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Background and Purpose: Analogues of fibroblast growth factor 21 (FGF21) demon-

strate diverse metabolic benefits in preclinical models of type 2 diabetes,

dyslipidaemia and non-alcoholic steatohepatitis (NASH), but clinical responses with

different analogues are inconsistent. Efruxifermin is an Fc-FGF21 fusion protein with

prolonged half-life and enhanced receptor affinity compared with native human

FGF21. Efruxifermin is in clinical trials for the treatment of non-alcoholic

steatohepatitis.

Experimental Approach: Efruxifermin was administered weekly to male and female

Sprague Dawley rats for 4 or 26 weeks. Body and organ weights, macroscopic and

microscopic pathology, clinical chemistry, blood cytology and serum and urine bio-

markers were analysed to characterize the pharmacodynamics of efruxifermin and to

investigate potential non-clinical toxicities following chronic administration of supra-

pharmacological doses of efruxifermin.

Key Results: Efruxifermin significantly reduced body weight gain after 4 and

26 weeks, despite increasing food intake. Changes in tissue pathology, clinical chem-

istry and serum biomarkers generally appeared to be associated with weight loss,

except for a significant decrease in urine volume in both males and females without

perturbed electrolyte balance. Markers of sympathetic activation, urinary corticoste-

rone and ratio of adrenal-to-body weight were unchanged.

Conclusion and Implications: Efruxifermin attenuated body weight gain, consistent

with other FGF21 analogues. In contrast to at least one other FGF21 analogue,

efruxifermin decreased rather than increased urine volume. The absence of an

increase in sympathetic tone in rats mirrors the unchanged salivary cortisol and sys-

temic blood pressure following efruxifermin treatment in humans.
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1 | INTRODUCTION

Fibroblast growth factor 21 (FGF21) is an endocrine hormone that

regulates lipid, glucose and protein homeostasis as well as energy

metabolism (Tillman & Rolph, 2020). Preclinical studies have demon-

strated the ability of FGF21 to reduce body weight (Kharitonenkov

et al., 2005), ameliorate dyslipidaemia (Badman et al., 2007; Inagaki

et al., 2007), increase insulin sensitivity (Berglund et al., 2009) and

reduce hepatic steatosis (Xu et al., 2009) and fibrosis (Jimenez

et al., 2018), suggesting potential as a therapy for metabolic diseases

including non-alcoholic steatohepatitis (NASH).

However, therapeutic application of native FGF21 is limited by a

short half-life in circulation (Kharitonenkov et al., 2007), as a result of

its susceptibility to rapid cleavage and inactivation by a circulating

endopeptidase, fibroblast activation protein alpha (Dunshee

et al., 2016; Zhen et al., 2016). Fibroblast activation protein activity

removes 10 C-terminal amino acid residues from human FGF21. This

abolishes FGF21 high-affinity binding to its obligate coreceptor,

β-Klotho, in turn preventing interaction of the N-terminus of FGF21

with, and signalling through, canonical FGF receptors 1c, 2c or 3c

(Ogawa et al., 2007). Truncation of residues from the N-terminus of

FGF21 does not impair its β-Klotho affinity but abolishes FGFR signal-

ling. Such a truncation may functionally antagonize native FGF21 sig-

nalling (Micanovic et al., 2009; Yie et al., 2009). Using this knowledge

of the structure–function relationship for FGF21, various strategies

have sought to prolong FGF21 pharmacodynamic effects in vivo by

reducing clearance, including Fc-fusion (Stanislaus et al., 2017),

PEGylation (Mu et al., 2012), and conjugation to an antibody scaffold

(Huang et al., 2013).

Non-clinical and clinical development of these different FGF21

analogues has uncovered differential pharmacology. For example, PF-

05231023 (CVX-343), an antibody-conjugated FGF21 analogue, has

been observed to raise heart rate and blood pressure in rats and

humans but not in non-human primates (Kim et al., 2017). Interest-

ingly, while PF-05231023 decreased body weight in rodents (Huang

et al., 2013) and non-human primates (Talukdar et al., 2016), it

decreased body weight in one human study (Talukdar et al., 2016)

while slightly increasing body weight in another (Kim et al., 2017). PF-

05231023 also increased water intake, urine output and sympathetic

activity in rats, consistent with the finding of elevated blood pressure

(Turner et al., 2018). Although designed as a long-acting FGF21

analogue, the C-terminus of the FGF21 moiety of PF-05231023, nec-

essary for binding to β-Klotho, undergoes 10-fold more rapid degrada-

tion than the N-terminal, FGFR-interacting portion of the molecule

(Talukdar et al., 2016; Weng et al., 2015). These different rates of deg-

radation may underlie the divergent pharmacology seen across spe-

cies and observed with weekly compared with twice-weekly dosing

intervals in humans (Kim et al., 2017; Talukdar et al., 2016).

In contrast to PF-05231023, the half-lives of intact N- and C-

termini of the FGF21 moiety of efruxifermin (AKR-001; AMG 876;

Fc-FGF21[RGE]), a 92-kDa FGF21 analogue comprising a homodimer

of two IgG1 Fc-FGF21 variant polypeptide chains, are both extended

(Stanislaus et al., 2017), enabling sustained pharmacology across a

once-weekly interdose interval (Kaufman et al., 2020). Weekly admin-

istration of efruxifermin reduced body weight and improved markers

of glucose and lipid metabolism in patients with non-alcoholic

steatohepatitis (Harrison et al., 2021). Efruxifermin also improved lipo-

protein profile and markers of glycaemic control in patients with type

2 diabetes, without increasing blood pressure (Kaufman et al., 2020).

This lack of effect on blood pressure is consistent with the association

of a putative loss-of-function FGF21 allele with a slight increase in

systolic blood pressure in humans (Frayling et al., 2018). The pharma-

codynamic effects of efruxifermin in humans recapitulate improve-

ments in glycaemic control and in lipid and lipoprotein profiles seen in

both mice and non-human primates (Stanislaus et al., 2017).

Several other FGF21 analogues are currently in clinical trials for

patients with non-alcoholic steatohepatitis. Some are based on

PEGylation to extend half-life, while others are antibody-based ago-

nists of the β-Klotho/FGFR1c complex. The most extensively studied

PEGylated FGF21 analogue, pegbelfermin, which lacks engineered

protection of its N- or C-terminal regions, has a half-life of 19–24 h

for its intact C-terminus (Charles et al., 2016). Pegbelfermin has been

reported to reduce liver fat and decrease markers of liver fibrogenesis

(Sanyal et al., 2019) without altering blood pressure (Charles

et al., 2016, 2019; Sanyal et al., 2019). Similarly, BFKB8488A, which

selectively activates the FGFR1/β-Klotho coreceptor complex, has

shown robust FGF21-like pharmacodynamic effects in patients with

metabolic diseases including obesity (Baruch et al., 2020), type 2 dia-

betes (Wong et al., 2019),and non-alcoholic fatty liver disease (Kunder

et al., 2019), with no reports of increased blood pressure.

This study explores the pharmacology and toxicology of

efruxifermin administered at high doses over 4 or 26 weeks to male

What is already known

• Antidyslipidaemic effects of FGF21 analogues have trans-

lated from preclinical models to humans with metabolic

disease.

• Urine parameter and BP changes across FGF21 ana-

logues are inconsistent in preclinical species and humans.

What does this study add

• Unlike some FGF21 analogues, efruxifermin does not

increase urine output or sympathetic tone in rats.

What is the clinical significance

• Effects of efruxifermin in rats are consistent with two

clinical studies in metabolic disease patients.
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and female Sprague Dawley rats. The analyses described herein focus

on those pharmacological effects that have been reported to translate

inconsistently from preclinical to clinical studies, which may arise from

differences in stability of the N- and C-terminal regions of the respec-

tive FGF21 analogues.

2 | METHODS

2.1 | Ethics statement/ethical review

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020). Further, animals

in both studies also adhered to the USDA Animal Welfare Act (9CFR,

Parts 1, 2 and 3) and the Guide for the Care and Use of Laboratory Ani-

mals (ILAR publication, 1996, National Academy Press). The study pro-

tocol was approved by the Testing Facility Institutional Animal Care

and Use Committee.

2.2 | Animals

The Sprague Dawley rat was chosen as a well-characterized strain for

preclinical toxicity testing. Its pharmacological responses to

efruxifermin are representative of rodent species. The total number of

animals, including group sizes and number of groups, was the mini-

mum required to characterize the toxicity and toxico-kinetics of

efruxifermin.

The 4-week study was conducted at Charles River Laboratories

Preclinical Services (Reno, NV, USA). Eighty male and 80 female

Sprague Dawley Crl:CD®IGS rats (Charles River Laboratories, Hollis-

ter, CA, USA) were 9 weeks old on Day 1 of the study. Males and

females ranged in weight from 249 to 285 g and from 180 to 204 g,

respectively, at Day �4 of the study. The 26-week study was con-

ducted at Charles River Laboratories Montreal ULC (Senneville, QC,

Canada). One hundred twenty male and 120 female Sprague Dawley

Crl:CD(SD) rats (Charles River Canada, St. Constant, QC, Canada)

were 7 weeks old on Day 1 of the study. Males and females ranged in

body weight from 226 to 332 g and from 187 to 273 g, respectively,

on Day 1 of the study.

2.3 | Housing and husbandry

Animals were housed individually in stainless steel cages (4-week

study) or by group (up to three animals of the same sex and dosing

group together) in polycarbonate cages (26-week study). They were

provided with suitable environmental enrichment, except during study

procedures. Study animals were acclimated to their environment for

7–14 days prior to the first day of dosing (Day 1). Room temperature

was within the range of 18�C to 29�C, with relative humidity of 30%

to 70%. Animals were maintained on a 12-h light/12-h dark

photoperiod, except when interrupted by study procedures. PMI

Nutritional International Certified Rodent Chow® No. 5002 and Lab

Diet Certified CR Rodent Diet 5CR4 were provided ad libitum, except

during designated procedures.

2.4 | Experimental procedures

For the 4-week and the 26-week studies, animals were assigned to

groups by a computer randomization scheme, with males and females

randomized separately.

All animals were observed for signs of morbidity and/or mortality

twice daily without removal from cage. For detailed clinical observa-

tion, animals were removed from their cage once daily during the

study. Food consumption was quantified for all animals. Body weight

was measured before dosing on Day 1 then weekly thereafter on the

day before dosing.

Urine was collected on ice in a cage pan overnight (at least 8 h) in

metabolic caging. Food was withdrawn for urine collection, but water

was provided ad libitum. For clinical pathology, blood was collected by

jugular venepuncture from animals fasted overnight (for at least 8 h).

Blood collection was rotated across dose groups to minimize con-

founding effects of collection time differences. Urine specific gravity

was measured with a Clinitek 500 refractometer. Urinary

corticosterone was measured using a commercial radioimmunoassay

kit (MP Biomedicals Cat # 07120102). The following serum chemistry

analytes were measured on either an Olympus AU640e or a Cobas

6000 analyser: sodium, potassium and chloride (ion selective

electrode-based indirect measurement); urea nitrogen (urease kinetic

UV); and creatinine (Jaffe kinetic colorimetric). Haematocrit was mea-

sured on an Advia 120 analyser.

Efruxifermin serum concentration was measured by a validated

ELISA method using capture and detection antibodies developed by

Amgen, Inc. (Thousand Oaks, CA, USA) (Kaufman et al., 2020).

Toxicokinetic analysis of efruxifermin serum concentration–time data

was conducted using either WinNonlin® Enterprise (Pharsight Corp.,

Mountain View, CA, USA) or Phoenix pharmacokinetic software ver-

sion 1.4 (Certara, USA) to estimate noncompartmental parameters.

2.5 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

on experimental design and analysis in pharmacology (Curtis et al.,

2018). Data from the 4- and 26-week studies were analysed inde-

pendently. Male and female animals were analysed independently

unless noted. Declared group size (n) refers to the number of inde-

pendent values rather than technical replicates, and statistical ana-

lyses were undertaken only where group size was at least n = 5.

Outliers were included in data analysis and presentation. Statistical

tests were conducted at the 5% significance level, and comparisons

are reported with P values corrected for multiple hypothesis

testing.

1386 TILLMAN ET AL.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2869


In both studies, groups were compared using ANOVA or Kruskal–

Wallis test as described below. Post hoc tests were conducted only if

F in ANOVA achieved P < 0.05. P < 0.05 was considered the threshold

for statistical significance. Where parametric tests were used, resid-

uals were examined to confirm underlying assumptions. All reported

means are arithmetic. Statistical analyses were conducted using either

SAS software version 9.2 (Cary, NC, USA) or GraphPad Prism soft-

ware version 9.2.0 (GraphPad Software, San Diego, CA, USA). Data

analysis was performed blinded to study groups.

In the 4-week study, differences in body weight for each dose

group compared with control were assessed by two-way repeated

measures ANOVA with dose and study week as factors, followed by

Dunnett's test (Figure 1). Urine volume and urine specific gravity were

assessed by two-way ANOVA with dose and sex as factors, followed

by Dunnett's test (Figure 2). Serum chemistry and haematology were

assessed by one-way ANOVA followed by Dunnett's test (Table 2).

In the 26-week study, to account for missing values, differences

in body weight and food intake for each dose group compared

F IGURE 1 Efruxifermin attenuates body weight gain but increases food intake in rats. Efruxifermin was administered once weekly for (a,b)
4 or (c–f) 26 weeks to (a,c,e) male or (b,d,f) female rats fed a standard chow diet. (a–d) Points and error bars represent mean and 95% confidence
interval. Food intake is presented as mean + SD. Statistical significance was tested by (a,b) two-way (dose, week) ANOVA or (c–f) mixed effects
model for repeated measures followed by Dunnett's multiple comparisons test. *P < 0.05 versus 0 mg�kg�1, horizontal brackets in (c) and
(d) indicate range of weeks referred to by set of significance annotations. No annotation denotes lack of statistical significance
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with control were assessed by a mixed effects model for repeated

measures using restricted maximum likelihood, with dose and week

as factors, followed by Dunnett's test (Figure 1). Urine volume, spe-

cific gravity and corticosterone concentration were assessed by

mixed effects model for repeated measures with dose and week as

factors, followed by Dunnett's test (Figure 2). Urine electrolytes,

fractional excretion and creatinine differences were assessed by

one-way ANOVA followed by Dunnett's test or, for non-parametric

analysis, by Kruskal–Wallis followed by Dunn's post-test (Table 3).

Adrenal weights and adrenal-to-body weight ratios were assessed

by one-way ANOVA followed by Dunnett's or Dunn's post-test

(Table 4).

F IGURE 2 Urinalysis of rats dosed with efruxifermin once weekly for 4 (a,b, measurement at Week 4) or (c–h) 26 weeks to (a,c,e,g) males or
(b,d,f,h) females fed a standard chow diet. Lines representing mean and 95% confidence interval are overlaid on points representing individual
animal measurements. Statistical significance was tested by two-way (a,b: dose, sex; c–h: dose, week) ANOVA followed by Dunnett's multiple
comparisons test. *P < 0.05 versus 0 mg�kg�1. No annotation indicates lack of statistical significance
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2.6 | Materials

Efruxifermin was synthesized as previously described (Stanislaus

et al., 2017). Vehicle control was 10-mM Tris base (Sigma-Aldrich,

Inc), pH 7.8, with 2.32% L-lysine (Sigma-Aldrich, Inc) and 0.008% poly-

sorbate 20 (A&C American Chemicals LTD). To ensure stability, for-

mulated efruxifermin and vehicle control were prepared from frozen

stock solutions weekly and thawed at 2�C to 8�C prior to subcutane-

ous injection. Efruxifermin and control solutions were administered

after equilibration to ambient temperature and were used for dosing

within 3 h after removal from refrigeration. Accurate concentration of

efruxifermin was confirmed multiple times during the studies for each

dosing solution.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2021/22

(Alexander et al., 2021).

3 | RESULTS

Once-weekly administration of efruxifermin for 4 or 26 weeks

resulted in dose-related increases in exposure, with minimal

accumulation (Table 1). In the 4 week study, efruxifermin reduced

body weight gain over the course of the study in a dose-

dependent manner, with statistically significant differences from

controls in male rats at Weeks 2, 3 and 4 in the 10 and

100-mg�kg�1 dose groups (Figure 1a) and in female rats at Weeks

2, 3 and 4 in the 100 mg�kg�1 dose group only (Figure 1b). In the

26-week study, the magnitude of reduction in body weight gain

generally increased, relative to control, over approximately the first

12 weeks of dosing, after which the groups gained weight at simi-

lar rates (Figure 1c,d), although food intake was either significantly

increased (females) or trended higher (males) relative to control

(Figure 1e,f).

TABLE 1 Mean serum toxicokinetic parameters for male (M) and female (F) rats following once-weekly subcutaneous injection of
efruxifermin for 4 or 26 weeks

4-week study 26-week study

Day 1 Day 22 Day 1 Day 176

EFX (mg�kg�1) 1 10 100 1 10 100 10 30 100 10 30 100
n 4 4 4 4 4 4 3 3 3 3 3 3

Cmax (μg�ml�1) M 1.47 8.94 93.9 2.12 13.4 218 9.4 18.7 83.8 8.0 35.2 64.4

F 1.18 17.7 136 1.57 21.3 273 7.8 33.8 98.1 10.0 41.0 141

AUC0�t (day * μg�ml�1) M 2.72 29 284 4.46 42.2 576 19.7 39.4 170 18.0 84.6 174

F 2.58 45.7 401 3.94 62.4 761 18.8 66.7 242 22.9 89.2 350

Abbreviations: AUC0�t, area under the concentration–time curve during the interdose interval; Cmax, maximum observed concentration; EFX, efruxifermin;

mg�kg�1, mg efruxifermin kg body weight; n, number of animals per group.

TABLE 2 Serum electrolytes, markers of renal function and haematocrit

EFX (mg�kg�1) n Sodium (mM) Potassium (mM) Chloride (mM) Creatinine (mg�dl�1) BUN (mg�dl�1) Haematocrit (%)

M 0 15 145.0 (2.2) 5.65 (0.49) 104.9 (1.3) 0.367 (0.062) 16.1 (2.5) 53.2 (2.5)

1 10 143.8 (1.0) 5.27 (0.46) 103.8 (1.4) 0.340 (0.052) 15.2 (2.6) 52.5 (2.1)

10 10 144.5 (1.2) 5.44 (0.32) 104.6 (1.6) 0.370 (0.048) 14.7 (1.8) 52.5 (2.7)

100 15 144.2 (1.2) 5.27 (0.38) 104.4 (1.7) 0.340 (0.051) 14.5 (2.2) 52.8 (2.3)

F 0 15 143.4 (1.6) 5.19 (0.42) 105.3 (1.9) 0.447 (0.064) 15.2 (2.0) 50.0 (2.6)

1 10 142.4 (1.6) 5.28 (0.36) 104.5 (1.6) 0.390 (0.057)* 15.6 (2.3) 50.0 (2.1)

10 10 141.8 (1.4) 5.23 (0.30) 104.2 (1.9) 0.350 (0.053)* 12.6 (1.5)* 49.5 (3.1)

100 15 142.1 (1.6) 5.32 (0.40) 103.9 (1.4) 0.373 (0.059) 14.7 (2.1) 49.5 (3.2)a

Note: Male (M) and female (F) rats were administered efruxifermin once weekly for 4 weeks. Values represent mean (SD). Statistical significance was

assessed within each sex for each treatment group relative to control (0 mg�kg�1), by one-way ANOVA followed by Dunnett's or Dunn's post-test.

Abbreviations: BUN, blood urea nitrogen; EFX, efruxifermin; mg�kg�1, mg efruxifermin per kg body weight.
an = 14.
*P < 0.05.
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Once-weekly administration of efruxifermin to male and female

rats for 4 weeks was associated with an approximately 50% decrease

in 24-h urine volume at all doses tested (Figure 2a). Consistent with

lower urine volumes, urine specific gravity was significantly higher

(Figure 2b). Despite these changes, serum electrolyte concentrations,

markers of renal function (creatinine and blood urea nitrogen) and

blood volume (based on haematocrit) were maintained (Table 2). Uri-

nary electrolytes were not measured in this 4-week study.

In the 26-week study, there was a trend towards decreased

24-h urine volume in both males (Figure 2c) and females

(Figure 2d). At Week 13, but not at Week 26, 10 and 30 mg�kg�1

doses were associated with a statistically significant decrease in

urine output, while mean urine output was numerically decreased

in all efruxifermin dose groups at both Weeks 13 and

26 (Figure 2c). At Week 26, females administered 10 mg�kg�1 had

significantly lower urine output than controls, consistent with the

TABLE 3 Concentration of urinary electrolytes and creatinine and fractional excretion of electrolytes

Week EFX (mg�kg�1) n

Sodium Potassium Chloride Creatinine

mM F.E. (%) mM F.E. (%) mM F.E. (%) mg�dl�1

13 M 0 9 64.7 (33.0) 0.15 (0.08) 186.0 (100.2) 10.9 (2.6) 88.3 (46.9) 0.30 (0.14) 147.2 (87.1)

10 10 95.1 (34.5) 0.14 (0.06) 260.6 (85.3) 8.8 (2.3) 119.0 (52.6) 0.25 (0.13) 227.6 (69.6)

30 10 75.7 (28.4) 0.13 (0.05) 218.4 (76.1) 9.1 (3.0) 98.5 (38.7) 0.25 (0.10) 190.1 (68.3)

100 9 72.1 (15.4) 0.16 (0.10)a 209.5 (84.0) 9.1 (2.9)a 98.7 (21.7) 0.30 (0.18)a 181.7 (81.6)

F 0 10 55.0 (22.9) 0.24 (0.085) 115.6 (38.5) 13.3 (2.8) 50.0 (18.6) 0.32 (0.13) 94.5 (37.4)

10 9 89.3 (25.0) 0.34 (0.075) 182.0 (97.0) 14.3 (2.8) 90.4 (41.0) 0.46 (0.09) 100.4 (40.4)

30 10 81.2 (33.8) 0.33 (0.17) 138.1 (71.2) 11.8 (3.8) 76.3 (37.9) 0.42 (0.22) 100.4 (61.3)

100 10 101 (62.2) 0.36 (0.15) 171.7 (117.5) 12.7 (4.2)b 121.9 (73.6)* 0.60 (0.20)* 108.5 (71.6)

26 M 0 9 48.0 (23.0) 0.13 (0.10) 172.2 (69.9) 9.6 (2.4) 82.2 (40.1) 0.28 (0.16) 168.5 (81.1)

10 10 79.0 (22.8)* 0.13 (0.03) 228.9 (42.7) 8.3 (1.8) 106.6 (50.6) 0.25 (0.09) 188.8 (37.3)

30 10 63.4 (29.0) 0.14 (0.06) 214.2 (74.3) 10.7 (2.6) 104.9 (35.7) 0.33 (0.11) 159.1 (60.3)

100 9 49.3 (22.7) 0.11 (0.04) 151.6 (73.6) 7.8 (1.6) 60.8 (32.4) 0.19 (0.08) 152.7 (74.0)

F 0 10 52.3 (19.3) 0.24 (0.06) 119.9 (38.3) 15.8 (4.3) 70.2 (33.8) 0.45 (0.14) 84.8 (30.2)

10 8 115.1 (29.6) 0.32 (0.09) 225.1 (88.4) 13.6 (3.4) 143.1 (38.9) 0.54 (0.15) 146.3 (44.7)

30 8 82.1 (72.5) 0.27 (0.11) 139.8 (118.2) 12.2 (4.8) 95.9 (75.8) 0.46 (0.19) 120.7 (112.7)

100 10 79.2 (53.7) 0.28 (0.14) 133.2 (71.5) 11.4 (2.1) 92.4 (59.1) 0.44 (0.21) 101.0 (48.9)

Note: Male (M) and female (F) rats were administered efruxifermin once weekly for 26 weeks. Values represent mean (SD). Statistical significance was

assessed relative to control (0 mg�kg�1) by one-way ANOVA followed by Dunnett's test or Kruskal–Wallis followed by Dunn's post-test.

Abbreviations: EFX, efruxifermin; F.E., fractional excretion; mg�kg�1, mg efruxifermin per kg body weight.
an = 8.
bn = 6.
*P < 0.05.

TABLE 4 Adrenal weight
EFX (mg�kg�1) n Adrenal weight (mg) Adrenal-to-body weight ratio (mg�g�1)

M 0 9 56.9 (9.5) 0.067 (0.014)

10 10 56.0 (10.1) 0.081 (0.016)

30 10 58.4 (10.1) 0.085 (0.018)

100 9 58.2 (11.0) 0.081 (0.016)

F 0 10 63.7 (9.7) 0.146 (0.029)

10 10 60.0 (14.6) 0.161 (0.048)

30 10 63.9 (10.4) 0.169 (0.022)

100 10 62.2 (8.5) 0.170 (0.036)

Note: Male (M) and female (F) rats were administered the indicated dose of efruxifermin once weekly for

26 weeks before terminal necropsy. Values are mean (SD). Statistical significance was assessed for each

sex independently relative to control (0 mg�kg�1) by one-way ANOVA followed by Dunnett's (adrenal

weight) or Dunn's (adrenal-to-body weight ratio) post-test.

Abbreviations: EFX, efruxifermin; mg�kg�1, mg efruxifermin per kg body weight.
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trend towards decreased urine output observed at Week 13

(Figure 2d).

Consistent with the pattern in the 4 week study, after dosing for

13 and 26 weeks, efruxifermin-treated male and female rats generally

exhibited increased urine specific gravity compared with control

(Figure 2e,f); however, in male rats administered 100 mg�kg�1, the

increase was not significant at Week 13 and was absent at Week

26 (Figure 2e). Similarly, in female rats receiving more than

10 mg�kg�1, urine specific gravity was numerically but not statistically

significantly higher at Weeks 13 and 26 (Figure 2f). Consistent with

the increase in urine specific gravity following efruxifermin adminis-

tration, urinary electrolyte concentrations were generally numerically

higher than controls at Week 26 (Table 3). Renal function as indicated

by fractional excretion rates of sodium, potassium and chloride was

generally maintained, compared with control, with the exception of

higher rates of chloride excretion at 100 mg�kg�1 in females after

13 weeks, which was not apparent after 26 weeks (Table 3). In addi-

tion, the kidneys appeared microscopically normal in all dose groups

after 4 or 26 weeks of efruxifermin treatment.

To explore whether change in urine volume may have been

centrally mediated by sympathetic nervous system activation

(Guyton, 1990), urinary corticosterone, a marker of hypothalamic–

pituitary–adrenal axis activation (Brennan et al., 2000; Buhl

et al., 2007), was measured in the 26-week study. In male and female

rats, doses of up to 100-mg�kg�1 efruxifermin did not significantly

alter urinary corticosterone at either Week 13 or 26 (Figure 2g,h).

Consistent with an apparent lack of long-term activation of the sym-

pathetic nervous system, adrenal-to-body weight ratio was unchanged

in all dose groups after 26 weeks (Table 4). Also consistent with a lack

of stress-induced sustained corticosterone elevation (Hardy

et al., 2018), no significant effect on bone remodelling was observed

by histology or circulating CTX-1 (a marker of bone resorption).

4 | DISCUSSION

Efruxifermin, a 92-kDa FGF21 analogue comprising a homodimer of

two IgG1 Fc-FGF21 variant fusion polypeptide chains, demonstrated

a dose-dependent decrease in body weight gain relative to control-

treated rats, consistent with the effects of other FGF21 analogues in

rodents (Huang et al., 2013; Kharitonenkov et al., 2013; Wu

et al., 2011). In the two studies reported herein, urine volume was

reduced and urine concentration was generally increased by

efruxifermin relative to control, although blood volume, electrolyte

balance and kidney function appeared unaltered. While body weight

gain was significantly reduced in efruxifermin-treated rats, food intake

was increased or unchanged, consistent with an increase in energy

expenditure mediated by FGF21 in rats and with browning of white

adipose tissue (Gehring et al., 2020; Sarruf et al., 2010; Yilmaz

et al., 2018). In clinical trials with efruxifermin dosed weekly up to

70 mg, for up to 16 weeks, urine electrolyte concentration, blood

pressure and salivary cortisol level were also unchanged (Harrison

et al., 2021; Kaufman et al., 2020).

These preclinical and clinical findings with efruxifermin differ

notably from the reported pharmacology of PF-05231023, an

antibody-conjugated FGF21 analogue (Huang et al., 2013). In rats, PF-

05231023 acutely increased both blood pressure and urine output. A

concomitant increase in water intake was proposed as a mechanism

to compensate for the hypertension-induced diuresis (Turner

et al., 2018). In contrast, although blood pressure was not measured

in the two independent studies reported here, one of similar duration

to that with PF-05231023, efruxifermin decreased or did not change

urine output in rats.

Consistent with preclinical findings, PF-05231023 was associated

with a significant increase in blood pressure in one clinical study at

doses eliciting similar changes in adiponectin levels (a marker of

agonism of FGFR1c) to those observed with efruxifermin (Harrison

et al., 2021; Kaufman et al., 2020; Kim et al., 2017). The researchers

proposed that PF-05231023 may increase sympathetic tone by acting

directly on the central nervous system, as no evidence for renal or

endocrine mediation of fluid homeostasis was uncovered (Turner

et al., 2018). In contrast, efruxifermin did not increase systolic blood

pressure in patients with type 2 diabetes (Kaufman et al., 2020), nor

was there evidence of hypothalamic–pituitary–adrenal axis activation

in patients with non-alcoholic steatohepatitis (Harrison et al., 2021).

In the rat study described herein, efruxifermin did not appear to

increase sympathetic tone, as direct (urinary corticosterone) and indi-

rect (adrenal weight) measures of hypothalamic–pituitary–adrenal axis

activation were unchanged, though a comprehensive physiological

assessment to rule out sympathetic activation was not performed.

While there appear to be notable differences in the preclinical

and clinical effects of efruxifermin and PF-05231023, two other ana-

logues of FGF21 modified to extend half-life, pegbelfermin (via

PEGylation) and LY2405319 (via amino acid substitutions), have been

reported not to increase blood pressure in either patients with obesity

and type 2 diabetes (Charles et al., 2019; Gaich et al., 2013) or

patients with biopsy-confirmed non-alcoholic steatohepatitis (Sanyal

et al., 2019). The absence of changes in blood pressure in clinical trials

with efruxifermin, pegbelfermin and LY2405319 appear to be consis-

tent with preclinical studies in rodents which report no increase, how-

ever in some models a decrease in blood pressure upon FGF21

administration was observed (He et al., 2016; Pan et al., 2018).

In the context of the reported preclinical (Huang et al., 2013;

Kharitonenkov et al., 2013; Wu et al., 2011) and clinical effects of

FGF21 analogues (Baruch et al., 2020; Charles et al., 2019; Gaich

et al., 2013; Harrison et al., 2021; Kaufman et al., 2020; Sanyal

et al., 2019), the apparently different preclinical and clinical pharma-

cology of PF-05231023 appears molecule-specific and unre-

presentative of the class. A basis for the different pharmacology of

PF-05231023 among FGF21 analogues remains to be explained. Dif-

ferences in structure resulting in up to 10-fold more rapid proteolytic

degradation of the C-terminus relative to the N-terminus of the

FGF21 moiety may alter pharmacology (Talukdar et al., 2016; Weng

et al., 2015). For example, truncation of C-terminal residues generates

species with reduced affinity for β-Klotho and lower potency as ago-

nists of FGF21 receptors (Yie et al., 2009), while clipping of
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N-terminal residues can result in species that may act as functional

antagonists of FGF21 signalling in vivo (Micanovic et al., 2009; Yie

et al., 2009). In contrast, the N-terminus of the FGF21 moiety of

efruxifermin is protected against cleavage by being fused to IgG1 Fc,

while substitution of Pro for a Gly at position 171 (relative to mature

human FGF21) greatly reduces fibroblast activation protein-mediated

cleavage and inactivation of the C-terminus (Stanislaus et al., 2017).

These structural modifications underlie efruxifermin's sustained

agonism of FGF21's cognate FGFRs (Kaufman et al., 2020).

While changes in urine volume, urine concentration and blood

pressure have not been reported for all FGF21 analogues developed

to date, the pharmacological profile of efruxifermin appears consistent

with other members of the class, with the exception of PF-05231023.
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