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Abstract  

Fibroblast Growth Factor 21 (FGF21) agonists have shown promising effects in preclinical 

models of non-alcoholic fatty liver disease (NAFLD) as well as in short-term clinical trials in 

patients with non-alcoholic steatohepatitis (NASH). Comparing drug formulation, dose, 

administration route and age, this exploratory study investigated effects of FGF21 on NAFLD-

associated measures in a validated guinea pig model. In three separate studies, female guinea 

pigs received a high-fat diet prior to intervention with escalating doses of either recombinant 

native human FGF21 or a human FGF21 human recombinant analogue (FGF21/19 chimer) 

with an extended half-life. While no significant effects of native FGF21 on the investigated 

endpoints were observed, the long-acting FGF21/19 chimer significantly altered the levels of 

circulating lipids, increasing plasma concentrations of cholesterol (TC, LDLc and HDLc) in 

young guinea pigs (p<0.01 for all three parameters). Relative liver weights were reduced in 

FGF21/19-treated young animals (p<0.05) compared to mature animals, whereas FGF21/19 

reduced body weights in both age groups (p<0.001). The FGF21/19 chimer effects on 

dyslipidemia, body and liver weights particularly in young animals, support an age-associated 

difference in the FGF21 response. The limited effects of the native human FGF21 highlights 

potential species-associated differences of this compound. 
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Introduction 

A continuous intake of an energy-rich high-fat/high-cholesterol (westernized) diet propagates 

a vicious circle of dyslipidemia and metabolic imbalance, promoting disease such as non-

alcoholic fatty liver disease (NAFLD), which is currently estimated to affect about 25% of the 

global adult population [1]. Over time, NAFLD may progress to non-alcoholic steatohepatitis 

(NASH) with advancing liver fibrosis, potentially leading to life-threatening liver failure and 

ultimately resulting in the need for a liver transplant [1]. Currently, there are limited 

treatment options for NASH and no approved pharmacological therapy for the effective 

treatment of associated hepatic fibrosis, leaving a major unmet medical need for patients 

worldwide.  

 

Fibroblast growth factor 21 (FGF21) has shown multiple benefits on metabolic parameters 

associated with NASH, in both preclinical animal models and in humans [2-5]. Accordingly, 

several FGF21 analogues are currently in clinical development aimed for NASH treatment. The 

mode of action behind the beneficial effect on NASH has not been fully disclosed, but FGF21 

has been suggested to increase the expression of the fatty acid transporter and lipid receptor 

cluster of differentiation 36, consequently increasing triglyceride (TG) uptake into adipose 

tissue [6] and decrease flow of lipids to the liver, hereby reducing disease propagation. FGF21 

signalling occurs through the receptor complex FGF receptor 1 (FGFR1) and β-Klotho (KLB), 

with adipose tissue and the central nervous system as primary target tissues, and leading to 

dimerization and autophosphorylation of the FGF receptor and activation of the ras/raf MAP 

kinase signalling cascade [7]. The result is activation of the extracellular mitogen-activated 

protein kinase 1 and 2, which further activates various transcription factors located in the cell 

nucleus [7]. In animal models, FGF21 has been shown to increase plasma adiponectin and 

ameliorate hyperglycemia, insulin resistance, inflammation and lipotoxic damage, all linked 

to NAFLD and NASH progression in humans [8, 9]. In high-fat-fed mice, FGF21 has been shown 

to increase energy expenditure and bodyweight loss [2] likely through increased expression 

and activity of uncoupling protein-1 [8]. In humans, significant effects on liver fat content and 

stiffness have been reported, though effects on body weight (BW) were limited [10].  

 

In contrast to many rodent models, the high-fat-fed (HF) NAFLD guinea pig (cavia porcellus) 

has important similarities to humans [11].  This includes a predominantly low density 
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lipoprotein-mediated cholesterol transport (LDLc), in contrast to the high density lipoprotein 

cholesterol (HDLc)-dominated profile in mice, rats, hamsters and rabbits [12]. Moreover, the 

guinea pig displays similarities to the human cholesterol metabolism with a higher 

concentration of hepatic free cholesterol compared with cholesteryl esters [13] and enzyme 

activity of acyl-coenzyme A cholesterol acyltransferase, 3-hydroxy-3-methyl-glutaryl-

coenzyme A reductase and cytochrome P450 7A1 [14]. Thus, guinea pigs and humans display 

a high degree of similarity in the synthesis, storage and catabolism of cholesterol known to 

be a primary driver of hepatic damage in NAFLD. In addition to the development of 

dyslipidemia following a high-fat/cholesterol feeding regime, the guinea pig reproduces 

hepatic hallmarks of human NAFLD and NASH, including inflammation, ballooning 

hepatocytes and progressive, bridging fibrosis [15-19]. A high degree of similarity is further 

substantiated by comparison of the NASH transcriptome from human patients and guinea pig 

NASH [20]. Together, this strongly supports the high translational value of the guinea pig 

NASH model. 

 

With offset in explorations of FGF21-mediated responses, this study investigated the effects 

of recombinant human FGF21 administration in the NAFLD guinea pig model, measuring 

dyslipidemia, body weight and liver weight as predetermined end-points linked to disease 

propagation. Three in vivo studies were performed to assess potential effects of drug 

formulation, dose intervals, administration route and age of the animal. Endogenous FGF21 

has a short half-life of 1-2 hours, potentially limiting its therapeutic potential due to reduced 

patient compliance. However, various modification strategies have produced longer acting 

FGF21 analogues advancing the potential of FGF21 as an attractive pharmacological 

compound by decreasing dosing frequency in patients substantially [10]. For this reason, a 

FGF21 analogue (FGF21/19 chimer) with increased half-life was included in the current study 

design.  

 

Methods  

All animal experimentation was approved by the Animal Experimentation Inspectorate under 

the Danish Ministry of Environment and Food (license number 2015-15-0201-00621), the 

University of Copenhagen Animal Welfare Body (IACUC) (P-16-451), and in accordance with 
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the European Legislation of Animal Experimentation 2010/63/EU. Studies were performed 

according to the BCPT policies of experimental and clinical studies [21].  

 

A total of three consecutive in vivo studies were conducted in female Dunkin Hartley guinea 

pigs, either young adults ((YA): 10-12 weeks old) or mature adults ((MA): retired breeders, 

around 12 months old) (Envigo, NM Horst, The Netherlands). All animals were group-housed 

with wood shavings, hay, straw and environmental enrichment and ad libitum access to feed 

and water. Animals were inspected daily by trained animal caretakers and kept on a 12-h 

light-dark cycle with temperatures of 20-24○C. A subcutaneous (sc) microchip was implanted 

for identification before assigning animals to weight-stratified experimental groups. In 

compliance with animal welfare legislation dictating that guinea pigs must be group-housed, 

only female animals were included as males are prone to engage in hierarchical fighting 

leading to severe stress and injuries in the animals.   

 

Following an acclimatization period of one week on a standard guinea pig chow diet, animals 

were fed a High Fat (HF) diet (20% fat, 0.35% cholesterol, 15% sucrose (Ssniff Spezialdiäten, 

Soest, Germany)) previously shown to induce dyslipidemia and NAFLD/NASH in this model 

[15, 16]. Body weights were monitored weekly and consecutive blood samples collected from 

the vena saphena in K3-EDTA microvettes (Sarstedt, Numbrecht, Germany) in study I and II, 

and as previously described [22].  

Recombinant native human FGF21 and the human recombinant analogue FGF21/19 chimer 

engineered for increased potency (FGF19 C-terminal) and extended elimination half-life 

(acylation 71C) (WO2012/010553), and vehicle (PBS + glycerol) was obtained as a generous 

gift from Novo Nordisk (Novo Nordisk, Måløv, Denmark).  A graphical overview of the 

performed studies is shown in figure 1. Because these were exploratory dose-finding studies 

with very limited availability of the FGF21 compounds and no species-specific literature data, 

relevant group sizes were not obtained by power analyses but rather kept low to generate 

sufficient data for future studies. The applied dose regimes were selected based on reports 

from studies in mice and humans, applying relatively low starting doses  - by a “principle of 

cautiousness” - to  avoid dose-related adverse reactions [2-4, 23, 24]. 
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Study I: A dose response to native human FGF21 

YA guinea pigs (n=10) were placed on a HF diet for a 3-week preload period prior to 6 weeks 

of intervention with recombinant native human FGF21 (n=6) or vehicle (n=4), injected sc daily. 

FGF21 dose was escalated weekly: 0.03 mg/kg, 0.09 mg/kg, 0.27 mg/kg, 0.81 mg/kg, followed 

by a 3-week washout period, before introducing a high-dose regime of 1.0 mg/kg escalating 

to 3.0 mg/kg BW.  

 

Study II: Effect of native human FGF21 administration route and dose escalating 

YA guinea pigs (n=10) were exposed to a 4-week HF diet preload prior to 2 weeks of treatment 

with recombinant native human FGF21 (n=3/group) or vehicle (n=2/group) injected 

intraperitoneally (ip) or sc daily. Guinea pigs were treated with 3.0 mg/kg the first week, 

followed by a dose escalation to 6.0 mg/kg the second week.  

 

Study III: Effect of a long-acting FGF21 analogue (FGF21/19) in young and mature adult 

guinea pigs 

YA guinea pigs (n=10) and MA guinea pigs (n=10) were exposed to a 3-week HF diet preload 

prior to 2 weeks of treatment with the FGF21/19 chimer (n=6) or vehicle (n=4) injected sc 

daily. Guinea pigs were treated with 1.0 mg/kg the first week, followed by a dose escalation 

to 3.0 mg/kg the second week. 

 

At study termination, animals were euthanized, blood samples collected and the liver isolated 

and weighed as previously described [15]. In short, guinea pigs were semi-fasted overnight 

(with access to hay and water), followed by pre-anesthesia with 1.25 mL/kg body weight 

Zoletil-mix (zoletil-50 supplemented with xylazine and butorphanol) and placed on 5% 

isoflurane. Upon disappearance of interdigital reflexes, the thoracic cavity was opened and 

an intra-cardial blood sample was collected in a K3-EDTA flushed syringe and animals 

euthanized by decapitation followed by collection of liver tissue [15, 25].  

 

For all blood samples, plasma was isolated immediately after collection by centrifuging at 

2000  x g for 4 min at 4○C and stored at minus 20○C. Plasma samples were analyzed for total 

cholesterol (TC), TG, LDLc, HDLc, alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) on a Cobas 6000 (Roche Diagnostics System, Berne, Switzerland) 
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according to the manufacturer’s instructions.  All samples were analyzed in triplicates and in 

a randomized and blinded manner. 

 

Homogeneity of variances was tested using a mixed linear model (SAS Enterprice Guide 7.1, 

SAS Institute Inc, Cary, North Carolina, USA). Differences between groups were tested in 

GraphPad Prism 7.00 (GraphPad Software, La Jolla, California, USA) by one-way analysis of 

variance (ANOVA) or Student’s T-test and Sidak’s post-hoc test for correction of multiple 

comparisons. For repeated measurements, two-way ANOVA with Sidak’s multiple 

comparisons test was applied. Results are presented as mean ± standard deviations (SD). A p 

value of <0.05 was considered statistically significant.  

 

Results 

Study I: Blood samples collected after three weeks of HF feeding confirmed induction of 

dyslipidemia by increased levels of TC and LDLc in both the vehicle and FGF21 group compared 

with week 0, prior to intervention start 0 (p<0.0001) (figure 2). FGF21-treated animals 

appeared to have a lower BW compared to vehicle controls, albeit not reaching significance 

(figure 3). Apart from an increase in ALT levels in the FGF21 group at study termination 

(p=0.0107), no effect of FGF21 compared to the vehicle group was detected (TC, TG, LDLc, 

HDLc, AST) (figure 4, table 1). 

 

Study II: Increasing the FGF21 dose resulted in a lower BW in both sc and ip administered 

FGF21 groups compared to vehicle controls, during intervention with 3 mg/kg and the initial 

part of the subsequent 6 mg/kg dose regime (sc: p=0.0165, ip: p=0.0006; figure 3, panel B). 

At termination, a difference could, however, only be detected in ip-administered animals 

(p=0.0434). No additional differences were recorded (figure 4, table 1) and no increase in ALT 

was observed in this study. 

 

Study III: The FGF21/19 chimer-treated animals displayed a significant decrease in BW 

compared to vehicle counterparts (p=0.0004) (figure 3). The BW-lowering effect was more 

pronounced in the MA group (p=0.0018) compared with YA FGF21 treated. At termination 

FGF21-treated YA displayed decreased liver weight (LW) (p=0.0108) compared to vehicle 

controls, but higher plasma concentrations of TC (p=0.0094, p=0.0105), LDLc (p=0.0076, 
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p=0.0163) and HDLc (p=0.0002, p=0.0072) compared with both FGF21-treated MA and 

control animals (figure 4, table 1). The FGF21/19 chimer did not affect LW and plasma lipids 

in the MA group. 

 

Discussion  

The present exploratory study investigated the effects of FGF21 receptor agonist intervention 

in high-fat-fed guinea pigs on selected endpoints associated with NAFLD. The results disclose 

significant differences in response in markers of dyslipidemia and bodyweight, most 

pronounced in young adult animals treated with a long-acting FGF21/19 chimeric analogue 

compared to treatment with native human FGF21. This highlights important differences in 

the physiological response to the applied FGF21 analogous’ in young versus mature adults 

and in this specific preclinical model. 

 

Treatment with the FGF21/19 chimer caused a sustained weight loss in both YA and MA. 

Though MA animals had a slightly increased BW loss compared to YA, the physiological effect 

likely translates to be more pronounced in the YA animals, as they have yet to complete their 

growth. Thus, the sensitivity to weight reduction - and even weight stagnation - is essentially 

increased compared to the fully-grown MA animals. The MAs weighed almost twice as much 

as YAs at study start, but are not double the size (e.g. snout-rump length) leaving the fat 

percentage in MA animals to be higher, which could allow for an increased availability of 

FGF21 primary targets. This speculation is supported by a previous study showing an altered 

FGF21 response in lean mice compared to obese [26]. Findings from a study conducted in 

humans have further shown that the percentage of body fat is dependent on age supporting 

a potentially age-associated difference in FGF21 target availability [27].  

 

When calculating the weight loss fraction in percent of the YAs compared to age-matched 

counterparts, and the MAs compared to their initial BW, it may be speculated that the 

FGF21/19 chimer has a higher efficacy in YA than in MA animals. This corresponds with 

previous results of low-dose FGF21 treatment as being less efficacious in obese mice due to 

decreased FGFR1/KLB receptor complex expression in white adipose tissue, also recognized 

as FGF21 resistance [7]. Although, it has later been shown that sufficient pharmacological 

dosing with exogenous FGF21 elicits positive effects on lipid metabolism and glucose 
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homeostasis, overcoming the presumed FGF21 resistance [28]. However, it is currently not 

known how well human FGF21 binds to the guinea pig FGFR/KLB receptor complex, which is 

required for proper FGF21/19 signalling [29]. Furthermore, we do not know the endogenous 

levels of FGF21 in YA vs. MA in the present study. Consequently, more data are needed to 

understand the potency of FGF21 administration in vivo. 

 

FGF21 treatment has previously been shown to reduce LW in diet-induced obese mice [2] in 

agreement with our study where FGF21 treatment of YAs (study III) lowered LW (relative to 

body weight). This was not recorded in studies I and II using native FGF21, which is less potent 

and has a shorter T½ than the FGF21/19 chimer. The long-acting FGF21 displays a linear PK 

with a half-life (T½) of 10, 48 and 66 hours in rats, cynomolgus monkeys and mini-pigs, 

respectively, after a single sc dose (Novo Nordisk, unpublished observations). The T½ was not 

determined in guinea pigs but is expected to be in the same range as observed for rats, 

providing 24-hr pharmacological coverage by the applied dose regimes when administered 

once daily. Treatment of diet-induced obese mice with recombinant FGF21 induces a rapid 

and persistent weight loss [29]. Furthermore, FGF21 also significantly reduces BW in FGF21-

treated obese monkeys [3] and pigs [30]. The pronounced reduction in BW recorded for native 

FGF21 in other pre-clinical studies was for unknown reasons not reproduced in the current 

study. Thus, BW loss did not reach significance (study I) nor was it sustained until termination 

(study II). This lack of efficacy could not be attributed to the applied sc versus ip dosing as no 

difference between the administration routes were recorded.  

 

While treatment of mice, pigs, non-human primates and humans with FGF21 doses 

comparable to those used in this study significantly improve plasma lipid profiles [3-5, 30], no 

effect on plasma lipids were observed in guinea pigs treated with native FGF21. Contrary to 

this, administration of the FGF21/19 chimer significantly increased TC, LDLc and HDLc and 

elevated TG levels in YA guinea pigs compared with vehicle-treated animals. Due to Danish 

legislation, stipulating group housing of guinea pigs, individual feed intake could not be 

recorded in the present study. In mice, FGF21 increases energy expenditure and food intake 

[2, 4]. As the guinea pig HF feed contained high fat and cholesterol levels, the measured TC 

increase may also reflect an increase in feed intake. Furthermore, YA may consume a larger 

amount of food compared to MA as they have yet to reach metabolic quiescence. Moreover, 
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the long-acting FGF21/19 chimer has a FGF19 C-terminal tail and therefore may act of the 

FGF19 receptor complex. Activation of FGFR4/KLB increased plasma TG and LDLc in mice [31], 

however more data are required to understand if the long-acting FGF21/19 chimer activates 

the guinea pigs FGFR4/KLB complex, and if this could be the reason for the observed effects. 

In addition, in humans the FGF19 analogue NGM282 increases plasma LDLc and decreases 

plasma bile acids, suggesting a direct effect on hepatic cholesterol transport and excretion 

[32].  

 

The present study is limited by its exploratory nature and relatively small group sizes, 

potentially reducing the power of our findings. However, the present study suggests that the 

LW lowering effect observed using the engineered analogue with increased half-life extends 

the pharmacological effect on BW in guinea pigs. Whether the FGF21-induced effects also 

affected hepatic histopathology could not be confirmed in the present study due to 

insufficient sampling. However, by generating species-specific data, the present study may 

pave the way for future investigations in this highly relevant NAFLD/NASH animal model. 

 

In conclusion, this is the first study investigating the effect of FGF21 in guinea pigs, and 

applying the guinea NAFLD model. The extended half-life of the FGF21/19 chimer increased 

the effect on lipid metabolism, body weight and liver weight, particularly in young compared 

to mature adults. This indicates a putative age-related difference in FGF21 response 

potentially linked to FGF21 resistance in older and more obese-prone animals. For native 

FGF21, even doses that have shown pronounced effects in other species including humans 

failed to lower liver and body weight and to decrease plasma lipids in young guinea pigs. This 

underlines important species and age-associated differences in the physiological response to 

this compound, substantiating the importance of detailed evaluation of model characteristic 

when embarking on preclinical intervention studies.   
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Table 1: Plasma values at study termination for all conducted studies 

 Group TG (mmol/L) ALT (U/L) AST (U/L) 

Study I FGF21 1.61±0.50 76.33±17.5* 324.1±103.3 

Vehicle 1.17±0.51 48.78±4.20 220.8±40.56 

Study II SC:FGF21 0.79±0.16 37.57±15.33 123.5±51.79 

 SC:Vehicle 0.74±0.08 39.6±5.94 137.9±47.73 

 IP:FGF21 0.82±0.19 48.23±11.06 145.1±27.33 

 IP:Vehicle 0.57±0.11 51.0±14.42 158.7±83.16 

Study III YA:FGF21/19 1.49±0.32 58.58±12.24 165.4±57.19 

 YA:Vehicle 0.58±0.43 52.7±9.85 180.3±70.92 

 MA:FGF21/19 1.18±1.18 63.7±26.49 191.6±130.4 

ALT, alanine aminotransferase; AST, aspartate aminotransferase; FGF21, fibroblast growth 

factor 21; IP, intraperitoneally; MA, mature adults; SC, subcutaneous; TG, triglyceride; YA, 

young adults. Data are presented as the mean ± standard deviation. *p<0.05 compared 

with vehicle control. 
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Figure 1: Study overview. Guinea pigs were preloaded on a high-fat diet and afterwards 

subjected to an intervention period including FGF21 dose escalation with recombinant native 

human FGF21 (study I+II) or the FGF21/19 chimer ( study III). FGF21, Fibroblast growth factor 

21; HF, high-fat; IP:FGF21, intraperitoneally dosed with FGF21; IP:Vehicle, intraperitoneally 

dosed with vehicle; MA:FGF21, mature adult guinea pigs treated with FGF21/19; SC:FGF21, 

subcutaneously dosed with FGF21; SC:Vehicle, subcutaneously dosed with vehicle; YA:FGF21, 

young adult guinea pigs treated with FGF21/19; YA:Vehicle, young adult guinea pigs treated 

with vehicle. 

  



 

 
This article is protected by copyright. All rights reserved. 

 

 

Figure 2: Induction of dyslipidemia by high-fat feeding. Study I. Dyslipidemia was confirmed 

by increased levels of TC and LDLc due to HF feeding (20% fat, 0.35% cholesterol, 15% sucrose) 

for three weeks. Data are presented as mean ± standard deviation. ****p<0.0001, compared 

with vehicle, week 0. ####p<0.0001, compared with FGF21, week 0. Repeated measures two-

way ANOVA with Sidak´s multiple comparisons test. TC, total cholesterol; LDLc, low-density 

lipoprotein. 
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Figure 3: Effect of recombinant human FGF21 and FGF21/19 chimer intervention on body- 

and liver weight. Study I, recombinant human FGF21 (A, B and C): dose escalation of 0.03, 

0.09, 0.27, 0.81, 1.0 and 3.0 mg/kg respectively, indicated by arrows. Study II, recombinant 

human FGF21 (D, E and F): dose escalation of 3.0 and 6.0 mg/kg indicated by arrows. Study 

III, FGF21/19 chimer (G, H and I): dose escalation of 1.0 and 3.0 mg/kg indicated by arrows. 

Data are presented as mean ± standard deviation. *p<0.05; ***p<0.001, compared with 

vehicle. ##p<0.01, compared with MA:FGF21. Statistical analyses of body weight: repeated 

measures two-way ANOVA with Sidak´s multiple comparisons test. Statistical analyses of liver 

weight: one-way ANOVA with Sidak´s multiple comparisons test. Body weight (%): recorded 

daily, body weight relative to the initial body weight recorded at intervention start; Liver 

weight (%): recorded liver weight relative to body weight at study termination. YA, Young 

adults; MA, Mature Adults. 
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Figure 4: Effect of recombinant human FGF21 and FGF21/19 chimer intervention on plasma 

lipid markers. Study I (A, B and C) and Study II (D, E and F) investigates the effect of 

recombinant human FGF21while Study III (G, H and I) investigates the effect of the FGF21/19 

chimer. Data are presented as mean ± standard deviation. *p<0.05; **p<0.01, compared with 

Vehicle. ###p<0.001, compared with MA:FGF21. (A-F) Repeated measures two-way ANOVA, 

with Sidak´s multiple comparisons test. (G-I) One-way ANOVA with Sidak´s multiple 

comparisons test. TC, total cholesterol; LDLc, low-density lipoprotein; HDLc, high-density 

lipoprotein; YA, Young adults; MA, Mature Adults. 

 


