGCAGATGAAGTT 
	CCCCTCCAGCAGATGAAGTT 
	GGTCTCAATCCAGGGTCCAA 
	199 

	CTGGACAGCGTGGTGTAGTC 
	CTGGACAGCGTGGTGTAGTC 
	TCCAGAAGGACCTTGTTTGC 
	104d 

	GCACCGTCAAGGCTGAGAAT 
	GCACCGTCAAGGCTGAGAAT 
	CATCACGAACATAGGGGCATC 
	76e 


	Note: Commonly used synonyms are shown in parentheses. Previously published primer pairs are indicated as a, b, c, d and e.
	37
	38
	39
	40
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	densities were assessed 1 week prior to intervention start and again 1 week prior to euthanasia. Liver densities were measured using a single slice CT scanner (Siemens Somatom Emotion, Erlangen, Germany) set to 110 kV and 140 mAs. Images were reconstructed using a standard soft-tissue kernel (B41s) and a pixel size of 0.24 mm × 0.24 mm and analysed using Horos Project (version 3.3.5) by selecting six regions of interest (1.0 cmeach), three in the left lateral lobe (lobus hepatis sinister lateralis) and thre
	-
	-
	2 
	end
	baseline

	2 
	2 

	1 
	1 

	2.7 | Exclusion of animals without NAFLD 
	2.7 | Exclusion of animals without NAFLD 
	Steatosis grade (ρ = −0.6962, P < .0001) and hepatic triglyceride content (r = −0.7615, P < .0001) correlated with liver densities (Figure 1). After termination, but prior to data interpretation, CT scans were used to identify animals without significant hepatic steatosis prior to the initiation of interventions. Thus, only HFD animals with a liver density <75% (<47.5 HU) of healthy chow-fed controls were included in the statistical analysis and presented data (except correlation analysis). Consequently, gr
	-
	-
	-


	2.8 | Statistics 
	2.8 | Statistics 
	All statistical analyses were done in GraphPad Prism version 8.4.0 (GraphPad Software, La Jolla, CA, USA). The 
	-

	Sect
	P
	Figure

	healthy chow-fed controls serve only as a reference to normal values, and the effect of the intervention on disease parameters was, therefore, assessed by comparing the intervention groups (ASA, PTX and ASA+PTX) to the HFD group. Continuous data were analysed with a one-way ANOVA followed by Dunnett’s multiple comparisons test comparing to the HFD group if applicable. For qPCR data, the ΔΔCt values were used for the statistical Body weights were analysed by a two-way repeated measures ANOVA. Data not follow
	-
	-
	analysis.
	29 
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	3.1 | Body weight, food intake, liver density, histology and biochemistry 
	3.1 | Body weight, food intake, liver density, histology and biochemistry 
	3.1 | Body weight, food intake, liver density, histology and biochemistry 
	Body weights and food intake were not different between groups (Figure 2A,B). Liver densities decreased in all high-fat-fed groups during the intervention period but did not differ between HFD and intervention groups (P = .1578) (Figure 3). Compared to HFD pre-intervention, all high-fat-fed groups progressed in steatosis, lobular inflammation, fibrosis, NAFLD activity score and SAF activity. A nominal reduction in steatosis grade was observed for ASA+PTX and in lobular inflammation for ASA and ASA+PTX. Howe
	-
	-
	-
	-


	FIGURE 1 Correlation of CT scan with steatosis grade and liver triglyceride content. Liver density measured by computed tomography (CT) and expressed as Hounsfield units (HU) at euthanasia (week 25) correlates with steatosis grade (A) and liver triglyceride (TG) content (B). A cut-off value of 75% (47.5 HU) of the healthy chow animals with no steatosis was selected to enable exclusion of all animals without overt hepatic lipid accumulation prior to the start of the intervention. Animals excluded from the HF
	FIGURE 1 Correlation of CT scan with steatosis grade and liver triglyceride content. Liver density measured by computed tomography (CT) and expressed as Hounsfield units (HU) at euthanasia (week 25) correlates with steatosis grade (A) and liver triglyceride (TG) content (B). A cut-off value of 75% (47.5 HU) of the healthy chow animals with no steatosis was selected to enable exclusion of all animals without overt hepatic lipid accumulation prior to the start of the intervention. Animals excluded from the HF
	FIGURE 2 Body weight and food intake during the intervention period. (A) Body weights increased over time but did not differ between groups. (B) Feed intake decreased with age, but was approximately similar in the HFD group compared to groups in which the intervention compounds were mixed in the diets (ASA, PTX and ASA+PTX) aiming at a daily intake of 50 mg for each compound. Body weights were analysed with two-way repeated measures ANOVA. Means with SD (A) or means (B) 
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	Figure
	FIGURE 3 Change in liver densities following intervention. Changes in liver densities measured as change in Hounsfield units (ΔHU) were not statistically different between HFD and intervention groups. Analysed by a one-way ANOVA 
	ASA+PTX in hepatic steatosis (P = .5759), hepatocyte ballooning (P = .6852), lobular inflammation (P = .3684), portal inflammation (P = .3066), NAFLD activity score (P = .6712) or SAF activity score (P = .6852) (Figure 4AF and Figure 5). Fibrosis grade was not different between HFD and intervention groups (P = .5640) (Figure 5 Figure 6A). Seemingly, more animals had severe fibrosis (F3-4) in the HFD (71.4%) and ASA (75.0%) group than in PTX (40%) and ASA+PTX (54.5%) group (Figure 6B), but this was not stati
	-
	-
	-
	-

	Absolute and relative liver weights were decreased in all intervention groups by approximately 10 g (~18%) and 15%, respectively, compared to HFD, but this was not statistically significant (P = .1307 and P = .1440, respectively) (Table 2). Hypothesis-driven post hoc testing suggested that the reduction in relative liver weight approached statistical significance for ASA (P = .091) and ASA+PTX (P = .0874) 
	-

	compared to HFD. Similarly, liver triglycerides were reduced by approximately 10 μmol/g tissue in the ASA, PTX and ASA+PTX group compared to the HFD group; however, the reduction was not statistically significant (P = .2513).Liver total cholesterol (P = .6773), ALT (P = .8314), AST (P = .8314), ALP (P = .9450), bilirubin (P = .5554) and albumin (P = .1515) did not differ between HFD, ASA, PXT and ASA+PTX. 
	compared to HFD. Similarly, liver triglycerides were reduced by approximately 10 μmol/g tissue in the ASA, PTX and ASA+PTX group compared to the HFD group; however, the reduction was not statistically significant (P = .2513).Liver total cholesterol (P = .6773), ALT (P = .8314), AST (P = .8314), ALP (P = .9450), bilirubin (P = .5554) and albumin (P = .1515) did not differ between HFD, ASA, PXT and ASA+PTX. 


	3.2 | Plasma lipids 
	3.2 | Plasma lipids 
	3.2 | Plasma lipids 
	Plasma levels of triglycerides (P = .2775), total cholesterol (P = .3160) or free fatty acids (P = .1332) were not different between HFD, ASA, PTX and ASA+PTX (Table 3). 


	3.3 | Hepatic gene expression 
	3.3 | Hepatic gene expression 
	3.3 | Hepatic gene expression 
	Overall, inflammatory markers were not different between groups, but a tendency towards decreased hepatic expression was noted for monocyte chemoattractant protein 1 (Mcp1, also known as Ccl2 ) and interleukin 8 (Il8 ) in the intervention groups (ASA, PTX and ASA+PTX) (Figure 7A). Hepatic expression of Mcp1 was decreased (21%-33%) in intervention groups compared to HFD, but the groups were not overall different (P = .4397). Il8 expression was also reduced (21%35%) in the ASA, PTX and ASA+PTX group compared 
	-
	-
	-
	-

	Fibrogenic genes were not affected by interventions (Figure 7B) as collagen 1a1 (Col1a1) (P = .8697), platelet-derived growth factor β (Pdgfb) (P = .8259) and transforming growth factor β (Tgfb1) displayed similar expression in all groups (P = .6639). 
	-
	-
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	FIGURE 4 Liver histopathology and disease activity. ASA and PTX, alone or in combination, did not affect hepatic steatosis (A), hepatocyte ballooning (B), lobular inflammation (C), portal inflammation (D) or disease activity measured as the NAFLD activity score (E) and SAF activity 
	(F) when compared to HFD. Data (only HFD and intervention groups) were analysed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test comparing to the HFD group if applicable. Medians with individual values 


	4 | DISCUSSION 
	4 | DISCUSSION 
	The current study investigated the effect of ASA and PTX alone and in combination on NASH end-points in a guineapig model. ASA and PTX did not affect the primary histological outcome of steatosis, hepatocyte ballooning, lobular inflammation or fibrosis. Whole-liver expression of inflammatory and fibrogenic genes was not affected, although a nominal reduction in Mcp1, Il8 and Pdgfb as well as relative liver weight and liver triglyceride content was recorded.
	-
	-

	The guinea pig is a well-validated model of NASH that develops advanced (F3) fibrosis when fed a human-like “Western diet” enabling the study of this critical NASH end-point.Accordingly, high-fat-fed guinea pigs developed NASH with steatosis, inflammation, ballooning and fibrosis prior to intervention. ASA and PTX alone or in combination exerted no statistically significant effects on NASH histology, biochemistry or gene expression. However, all treatments did nominally decrease relative liver weight and li
	The guinea pig is a well-validated model of NASH that develops advanced (F3) fibrosis when fed a human-like “Western diet” enabling the study of this critical NASH end-point.Accordingly, high-fat-fed guinea pigs developed NASH with steatosis, inflammation, ballooning and fibrosis prior to intervention. ASA and PTX alone or in combination exerted no statistically significant effects on NASH histology, biochemistry or gene expression. However, all treatments did nominally decrease relative liver weight and li
	13–15,18,19,24 
	7,30 

	infiltrations—were decreased 21%-33% and 21%-35% compared to HFD, respectively, in ASA- and PTX-treated groups. While these decreases were not statistically significant, they could indicate that ASA and PTX have a potential anti-inflammatory effect in guinea pigs with NASH.
	-
	-


	An isolated effect of PTX is supported by two small me-ta-analyses suggesting that PTX improves lobular inflammation.Furthermore, one of the meta-analyses also found a beneficial effect of PTX on liver fibrosis.In the present study, 40%-55% of animals treated with PTX, alone or in combination with ASA, had advanced (F3) fibrosis at the end of the study while 71% of untreated HFD animals had advanced fibrosis. In addition, hepatic Pdgfb expression was reduced by 11%-25% in treatment groups compared to HFD. T
	An isolated effect of PTX is supported by two small me-ta-analyses suggesting that PTX improves lobular inflammation.Furthermore, one of the meta-analyses also found a beneficial effect of PTX on liver fibrosis.In the present study, 40%-55% of animals treated with PTX, alone or in combination with ASA, had advanced (F3) fibrosis at the end of the study while 71% of untreated HFD animals had advanced fibrosis. In addition, hepatic Pdgfb expression was reduced by 11%-25% in treatment groups compared to HFD. T
	-
	4,5 
	4 
	-

	A similar tendency to improve fibrosis was not observed with ASA alone, which is in contrast to previous studies.In Mdrmice with biliary fibrosis, platelets were identified as a source of hepatic PDGFB that could activate hepatic stellate cells and induced Accordingly, ASA (30 mg/kg/d) supplied in the diet for 1 year reduced PDGFB levels and liver fibrosis in mice.Furthermore, PTX reduced PDGF-induced collagen synthesis and proliferation 
	-
	7,22,31 
	-/-
	fibrosis.
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	FIGURE 5 Liver histology. Representative liver sections stained with haematoxylin and eosin (A, C, E, G and I) or picro sirius red (B, D, F, H and J) from healthy chow controls (A and B), HFD (C and D), ASA (E and F), PTX (G and H) and ASA+PTX (I and J) at euthanasia (week 25). Scale bar is 200 μm 
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	FIGURE 6 Liver fibrosis. (A) Fibrosis grade did not differ between HFD and intervention groups. (B) Nominally, less animals had severe (F3-4) fibrosis in the PTX and ASA+PTX group compared to HFD. (C) The relative fibrosis area did not differ between groups, although a nominal reduction was observed for PTX and ASA+PTX. Medians with individual values (A) or means with SD (C). Analysed with the Kruskal-Wallis test (A) or 1-way ANOVA (C) followed by Dunn’s or Dunnett’s multiple comparisons test, respectively,
	TABLE 2 Liver markers at study endParallel intervention groups Reference values 
	590 | IPSEN ET AL. 
	HFD ASA PTX ASA+PTX HFD Pre-intervention Chow 
	HFD ASA PTX ASA+PTX HFD Pre-intervention Chow 

	Liver weight [g] 63.9 ± 12.8 53.6 ± 11.6 54.7 ± 14.8 50.5 ± 9.43 33.2 ± 8.91 22.3 ± 3.11 Relative Liver weight [%] 7.19 ± 1.07 6.04 ± 1.06 6.26 ± 1.36 6.02 ± 1.03 4.27 ± 1.07 2.53 ± 0.162 Liver TG [μmol/g] 55.1 (36.5-83.3) 44.5 (39.9-49.7) 47.6 (39.7-57.0) 42.9 (37.3-49.3) 44.1 (27.6-70.4) 10.3 (4.92-21.4) Liver TC [μmol/g] 30.1 ± 7.55 27.6 ± 3.90 27.3 ± 6.49 27.4 ± 3.29 23.4 ± 9.34 4.35 ± 0.46 ALT [U/L] 108.7 ± 37.6 119.7 ± 41.3 130.1 ± 61.5 119.7 ± 41.3 91.3 ± 38.4 60.8 ± 45.0 AST [U/L] 949.4 (706.2-1272)
	a 
	b 

	Note: Means with SD or geometric means with 95% confidence intervals. Data (only HFD compared to intervention groups) were analysed using the one-way ANOVA followed by Dunnett’s multiple comparisons test comparing to the HFD group if applicable.Abbreviations: ALP, Alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TC, total cholesterol; TG, triglycerides. Analysed by Welch ANOVA test.Values below lower limit of quantification (1.4 μmol/L) were set to 1.4 μmol/L, and this w
	Note: Means with SD or geometric means with 95% confidence intervals. Data (only HFD compared to intervention groups) were analysed using the one-way ANOVA followed by Dunnett’s multiple comparisons test comparing to the HFD group if applicable.Abbreviations: ALP, Alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TC, total cholesterol; TG, triglycerides. Analysed by Welch ANOVA test.Values below lower limit of quantification (1.4 μmol/L) were set to 1.4 μmol/L, and this w
	a
	b

	of hepatic stellate cells in vitrosupporting an anti-fibrotic effect of both compounds. Notably, randomized clinical trials investigating PTX had a considerably longer (12 month) intervention period and PTX was administrated three times dailycompared to our 8-week intervention period and continuous administration through the diet. The meta-analyses of retrospective cohort studies, showing an association between ASA and hepatic fibrosis, also had a considerably longer follow-up time (6-24 m) compared to the 
	32,33 
	-
	20,30 
	-
	9 

	In addition, both compounds were administered via the diet, and while this circumvents the stress associated with injections or gavage, continuous administration via the diet may not provide a sufficiently high plasma concentration to provide a therapeutic effect. Preventive therapy with 9 mg/kg PTX provided in drinking water did not affect hepatic steatosis, inflammation or fibrosis nor ALT and AST in rats fed a choline-deficient diet.However, oral or intraperitoneal administration of PTX with doses identi
	-
	-
	34 
	35,36 
	4 
	-
	7,8,23,31 
	-
	-
	-

	7,8,23,31 
	kg/d, doses were also higher,
	which may explain 

	the absence of statistically significant effects of ASA in the present study. Thus, the route of administration, dose of the compounds and when the therapy is initiated are clearly important factors.
	The decision of drug administration through diet formulation was based on the narrow anatomical confinements of the guinea pig oral and pharyngeal cavity, preventing dosing by gavage in this species without imposing unacceptably high stress levels and risking iatrogenic deaths. Dietary dosing ensured stress-free dosing and continuous exposure, however, prevented the control of the exact dose per animal. This may have increased variation, thereby decreasing statistical power. To improve the translational val
	-
	-
	-
	-
	-
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	TABLE 3 Plasma lipids at study end Parallel intervention groups Reference values 
	HFD 
	HFD 
	HFD 

	HFD 
	HFD 
	ASA 
	PTX 
	ASA+PTX 
	Pre-intervention 
	Chow 

	Plasma TC 
	Plasma TC 
	4.44 (2.72-7.22) 
	4.99 (4.16-6.00) 
	4.35 (3.15-5.99) 
	4.94 (3.81-6.40) 
	8.89 (6.65-11.9) 
	0.71 (0.491.05) 
	-


	Plasma TG 
	Plasma TG 
	0.51 ± 0.13 
	0.54 ± 0.15 
	0.64 ± 0.15 
	0.55 ± 0.14 
	0.83 ± 0.24 
	1.71 ± 0.29 

	Plasma FFA 
	Plasma FFA 
	51.3 ± 4.34 
	47.1 ± 10.2 
	45.9 ± 9.64 
	56.3 ± 12.4 
	64.6 ± 15.0 
	51.2 ± 6.34 


	Note: Means with SD or geometric means with 95% confidence intervals. Data (only HFD compared to intervention groups) were analysed using the one-way ANOVA followed by Dunnett’s multiple comparisons test comparing to the HFD group, if applicable. Abbreviations: FFA, free fatty acids; TC, total cholesterol; TG, triglycerides. 
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	FIGURE 7 Liver expression of inflammatory and fibrogenic genes in intervention groups relative to HFD. (A) Expression of the inflammatory markers chemokine monocyte chemoattractant protein 1/c-c motif ligand 2 (Ccl2/Mcp1), interleukin 8 (Il8) and tumour necrosis factor α (Tnf) was not statistically significant affected by interventions, although all interventions led to reduced Mcp1/Ccl2 and Il8 expression. 
	(B) Fibrogenic markers collagen 1a1 (Col1a1), platelet-derived growth factor β (Pdgfb) and transforming growth factor β1 (Tgfb1) did not change following the intervention period. A reduction in Pdgfb was observed, without being statistically significant. Means with ranges. Analysed with a one-way ANOVA followed by Dunnett’s multiple comparisons test comparing to the HFD group, if applicable 
	to treatment start—reflecting liver steatosis—were excluded prior to data analyses and interpretation. This ensured that treatment effects were only investigated in animals with fatty livers, more closely mimicking a clinical setting, but also reducing group sizes, which in turn decreased statistical power. We have recently reported differences in sensitivity to diet and vitamin E intervention in NASH guinea pigs, suggesting the presence of high and low responders when investigating effects, for example on 
	-
	19 
	-
	-

	In conclusion, the current study suggests that 50 mg/dASA and PTX alone or in combination for 8 weeks does not ameliorate NASH or hepatic fibrosis in guinea pigs. Though findings indicate improvement in some groups and on some markers, the absence of statistical significance suggests that treatment periods should be extended and/or doses increased in order to mediate a potential therapeutic effect. 
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	Abstract: Oxidative stress is directly linked to non-alcoholic fatty liver disease (NAFLD) and the progression to steaotohepatitis (NASH). Thus, a beneﬁcial role of antioxidants in delaying disease progression and/or accelerating recovery may be expected, as corroborated by recommendations of, e.g., vitamin E supplementation to patients. This study investigated the effect of vitamin C deﬁciency—often resulting from poor diets low in fruits and vegetables and high in fat—combined with/without a change to a l
	Artifact
	However, the results showed an effect of the diet change on the resolution of hepatic histopathological 
	K.; Skovsted, G.F.; Gregersen, I.; 
	hallmarks (steatosis, inﬂammation, and ballooning) (p < 0.05 or less) and indicated a positive effect 
	Vangsgaard, S.; Ipsen, D.H.; Latta, M.; 
	of a high vitamin C intake when combined with a low fat diet. Our data show that a diet change 
	Lykkesfeldt, J.; Tveden-Nyborg, P. 
	is important in NASH regression and suggest that a poor vitamin C status delays the reversion 
	Vitamin C Deﬁciency May Delay towards a healthy hepatic transcriptome and phenotype. In conclusion, the ﬁndings support a
	Diet-Induced NASH Regression in the Guinea Pig. Antioxidants 2022, 11, beneﬁcial role of adequate vitamin C intake in the regression of NASH and may indicate that vitamin 
	69. / C supplementation in addition to lifestyle modiﬁcations could accelerate recovery in NASH patients antiox11010069 with poor vitamin C status. 
	https://doi.org/10.3390

	Academic Editors: Teresa Carbonell 
	Keywords: non-alcoholic fatty liver disease (NAFLD)/steaotohepatitis (NASH); vitamin C; guinea 
	Camós and Joan Roselló-Catafau 
	pig model Received: 24 November 2021 Accepted: 22 December 2021 Published: 28 December 2021 
	Publisher’s Note: MDPI stays neutral 1. Introduction with regard to jurisdictional claims in Redox imbalance and consequent oxidative stress is an important driver of hepatocellular damage in non-alcoholic fatty liver disease (NAFLD) and the subsequent progression 
	-
	published maps and institutional afﬁl-

	iations. 
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	histology in experimental animal models [6–8] and in humans [9], including large clinical trials (PIVENS (placebo vs. 800IU vitE or 30 mg Pioglitazone) [10] and TONIC (placebo vs. 800IU vitE or 1000 mg Metformin) [11]). Though mechanisms are not completely disclosed, vitE has been included as part of the treatment guidelines for some NAFLD patients [12–16]. 
	However, other antioxidants may also play a role in NAFLD progression and resolution. Of these, vitamin C (vitC) may be the most important. VitC is considered the most important antioxidant in the blood and the only antioxidant capable of preventing lipid oxidation [17]. Moreover, decreased vitC levels are reported in NAFLD patients and are associated with several NAFLD/NASH co-morbidities such as obesity, cardiovascular diseases, and type 2 diabetes, though a causal relationship between vitC deﬁciency and 
	-
	-

	Like humans, guinea pigs depend on a dietary vitC intake, contrary to most other mammals that have an endogenous vitC synthesis [30]. Moreover, guinea pigs develop NASH with hepatic ﬁbrosis when subjected to a high fat diet, and share a high degree of similarity with the human NAFLD/NASH transcriptome and accompanying NASH histopathology [31–35]. Together, this supports a uniquely high translational potential of the guinea pig NASH model including a high predictability of mechanistic responses related to di
	This study investigated the potential burden of vitamin C deﬁciency—often resulting from a poor diet low in fruits and vegetables and high in fat—on the guinea pig NAFLD/NASH phenotype and hepatic transcriptome. The consequences of high versus low vitC intake on diet-induced NASH progression were assessed, as well as effects of vitC supplementation on subsequent NASH resolution combined with or without a low fat/low cholesterol diet, as recommended by clinical guidelines to patients. 
	-

	2. Materials and Methods 
	2. Materials and Methods 

	Animal experiments were approved by the Danish Experimental Animal Inspectorate (License No: 2018-15-0201-01591) and in accordance with European legislation on animal experimentation (Directive 2010/63/EU on the protection of animals used for scientiﬁc purposes). 
	-

	Eighty female Hartley guinea pigs between 301 and 350 g (Charles River Laboratory, Lyon, France) were equipped with an 1.4 mm subcutaneous microchip (E-vet, Haderslev, Denmark) and allocated by randomization into three weight stratiﬁed groups upon arrival, all receiving a low fat high vitC diet (LFH) (control) diet. Following one week of acclimatization, high fat diets were introduced gradually over a 5-day period, establishing the three experimental groups for the 16 weeks of NASH induction. Groups consist
	-

	HFH and HFL groups received feed ad libitum, whereas the LFH group was pair fed to the HFH group, ensuring the LFH group as a lean and metabolic healthy control with comparable vitC intake [36]. During the 16-week induction period, two animals (one from the LFH group and one from the HFL group) were euthanized because of a lack of sufﬁcient weight gain, consequently reaching the humane endpoint of a maximum of 20% lower body weight compared with the group average. Neither of the animals displayed any signs 
	After 16 weeks on diets, oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) were performed on a subset of animals from each group (selected by randomization and stratiﬁed by bodyweight) (LFH n = 7; HFL n = 7 and HFH n = 8) prior to euthanization (see Figure 1 for study overview). The remaining animals in LFH and HFH groups (n = 8/group) continued on their diet until study termination. Animals in the HFL group (n = 40) were randomized into four weight-stratiﬁed intervention groups (n = 10/gr
	-

	Figure
	Figure 1. Study overview. Eighty guinea pigs were weight stratiﬁed into HFH, HFL, or LFH groups. One animal from each of the HFL and LFH groups was euthanized owing to weight loss. Following 16 weeks on diets, a subset were selected for OGTT/ITT and subsequent euthanization (HFL and LFH n = 7; HFH n = 8). The remaining animals in LFH and HFH groups continued on diets, whereas those in the HFL group (n = 40) were weight stratiﬁed into HFL/HFL, HFL/HFH, HFL/LFL, or HFL/LFH. Animals continued on diets until we
	All diets were chow based with vitC provided in the form of phosphorylated ascorbate (Stay-C) and content conﬁrmed by postproduction analysis (Ssniff Spezialdiäten, Soest, Germany). Feed intake was measured biweekly in each group by subtracting the amount of feed remaining with the amount given the previous day. All groups had ad libitum access to water and access to ﬁxed amounts of hay throughout the study period. Body weights were measured once weekly and animal welfare was monitored daily by caretakers. 
	2.1. Oral Glucose Tolerance Testing (OGTT) 
	All animals were semi-fasted (allowed access to hay and water) 12 h prior to testing. Testing at week 16 (n = 22) was performed over the course of two days. Testing at 
	All animals were semi-fasted (allowed access to hay and water) 12 h prior to testing. Testing at week 16 (n = 22) was performed over the course of two days. Testing at 
	-

	week 32 was on n = 56 animals and performed over the course of 3 days. Animals were weight stratiﬁed and randomized within groups ensuring equal distribution across testing days. On the day of testing, animals were weighed and 2 g/kg of a 150% glucose solution was administered orally through a syringe and voluntary swallowing (not gavage). Micro (50 µmL) blood samples for glucose monitoring were obtained by puncturing the ear vein with a 27 G needle at time-points 0 (baseline), 30, 60, 90, and 120 min after
	-


	2.2. Insulin Tolerance Testing (ITT) 
	Animals were fasted and randomized as described for OGTT. On the day of testing, animals were injected subcutaneously with 0.5 U/kg insulin (ActrapidNovo Nordisk A/S, Bagsværd, Denmark) with a 27 G needle. Blood samples were obtained as described for OGTT at 0 (baseline), 30, 60, 90, and 120 min after insulin administration. At week 32, one animal in the HFL/LFH group was excluded owing to inaccurate dosing. 
	® 

	2.3. Euthanasia and Sampling 
	2.3. Euthanasia and Sampling 

	As euthanasia proceeded across ﬁve days, animals were block randomized according to the day and time of euthanasia within groups. All animals were semi-fasted overnight and pre-anesthetized with 1.25 mL/kg Zoletil-mix (125 mg Tiletamin, 125 mg Zolazapam (Zoletil 50 Virbac Laboratories, Carros, France) + 200 mg xylazin (Narcoxyl vet 20 mg/mL; Intervet International, Boxmeer, Holland) + 7.5 mg butorphanol (Torbugesic vet 10 mg/mL; Scanvet, Fredensborg, Denmark)). The anesthetized animal was then placed on iso
	HbA1c was collected from intra-cardial blood in 10 µL Na-Heparinized End-to-End VitrexPipettes (Vitrex medical A/S, Herlev Denmark) and mixed with 1 mL Hemolyzing Reagent nr. 11488457 122 (Cobas, Roche diagnostics, Rotkreuz, Switzerland). The mixture was left to incubate on ice for 10 min, after which a maximum of 200 uL was transferred to a cobas cup (Sample cup micro 13/16, Roche Diagnostics, Mannheim, Germany) and stored at 20 C until analysis on a Cobas 6000 (Roche Diagnostics, Berne, Switzerland), acco
	® 

	Liver samples were collected as previously described [35,36]. The three liver sections collected for TG, TC, and vitC were immediately frozen on dry ice, and stored at 80 C. The liver section collected for RNA-sequencing was immediately frozen in liquid nitrogen and stored at 80 C. 
	2.4. Histology 
	2.4. Histology 

	Liver sections for histology were ﬁxed in 10% formalin and parafﬁn embedded prior to slicing in 2–4 µm thick sections and staining with hematoxylin and eosin (H&E) or picrosirius red (PSR) with Weigert’s hematoxylin solution. All histopathological scorings were performed in a randomized and blinded manner, as previously described for the guinea pig model and according to Kleiner et al. [33,35,39,40]. The reliability of scoring was assessed by Cohen’s Kappa index [41,42]. The index was calculated by scoring 
	Liver sections for histology were ﬁxed in 10% formalin and parafﬁn embedded prior to slicing in 2–4 µm thick sections and staining with hematoxylin and eosin (H&E) or picrosirius red (PSR) with Weigert’s hematoxylin solution. All histopathological scorings were performed in a randomized and blinded manner, as previously described for the guinea pig model and according to Kleiner et al. [33,35,39,40]. The reliability of scoring was assessed by Cohen’s Kappa index [41,42]. The index was calculated by scoring 
	-
	-

	an inﬂammatory focus was deﬁned as three or more inﬂammatory cells in close proximity. Inﬂammatory foci were counted in ﬁve separate lobules dispersed across the liver section and scored as 0 (no foci), 1 (<2), 2 (2–4), and 3 (>4). Fibrosis scoring and quantiﬁcation was performed across the entire section on PSR-stained sections. Fibrosis was scored as 0 (none), 1 (perisinusoidal or periportal), 2 (perisinusoidal and periportal), 3 (bridging), and 4 (cirrhosis). For ﬁbrosis quantiﬁcation, the relative ﬁbros

	2.5. Transcriptome Analysis 
	2.5. Transcriptome Analysis 

	RNA was extracted from 10 mg liver tissue from randomly selected animals from each experimental group at the 32-week time point (LFH: n = 8, HFH: n = 8, HFL/HFL: n = 10, HFL/HFH: n = 6, HFL/LFH: n = 6, HFL/LFL: n = 6), using the RNeasy Lipid Tissue Mini Kit in accordance with the manufacturer’s instructions (Qiagen, Valencia, CA, USA). Twenty-ﬁve microliters of the puriﬁed RNA (200–500 ng/mL measured by nanodrop 2000 (Thermo Fisher, Waltham, MA, USA) was shipped to Novogene (Novogene, Cambridge, UK) for pai
	2.1.1) [47] with the Cav.Por.3 annotation as a guide. To improve annotation, BioMart (version 2.42.0) [48] was used to obtain human orthologues, as previously described [34]. Genes without annotation and total read counts <200 for all samples were excluded from further analysis. The ﬁnal list of genes was then used as input for differential expression analysis with DESeq2 (version 1.26.0) [49]. Gene set enrichment analysis (GSEA) was performed on log2 fold change pre-ranked values, using the fgsea package i
	-
	-

	2.6. Statistics 
	2.6. Statistics 

	All statistical analysis was performed in the GraphPad Prism version 9.0.1 (GraphPad Prism software, La Jolla, CA, USA), or R version 4.1.1 (R Core Team, ). All normally distributed data with equal variances among groups were analyzed by one, two-, or three-way ANOVA, with repeated measures if applicable, and Dunnett’s or Tukey’s correction for multiple comparisons presented as means with standard deviation (SD). Data deviating from normality were log transformed, re-analyzed, and subsequently presented as 
	2021.08.10
	-

	3. Results 
	3. Results 

	3.1. Body Weights and Energy Intake 
	Body weights and energy intake were monitored pre-and post-intervention for all groups. While there were no differences in body weights in the pre-intervention period, Figure 3A shows a clear effect of diet (p < 0.01) in the post-intervention period and no effect of vitC. The HFH group had an increased energy intake compared with HFL in the pre-intervention period (Figure 3B), and displayed the highest body weight of all groups in the post-intervention period (week 16 and on). Interestingly, all interventio
	3.2. Glucose Homeostasis 
	3.2. Glucose Homeostasis 

	The effect of diet and vitC on glucose homeostasis was assessed by OGTT, ITT, and determination of HbA1c concentration in plasma. At week 16 (pre-intervention), the OGTT response showed an overall effect of diet and increased AUC in HFH compared with LFH (p < 0.01) (Figure 2A,B). There was no difference in ITT responses or HbA1c (data not shown). At week 32 (post-intervention), HFH and HFL/HFH displayed the highest glucose peak levels and AUC of all groups (Figure 2E,F). The altered glucose homeostasis of t
	3.3. Plasma Markers 
	3.3. Plasma Markers 

	The lipid proﬁle was assessed by measuring TG, TC, and FFA levels in plasma (preintervention values are presented in Supplementary Table S2). In line with the dietary cholesterol content (0.35%) in the high fat diets (HF groups), TC levels were clearly affected by diet (p < 0.001), and increased in all HF groups compared with animals on the low fat (no cholesterol) diets (LF groups) (p < 0.001) at week 32 (Table 2). TG and TC levels indicated an overall effect of vitC with increased levels in low vitC group
	-

	Table 1. HbA1c plasma levels in all groups at week 32. 
	LFH HFH HFL/HFL HFL/HFH HFL/LFH HFL/LFL Diet VitC Diet/vitC 
	4.20 3.90
	HbA1c 3.90 ±0.13 4.25 ± 0.22 ** ) €€€ ns ns
	4.20 (3.80–4.23) 
	3.90(3.80–4.00

	() *** () 
	4.18–4.40
	3.90–3.93
	††† 

	Data are presented as medians with Q25–Q75 (in brackets) or means ± SD and analyzed by two-way ANOVA with a Tukey’s test for multiple comparisons, or a one-way ANOVA (all groups compared to LFH) (n = 8–10/group). Difference from LFH: ** p < 0.01, *** p < 0.001; difference from HFL/HFH: p < 0.001. For overall effect of factor (diet, vitC, and diet/vitC) €€€ p < 0.001. ns: not signiﬁcant. HbA1c: hemoglobin A1C, HFH: high fat high vitC, HFL: high fat low vitC, LFH: low fat high vitC, LFL: low fat low vitC, vit
	††† 

	Figure
	Figure 2. Glucose homeostasis. (A) OGTT at week 16. Log transformed data were analyzed by a two-way ANOVA (only results from the overall ANOVAs are shown). (B) AUC for OGTT at week 16. 
	Data were analyzed by a one-way ANOVA with a Tukey’s test for multiple comparisons. (C) ITT at week 16. Log transformed data were analyzed by a two-way ANOVA (the overall ANOVA was not signiﬁcant). (D) AUC for ITT at week 16. Normalized data were analyzed by a one-way ANOVA. (E) OGTT at week 32. Data were analyzed by a three-way ANOVA (only results from the overall ANOVA are shown). (F) AUC for OGTT at week 32. All groups were compared to LFH by a one-way ANOVA with a Dunnett’s test for multiple comparisons
	Figure
	Figure 3. Body weights and energy intake. (A)Bodyweightspresentedas means ±SD; error bars are shown as one-sided on the graph. There were no differences in body weight in the pre-intervention overall effects of factors (diet, VitC, and diet/vitC) depicted on the graph (n =10). (B)Average energy intake/animal/day is presented as means ± SD, and was analyzed by one-way ANOVA with a Tukey’s 
	Figure 3. Body weights and energy intake. (A)Bodyweightspresentedas means ±SD; error bars are shown as one-sided on the graph. There were no differences in body weight in the pre-intervention overall effects of factors (diet, VitC, and diet/vitC) depicted on the graph (n =10). (B)Average energy intake/animal/day is presented as means ± SD, and was analyzed by one-way ANOVA with a Tukey’s 
	multiple comparisons test, n = 13 weeks. (C) Average energy intake per animal is presented as means ± SD. LFH (control) was compared to all other groups by one-way ANOVA with a Tukey’s multiple comparisons test. In a separate analysis, all intervention groups were compared by one-way ANOVA with a Tukey’s multiple comparisons test, n = 13 weeks. Compared to LFH: * p < 0.05, *** p < 0.001; compared to HFL/HFL: # p < 0.05, ### p < 0.001; and compared to HFL/HFH: ††† p < 0.01. ns: not signiﬁcant. HFH: high fat 

	3.4. Liver Status 
	3.4. Liver Status 

	At the 16 weeks pre-intervention time point, NASH was successfully induced in both high fat diet groups (HFH and HFL), measured by increased steatosis, inﬂammation, ballooning, and consequently cumulated NAFLD activity scores compared with LFH animals (p < 0.001 for HFH and p < 0.05 for HFL) (Figure 4A–E). Fibrosis was also increased in both high fat groups (p < 0.01 and p < 0.001 in HFH and HFL respectively), with a median of F2 (range: F1–F4) stage in HFH and F3 stage (range F2–F3) in HFL animals. Signiﬁc
	Figure
	Figure 4. Hepatic histopathological scoring and ﬁbrosis quantiﬁcation at week 16. Data are represented as individual values (scores) with medians (A–E) or means ± SD (F) (n = 7–8/group). Semi-quantitative scoring results are depicted in (A) steatosis, (B) inﬂammation, (C) ballooning, and 
	-

	(D) ﬁbrosis. (E) Cumulative NAFLD activity score for each animal. (F) Fibrosis fraction quantiﬁed by image analyses of picrosirius red stained sections and displayed as % of total tissue (section) area. Scoring was analyzed by a non-parametric Kruskal–Wallis with a Dunn’s multiple comparisons test, comparing all groups to LFH. For ﬁbrosis quantiﬁcation, LFH vs. all groups was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test on log transformed data. Difference from LFH: * p < 0.05, ** p < 0
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	Table 2. Plasma levels for all groups following 32 weeks on diet. 
	Plasma Marker LFH HFH HFL/HFL a HFL/HFH b HFL/LFH c HFL/LFL d Diet VitC Diet/VitC 
	VitC 48.17 
	1 

	33.92 (21.89–39.55) 1.76 (1.40–1.92) ***34.51(25.76–46.87) 31.82 (27.59–36) 1.74 (1.61–1.84) ***ns €€€ ns 
	b,c 
	a,d 
	a,d 
	b,c 

	µmol/L (34.91–58.63) 
	FFA 
	0.38 ± 0.22 0.54 ± 0.14 0.5 ± 0.14 0.53 ± 0.18 0.57 ± 0.17 0.63 ± 0.20 ns ns ns
	mmol/L 
	TG 
	1 

	0.70 ± 0.19 0.54 ± 0.11 0.64 (0.53–0.69) 0.46 (0.37–0.59) 0.46 (0.39–0.57) 0.62 (0.52–0.93) ns €€ ns
	*d 

	mmol/L 
	TC 
	1 

	0.53 (0.43–0.66) 7.42 (5.94–7.84) 6.88 (6.18–8.97) 6.01 (4.92–7.73) 0.43 (0.37–0.55) 0.63(0.58–0.67) €€€ €€ ns
	*** 
	***c,d 
	***c,d 
	a,b 
	a,b 

	mmol/L 
	ALT 32.95 67.76 22.85
	2 

	66.90 (48.9–93.5) 37.80 (35.2–49.45) 26.30 (18.43–34.30) €€€ €€ €€€
	b,c,d 
	a,b 

	U/L (25.18–36.95) (58.83–114.5) (21.825–26.73) 
	**a,c,d 
	a,b 

	AST 31.85 469.8 205.75 589.95 
	1 

	31.40 (24.30–52.13) 27.60 (25.30–43.03) €€€ € ns
	a,b 
	a,b 

	U/L (20.40–36.23) (394.70–556.20)(153.78–389.48) (302.08–1011.55) 
	*** 
	***b,c,d 
	***a,c,d 


	ALP 
	3 

	54.50 ± 8.02 43.00 ± 10.28 42.50 (39.00–48.00) 39.5 (36.75–41.75) 51 (42.25–55.75) 45.00 (41.00–49.75) €€€ ns ns
	** 
	** 
	***c 
	b 

	U/L 
	U/L 
	Analyses were performed on log transformed data. Comparison to LFH was analyzed by a Kruskal–Wallis test with a Dunn’s multiple comparisons test and comparison between intervention groups was analyzed by two-way ANOVA on log transformed data. Comparisons between intervention groups were analyzed by two-way ANOVA on log transformed data. Data are presented as means ± SD or medians with Q25–Q75 values in brackets. LFH was compared to all groups by one-way ANOVA with a Dunnett’s test for multiple comparisons. 
	1 
	2 
	3 


	Post-intervention hepatic TG and TC levels were increased in all HF groups compared with LF, hereby showing a clear effect of diet (p < 0.01), while there was no effect of vitC (Table 3). Post-intervention (32-week time-point) hepatic vitC levels were lower in the low vitC groups compared with high vitC groups, reﬂective of plasma values (p < 0.001) (Table 3). In line with previous ﬁndings from our group, HF groups demonstrated lower vitC levels compared with LF (p < 0.05) [35,36]. 
	Table 3. Liver levels of measured markers following 32 weeks on diets. 
	LFH 
	LFH 
	LFH 
	HFH 
	HFL/HFL a 
	HFL/HFH b 
	HFL/LFH c 
	HFL/LFL d 
	Diet 
	VitC 
	Diet/VitC 

	VitC 1 nmol/g 
	VitC 1 nmol/g 
	1682.00 (1497.00–1913.00) 
	1181.00 (1073.00– 1426.00) * 
	128.20 (103.60–147.60) ***b,c 
	1198.40 (1015.30–1316.80)**a,d 
	1344.80 (1031.60–1691.20)a,d 
	119.50 (95.40–139.10)***b,c 
	ns 
	€€€ 
	ns 

	TG 2 µmol/g 
	TG 2 µmol/g 
	6.10 ± 4.05 
	37.76 ± 6.81 ** 
	42.29 (39.86–47.86) ***c,d 
	46.94 (43.86–56.33)***c,d 
	6.58 (5.09–10.72) a,b 
	8.00 (6.89–14.29) a,b 
	€€€ 
	ns 
	ns 

	TC 1 µmol/g 
	TC 1 µmol/g 
	4.10 (3.77–4.46) 
	27.28 (24.70–32.53) *** 
	31.58 (29.92–33.19) ***c,d 
	31.79 (28.87–33.15)***c,d 
	4.57 (4.17–5.14) a,b 
	4.69 (4.46–5.09)**a,b 
	€€€ 
	ns 
	ns 


	Log transformed data were analyzed by two-way ANOVA with a Tukey’s test for multiple comparisons. Comparison to LFH was analyzed by a Kruskal–Wallis test with a Dunn’s test for multiple comparisons, and comparison between intervention groups was analyzed by two-way ANOVA on log transformed data. Data are presented as means ± SD or medians with Q25–Q75 values in brackets (n = 8–10/group). LFH was compared to all groups by one-way ANOVA with a Dunnett’s test for multiple comparisons. Post-intervention groups 
	1 
	2 

	The effect of a high fat diet corresponds with hepatic histopathology of severe steatosis in HF groups compared with LF (p < 0.001) (Figures 5A and 6C,E,G). The two HF intervention groups (HFL/HFL and HFL/HFH) did not exhibit signiﬁcant differences in hepatic histopathology, and the median values were comparable to the HFH reference group (Figures 5 and 6E–H). Both LF intervention groups showed decreased NAFLD activity score compared with HF intervention groups (HFL/HFH and HFL/HFL, p < 0.01 or less). Fibro
	-
	-

	An effect of vitC status on hepatic histopathology was not recorded in the HF groups. LF intervention groups (HFL/LFL and HFL/LFH) were not statistically different; however, an effect of vitC was indicated as HFL/LFH animals decreased ﬁbrosis, inﬂammation, and ballooning cells compared with both HF intervention groups (HFL/HFH and HFL/HFL; p < 0.05 or less), whereas this was not as clear in the HFL/LFL group, where animals appeared to exhibit increased scoring on several parameters (Figure 5B,C). 
	3.5. Transcriptome Analysis RNA-sequencing was performed on all (LFH (n = 8), HFH (n = 8), and HFL/HFL (n = 10)) or a randomly selected subset of animals (HFL/LFH, HFL/LFL, and HFL/HFH, n = 6). Principle component analysis (PCA) showed clear separation of all groups based 
	on diet (Figure 7A), and showed a total of 1956 differentially expressed genes in common between groups receiving a control diet and their respective HF counterparts (Figure 7B). 
	Figure
	Figure 5. Hepatic histopathological scoring and ﬁbrosis quantiﬁcation at week 32. Data are represented as individual values (scores) with medians (A–E) or means ± SD (F) (n = 8–10/group). Semi-quantitative scoring results are depicted in (A) steatosis, (B) inﬂammation, (C) ballooning, and 
	-

	(D) ﬁbrosis. (E). Cumulative NAFLD activity score for each animal. (F). Fibrosis fraction quantiﬁed by image analyses of picrosirius red stained sections and displayed as % of total tissue (section) area. Scoring was analyzed by a non-parametric Kruskal–Wallis with a Dunn’s multiple comparisons test, comparing all groups to LFH or to post-intervention groups in a separate analysis. For ﬁbrosis quantiﬁcation, LFH vs. all groups was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test on log tra
	Figure
	Figure 6. Representative histological images for each group at the 32-week time point. (A,C,E,G,I,K): Hematoxylin and eosin stain. Scale bar shows 250 µm. (B,D,F,H,J,L): Picrosirius red stain. Scale bar shows 250 µm. Solid arrows indicate lipid vacuoles (macro-and microvesicular steatosis), and open arrows indicate ﬁbrosis (in red). CV: central vein, PA: portal area, HFL: high fat low vitC, HFH: high fat high vitC, LFL: low fat low vitC, LFH: low fat high vitC. 
	Figure
	Figure 7. Transcriptomic differences between groups. (A) Principal component analysis (PCA) plot based on normalized and transformed values for all genes in all investigated samples. (B) Venn diagram of differentially expressed genes between HFH and LFH; HFL/HFH and HFL/LFH; and HFL and HFL/LFL, showing overlapping and unique genes for each dataset. (C) PCA plot using the 83 differentially expressed genes between HFL/LFL and HFL/LFH. (D) Top 10 regulated pathways in HFL/LFL vs. HFL/LFH. The color bar depict
	Differential gene expression analysis was performed to assess if the slightly improved histopathology in the HFL/LFH animals compared with the HFL/LFL group was reﬂected 
	by changes in the hepatic transcriptome. This resulted in the identiﬁcation of 83 DEGs between HFL/LFH and HFL/LFL (see Supplementary Table S4 for a complete list of identiﬁed genes). PCA of these genes in the remaining groups revealed a grouping of animals from the HFL/LFL group, indicating a similar expression pattern in all HF groups and, importantly, in the LFH (control) and HFL/LFH group compared with HFL/LFL animals (Figure 7C). Gene set enrichment analysis highlighted an upregulation of inﬂammatory p
	-

	4. Discussion 
	4. Discussion 

	This study investigated the effects of vitC on the progression and potential resolution of NASH following dietary induction and subsequent intervention in the guinea pig disease model. NASH with ﬁbrosis was evident in induced groups regardless of vitC supplementation, conﬁrming the model and the high fat/high cholesterol diet as the main driver of the disease. Importantly, following a change to a low fat/low cholesterol diet, a positive effect of vitC status on the NASH transcriptome during regression was r
	4.1. Low Fat Diet Drives Resolution of NASH 
	Hepatic histopathology—steatosis, ballooning, and NAFLD activity score—improved in both LF intervention groups (HFL/LFH and HFL/LFL) to levels comparable to LF animals and below week 16 (pre-intervention) status of HFL counterparts, supporting NASH regression rather than a delayed progression during intervention. This was not as clear for the distribution of ﬁbrosis, likely owing to the chronic nature of ﬁbrotic scarring compared with the more dynamic response, e.g., of inﬂammatory cells, but limiting concl
	-
	-
	-

	4.2. Vitamin C Deﬁciency Delays Recovery of the NASH Transcriptome 
	However, ﬁbrosis quantiﬁcation and RNA-sequencing results indicated a slightly superior effect of receiving the low fat/low cholesterol diet in combination with a high vitC level in diminishing NASH. The PCA of all genes demonstrated a separation of groups based on dietary fat and cholesterol and showed that the reversion to a normalized and healthy hepatic proﬁle was dynamic and occurred after a relatively short intervention period. The second PCA plot showed similar regulation of the 83 identiﬁed DEGs in 
	However, ﬁbrosis quantiﬁcation and RNA-sequencing results indicated a slightly superior effect of receiving the low fat/low cholesterol diet in combination with a high vitC level in diminishing NASH. The PCA of all genes demonstrated a separation of groups based on dietary fat and cholesterol and showed that the reversion to a normalized and healthy hepatic proﬁle was dynamic and occurred after a relatively short intervention period. The second PCA plot showed similar regulation of the 83 identiﬁed DEGs in 
	-

	proﬁle of LFH animals more closely resemble that of HFL/LFH rather than HFL/LFL. This is perhaps not surprising as the two diets are alike. However, the HF groups do not separate clearly and display no difference due to vitC levels between intervention groups (HFL/HFH vs. HFL/HFL). Furthermore, the span between the transcriptomic proﬁle of ﬁbrotic genes in HFL/LFH and HFL/LFL indicates that NASH ﬁbrosis is increased in vitC deﬁcient animals. Compared with the parallel high fat intervention groups (HFL/HFH a

	Interestingly, C-reactive protein is among the 83 identiﬁed DEGs between HFL/LFH and HFL/LFL groups, and is upregulated in the HFL/LFL group by a log 2 fold change of 1.78. In humans, C-reactive protein is an inﬂammatory marker linked to obesity and atherosclerosis [55–57], and more recently also to NAFLD [58–60]. Guinea pig C-reactive protein shares sequence and subunit homology with humans, conﬁrming conservation of the protein, but is not characterized as an acute phase inﬂammatory reactant in vivo in th
	-
	-

	Previous studies in guinea pigs on high fat or cholesterol diets combined with vitC deﬁciency have reported changes in hepatic lipid-metabolism, e.g., increased hepatic TG and cholesterol and hepatocellular necrosis and ﬁbrotic tissue expansion (in severely deﬁcient animals) compared with non-deﬁcient counterparts [64,65]. A recent study in senescence marker protein 30 (SMP30) knockout mice devoid endogenous vitC synthesis reported that vitC deﬁcient (vitC serum concentration below 2.5 µg/mL) failed to prog
	4.3. Study Limitations 
	4.3. Study Limitations 

	It may be speculated that the effect of high fat diet used in our study overpowered any effects of vitC deﬁciency. This is supported by RNA-sequencing that revealed grouping of all HF fed animals in the principle component analysis regardless of vitC status. It should be noted that the caloric intake in the HFL group was smaller during the 16 weeks pre-intervention period compared with counterparts. Although energy intake was equal between groups at post-intervention, the body weight curve of HFL/HFL animal
	It may be speculated that the effect of high fat diet used in our study overpowered any effects of vitC deﬁciency. This is supported by RNA-sequencing that revealed grouping of all HF fed animals in the principle component analysis regardless of vitC status. It should be noted that the caloric intake in the HFL group was smaller during the 16 weeks pre-intervention period compared with counterparts. Although energy intake was equal between groups at post-intervention, the body weight curve of HFL/HFL animal
	-

	and HFH animals. An initially reduced energy intake may have delayed induction of metabolic dysfunction and NASH progression in this group, leading to a reduction of the expected effects. This is likely also reﬂected in the OGTT responses, in which HFH—but not HFL groups—displayed a compromised glucose homeostasis compared with LF groups, supported by the overall effect of diet as a factor. Post-intervention, LF groups (HFL/LFH and HFL/LFL) show a return to a normalized metabolic competence. A high fat diet

	4.4. Final Remarks 
	4.4. Final Remarks 

	While controlled clinical studies are yet to assess a role of vitC on the progression and regression of NAFLD/NASH, epidemiological data suggest a lower dietary vitC intake in NAFLD patients compared with healthy controls, linking vitC to disease propagation [23,24]. A beneﬁcial effect of supportive antioxidant therapy in NASH is underlined by current guidelines that dictate lifestyle modiﬁcations as the primary treatment for NAFLD, while patients diagnosed with NASH may also be considered for vitamin E sup
	-
	-

	5. Conclusions 
	5. Conclusions 

	In conclusion, we show that vitC deﬁciency delayed hepatic improvements compared with animals with a sufﬁcient vitC intake when switching from HF to LF diet, indicating a beneﬁcial role of vitC in the regression of NASH. In contrast, vitC deﬁciency had a limited effect on NASH progression, though beneﬁcial effects may be masked by the severity of lipotoxic lipids (cholesterol) driving the disease. 
	Supplementary Materials: The following are available online at / 10.3390/antiox11010069/s1; Table S1: Detailed diet composition; Table S2: Plasma markers following 16 weeks on diets (pre-intervention); Table S3: Liver markers following 16 weeks on diets (pre-intervention); Table S4: Complete list of identiﬁed genes (DEGs). 
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