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Non-alcoholic fatty liver disease (NAFLD) is associated with 
obesity, metabolic syndrome, dyslipidemia and type 2 dia-
betes (T2D). NASH is the progressive form of NAFLD, 

defined as ≥5% hepatic steatosis with inflammation and hepatocyte 
injury (that is, ballooning), with or without fibrosis1. Despite a pre-
dicted global prevalence of 2–12% in adults2,3, currently there is no 
approved treatment. Most clinically evaluated therapeutic mecha-
nisms target the metabolic dysfunction of hepatocytes or suppress 
inflammation and fibrosis4. However, an ideal therapeutic would 
treat advanced fibrosis and resolve the profibrotic milieu driven by 
hepatocyte death (apoptosis) associated with chronic steatosis, lipo-
toxicity and oxidative and endoplasmic reticulum stress.

FGF21 is a key regulator of whole-body and individual organ 
metabolism5. It activates a cell membrane co-receptor complex of 
β-klotho and one of its cognate FGF receptors (FGFRs), FGFR1c, 
FGFR2c or FGFR3c. FGF21 and its analogs improve metabolic sta-
tus in preclinical models of obesity, diabetes and NASH6, suggesting 
promise as a therapeutic for NASH. However, many FGF21 analogs 
have not fulfilled the preclinical promise of FGF21 therapeutics, 
with disappointing translation into the clinic. Although substan-
tial reductions in serum triglycerides have been seen in patients 
with T2D and obesity, effects on high-density lipoprotein (HDL) 
and low-density lipoprotein (LDL) cholesterol have been variable, 
with inconsistent effects on glycemic control and body weight7–9. 
Furthermore, in patients with NASH, liver fat reductions have been 

moderate10. Two antibody-based therapeutics that act on the FGF21 
co-receptor complex are also in development. Unlike analogs of the 
FGF21 polypeptide, BFKB8488A (Genentech) and MK3655 (Merck 
Sharp & Dohme; formerly NGM313 (NGM Biopharmaceuticals)) 
activate only the FGFR1c/β-klotho co-receptor complex. In patients 
with NAFLD, the highest adequately tolerated dose of BFKB8488A 
reduced HFF by 38% after 12 weeks11 but did not improve mark-
ers of glycemic control in patients with T2D12. After a single dose, 
MK3655 improved glycemic control in obese non-diabetic partici-
pants with 37% relative reduction in liver fat 36 d after administra-
tion; however, significant weight gain was seen13.

Efruxifermin is a fusion protein of human IgG1 Fc domain linked 
to a modified human FGF21 (Fc-FGF21) with balanced in vitro 
agonist potency at FGFR1c, FGFR2c and FGFR3c14. Efruxifermin 
is longer acting than most FGF21 analogs, with a 3–3.5-d half-life15. 
A study in patients with T2D showed improvements in lipoprotein 
profiles and glycemic control15, which supported investigation of 
efruxifermin in patients with NASH. This study aimed to test the 
safety and efficacy of weekly subcutaneous administration for 16 
weeks in patients with NASH.

Results
Between 28 May and 15 November 2019, 356 individuals were 
screened at 27 sites, with 80 patients from 24 sites enrolled between 
2 July and 16 December 2019 to receive efruxifermin (n = 59) or 
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placebo (n = 21) (Fig. 1). The full analysis set (FAS), comprising all 
randomized participants, totaled 80 patients. Seventy-nine patients 
were included in the safety set, and one patient randomized to the 
50-mg cohort was not dosed, owing to meeting exclusion criteria. 
The magnetic resonance imaging–proton density fat fraction (MRI–
PDFF) evaluable analysis set (MAS) included all FAS participants 
who had baseline and week 12 HFF assessed by MRI–PDFF and 
comprised 68 patients. The liver biopsy evaluable analysis set (BAS) 
included all FAS participants with baseline and end-of-treatment 
liver biopsy results and comprised 42 patients.

Baseline demographics and disease characteristics. Baseline 
demographics and disease characteristics were generally similar 
across treatment groups (Table 1). Mean patient weight (s.d.) was 
103.5 (21.9) kg, and 71/80 (89%) randomized patients had a body 
mass index of ≥30 kg m−2. Fibrosis stages (F1 (36%), F2 (33%) 
or F3 (31%)) were evenly distributed across treatment groups.  
Overall, mean HFF (s.d.) was 19.6% (6.9%) and similar for all treat-
ment groups; 56/80 (70%) patients had an HFF ≥15%. Total choles-
terol, non-HDL cholesterol and triglycerides were slightly higher in 
the placebo group but similar across efruxifermin groups. During 
the course of the study, 37% of patients were receiving statin ther-
apy. Mean baseline glycated hemoglobin (HbA1c) values (≥6.2% 
in all groups) suggest sub-optimal glycemic control among partici-
pants, despite 51% of patients receiving anti-diabetic medication. 
Mean (s.d.) endogenous FGF21 concentration at baseline was 529 
(394) ng L−1.

Change in HFF. The primary objective of the study—absolute 
reduction in HFF at week 12—was met. A significant reduction in 
HFF at week 12 was observed in all efruxifermin-treated groups 
(Fig. 2a). The least squares (LS) mean absolute changes (one-sided 
97.5% confidence interval (CI)) from baseline in HFF were −12.3% 
((−inf), −10.3), −13.4% (−inf, −11.4) and −14.1% (−inf, −12.1) in 
the 28-, 50- and 70-mg groups, respectively, and 0.3% (−inf, 1.6) 
in the placebo group (Fig. 2a), with significant differences between 
efruxifermin-treated groups and placebo (P < 0.0001 for each).

The LS mean relative change in HFF (secondary outcome) from 
baseline to week 12 (two-sided 95% CI) was −63.2% (−73.0, −53.4), 

−70.9% (−80.7, −61.2) and −72.3% (−82.1, −62.4), respectively, for 
participants receiving 28 mg, 50 mg and 70 mg and −0.3% (−9.2, 
8.6) for placebo participants (Fig. 2b). The reductions were sig-
nificantly greater than placebo for each efruxifermin group: 62.9%, 
70.6% and 72.0% in the 28-, 50- and 70-mg groups, respectively 
(P < 0.0001 for each). The LS mean relative reduction in HFF at week 
6 was 83–91% of the reduction at 12 weeks, indicating a rapid effect 
(Supplementary Table 1). The magnitude of efruxifermin-induced 
HFF reduction was similar in F1 compared to F2–F3 patient sub-
groups at 12 weeks (Supplementary Table 2).

Responder analyses. The proportion of patients in the FAS with 
≥30% relative reduction of HFF (secondary outcome) at week 12 
(MRI–PDFF responders) was greater in all efruxifermin groups 
compared to the placebo group (Table 2). All efruxifermin-treated 
patients with HFF measurement at week 12 achieved ≥30% relative 
reduction and were, therefore, eligible for an end-of-treatment liver 
biopsy. In contrast, HFF was reduced by ≥30% in only two patients 
in the placebo group. Furthermore, two-thirds of patients receiving 
28 mg, and almost all patients in the higher-dose groups, achieved 
≥50% relative HFF reduction, whereas 60% of efruxifermin-treated 
patients achieved ≥70% reduction. The magnitude of these reduc-
tions resulted in 25%, 53% and 67% of patients in the 28-, 50- and 
70-mg groups, respectively, achieving normalization of liver fat 
(≤5% HFF) by 12 weeks.

End-of-treatment biopsies were obtained from 2, 13, 13 and 14 
HFF responders in the placebo, 28-, 50- and 70-mg groups, respec-
tively (BAS). Biopsies were not obtained from eight eligible patients 
in efruxifermin-treated groups due to Coronavirus Disease 2019 
(COVID-19) and/or patient-specific issues.

Markers of liver function. The change from baseline in levels of the 
liver injury marker alanine aminotransferase (ALT) at week 12 was 
a secondary outcome; all other liver enzyme endpoints were explor-
atory outcomes. In line with reduced HFF, ALT decreased with time 
in all efruxifermin groups and remained at week 8 levels throughout 
treatment (Fig. 3a). The LS mean absolute reduction from baseline 
at week 12 was significantly greater than placebo for all efruxifer-
min groups (P = 0.0004 for 28 mg and P < 0.0001 for 50- and 70-mg 
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Fig. 1 | Clinical study flow diagram. EoT, end of treatment. *Might be excluded for more than one reason.
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Table 1 | Participant demographics and baseline characteristics

Placebo Efruxifermin

(n = 21) 28 mg (n = 19) 50 mg (n = 20) 70 mg (n = 20)

Mean age, years (s.d.) 52.4 (9.6) 50.4 (12.4) 52.6 (14.2) 53.0 (13.2)

Sex, n (%)

 Male 6 (29) 9 (47) 10 (50) 9 (45)

 Female 15 (71) 10 (53) 10 (50) 11 (55)

Race or ethnicity, n (%)

 White 19 (91) 19 (100) 18 (90) 19 (95)

 Black or African American 1 (5) 0 (0) 2 (10) 1 (5)

 Asian 1 (5) 0 (0) 0 (0) 0 (0)

 Hispanic or Latino 10 (48) 12 (63) 11 (55) 7 (35)

Metabolic risk factors and parameters, mean (s.d.)

 Body weight, kg 99.6 (15.3) 108.2 (25.3) 103.6 (26.2) 103.1 (20.4)

 Body mass index, kg m−2 37.6 (4.8) 38.8 (9.3) 36.7 (6.8) 37.2 (5.5)

 T2D, n (%) 14 (67) 7 (37) 10 (50) 10 (50)

Baseline liver measurements, mean (s.d.)

 HFF by MRI–PDFF, % 19.3 (6.9) 21.4 (8.1) 18.3 (6.3) 19.4 (6.3)

 Stratification groups: fibrosis score, n (%)

  F1 8 (38) 7 (37) 7 (35) 7 (35)

  F2–F3 13 (62) 12 (63) 13 (65) 13 (65)

 Stratification groups: HFF, n (%)

  <15% 6 (29) 5 (26) 7 (35) 6 (30)

  ≥15% 15 (71) 14 (74) 13 (65) 14 (70)

 ALT, U L−1 50.7 (25.2) 62·5 (30.3) 53.4 (34.6) 56.8 (35.3)

 AST, U L−1 38.6 (17.8) 41.1 (18.7) 35.4 (17.0) 44.6 (25.9)

 GGT, U L−1 69.8 (49.3) 104.4 (165.4) 58.5 (34.0) 81.4 (90.1)

 Urate, mg dl−1 5.7 (1.3) 5.9 (1.1) 5.6 (1.3) 6.2 (1.5)

 Fibrosis stage at screening, n (%)

  1 8 (38) 7 (37) 7 (35) 7 (35)

  2 5 (24) 7 (37) 8 (40) 6 (30)

  3 8 (38) 5 (26) 5 (25) 7 (35)

Biopsy diagnosis and scores at screening

 NASH, n (%) 21 (100) 19 (100) 20 (100) 20 (100)

NAFLD activity score

 Mean (s.d.) 5.1 (1.0) 5.6 (1.0) 5.1 (1.2) 5.6 (0.7)

 ≥5, n (%) 14 (67) 16 (84) 13 (65) 20 (100)

Baseline lipids, mean (s.d.)

 Triglycerides, mg dl−1 208.3 (132.5) 176.3 (70.9) 176.5 (87.5) 180.0 (99.0)

 Total cholesterol, mg dl−1 204.5 (52.2) 189.0 (38.8) 182.2 (34.9) 175.7 (45.1)

 LDL-C, mg dl−1 116.0 (36.5) 111.8 (39.7) 107.3 (30.8) 99.3 (37.5)

 HDL-C, mg dl−1 45.1 (9.6) 42.0 (9.1) 40.6 (11.8) 41.3 (10.7)

 Non-HDL-C, mg dl−1 159.3 (53.3) 147.1 (43.2) 141.7 (30.1) 134.5 (43.0)

 Apolipoprotein B, mg dl−1 109.9 (34.5) 102.2 (28.5) 95.1 (19.9) 94.7 (27.8)

 Apolipoprotein C3, mg dl−1 12.1 (7.3) 10.1 (4.5) 9.7 (4.4) 9.4 (4.9)

Markers of glycemic control, mean (s.d.)

 Fasting plasma glucose, mg dl−1 128.1 (43.1) 121.3 (35.2) 124.4 (50.4) 134.8 (66.2)

 HbA1c, % 6.49 (1.0) 6.20 (1.0) 6.43 (1.2) 6.23 (1.2)

 HOMA-IR 10.5 (8.2) 11.9 (9.5) 19.6 (26.6) 14.1 (12.3)

 Adiponectin, mg L−1 4.4 (3.0) 4.7 (3.2) 3.5 (1.3) 5.4 (2.3)
Continued
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groups (see Supplementary Table 3 for P values at all measured time 
points for liver injury markers). Over half of the 28-mg group and 
approximately two-thirds of patients in the 50- and 70-mg groups 
had ≥17 U L−1 decrease in ALT at week 16 compared to 11% of the 
placebo group (Table 2). Four weeks after treatment ceased, ALT 
levels had not increased in the 70-mg group. Although the 28- and 
50-mg groups returned toward baseline values, they remained sig-
nificantly lower than placebo at 4 weeks after the last dose (P = 0.006 
and P = 0.005, respectively). Of the other markers of liver injury, 
aspartate aminotransferase (AST) showed a similar magnitude and 
time course of reduction to ALT (Fig. 2b). AST levels were signifi-
cantly lower than placebo at week 16 for all efruxifermin groups 
(P = 0.001, P = 0.0003 and P < 0.0001 for 28 mg, 50 mg and 70 mg, 
respectively). Gamma glutamyl transferase (GGT) levels were more 
reduced in the 70-mg group than the 50-mg and 28-mg groups 
(Fig. 3c), with significant reductions from placebo for 50 mg and 
70 mg at week 16 (P = 0.02 and P = 0.0004, respectively). Alkaline 
phosphatase (ALP) levels were lower in efruxifermin-treated groups 
relative to placebo, although there was not a clear dose response 
(Fig. 3d; P = 0.008, P = 0.02 and P = 0.0003 for 28-, 50- and 70-mg 
groups at week 16). One patient receiving 28-mg efruxifermin had 
an ALT spike (659 U L−1) at week 4. The patient denied any intake of  

alcohol. Monitoring of drug-induced liver injury was initiated. 
When retested 4 d later, ALT levels had dropped substantially 
(203 U L−1). A transient increase at week 4 was also observed in AST 
and GGT in this patient, who did not meet criteria for drug-induced 
liver injury. Levels of urate, another marker of liver stress, were 
reduced by approximately 14–19% relative to placebo at week 16 
(Fig. 3e; P = 0.0001, P < 0.0001 and P = 0.001 for 28 mg, 50 mg and 
70 mg, respectively, compared to placebo).

Consistent with reduced HFF and less liver injury, 78% of 
efruxifermin-treated patients in the BAS were NAFLD activity 
score (NAS) responders (≥2 points without worsening of fibro-
sis—secondary outcome) (Table 2), and 48% had NASH resolu-
tion (0–1-point inflammation and 0-point ballooning components 
of NAS—exploratory outcome) without worsening of fibrosis. 
Markers of collagen synthesis and fibrogenesis were also reduced 
(Fig. 3g,f). At week 16, levels of N-terminal type III collagen 
pro-peptide (pro-C3) were significantly lower for all efruxifermin 
groups compared to placebo (P = 0.0002, P = 0.004 and P = 0.0002 
for 28-, 50- and 70-mg groups, respectively). Similarly, the enhanced 
liver fibrosis (ELF) scores at week 12 for efruxifermin groups were 
significantly less compared to placebo (P = 0.0008, P = 0.0005 and 
P = 0.03 for 28 mg, 50 mg and 70 mg, respectively). The reduction 

Placebo Efruxifermin

(n = 21) 28 mg (n = 19) 50 mg (n = 20) 70 mg (n = 20)

Markers of fibrosis, mean (s.d.)

 Pro-C3, µg L−1 16.1 (6.7) 19.2 (10.7) 16.2 (5.8) 17.2 (5.9)

 ELF score 9.5 (1.0) 9.5 (0.6) 9.5 (0.9) 9.5 (0.8)

Frequent concomitant medications, n (%)a

 Metformin 10 (48) 7 (37) 8 (42) 5 (25)

 Proton pump inhibitors 6 (29) 5 (26) 7 (37) 12 (60)

 Statins 7 (33) 6 (32) 7 (37) 9 (45)

 Antidepressants or anxiolyticsb 12 (57) 11 (58) 6 (32) 15 (75)
aThese values are for the safety set; all other baseline values are for the FAS. bIncludes the following World Health Organization Drug Dictionary Anatomical Therapeutic Chemical Classes: benzodiazepine 
derivatives; other antidepressants; and selective serotonin re-uptake inhibitors. HbA1c, hemoglobin A1c; HLD-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Fig. 2 | Absolute and relative change from baseline in HFF assessed by MRi–PdFF at week 12 (FAS). All efruxifermin treatment groups were significantly 
different from placebo (P < 0.0001 for all) for both absolute and relative change. Columns represent LS means with error bars reflecting one-sided 97.5% 
CIs (a) or two-sided 95% CIs (b) from an ANCOVA model with absolute (a) or relative (b) change from baseline as the dependent variable, treatment 
group and fibrosis score (F1 versus F2–F3) as factors and baseline value as a covariate. For participants in the analysis set with missing primary efficacy 
endpoints, multiple imputation by the fully conditional specification method was used.

Table 1 | Participant demographics and baseline characteristics (continued)
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Table 2 | Responder analyses

Placebo Efruxifermin

28 mg 50 mg 70 mg

N n (%) N n (%) Odds 
ratio 
(95% 
Ci)

P value N n (%) Odds 
ratio 
(95% 
Ci)

P value N n (%) Odds 
ratio 
(95% 
Ci)

P value

Reduction in HFF at 
week 12 ≥30% (FAS)

21 2 (10) 19 16 (84) 52.6 (7.61, 
364)

<0.0001 20 17 (85) 57.6 
(8.29, 
401)

<0.0001 20 15 (75) 30.0 
(4.98, 
181)

0.0002

Reduction in HFF at 
week 12 ≥30% (MAS)

20 2 (10) 16 16 (100) 221.3 
(18.3, 
>999)

0.0006 17 17 (100) 228 
(20.0, 
NE)

0.0005 15 15 (100) 231 (18.3, 
>999)

0.0007

Reduction in HFF at 
week 12 ≥50% (MAS)

20 1 (5) 16 11 (69) 24.6 
(4.47, 
266)

0.001 17 17 (100) 365 
(29.8, 
>999)

0.0003 15 14 (93) 105 (14.1, 
>999)

<0.0001

Reduction in HFF at 
week 12 ≥70% (MAS)

20 1 (5) 16 8 (50) 19.0 
(2.01, 
180)

0.01 17 9 (53) 22.2 
(2.37, 
208)

0.007 15 12 (80) 75.5 
(6.99, 
815)

0.0004

HFF at week 12 ≤5% 
(MAS)

20 1 (5) 16 4 (25) 12.8 (1.03, 
160)

0.047 17 9 (53) 36.3 
(3.21, 
411)

0.004 15 10 (67) 146 
(8.78, 
2,420)

0.0005

Decrease in ALT ≥17 U 
L−1 at week 16

19 2 (11) 16 9 (56) 10.9 (1.87, 
64.0)

0.009 16 11 (69) 18.7 
(3.07, 
114)

0.0005 15 10 (67) 17.0 
(2.77, 
105)

0.001

Fibrosis regression by 
≥1 stage

2 0 (0) 13 7 (54) 13 10 (77) 14 5 (36)

Fibrosis regression by 
≥2 stage

2 0 (0) 13 4 (31) 13 5 (39) 14 2 (14)

Fibrosis regression 
by ≥1 stage and 
no worsening in 
steatohepatitisa

2 0 (0) 13 6 (46) 13 8 (62) 14 5 (36)

Fibrosis regression 
by ≥2 stage and 
no worsening in 
steatohepatitisa

2 0 (0) 13 3 (23) 13 4 (31) 14 2 (14)

NASH resolutionb 
and no worsening of 
fibrosis stage

2 1 (50) 13 6 (46) 13 7 (54) 14 6 (43)

NASH resolutionb 
and improvement in 
fibrosis stage

2 0 (0) 13 4 (31) 13 5 (39) 14 2 (14)

NAS responderc 2 1 (50) 13 10 (77) 13 10 (77) 14 11 (79)

Decrease in NAS ≥2 2 1 (50) 13 12 (92) 13 10 (77) 14 12 (86)

Reduction in lobular 
inflammation ≥1

2 1 (50) 13 9 (69) 13 9 (69) 14 13 (93)

Reduction in 
hepatocellular 
balloning ≥1

2 2 (100) 13 11 (85) 13 11 (85) 14 13 (93)

No concurrent 
worsening of fibrosis 
stage

2 2 (100) 13 11 (85) 13 13 (100) 14 12 (86)

aNo increase in NAS for ballooning, inflammation or steatosis b0–1 point inflammation and 0-point ballooning cNAS improvement ≥2 points (at least 1-point improvement in inflammation or ballooning) and 
no worsening of fibrosis. BAS, MRI–PDFF responders with liver biopsy at baseline and post-treatment analysis set; NAS, non-alcoholic fatty liver disease activity score; NE, not estimable. The proportions of 
patients in the FAS with ≥30% reduction in HFF at week 12 relative to baseline are presented, with last observation carried forward for any missing data. The proportions of patients in the MAS with ≥30% 
reduction, ≥50% reduction and ≥70% reduction and normalization of liver fat (≤5% HFF) are observed data. The proportions of patients with ≥17 U L−1 decrease in ALT are presented for participants with 
both baseline and week 16 values. These analyses and the proportion of patients in the BAS with improvements from baseline in histology measures were pre-specified in the statistical analysis plan. As 
only two patients receiving placebo were included in the BAS, a meaningful comparison with the placebo is not possible. For HFF reduction responder analyses, the odds ratios, corresponding two-sided 
95% CIs and P values were based on logistic regression with responder status as the dependent variable, treatment group and fibrosis score (F1 versus F2–F3) as factors and baseline HFF as a covariate.
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in systemic markers of fibrosis and fibrogenesis was associated with 
histological evidence of fibrosis regression in liver. Across all efruxi-
fermin groups in the BAS, 55% (22/40) had a fibrosis improvement 
of ≥1 stage, and 28% (11/40) had a ≥2 stage fibrosis improvement. 
Forty-eight percent (19/40) had a fibrosis improvement of ≥1 stage 
without worsening of steatohepatitis, and 28% (11/40) had ≥1 stage 
fibrosis improvement and resolution of NASH (all exploratory end-
points). As only two patients receiving placebo were included in the 
BAS, a meaningful comparison with placebo is not possible.

Safety. Overall, 70/79 (89%) participants reported at least one 
TEAE; most were grade 1–2. Table 3 lists all TEAEs reported by 
≥15% of the study population. There were no deaths. The most 
commonly reported drug-related adverse events (AEs) were gas-
trointestinal (38/79 (48%)), mainly mild or moderate and transient.

Three drug-related AEs were considered grade 3: two events 
of diarrhea and one event of headache. One serious adverse event 
(SAE) of acute pancreatitis with subsequent diabetic ketoacidosis 
(grade 4) was considered related to the study drug and led to dis-
continuation. This patient was morbidly obese with severe insulin 
resistance before the study start, as indicated by acanthosis nigri-
cans and hyperinsulinemia. One patient experienced an SAE of 
abdominal pain (grade 2) and pyrexia (grade 1) related to the liver 
biopsy procedure at baseline. In total, seven patients discontinued 
due to TEAEs. None was due to the most common AE (diarrhea), 
and none was in the 50-mg group. One patient receiving 70 mg dis-
continued due to dysphagia, which was considered unrelated to the 
study medication. Overall, 14/79 (18%) participants experienced a 
procedure-related TEAE, all of which were grade 1.

No clinically significant safety findings were identified based 
on laboratory parameters, blood pressure, heart rate, electrocar-
diograms or markers of bone turnover. Bone mineral density and 
salivary cortisol were unchanged from baseline to week 16 in all 
cohorts (Supplementary Table 4).

In participants who received at least one dose of efruxifermin, 
41 of 57 evaluable individuals (72%) were positive for anti-drug 
antibodies (ADAs) (Table 3). ADAs were first detected at week 8, 
with the highest prevalence at week 20. The median titer at week 20 
remained low at 1:8.7. Most ADA-positive samples were efruxifer-
min specific, although four (10% of ADA positive) participants’ sam-
ples were cross-reactive to endogenous FGF21. All ADA-positive 
samples were non-neutralizing, except for one participant at week 
20. A follow-up sample from this participant collected 43 weeks 
after the last dose was non-neutralizing. Consistent with a generally 
low titer ADA response, serum markers of the biological actions of 
efruxifermin were maintained over 16 weeks of treatment.

Markers of lipid metabolism and glycemic control. In addition 
to evidence of better liver health, markers of lipid metabolism 
and glycemic control (exploratory outcomes) indicate improved 
whole-body metabolic homeostasis (Supplementary Table 5). 
Lipoprotein profiles were improved by a similar magnitude for 
all efruxifermin groups. Total cholesterol levels were significantly 
lower (−8%) at 28 mg and numerically lower (−4%) for 50 mg and 

70 mg compared to placebo at week 16. The percent change from 
baseline to week 16 for HDL cholesterol and non-HDL cholesterol 
across efruxifermin groups compared to placebo was +33% to +38% 
and −15% to −20%, respectively. Consistent with the decrease in 
non-HDL cholesterol, apolipoprotein B levels were reduced sig-
nificantly by 12–16% at week 16 compared to placebo for 28-, 50- 
and 70-mg groups. LDL cholesterol levels at week 16 were reduced 
by 16% in the 28-mg group but were relatively unchanged in the 
50-mg (−4%) and 70-mg (−7%) groups compared to placebo. The 
dose-related pattern ranging from reduction to minimal change in 
LDL cholesterol for the subset of patients taking statin medication 
was similar to those who were not, and likewise for those with base-
line LDL cholesterol ≥100 mg dl−1 versus ≤100 mg dl−1. The reduc-
tion in triglycerides from baseline was 51–61% across efruxifermin 
groups compared to placebo. Consistent with this, apolipoprotein 
C3 levels declined to a similar extent compared to placebo (−27% to 
−29%) across all efruxifermin groups.

Higher efruxifermin doses generally showed greater improve-
ments in glycemic control. Placebo-adjusted LS mean reductions in 
HbA1c at week 16 were significant in the 50- and 70-mg groups, 
with changes in fasting glucose levels in line with Hb1Ac reduc-
tions (Supplementary Table 5). Improved glycemic control was 
associated with enhanced insulin sensitivity; LS mean homeosta-
sis model assessment of insulin resistance (HOMA-IR) values were 
significantly less than placebo for the 70-mg group. Consistent with 
greater insulin sensitivity, LS mean C-peptide levels were signifi-
cantly lower at all doses compared to placebo. Insulin LS mean lev-
els were also significantly lower for the 70-mg dose and numerically 
lower for 28 mg and 50 mg. A post hoc analysis of FAS patients with 
T2D (n = 41) suggests that efruxifermin-associated improvements 
in glycemic control were greater in those with T2D (n = 39) than 
the overall FAS. Notably, there were numerically greater LS mean 
reductions versus placebo in HbA1c in the 50-mg (0.6%) and 70-mg 
(1.0%) dose groups in the T2D subgroup (Supplementary Table 6) 
compared to the FAS 50-mg (0.5%) and 70-mg (0.6%) dose groups 
(Supplementary Table 5). The greater decrease in participants with 
T2D is in keeping with higher baseline HbA1c in that subgroup 
(6.9–7.0%) compared to the subgroup without a diagnosis of T2D 
(5.5–5.8%).

Of note, body weight was significantly reduced by 3.3 kg relative 
to baseline compared to placebo in the 70-mg group. A numeri-
cal, non-significant mean reduction of 2.2 kg was seen in the 
50-mg group (Supplementary Table 5). The lower body weight was 
associated with a statistically significant increase in total body fat 
(Supplementary Table 5).

discussion
Treatment with efruxifermin for 12 weeks was associated with 
a reduction of absolute HFF ranging from 12% to 14% across all 
doses. Within the MAS, all efruxifermin-treated patients achieved 
≥30%, and 88% achieved ≥50%, relative reduction in liver fat, 
whereas HFF was normalized in 67% of patients at the highest dose 
(70 mg). Two sources account for ~80% of the flux of fatty acids in 
the liver of patients with NAFLD: free fatty acids released by adipose 

Fig. 3 | Markers of liver injury. Time courses for change from baseline in levels of ALT (a), AST (b), GGT (c), ALP (d), urate (e) and mean levels of pro-C3 
(f) and ELF score (g). AST, GGT, ALP and urate data are LS mean ± 95% CI from a post hoc mixed-model repeated-measures analysis, with absolute 
change from baseline as the dependent variable; treatment group, fibrosis score (F1 versus F2–3), HFF (<15% versus ≥15%) and visit as factors; and 
baseline value as a covariate, as well as interaction of treatment group by visit. Only participants with non-missing baseline and the specified visit are 
included. There were no adjustments for multiple comparisons. This analysis was pre-planned for ALT. The two-sided P values for comparison with 
placebo from these analyses at all tested data points and number of participants in each group at each time point are provided in Supplementary Table 3.  
Pro-C3 levels and ELF score data are plotted as mean ± s.d., with the last observation carried forward for any missing data. The two-sided P values for 
comparison with placebo at all tested data points for ELF score and pro-C3 come from an ANCOVA model, with absolute change from baseline as the 
dependent variable; treatment group, fibrosis score (F1 versus F2–3) and HFF (<15% versus ≥15%) as factors; and baseline value as a covariate, and are 
provided in Supplementary Table 3.
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tissue lipolysis (~50%) and de novo lipogenesis (DNL) in the liver 
(~30%)16. Based on tissue-specific expression of FGF21’s receptors17, 
FGF21-induced inhibition of adipose tissue lipolysis is mediated by 

FGFR1c, and direct suppression of DNL in liver18 is mediated by 
FGFR2c, the most highly expressed FGF21 receptor, and possibly 
by FGFR3c. FGFR1c agonists BFKB8488 and MK3655 (NGM313), 
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which mainly target adipose tissue, reduce HFF by 6–15% absolute 
after 5–12 weeks of treatment11,13. The higher end of this range is 
similar to the magnitude of efruxifermin-elicited reduction, which, 
because of its balanced activity across FGFR1c/2c/3c14, has the 
potential to inhibit not only adipose tissue lipolysis but also liver 
DNL. Another FGF21 analog, pegbelfermin, reduced absolute HFF 
after 16 weeks of treatment by ~6%10. Pegbelfermin appears to have 
limited activity as an agonist of adipose tissue FGFR1c in humans, as 
evidenced by modest induction of adiponectin, a marker of FGFR1c 
activation, compared to efruxifermin and the FGFR1c-specific ago-
nists12,13. Consequently, it can be hypothesized that pegbelfermin 
acts predominantly on the liver receptors FGFR2c and FGFR3c, 
limiting its effects primarily to inhibition of DNL.

The FGF19 analog NGM282 (aldafermin) is an FGFR1c 
and FGFR4 agonist19 that reduced absolute HFF by 9–11%20. 
Efruxifermin is not an FGFR4 agonist and reduced HFF by up to 
14%, calling into question the contribution of FGFR4 to the reduc-
tion of liver fat.

The correlation between the extent of reduction in HFF and 
resolution of NASH pathology has been evaluated by retrospec-
tive analyses of a small number of interventional study datasets. A 
relative reduction in HFF of 29% correlated with a ≥2-point reduc-
tion in NAS21. Therefore, to avoid unnecessary liver biopsies in this 
study, only patients with ≥30% reduction in HFF were deemed eli-
gible for end-of-treatment biopsy. Across all efruxifermin-treated 
patients with end-of-treatment biopsies, 85% had a ≥2-point reduc-
tion in NAS, and 78% had a ≥2-point reduction in NAS without 
worsening of fibrosis. This compares favorably with 12 weeks of 
open-label treatment with aldafermin (1 mg and 3 mg), which was 
associated with a relative reduction of 58–67% in HFF and with 
a ≥2-point reduction in NAS without fibrosis worsening in 50–63% 
of patients22.

A higher threshold of ≥50% relative reduction in HFF appears 
to correlate with substantial resolution of NASH—that is, absence 
of ballooning and no or minimal lobular inflammation. Analysis 
of a 36-week study with resmetirom demonstrated that a reduction 
of ≥50% after 12 weeks of treatment was associated with 64% of 
patients achieving NASH resolution at the end of treatment (https://
ir.madrigalpharma.com/node/13331/pdf). Thus, substantial resolu-
tion of NASH histopathology might require a reduction in HFF of 
≥50% rather than ≥30%. A retrospective analysis from two NASH 
trials found that fibrosis reduction is most strongly predicted by 
NASH resolution23. Consistent with this, fibrosis was reduced in 
61% of resmetirom-treated patients who achieved NASH resolu-
tion (https://ir.madrigalpharma.com/node/13331/pdf). Although 
efruxifermin was administered for only 16 weeks, 48% of treated 
patients meeting the ≥30% HFF threshold had ≥1 stage improve-
ment in fibrosis without NASH worsening, whereas 28% had both 
NASH resolution and fibrosis improvement. Qualitative histologi-
cal analysis of paired biopsy samples suggested regression of fibro-
sis. The association of efruxifermin’s reductions in HFF and NASH 
resolution with regression of fibrosis after 16 weeks of treatment 
strengthens the evidence that substantial reductions in HFF corre-
late with regression of NASH.

The reduction in HFF was accompanied by rapid, marked 
decreases in markers of liver stress and injury. Decreased ALT per-
sisted for 4 weeks after efruxifermin treatment ceased, especially in 
the highest-dose group, suggesting sustained reduction in hepato-
cyte stress. Other markers of liver injury, including AST, GGT and 
ALP, were also substantially and consistently reduced. Serum urate, 
another marker associated with liver injury and elevated levels of 
tissue oxidative stress24, also declined by up to 20% after efruxifer-
min treatment. Urate levels have been associated with elevated ALT 
and GGT and increased risk of progression to liver cirrhosis and 
related hospitalization or death, even after adjustment for causes of, 
or risk factors for chronic liver disease25.

Levels of the fibrogenesis marker pro-C3 are associated with 
extent of liver fibrosis26, and decreases in pro-C3 correlate with 
biopsy-proven improvements in hepatic fibrosis22. A substantial 
reduction of pro-C3 levels within 4 weeks of initiating efruxifermin 
treatment suggests that collagen synthesis is quickly suppressed. 
The rapid, parallel declines in HFF, markers of liver stress and fibro-
genesis, might be attributable to a combination of efruxifermin’s 
indirect and direct effects on fibrosis. By reducing HFF and hepa-
tocyte stress, efruxifermin indirectly inhibits profibrotic signal-
ing. Efruxifermin might also inhibit myofibroblast differentiation 
from hepatic stellate cells directly5 and indirectly via adiponectin27. 
Another biomarker of liver fibrosis is the ELF score, derived from a 
panel of biomarkers associated with matrix turnover. In longitudi-
nal studies, a single unit increase of ELF score has been associated 
with a 2.53-fold higher risk of a liver-related event28. The reduc-
tion of approximately 0.75 units of ELF score suggests that long- 
term efruxifermin treatment might result in lower risk of 
liver-related events.

Table 3 | Adverse events

Placebo Efruxifermin

n = 21 28 mg 
n = 19

50 mg 
n = 19

70 mg 
n = 20

Treatment-emergent 
events, n (%)

16 (76) 18 (95) 17 (90) 19 (95)

 Life-threatening 0 (0) 0 (0) 0 (0) 1 (5)

 Severe 1 (5) 1 (5) 2 (11) 1 (5)

 Moderate 8 (38) 11 (58) 12 (63) 15 (75)

 Mild 7 (33) 6 (32) 3 (16) 2 (10)

 Study procedure related 4 (19) 3 (16) 3 (16) 4 (20)

Treatment-emergent 
events leading to 
discontinuation, n (%)

1 (5)a 2 (11)b 0 (0) 4 (20)c

Drug-related 
treatment-emergent 
events, n (%)

7 (33) 13 (68) 15 (79) 17 (85)

Serious adverse events, 
n (%)

0 (0) 1 (5)d 0 (0) 1 (5)

Treatment-emergent events occuring in ≥15%, n (%)

 Diarrhea 4 (19) 5 (26) 11 (58) 7 (35)

 Nausea 1 (5) 8 (42) 5 (26) 12 (60)

 Vomiting 0 (0) 6 (32) 4 (21) 5 (25)

 Abdominal pain 1 (5) 1 (5) 3 (16) 4 (20)

  Frequent bowel 
movements

0 (0) 3 (16) 2 (11) 4 (20)

 Fatigue 4 (19) 1 (5) 1 (5) 7 (35)

 Injection site erythema 0 (0) 2 (11) 1 (5) 5 (25)

 Injection site reaction 1 (5) 2 (11) 1 (5) 4 (20)

 Increased appetite 1 (5) 4 (21) 5 (26) 5 (25)

 Nasopharyngitis 1 (5) 5 (26) 2 (11) 3 (15)

  Upper respiratory tract 
infection

2 (10) 2 (11) 1 (5) 3 (15)

 ADAs, n (%) 0 (0) 16 (84) 10 (56)e 15 (75)
aMuscular weakness and myalgia bNausea, vomiting and dysgeusia (one participant); panic 
attack, anxiety and tremor (one participant) cDysphagia (not drug related, one participant); acute 
pancreatitis (also an SAE, one participant); vomiting (one participant); and fatigue and nausea  
(one participant) dRelated to pre-dose liver biopsy en = 18
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Diabetes, poor glycemic control and dyslipidemia are major 
contributors to cardiovascular-related mortality and morbidity in 
patients with NASH3. Exploratory analyses revealed that efruxifer-
min improved these common comorbidities sufficiently to restore 
a normal lipoprotein profile. In agreement with findings for the 
FGF21 analog LY24053197 and an earlier study with efruxifermin15, 
levels of apolipoprotein B were reduced by efruxifermin, consistent 
with lower levels of very low density lipoprotein secretion by liver29. 
Levels of apolipoprotein C3 were also reduced, which likely con-
tributed to the reduced circulating triglyceride levels by increasing 
adipose tissue uptake via the action of lipoprotein lipase29. Notably, 
neither total nor LDL cholesterol were increased, in contrast to alda-
fermin treatment, which activates FGFR4 and suppresses expres-
sion of CYP7A1, thereby reducing flux of cholesterol to bile acid, 
in turn reducing clearance of LDL cholesterol20. Overall, the ame-
lioration of dyslipidemia suggests that long-term treatment with 
efruxifermin might help to address the high prevalence of cardio-
vascular disease in patients with NASH1. Although FGF21 analogs 
generally improve dyslipidemia7–9,15, mostly they have not enhanced 
glycemic control7,8,12. In contrast, efruxifermin, like the long-acting 
FGFR1c agonist MK365513, did decrease HbA1c, suggesting that 
sustained, high-level agonism of FGFR1c might be required to 
improve insulin sensitivity and glycemic control, as indicated by an 
earlier study comparing weekly administration of efruxifermin with 
efruxifermin administered every other week in patients with T2D15. 
Other mechanisms being evaluated as treatments for NASH, such 
as agonists of farnesoid X receptors, thyroid hormone receptor-β 
and FGF19, do not improve glycemic control20,30,31, emphasizing the 
unique breadth of efruxifermin’s metabolic effects.

Loss of more than 10% of body weight has been demonstrated to 
reduce HFF and to resolve NASH, even for patients with advanced 
fibrosis32, yet many potential NASH therapeutics do not decrease 
body weight10,31, and some are associated with weight gain4. 
Exploratory analyses show that efruxifermin treatment significantly 
reduced body weight at the highest dose, with a numerical reduc-
tion seen at 50 mg. Loss of 3.3 kg over 16 weeks is equivalent to a 
reduction of ~10% in daily dietary caloric intake33. The weight loss 
did not appear to result from reduced food intake, as more partici-
pants reported increased rather than decreased appetite. Preclinical 
studies indicate that FGF21 activates brown fat thermogenesis 
and increases energy expenditure6. However, absence of reported 
hydrosis in this study suggests that any possible thermogenic effect 
of efruxifermin was not excessive. Reducing body weight also aug-
ments insulin sensitivity, suggesting a durable improvement in gly-
cemic control with long-term treatment.

A seemingly paradoxical increase in percentage body fat in the 
50- and 70-mg groups is consistent with the association of a com-
mon single-nucleotide polymorphism (SNP) in the FGF21 gene with 
lower body fat in humans but increased waist circumference34. The 
SNP is considered likely to be associated with lower FGF21 func-
tion. Thus, efruxifermin might redistribute fat from the viscera to 
the peripheral tissues, consistent with enhanced insulin sensitivity.

Efruxifermin was generally well tolerated. The most frequently 
reported AEs were gastrointestinal, mainly mild and transient in 
nature, reflecting previous observations with efruxifermin15 and 
other FGF21 analogs8,10,11. Taking into account the dose-dependent 
improvements in liver health and exploratory whole-body meta-
bolic endpoints, 28-mg and 50-mg efruxifermin appear to bracket 
the dose range that combines efficacy with acceptable safety and tol-
erability. Despite the high incidence of de novo antibody formation, 
ADA titers were generally low. Few patients developed antibodies 
that cross-reacted with native FGF21, and only one patient devel-
oped neutralizing ADAs.

Strengths of this study include non-invasive measures of liver 
steatosis and fibrogenesis (MRI–PDFF, markers of liver injury, 
pro-C3 and ELF), corroborating the observed improvements in 

liver histopathology. This association offers scope to monitor thera-
peutic effect non-invasively to confirm that patients are responding 
to efruxifermin in a way that would be expected to reduce or resolve 
NASH pathology during long-term treatment. The study’s biopsy 
procedure was closely defined, yielding specimens of high quality 
with no inadequate samples.

Limitations of this study include absence of a placebo con-
trol for the biopsy-eligible cohort of 50 participants. Only two 
placebo participants were eligible because the remainder were 
non-responders—that is, did not achieve ≥30% reduction in HFF. 
This study was constrained by the COVID-19 pandemic, result-
ing in loss of 16% of end-of-study biopsies, and some end-of-study 
assessments (liver MRI–PDFF and biopsy) were brought forward, 
resulting in a wider range of assessment periods. Calorie intake and 
energy expenditure were not controlled, and daily activity was not 
measured. A third of participants were fibrosis stage F1 and, thus, 
more susceptible to spontaneous resolution of NASH. To minimize 
any potential effect on histological outcomes arising from uneven 
distribution of F1 across treatment groups, patients were stratified 
by fibrosis stage (F1 versus F2–3) at baseline before random assign-
ment. Comparing the magnitude of HFF reduction in F1 versus F2–
F3 subgroups suggests that efruxifermin’s effects were similar.

In conclusion, efruxifermin significantly reduced liver fat and 
was generally safe and well tolerated in patients with NASH and 
F1–F3 fibrosis. The sustained reduction of HFF and liver injury 
markers after 16 weeks of treatment, combined with exploratory 
histological and metabolic improvements, suggest that efruxifermin 
might have the potential to modify the course of NASH progression. 
Longer-duration studies in larger patient groups are warranted to 
further evaluate the potential of efruxifermin as a first-line treat-
ment for NASH.
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Methods
Study design and participants. This multicenter, randomized, double-blind, 
placebo-controlled, parallel-group, phase 2a study screened patients at 27 
gastroenterology and hepatology clinics in the United States. An expansion of 
this study in an additional cohort of 30 patients with NASH with compensated 
cirrhosis is ongoing. This article is focused on the main study, in which eligible 
patients were adults with biopsy-proven NASH, fibrosis stage 1–3, NAS of ≥4 
(with at least a score of 1 in each of steatosis, ballooning degeneration and lobular 
inflammation)35, HFF of ≥10% by MRI–PDFF and FibroScan measurement 
>7.0 kPa. Target enrollment in the main study was 80 patients. Excluded were 
patients with fibrosis stage 4 (cirrhosis), history of decompensated liver disease, 
liver transplantation, hepatocellular carcinoma or chronic hepatitis B or C. All 
inclusion and exclusion criteria are provided in the supplementary information 
(Supplementary Table 7). All participants provided written informed consent 
before enrollment. This study accorded with the ethical principles of the 
Declaration of Helsinki and was consistent with the International Conference on 
Harmonization of Good Clinical Practice and applicable regulatory requirements. 
A central institutional review board (Advarra Institutional Review Board, 
00000971) approved the study protocol and all amendments.

Randomization and masking. The principal investigators enrolled participants. 
Investigators, radiologists, pathologist, staff, patients, sponsor and medical monitor 
remained masked to treatment groups during the study. Efruxifermin (70 mg ml−1) 
and placebo, identical in appearance, were provided in 6-ml sterile vials containing 
1.1 ml. Diluent vials were provided for preparation of the 28- and 50-mg doses. 
At each site, doses were prepared in pre-filled syringes labeled with unique code 
numbers by an unblinded pharmacist not otherwise involved with the study. 
Patients were stratified by baseline HFF (<15% versus ≥15%) and fibrosis stage (F1 
versus F2–F3), with site effect considered, and then randomly assigned to one of 
four treatment groups in a 1:1:1:1 ratio (efruxifermin 28 mg, efruxifermin 50 mg, 
efruxifermin 70 mg or placebo) via the centrally administered Medpace ClinTrak 
Interactive Response Technology system using a dynamic allocation method. A 
minimization algorithm was used to calculate a score to determine the optimal 
treatment group assignment.

Procedures. Study drug (1 ml) was administered subcutaneously into the 
abdomen weekly for 16 weeks. Standard protocols were followed for injection 
site evaluation. Enrolled patients participated in the study for ~30 weeks: up to 
8 weeks for screening, 16 weeks on-treatment, 4 weeks of safety follow-up (week 
20) and up to 4 weeks for a post-treatment liver biopsy and MRI–PDFF in eligible 
participants (see Extended Data Fig. 1 for study design). MRI–PDFF was measured 
at baseline, week 6, week 12 and, for responders (those with ≥30% relative HFF 
reduction at week 12), between weeks 20 and 24. Historical (within 180 d of 
randomization) or new liver biopsies were obtained for screening and pre-baseline 
evaluation of histopathology. Tissue was processed at a central laboratory (Pacific 
Rim Pathology Laboratory) using routine methods. Sections of 3–4 µm were 
stained with trichrome and hematoxylin and eosin. NAS grading of steatosis, 
ballooning and lobular inflammation35 and staging of fibrosis were performed by 
a single pathologist. End-of-treatment biopsies were independently assessed in 
the same blinded manner. MRI scans were read centrally. Due to the COVID-19 
pandemic, the window for repeat biopsy was expanded to allow earlier completion. 
Last visit assessments were permitted as early as week 16. The median time for 
post-treatment biopsy among the BAS was week 20.

Bone mineral density and body fat distribution were assessed by 
dual-energy X-ray absorptiometry at screening and week 16. Vital signs, 12-lead 
electrocardiogram, clinical laboratory testing (hematology, chemistry and 
urinalysis), lipid parameters and other biomarkers were assessed at least every 4 
weeks. Safety and tolerability were assessed at all time points and during follow-up.

Outcomes. The primary endpoint was absolute change from baseline in HFF 
at week 12 in all randomized patients (FAS). The secondary objectives were to 
evaluate: the percent change from baseline in HFF at week 12; the proportion of 
responders, defined as patients who achieved a relative reduction of ≥30% in HFF 
at week 12 (MRI–PDFF responders); the proportion of NAS responders—that is, 
patients who had a decrease of ≥2 points in NAS with at least a 1-point reduction 
in either lobular inflammation or hepatocellular ballooning and no concurrent 
worsening of fibrosis stage; and the change from baseline in ALT at week 12; and to 
assess the safety and tolerability of efruxifermin in patients with NASH.

Key exploratory endpoints included change from baseline in markers of 
liver injury and function, histology endpoints and non-invasive markers of 
fibrosis, markers of glycemic control, lipoprotein profiles and body weight. A 
full list of exploratory endpoints is provided in the supplementary information 
(Supplementary Table 8).

Statistical analysis. As an exploratory study, no formal power calculations 
were conducted to determine sample size. Target participant numbers (n = 20 
per treatment group) were based on clinical experience with other similar 
proof-of-concept studies10. With a 5% significance level, 20 participants receiving 

placebo and an s.d. estimated as 5.2%, the power for n = 20 participants with active 
treatment is ~91% to detect a true, baseline-adjusted, mean absolute decrease of 5% 
from baseline in MRI–PDFF-estimated hepatic fat compared to placebo, using a 
one-sided t-test for decrease from placebo.

For primary and secondary continuous endpoints related to HFF, an analysis 
of covariance (ANCOVA) model was used, with treatment group and fibrosis 
stage (F1 versus F2–F3) as factors and baseline HFF as a covariate. LS means, 
one-sided 97.5% CIs and one-sided P values were calculated for the primary 
endpoint. Normality was tested for the model residuals by the Shapiro–Wilk test. 
A step-down fixed hypothesis testing sequence was used to control for type I error 
rate inflation caused by multiplicity issues. The next lower dose was compared 
only if the higher dose was significantly better than placebo. Multiple imputation 
was employed for missing primary efficacy values in the FAS. For continuous 
secondary efficacy endpoints, LS means, 95% CIs and P values were calculated for 
absolute and relative change. Fixed hypothesis testing sequence was used to control 
the multiplicity for each active dose compared to placebo. Analyses were conducted 
on the FAS and appropriate data subsets.

Three secondary endpoint responder analyses were performed. MRI–
PDFF responders in the FAS were calculated with missing values imputed as 
non-responders and in the MRI–PDFF (HFF) evaluable analysis set (MAS, the 
subgroup with baseline and week 12 MRI–PDFF assessments) without imputation. 
NAS responders in the liver biopsy evaluable analysis set (BAS, MRI–PDFF 
responders with liver biopsy at baseline and after treatment) were calculated 
without imputation.

ALT and continuous exploratory endpoints were analyzed by treatment using 
an ANCOVA model or post hoc by mixed model repeated measures. All dose 
groups were tested for difference from placebo in the post hoc analysis and on 
exploratory endpoints. Exploratory responder analyses were performed on the 
appropriate analysis set. SAS version 9.4 was used for all statistical analyses.

The safety analysis set comprised all patients who received at least one dose 
of the study drug. An external data monitoring committee consisting of two 
hepatologists, one cardiologist and a statistician oversaw the study. The trial was 
registered with ClinicalTrials.gov (NCT03976401).

Role of the funding source. The study was funded by Akero Therapeutics, which, 
in collaboration with the authors, was involved in study design and data collection. 
The authors (some of whom are Akero Therapeutics employees) were responsible 
for analysis and interpretation of data and writing the report. All authors had full 
access to all study data, and the corresponding author had final responsibility for 
the decision to submit for publication.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
The datasets generated and/or analyzed in this study are considered commercially 
sensitive and, therefore, are not publicly available. Requests for data supporting 
findings in the manuscript should be made to the corresponding author and will 
be reviewed individually. Data might be shared in the form of aggregate data 
summaries and via a data transfer agreement. Individual participant-level raw data 
containing confidential or identifiable patient information are subject to patient 
privacy and cannot be shared.
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Extended Data Fig. 1 | Summary of study design. MRI-PDFF, magnetic resonance imaging-proton density fat fraction; NASH, non-alcoholic 
steatohepatitis; NASH CRN, NASH Clinical Research Network.
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