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Highlights Lay summary

� Higher serum bile acid levels are associated with an

increased risk of liver-relatedmorbidityandmortality.

� Aldafermin produces significant dose-dependent
reductions in toxic hydrophobic bile acids in
NASH and PSC.

� Changes in bile acids correlate with changes in the
novel fibrogenesis marker Pro-C3.

� Bile acids may contribute to a pro-fibrogenic
microenvironment in the liver.
https://doi.org/10.1016/j.jhepr.2021.100255
Aldafermin is an analogue of a gut hormone, which is in
development as a treatment for patients with chronic
liver disease. Herein, we show that aldafermin can
potently and robustly suppress the toxic, hydrophobic
bile acids irrespective of disease aetiology. The thera-
peutic strategy utilising aldafermin may be broadly
applicable to other chronic gastrointestinal and liver
disorders.
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Background & Aims: Higher serum bile acid levels are associated with an increased risk of cirrhosis and liver-related
morbidity and mortality. Herein, we report secondary analyses of aldafermin, an engineered analogue of the gut hormone
fibroblast growth factor 19, on the circulating bile acid profile in prospective, phase II studies in patients with metabolic or
cholestatic liver disease.
Methods: One hundred and seventy-six patients with biopsy-confirmed non-alcoholic steatohepatitis (NASH) and fibrosis
and elevated liver fat content (>−8% by magnetic resonance imaging-proton density fat fraction) received 0.3 mg (n = 23), 1 mg
(n = 49), 3 mg (n = 49), 6 mg (n = 28) aldafermin or placebo (n = 27) for 12 weeks. Sixty-two patients with primary sclerosing
cholangitis (PSC) and elevated alkaline phosphatase (>1.5× upper limit of normal) received 1 mg (n = 21), 3 mg (n = 21)
aldafermin or placebo (n = 20) for 12 weeks. Serum samples were collected on day 1 and week 12 for determination of bile
acid profile and neoepitope-specific N-terminal pro-peptide of type III collagen (Pro-C3), a direct measure of fibrogenesis.
Results: Treatment with aldafermin resulted in significant dose-dependent reductions in serum bile acids. In particular, bile
acids with higher hydrophobicity indices, such as deoxycholic acid, lithocholic acid, glycodeoxycholic acid, glyco-
chenodeoxycholic acid, and glycocholic acid, were markedly lowered by aldafermin in both NASH and PSC populations.
Moreover, aldafermin predominantly suppressed the glycine-conjugated bile acids, rather than the taurine-conjugated bile
acids. Changes in levels of bile acids correlated with changes in the novel fibrogenesis marker Pro-C3, which detects a neo-
epitope of the type III collagen during its formation, in the pooled NASH and PSC populations.
Conclusions: Aldafermin markedly reduced major hydrophobic bile acids that have greater detergent activity and cytotox-
icity. Our data provide evidence that bile acids may contribute to sustaining a pro-fibrogenic microenvironment in the liver
across metabolic and cholestatic liver diseases.
Lay summary: Aldafermin is an analogue of a gut hormone, which is in development as a treatment for patients with chronic
liver disease. Herein, we show that aldafermin can potently and robustly suppress the toxic, hydrophobic bile acids irre-
spective of disease aetiology. The therapeutic strategy utilising aldafermin may be broadly applicable to other chronic
gastrointestinal and liver disorders.
Clinical Trials Registration: The study is registered at Clinicaltrials.gov NCT02443116 and NCT02704364.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Bile acids are amphipathic metabolites that are synthesised from
cholesterol in the liver.1 Once synthesised, they are conjugated
with glycine or taurine and then excreted with bile into the
duodenum. On reaching the intestine, bile acids facilitate
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emulsification and absorption of dietary fats, cholesterol, and fat-
soluble vitamins. Approximately 95% of bile acids are re-
absorbed through the terminal ileum and recirculated to the
liver; the remaining ~5% enters the large intestine where the
colonic microbiota dehydroxylate the primary bile acids to form
secondary bile acids with unique chemical structures.1

Over the past two decades a remarkable body of literature
indicates that bile acids have multiple functions which are
mediated through both non-specific cytotoxic effects given their
amphipathic structure and specific receptor-mediated actions
including engagement of their cognate receptor, the farnesoid X
receptor (FXR), as well as other receptors such as the G protein-
coupled bile acid receptor 1 (GPBAR1, also known as TGR5), the
pregnane X receptor (PXR), and the sphingosine-1-phosphate
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receptor 2 (S1P2).2,3 The bile acids secreted into the bile can
further modify the microbiome, alter the intestinal barrier
function, modulate the innate immune system, and influence the
development and progression of gastrointestinal and liver
disease.4

Altered bile acid homeostasis has been clearly linked to
multiple chronic liver diseases.5,6 The development of non-
alcoholic steatohepatitis (NASH) is associated with elevated
circulating total bile acid concentration, with increases in both
primary and secondary bile acids.7–9 Patients with NASH appear
to have an increased rate of hepatic bile acid synthesis.10,11 A
similar increase in circulating bile acid level has been described
in cholestatic liver disease, where higher serum bile acids are
associated with worse clinical outcomes.5 Moreover, serum bile
acids correlate with portal hypertension and model for end-stage
liver disease score, and can predict decompensation, liver failure,
and transplant-free survival.12 Increased serum bile acid has
been reported to significantly associate with 28-day mortality in
critically ill patients, independently of bilirubin levels and
severity of the underlying disease.13

The gut hormone fibroblast growth factor 19 (FGF19) is a core
component of the gut–liver axis in maintaining bile acid ho-
meostasis.14,15 FGF19 is induced by the activation of FXR in the
intestine, and then travels to the liver where it activates the
FGFR4-bKlotho receptor complex on hepatocytes to inhibit bile
acid synthesis.14,15 Aldafermin, also known as NGM282 or M70, is
an engineered analogue of the human hormone FGF19.11,16,17

Through the FGFR4-KLB receptor, aldafermin potently sup-
presses cholesterol 7a-hydroxylase (CYP7A1), which encodes the
first and rate-limiting enzyme in the biosynthesis of bile acids.16

Through the FGFR1c-KLB receptor, aldafermin improves insulin
sensitivity and energy homeostasis.18,19 In a phase II trial in pa-
tients with NASH, aldafermin reduced steatosis and improved
hepatic inflammation, injury, and fibrosis.20,21 In a phase II trial
in patients with primary sclerosing cholangitis (PSC), aldafermin
improved serum markers of fibrosis without affecting alkaline
phosphatase (ALP).22

There has been increasing interest in understanding the role
of bile acids in chronic liver disease, with multiple therapeutics
that regulate bile acid metabolism in clinical trials in NASH and
cholestatic liver disease.23,24 In the present secondary analyses,
we describe detailed bile acid profiles at baseline and end of
treatment in patients with NASH or PSC who received 12 weeks
of treatment with placebo or varying doses of aldafermin. We
use these data to define treatment-induced changes in the in-
dividual bile acids and further evaluate how changes in the bile
acid profile and fibrogenesis are linked.
Patients and methods
Patients
Both NASH and PSC phase II studies were conducted in compli-
ance with the International Conference on Harmonization, E6
Good Clinical Practice, and Declaration of Helsinki, and all pa-
tients provided written informed consent. The study protocols
were approved by the local ethics committees before study
initiation. A.J.S., L.L., and G.M.H. had access to all of the data and
vouch for the integrity of the data analyses.

Patients with NASH
In this phase II study, multiple cohorts of NASH patients were
enrolled. Cohort 1 was a placebo-controlled, double-blind study
JHEP Reports 2021
comparing aldafermin 3 mg (n = 27) and 6 mg (n = 28) vs. pla-
cebo (n = 27) for 12 weeks20; Cohort 2 was a dose-expansion
study evaluating aldafermin 0.3 mg (n = 23), 1 mg (n = 21) and
3 mg (n = 22) for 12 weeks25; Cohort 3 further expanded
assessment of aldafermin 1 mg in an additional 28 patients for 12
weeks.21 The primary endpoint was change from baseline to
week 12 (end of treatment) in liver fat content as measured by
magnetic resonance imaging-proton density fat fraction (MRI-
PDFF). Patients were stratified by type 2 diabetes status. Overall,
a total of 176 patients with NASH received 0.3 mg (n = 23), 1 mg
(n = 49), 3 mg (n = 49), 6 mg (n = 28) aldafermin or placebo (n =
27) daily for 12 weeks, and were pooled in this secondary
analysis (Fig. 1A). Details on procedures and treatment in Cohorts
1–3 were previously reported.20,21,25 The clinicaltrials.gov trial
number is NCT02443116.

Patients were eligible if they met the following inclusion
criteria: 18–75 years of age at the time of screening; biopsy-
confirmed NASH diagnosis as defined by the NASH Clinical
Research Network (CRN) histologic scoring system, with a min-
imum non-alcoholic fatty liver disease (NAFLD) Activity Score
(NAS) of 4 (>−1 point in each component of steatosis, lobular
inflammation, and hepatocellular ballooning); stage 1, 2, or 3
fibrosis; liver fat content >−8% as assessed by MRI-PDFF; and
elevated alanine aminotransferase (ALT; >−19 IU/L in females; >−30
IU/L in males). Exclusion criteria included clinically significant
acute or chronic liver disease unrelated to NASH; evidence of
drug-induced steatohepatitis; history or presence of compen-
sated or decompensated cirrhosis; liver transplantation; any
cardiovascular event or evidence of active cardiovascular disease
within 6 months of screening; and type 1 diabetes. Patients
taking medications for diabetes were required to be on a stable
regimen for at least 3 months before day 1 and maintain a stable
regimen during the study period. Initiation of any medications or
products for diabetes or weight-loss was prohibited from
screening to day 1 until the end of the study.

Patients with PSC
Sixty-two patients were randomised to receive aldafermin 1 mg
(n = 21), 3 mg (n = 21) or placebo (n = 20) daily for 12 weeks. The
primary endpoint was the change in ALP from baseline to week
12 (end of treatment). Details on procedures and treatment were
previously reported.22 The clinicaltrials.gov trial number is
NCT02704364.

Patients were eligible if they met the following inclusion
criteria: 18–75 years of age at the time of screening; confirmed
diagnosis of PSC (based on any 2 of the 3 criteria: abnormal
cholangiography consistent with PSC as measured by magnetic
resonance cholangiopancreatography, endoscopic retrograde
cholangiopancreatography, or percutaneous transhepatic chol-
angiography; liver biopsy consistent with PSC; historical evi-
dence of elevated ALP); ALP >1.5× upper limit of normal; ALT and
aspartate aminotransferase (AST) <5× upper limit of normal;
bilirubin <−2.5 mg/dl. Patients taking ursodeoxycholic acid
(UDCA; ursodiol) were allowed to enrol if on stable dose (<27
mg/kg per day) within 2 months of screening. Patients were also
allowed to enrol if they had dominant strictures with no evi-
dence of clinical concern, inflammatory bowel disease with no
episode of flare, autoimmune hepatitis on stable immunosup-
pressive regimen with no hepatic flare, compensated cirrhosis or
pre-sinusoidal oesophageal varices with no history of bleeding
and no other evidence of hepatic decompensation. Exclusion
criteria included clinically significant acute or chronic liver
2vol. 3 j 100255
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Fig. 1. Aldafermin reduces the toxic, hydrophobic, glycine-conjugated bile acids in patients with NASH. (A) A total of 176 patients with biopsy-proven NASH
received 0.3 mg (n = 23), 1 mg (n = 49), 3 mg (n = 49), 6 mg (n = 28) aldafermin or placebo (n = 27) for 12 weeks in this phase II trial of aldafermin. Serum samples
were collected at baseline (day 1) and week 12 (end of treatment) for bile acid profiling. (B) Change from baseline at week 12 in primary bile acids and conjugates.
Note that aldafermin preferentially reduced levels of the more toxic, hydrophobic, glycine-conjugated primary bile acids. (C) Change from baseline at week 12 in
secondary bile acids and conjugates. Similarly, aldafermin preferentially reduced levels of the more toxic, hydrophobic, glycine-conjugated secondary bile acids.
*p <0.05, **p <0.01, ***p <0.001 vs. baseline (Wilcoxon test). CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA,
glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, glycolithocholic acid; LCA, lithocholic acid; NASH, non-alcoholic steatohepatitis; TCA, taur-
ocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid.
disease of an aetiology other than PSC; evidence of secondary or
immunoglobulin G4-related sclerosing cholangitis; placement of
a bile duct stent or percutaneous bile duct drain within 3 months
of screening; decompensated cirrhosis; and liver transplantation.
JHEP Reports 2021
Liver biopsy
During the screening period and before to randomisation, patients
with NASH underwent a liver biopsy or provided a liver biopsy
tissue specimen obtained within the previous 6 months. Tissue
3vol. 3 j 100255
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samples were prepared and read by qualified local pathologists to
verify NASH according to the NASH CRN histologic scoring system.
The NAS (with a score of 8 representing the highest disease
severity) is the sum of scores of the 3 components of the histo-
logical scoring system (steatosis, ballooning, inflammation). Stea-
tosis in hepatocytes was scored as 0, 1, 2, or 3 if there were less than
5%, 5–33%, 33–66%, or >66% hepatocytes with fat, respectively.
Ballooning degeneration in hepatocytes was scored as 0, 1, or 2 if
there were none, few ballooned cells, or many ballooned cells,
respectively. Lobular inflammationwas scored as 0,1, 2, or 3 if there
were no foci, <2 foci, 2–4 foci, or >4 foci per 200× field, respectively.
The NASH CRN scoring system of NAFLD fibrosis (0–4 for stages F0–
F4) was used to evaluate the stage of fibrosis in each specimen,
with higher scores representing more severe fibrosis.
Liver imaging by MRI
NASH patients underwent MRI for assessment of liver fat content
by MRI-PDFF at baseline and week 12 (end of treatment). Scans
were performed on qualified and standardised instruments at 1.5
Tesla or 3 Tesla field strength. The local MRI facilities completed a
qualification process before performing study MRI examinations,
and ongoing quality assurance was conducted during the study.
MRI-PDFF acquisition protocols included a 6-echo 2D gradient
recalled echo sequence, and image data were transferred to the
Center for Advanced Magnetic Resonance Development at Duke
University for central calculation and measurement of MRI-PDFF
using an established technique.
Serum bile acids and 7a-hydroxy-4-cholesten-3-one
Fasting serum samples were collected at day 1 and week 12;
concentrations of individual bile acids and 7a-hydroxy-4-
cholesten-3-one (a surrogate of bile acid synthesis) were deter-
mined by mass spectrometry methods at Mayo Clinic. Given that
PSC patients on a stable dose of UDCA were allowed to enrol,
UDCA and its derivatives were not included in this secondary
analysis to avoid confounding interpretation attributable to
UDCA use in a subgroup of patients.
Serum markers of fibrosis
The neoepitope-specific N-terminal pro-peptide of type III
collagen (Pro-C3) measures a neo-epitope of type III collagen
during collagen formation and reflects true fibrogenic activity.26

Concentrations of serum Pro-C3 were determined by an ELISA
method (Nordic Bioscience). The Enhanced Liver Fibrosis (ELF;
Siemens) test measures 3 serum parameters (hyaluronic acid,
procollagen III amino-terminal peptide, and tissue inhibitor of
metalloproteinase 1) in an algorithmwhich provides a single ELF
score, as a non-invasive assessment of liver fibrosis.
Statistical analysis
We used the Kruskal–Wallis test with Dunn’s multiple compar-
isons correction for comparison of multiple groups. Change from
baseline to week 12 (end of treatment) was analysed using the
Wilcoxon test. Categorical parameters were compared using v2

or Fisher’s exact tests. Correlation coefficients were calculated
using Spearman’s method. All comparisons were performed at
the 5% level of significance. SAS version 9.4 (SAS Institute, Cary,
NC, USA) was used to conduct the analyses.
JHEP Reports 2021
Results
Patient populations
A phase II clinical trial of aldafermin for 12 weeks in patients
with NASH was recently conducted to assess the safety and ef-
ficacy of aldafermin. Concurrently, a phase II trial of aldafermin
for 12 weeks in patients with PSC was conducted and completed.
Longitudinal serum samples were taken in the context of
respective trials and bile acid profiling was performed to gain
insight into the mechanisms of the therapeutic response and bile
acid metabolism. In both studies, a novel biomarker of fibro-
genesis, Pro-C3, was measured pre-treatment and at week 12
(end of treatment). Overall, a total of 238 patients were included
in this secondary analysis.

Table 1 summarises the baseline demographics and charac-
teristics of the 176 patients with biopsy-proven NASH. The mean
age of the population was 51.2 (SD 10.6) years; 31% were men;
and 49% had type 2 diabetes. Stage 1, 2, or 3 fibrosis was present
in 35%, 32%, and 32% of patients, respectively.

Baseline characteristics of the 62 patients with PSC are shown
in Table S1. The mean age of the population was 43.2 (13.7)
years; 61% were men; mean duration of PSC was 7.7 years.

Aldafermin reduces the hydrophobic and glycine-conjugated
bile acids in patients with NASH
As an FGF19 analogue, aldafermin suppresses CYP7A1, which
encodes the key enzyme in the classical bile acid synthetic
pathway, through the FGFR4-bKlotho receptor complex located
on hepatocytes.16 We measured serum levels of 7a-hydroxy-4-
cholesten-3-one, an intermediate of bile acid synthesis and a
surrogate marker of hepatic CYP7A1 activity. At week 12,
changes from baseline in 7a-hydroxy-4-cholesten-3-one were
-28.6 ng/ml (p = 0.004), -27.9 ng/ml (p <0.001), -41.0 ng/ml (p
<0.001), and -29.7 ng/ml (p <0.001) in patients receiving alda-
fermin 0.3 mg, 1 mg, 3 mg, and 6 mg, respectively (Fig. S1). In
contrast, a trend of increase of 12.6 ng/ml (p = 0.07) in 7a-hy-
droxy-4-cholesten-3-one was observed in the placebo group.

The primary bile acids cholic acid (CA) and chenodeoxycholic
acid (CDCA) are synthesised from cholesterol in hepatocytes, in a
complex sequence of enzymatic reactions that lead to oxidation
of cholesterol aliphatic side-chain to a carboxylic group and
addition of hydroxyl groups to the ring system.27 The carboxyl
groups of CA and CDCA are immediately conjugated with glycine
or taurine upon synthesis, leading to an increase in their acidity.
The conjugation with glycine results in more protonated, hy-
drophobic bile acids (pKa ~4.5) compared with conjugation with
taurine (pKa ~1.5).27

Serum concentrations of glycine-conjugated primary bile
acids decreased from baseline with aldafermin, but not placebo
treatment (Fig. 1B and Table 2). At week 12, changes in glyco-
cholic acid (GCA) were -0.1 lmol/L (p = 0.025), -0.2 lmol/L (p
<0.001), -0.3 lmol/L (p <0.001) and -0.2 lmol/L (p <0.001), and
changes in glycochenodeoxycholic acid (GCDCA) were -0.4 lmol/
L (p = 0.16), -0.8 lmol/L (p <0.001), -1.2 lmol/L (p <0.001), and
-0.5 lmol/L (p = 0.002), in patients receiving aldafermin 0.3 mg, 1
mg, 3 mg, and 6 mg, respectively. Greater reductions in GCA and
GCDCA were achieved in the higher dose aldafermin groups (1
mg, 3 mg, and 6 mg) than the lower dose 0.3 mg group. In
contrast, no reductions were seen in the more hydrophilic,
taurine-conjugated primary bile acids (taurocholic acid [TCA]
and taurochenodeoxycholic acid [TCDCA]) in the aldafermin
4vol. 3 j 100255



Table 1. Baseline demographics and characteristics of patients with NASH.

Placebo (n = 27) 0.3 mg (n = 23) 1 mg (n = 49) 3 mg (n = 49) 6 mg (n = 28)

Age (years) 52.8 (11.1) 42.9 (11.6) 50.5 (10.4) 51.8 (9.2) 56.4 (7.6)
Weight (kg) 97.6 (19.3) 104.7 (21.0) 99.6 (19.7) 101.8 (25.8) 98.4 (17.6)
BMI (kg/m2) 35.4 (5.9) 37.2 (5.3) 36.7 (6.2) 37.4 (9.6) 34.7 (5.5)
Sex, n (%)

Female 20 (74) 13 (56) 38 (78) 34 (69) 16 (57)
Male 7 (26) 10 (44) 11 (22) 15 (31) 12 (43)

Race, n (%)
Asian 0 0 1 (2) 1 (2) 1 (4)
Black 2 (7) 0 0 0 0
White 25 (93) 23 (100) 47 (96) 47 (96) 24 (86)
Other 0 0 1 (2) 1 (2) 3 (11)

Ethnicity, n (%)
Hispanic/Latino 12 (44) 11 (48) 29 (59) 22 (45) 8 (28)
Non-Hispanic/Latino 15 (56) 12 (52) 20 (41) 27 (55) 20 (72)

Type 2 diabetes, n (%)
Yes 17 (63) 10 (43) 17 (35) 26 (53) 17 (61)
No 10 (37) 13 (57) 32 (65) 23 (47) 11 (39)

Histology
Fibrosis stage, n (%)
1 11 (41) 12 (52) 14 (28) 15 (31) 10 (36)
2 7 (26) 3 (13) 21 (43) 13 (26) 12 (43)
3 9 (33) 8 (35) 13 (26) 20 (41) 6 (21)
4 0 0 1 (2) 1 (2) 0
NAS score, mean (SD) 5.1 (1.1) 5.9 (0.8) 5.3 (1.3) 5.3 (1.2) 5.1 (0.9)

Fibrogenesis biomarker
Pro-C3 (ng/ml) 19.4 (14.0) 18.0 (8.4) 16.8 (9.1) 22.3 (16.4) 14.5 (5.7)

Primary bile acids
Glycine-conjugated primary bile acids

GCA (lmol/L) 0.6 (0.6) 0.3 (0.3) 0.5 (0.4) 0.4 (0.4) 0.2 (0.2)
GCDCA (lmol/L) 2.2 (1.9) 1.5 (1.1) 1.3 (1.1) 1.6 (1.4) 0.9 (0.7)

Taurine-conjugated primary bile acids
TCA (lmol/L) 0.1 (0.1) 0.2 (0.2) 0.1 (0.1) 0.1 (0.2) 0.1 (0.1)
TCDCA (lmol/L) 0.2 (0.2) 0.2 (0.2) 0.2 (0.3) 0.2 (0.3) 0.1 (0.1)

Unconjugated primary bile acids
CA (lmol/L) 0.2 (0.5) 0.3 (0.4) 0.2 (0.5) 0.2 (0.4) 0.1 (0.1)
CDCA (lmol/L) 0.6 (0.9) 0.6 (0.6) 0.4 (0.5) 0.7 (1.1) 0.3 (0.4)

Secondary bile acids
Glycine-conjugated secondary bile acids

GDCA (lmol/L) 1.5 (2.0) 0.6 (0.5) 1.1 (1.7) 0.7 (0.8) 0.6 (0.6)
GLCA (lmol/L) 0.06 (0.06) 0.03 (0.05) 0.03 (0.02) 0.03 (0.03) 0.03 (0.03)

Taurine-conjugated secondary bile acids
TDCA (lmol/L) 0.3 (0.4) 0.3 (0.2) 0.3 (0.5) 0.2 (0.3) 0.2 (0.2)
TLCA (lmol/L) 0.01 (0.01) 0.01 (0) 0.01 (0) 0.01 (0.01) 0 (0.01)

Unconjugated secondary bile acids
DCA (lmol/L) 0.9 (0.9) 0.5 (0.4) 0.7 (0.7) 0.7 (0.7) 0.7 (0.6)
LCA (lmol/L) 0.04 (0.04) 0.02 (0.02) 0.02 (0.02) 0.03 (0.02) 0.03 (0.02)

Data are presented as mean (SD) or n (%).
CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, gly-
colithocholic acid; LCA, lithocholic acid; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity score; NASH, non-alcoholic steatohepatitis; Pro-C3, neoepitope-specific
N-terminal pro-peptide of type III collagen; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid.
groups. Unconjugated bile acids, being membrane permeable,
are highly cytotoxic; aldafermin also lowered unconjugated CA
and CDCA in these patients (Fig. 1B and Table 2).

Gut bacteria transform the primary bile acids CA and CDCA
into the secondary bile acids deoxycholic acid (DCA) and lith-
ocholic acid (LCA), respectively.1 DCA and LCA have higher hy-
drophobicity indices,28 higher detergent activity and greater
cytotoxicity, causing more cell wall damage than primary bile
acids.4 Both DCA and LCA were reported to promote carcino-
genesis in the liver and gut in animal models.29–31 Aldafermin
treatment dose-dependently reduced concentrations of DCA,
with changes of -0.3 lmol/L (p <0.001), -0.6 lmol/L (p <0.001),
-0.7 lmol/L (p <0.001), and -0.7 lmol/L (p <0.001) at week 12,
corresponding to relative changes of -47%, -66%, -84%, and -92%,
in patients receiving 0.3 mg, 1 mg, 3 mg, and 6 mg aldafermin,
JHEP Reports 2021
respectively (Fig. 1C and Table 2). In contrast, placebo-treated
patients had a 22% increase in DCA. Decreases in LCA were also
observed with aldafermin treatment (Fig. 1C and Table 2).

Similar to the observation in primary bile acids, glycine-
conjugated secondary bile acids (glycodeoxycholic acid [GDCA]
and glycolithocholic acid [GLCA]), but not the more hydrophilic
taurine-conjugated secondary bile acids (taurodeoxycholic acid
[TDCA] and taurolithocholic acid [TLCA]), were suppressed by
aldafermin (Fig. 1C and Table 2).

Further analyses revealed that aldafermin reduced total pri-
mary bile acids and total secondary bile acids (Fig. 2A), and
concentrations of total CA, total CDCA, total DCA and total LCA
(Fig. S2). Total glycine-conjugated bile acids, but not total
taurine-conjugated bile acids, were decreased with aldafermin
treatment (Fig. 2B). Consequently, aldafermin lowered the ratio
5vol. 3 j 100255
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Fig. 2. Aldafermin lowers the G/T ratio and the ratio of 12a-hydroxylated to non-12a-hydroxylated bile acids in patients with NASH. A total of 176 patients
with biopsy-proven NASH received 0.3 mg (n = 23), 1 mg (n = 49), 3 mg (n = 49), 6 mg (n = 28) aldafermin or placebo (n = 27) for 12 weeks. Serum samples were
collected at baseline (day 1) and week 12 (end of treatment) for bile acid profiling. (A) Aldafermin reduced total primary and secondary bile acids. (B) Aldafermin
reduced total glycine-conjugated, but not total taurine-conjugated bile acids. (C) Aldafermin lowered the G/T ratio in a dose-dependent manner. (D) Aldafermin
lowered (CA + DCA)/(CDCA + LCA) ratio in a dose-dependent manner. *p <0.05, **p <0.01, ***p <0.001; n.s., not significant (Wilcoxon test). CA, cholic acid; CDCA,
chenodeoxycholic acid; DCA, deoxycholic acid; G/T ratio, ratio of glycine to taurine conjugates of bile acids; LCA, lithocholic acid; NASH, non-alcoholic
steatohepatitis.
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of glycine to taurine conjugates of bile acids (G/T ratio) (Fig. 2C).
The ratio of the sum of (CA + DCA) to the sum of (CDCA + LCA)
(Fig. 2D), which reflects the relative contribution of the 12a-
hydroxylated bile acids (CA and DCA) vs. non-12a-hydroxylated
bile acids (CDCA + LCA) synthetic pathways, was also decreased
with aldafermin treatment (Fig. 2D).

In summary, administration of aldafermin produced dose-
dependent reductions in circulating bile acids, and the more
hydrophobic and the glycine-conjugated bile acids in particular,
in patients with NASH. A 12-week treatment with aldafermin
produced up to 92% reduction in DCA, 80% reduction in GDCA,
73% reduction in GCA, and 56% reduction in GCDCA, but no re-
ductions in TCA, TCDCA, TDCA, or TLCA.
JHEP Reports 2021
Correlation between changes in bile acids and 7a-hydroxy-4-
cholesten-3-one in patients with NASH
We further evaluated correlation between individual bile acids
and 7a-hydroxy-4-cholesten-3-one, a measure of hepatic
CYP7A1 activity. We saw robust correlation between levels of 7a-
hydroxy-4-cholesten-3-one and individual bile acids. At week
12, changes in 7a-hydroxy-4-cholesten-3-one correlated with
changes in the major hydrophobic bile acids (Table S1). The
Spearman’s correlation coefficients were: rho = 0.48 (p <0.001)
for DCA; rho = 0.48 (p <0.001) for GCA; rho = 0.38 (p <0.001) for
GDCA; rho = 0.34 (p <0.001) for GCDCA. No correlations were
seen with taurine-conjugated TCA, TCDCA, TDCA, or TLCA
(Table S1).
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Table 2. Change in bile acid profile from baseline at week 12 in patients with NASH.

Change from baseline at week 12 (mean [SD])

Placebo (n = 27) 0.3 mg (n = 23) 1 mg (n = 49) 3 mg (n = 49) 6 mg (n = 28)

Primary bile acids
Glycine-conjugated primary bile acids

GCA (lmol/L) 0 (1.0)
p = 0.95

-0.1 (0.2)
p = 0.025

-0.2 (0.2)
p <0.001

-0.3 (0.4)
p <0.001

-0.2 (0.2)
p <0.001

GCDCA (lmol/L) -0.2 (2.0)
p = 0.68

-0.4 (1.2)
p = 0.16

-0.8 (0.9)
p <0.001

-1.2 (1.4)
p <0.001

-0.5 (0.7)
p = 0.002

Taurine-conjugated primary bile acids
TCA (lmol/L) 0 (0.2)

p = 0.79
0 (0.2)

p = 0.48
0 (0.1)

p = 0.48
0 (0.2)

p = 0.07
0 (0.1)

p = 0.65
TCDCA (lmol/L) 0 (0.2)

p = 0.83
0.1 (0.4)
p = 0.12

0.1 (0.2)
p = 0.009

0 (0.3)
p = 0.41

0.1 (0.3)
p = 0.05

Unconjugated primary bile acids
CA (lmol/L) 0 (0.8)

p = 0.74
-0.2 (0.5)
p = 0.12

-0.2 (0.3)
p = 0.040

-0.2 (0.4)
p = 0.001

-0.1 (0.2)
p = 0.017

CDCA (lmol/L) 0 (0.8)
p = 0.96

-0.4 (0.6)
p = 0.002

-0.3 (0.4)
p <0.001

-0.7 (1.1)
p <0.001

-0.3 (0.4)
p = 0.007

Secondary bile acids
Glycine-conjugated secondary bile acids

GDCA (lmol/L) -0.6 (1.6)
p = 0.10

-0.2 (0.6)
p = 0.044

-0.9 (1.0)
p <0.001

-0.6 (0.7)
p <0.001

-0.6 (0.7)
p <0.001

GLCA (lmol/L) -0.01 (0.06)
p = 0.29

-0.01 (0.04)
p = 0.45

-0.02 (0.02)
p = 0.008

-0.02 (0.04)
p = 0.001

-0.02 (0.03)
p <0.001

Taurine-conjugated secondary bile acids
TDCA (lmol/L) -0.1 (0.3)

p = 0.18
0 (0.4)

p = 0.86
-0.2 (0.3)
p = 0.003

-0.2 (0.3)
p = 0.002

-0.1 (0.2)
p = 0.05

TLCA (lmol/L) 0 (0.02)
p = 0.63

0 (0.01)
p = 0.08

0 (0)
p = 0.19

0 (0.02)
p = 0.43

0 (0.01)
p = 0.40

Unconjugated secondary bile acids
DCA (lmol/L) -0.1 (1.0)

p = 0.77
-0.3 (0.3)
p <0.001

-0.6 (0.5)
p <0.001

-0.7 (0.8)
p <0.001

-0.7 (0.7)
p <0.001

LCA (lmol/L) 0 (0.03)
p = 1.00

0 (0.02)
p = 0.17

-0.02 (0.03)
p = 0.007

-0.02 (0.02)
p <0.001

-0.02 (0.02)
p <0.001

Data are presented as mean (SD). Values of p by Wilcoxon test.
CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, gly-
colithocholic acid; LCA, lithocholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid.
Aldafermin reduces the hydrophobic and glycine-conjugated
bile acids in patients with PSC
At baseline, patients with PSC had markedly elevated bile acids
compared with patients with NASH (Table S2). Concentrations of
both glycine-conjugated primary bile acids (GCA, GCDCA) and
taurine-conjugated primary bile acids (TCA, TCDCA) were
markedly elevated in patients with PSC compared with those
with NASH. PSC patients also had higher levels of ALP, ALT, and
AST (Table S2).

Like the observations in the NASH population, there were
marked reductions in the levels of individual bile acids – espe-
cially the more toxic, hydrophobic bile acids, among them DCA,
GDCA, GCA, GCDCA, and GLCA – in patients with PSC who were
treated with aldafermin (Fig. 3A–C). In contrast, no significant
changes were seen in TDCA, TLCA, TCA, or TCDCA in the alda-
fermin 1 mg group and the placebo group, and only marginal
reductions occurred in the aldafermin 3 mg group.

In the population with PSC, aldafermin preferentially lowered
total secondary bile acids (Fig. 4A) and total glycine-conjugated
bile acids (Fig. 4B). The G/T ratio (Fig. 4C), as well as the ratio
of (CA + DCA) to (CDCA + LCA) (Fig. 4D), declined in aldafermin-
treated but not placebo-treated PSC patients. We further ana-
lysed changes in key parameters stratified by UDCA use at
baseline. Aldafermin produced similar effects on DCA (Fig. S3A),
G/T ratio (Fig. S3B), and the ratio of (CA + DCA) to (CDCA + LCA)
JHEP Reports 2021
(Fig. S3C), in patients who were on UDCA and in those who were
not on UDCA. In patients with PSC who had serum bile acids
>100 lM at baseline, 12 weeks of aldafermin therapy achieved
70–90% reduction in bile acid levels (Fig. S4).

Overall, we saw approximately 50% reduction in DCA, 51%
reduction in GDCA, 46% reduction in GCA, and 27% reduction in
GCDCA with aldafermin therapy in patients with PSC. Therefore,
aldafermin demonstrated robust activity in lowering the major
hydrophobic bile acids regardless of disease aetiology.

The fibrogenesis marker Pro-C3 correlates with liver fibrosis
stage in patients with NASH
The importance of liver fibrosis in predicting clinical outcomes in
NASH has been unequivocally established.32–34 However, liver
biopsy procedure for fibrosis staging is invasive and technically
demanding, therefore a second biopsy at the end of treatment is
seldom performed in short-term phase II trials. For cholestatic
disease such as PSC, biopsy is not routinely performed at all, per
society guidelines.35 We sought to identify a serum biomarker
that correlates with fibrosis stage for non-invasive monitoring of
the antifibrotic response to aldafermin.

Pro-C3 measures a neo-epitope of type III collagen during
collagen formation and reflects true fibrogenic activity.26 In
these well-characterised, biopsy-proven NASH patients
enrolled in the aldafermin phase II trial, serum concentrations
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Fig. 3. Aldafermin reduces the toxic, hydrophobic, glycine-conjugated bile acids in patients with PSC. (A) Sixty-two patients with PSC diagnosed according to
EASL criteria received 1 mg (n = 21), 3 mg (n = 21) aldafermin or placebo (n = 20) for 12 weeks. Serum samples were collected at baseline (day 1) and week 12 (end
of treatment) for bile acid profiling. (B) Concentrations of the primary bile acids and their conjugates. Note that aldafermin preferentially reduced levels of the
more toxic, hydrophobic, glycine-conjugated primary bile acids. (C) Concentrations of the secondary bile acids and their conjugates. Similarly, aldafermin
preferentially reduced levels of the more toxic, hydrophobic, glycine-conjugated secondary bile acids. *p <0.05, **p <0.01, ***p <0.001; n.s., not significant
(Wilcoxon test). CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, gly-
codeoxycholic acid; GLCA, glycolithocholic acid; G/T ratio, ratio of glycine to taurine conjugates of bile acids; LCA, lithocholic acid; PSC, primary sclerosing
cholangitis; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid.
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of Pro-C3 correlated with fibrosis stage (classified using the
NASH-CRN criteria) at baseline (Fig. 5A). Mean Pro-C3 levels
were 13.7 ng/ml, 18.6 ng/ml, and 23.3 ng/ml for patients with
stage 1, 2, and 3 fibrosis, respectively (F3 vs. F1: p <0.001, F2 vs.
JHEP Reports 2021
F1: p = 0.005; Fig. 5A and Table S3). Pro-C3 levels did not differ
significantly among histological grades of steatosis, inflamma-
tion or ballooning (Fig. 5B). We did not find a correlation be-
tween Pro-C3 concentration and liver fat content (as measured
8vol. 3 j 100255
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by MRI-PDFF) in patients with NASH (Fig. S5), whereas it did
correlate with alkaline phosphatase level in patients with PSC
(Fig. S6). No correlation was observed between fibrosis stage
and body weight, BMI, or ALT levels, although F3 patients
appeared to be older and had more severe ballooning and
inflammation on liver biopsy (Table S3).

Changes in serum bile acids correlate with changes in the
fibrogenesis marker Pro-C3 in NASH and in PSC
Although NASH and PSC have distinct aetiology and clinical
manifestations, evidence supports a shared role of bile acid
dysregulation in liver inflammation and fibrosis.6 To investigate
whether bile acids could be a convergent signal underlying
fibrogenesis in both disorders, we assessed the association be-
tween Pro-C3 and bile acids.

Circulating Pro-C3, which reflects fibrogenic activity, declined
markedly with aldafermin therapy in patients with NASH or PSC
(Fig. 5C). In contrast, no change in Pro-C3 was observed in
placebo-treated patients. At week 12, changes in Pro-C3 from
baseline were -1.2 ng/ml (p = 0.58), -2.1 ng/ml (p = 0.20), -4.5 ng/
ml (p <0.001), -8.0 ng/ml (p = 0.001), and -3.6 ng/ml (p = 0.04) in
patients with NASH receiving placebo, aldafermin 0.3 mg, 1 mg, 3
mg, and 6 mg, respectively. Changes in Pro-C3 from baseline
were +3.7 ng/ml (p = 0.18), -5.9 ng/ml (p = 0.03), and -9.6 ng/ml
(p <0.001) in PSC patients receiving placebo, aldafermin 1 mg
and 3 mg, respectively.
JHEP Reports 2021
For correlation analysis, we pooled data from NASH and PSC
trials given that both trials evaluated similar doses of aldafermin
for the same 12-week duration. As shown in Fig. 5D, levels of bile
acids directly correlated with Pro-C3 at baseline. The Spearman’s
correlation coefficients were rho = 0.45 (p <0.001) for GCDCA,
and rho = 0.43 (p <0.001) for GCA. Similar correlations were
observed at week 12, with rho = 0.49 (p <0.001) for GCDCA, and
rho = 0.47 (p <0.001) for GCA (Fig. 3D). Importantly, changes from
baseline to week 12 in Pro-C3 were associated with reductions in
the hydrophobic bile acids (Table 3). The Spearman’s correlation
coefficients were: rho = 0.36 (p <0.001) for DCA; rho = 0.34 (p
<0.001) for GDCA; rho = 0.33 (p <0.001) for GCA; and no corre-
lations were seen with taurine-conjugated TCA and TCDCA. The
strength of the correlations remained unchanged when the
NASH or PSC populations were analysed separately (Fig. S7).

Consistent with the observations in Pro-C3, changes from
baseline to week 12 in ELF, another serum marker of fibrosis,
were associated with reductions in bile acids (Table S4). Similar
correlations were seen between changes in the hydrophobic bile
acids and ALT, an indicator of liver inflammation and injury
(Table S5).

Regardless of disease aetiology, in the pooled analysis, pa-
tients who achieved >−25% reduction in Pro-C3 had greater
reduction in the hydrophobic and glycine-conjugated bile acids
(DCA, GDCA, GCDCA, and GCA) than those who did not (Fig. 5F).
In contrast, no reductions were seen in taurine-conjugated bile
9vol. 3 j 100255
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Fig. 5. Serum bile acids correlate with the novel fibrogenesis biomarker Pro-C3. (A) Serum Pro-C3 concentrations increase with fibrosis stage in patients with
NASH. A total of 176 patients had liver biopsies evaluated according to the NASH CRN criteria at baseline. Patients with stage 1 fibrosis (F1) had the lowest Pro-C3
levels, whereas those with stage 3 fibrosis (F3, advanced fibrosis) had the highest Pro-C3 levels. **p <0.01, ***p <0.001 vs. F1 (Kruskal–Wallis test with Dunn’s
multiple comparison correction). (B) No significant differences in Pro-C3 concentrations by histological grade of steatosis, inflammation, or ballooning. (C) Change
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who achieved >25% reduction in Pro-C3 vs. those who did not. DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, gly-
codeoxycholic acid; NASH, non-alcoholic steatohepatitis; NASH CRN, NASH Clinical Research Network; Pro-C3, neoepitope-specific N-terminal pro-peptide of
type III collagen; PSC, primary sclerosing cholangitis.
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Table 3. Correlation between changes in bile acids and changes in Pro-C3
in the pooled NASH and PSC populations.

Percent change in bile acids
from baseline to week 12

Percent change in Pro-C3
from baseline to week 12

rho p value

Primary bile acids
Glycine-conjugated primary bile acids

GCA (lmol/L) 0.33 <0.001
GCDCA (lmol/L) 0.25 <0.001

Taurine-conjugated primary bile acids
TCA (lmol/L) 0.16 0.02
TCDCA (lmol/L) 0.06 0.38

Unconjugated primary bile acids
CA (lmol/L) 0.23 0.001
CDCA (lmol/L) 0.17 0.01

Secondary bile acids
Glycine-conjugated secondary bile acids

GDCA (lmol/L) 0.34 <0.001
GLCA (lmol/L) 0.30 <0.001

Taurine-conjugated secondary bile acids
TDCA (lmol/L) 0.31 <0.001
TLCA (lmol/L) -0.01 0.86

Unconjugated secondary bile acids
DCA (lmol/L) 0.36 <0.001
LCA (lmol/L) 0.30 <0.001

Data are presented as correlation coefficients. Values of p by Spearman’s method.
CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glyco-
cholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA,
glycolithocholic acid; LCA, lithocholic acid; TCA, taurocholic acid; TCDCA, taur-
ochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid.
acids. These results further support a potential role of the hy-
drophobic bile acids in extracellular matrix deposition.

In summary, change in circulating levels of bile acids corre-
lated with change in Pro-C3 across metabolic and cholestatic
liver diseases, indicating that bile acids may be a molecular
driver of hepatic fibrogenesis irrespective of disease aetiology.
Discussion
Preclinical and clinical data have indicated a link between bile
acids and the pathophysiology of chronic liver disease. We show
here that administration of aldafermin produced dose-depen-
dent reductions in bile acids, and the major hydrophobic bile
acids in particular (e.g. DCA, GDCA, GCA, GCDCA), in NASH and in
PSC populations. Change in circulating levels of bile acids
correlated with change in the fibrogenesis biomarker Pro-C3
independent of disease aetiology. This study is the first to our
knowledge to investigate the relationship between individual
bile acids and the fibrogenesis biomarker Pro-C3 in a diverse
population with various degrees of fibrosis. Our results suggest
that the hydrophobic bile acids may contribute to the deposition
of extracellular matrix, and that dysregulated bile acid homeo-
stasis may be a shared molecular mechanism, and therapeutic
target, underlying fibrosis and disease progression across meta-
bolic and cholestatic liver diseases.

Among all types of bile acids, aldafermin produced the most
robust inhibition in the secondary bile acid DCA (up to 92% and
50% reductions in NASH and PSC, respectively). DCA, produced by
the 7a-dehydroxylating bacteria in the gut, is highly hydrophobic
(with the highest hydrophobicity index among individual bile
acids),28 cytotoxic, and known to cause cell and DNA damage.36

DCA is elevated by a high-fat diet and can provoke senescence-
JHEP Reports 2021
associated secretory phenotype in hepatic stellate cells, which in
turn secrete various inflammatory and tumour-promoting factors
in the liver, thus facilitating the formation of hepatocellular car-
cinoma.29 DCA has also been implicated as the causative agent in
the development of colon cancer, cholangiocarcinomas, and
oesophageal cancer.29,30,37–39 Given the well-known link between
DCA and carcinogenesis, aldafermin may exert antitumour action
through its pronounced effect on DCA reduction.

It appears that aldafermin preferentially reduced the glycine-
conjugated, rather than the taurine-conjugated, bile acids in
NASH and in PSC. Glycine and taurine bile acid derivatives
possess different physicochemical properties which contribute to
their functional and metabolic differences.1 The different pKa
values (~1.5 for taurine-conjugation, ~4.5 for glycine-
conjugation) affect the balance between the deprotonated form
and the un-ionised form of bile acids under physiological and
pathological conditions. Glycine-conjugated bile acids are less
water-soluble and more hydrophobic than taurine-conjugated
bile acids.40 The protonated glycine-conjugated bile acids can
cause uncontrolled damage to hepatocytes and cholangiocytes,
especially when the ‘HCO3

- umbrella’ is impaired or defective as
in chronic liver disease.41 In healthy humans, the relative
conjugation of bile acids with G/T ratio approximates a ratio of
3:1.1 It has been known for more than five decades that patients
with ileal disorders had a marked elevation in the G/T ratio,42,43

yet the underlying mechanisms remain elusive. The present
study, which demonstrates a pronounced effect on the G/T ratio
following the administration of an FGF19 analogue, suggests that
a hormone of the ileal origin, FGF19, might be the long sought-
after explanation. Furthermore, we saw elevated G/T ratios in
patients with NASH (~8:1) or PSC (~5:1) in this report, indicating
increased bile acid toxicity in both diseases; aldafermin nor-
malised G/T ratios regardless of disease aetiology. Additionally, a
reduction in the G/T ratio, as we observed with aldafermin
therapy, was previously suggested to be beneficial for cholesterol
gallstone dissolution,44 in addition to the reduction of the hep-
atotoxicity and cholangiotoxicity of the bile acid pool.45 In the
human liver, a single enzyme (bile acid-CoA:amino acid N-acyl-
transferase [BAAT]) is responsible for conjugating bile acids with
glycine or taurine.46 Given that BAAT has lower affinity for
glycine than taurine,46 suppression of bile acid synthesis and
reduced influx of unconjugated bile acids from the blood into the
liver may lead to a lower demand for conjugation and hence a
relatively greater reduction in the glycine-conjugated bile acids.
However, the precise mechanism on the preferential suppression
of glycine-conjugated bile acids by aldafermin is not clear and
requires further investigation.

AlthoughCYP7A1 catalyses thefirst and rate-limiting step in the
synthesis of primary bile acids, it is CYP8B1 (steroid 12a-hydroxy-
lase) that is at the branch point for CA and CDCA synthesis and
determines the ratio of 12a-hydroxylatedbile acids (CA andDCA) to
non-12a-hydroxylated bile acids (CDCA and LCA).1 Increased ratio
of serum12a-hydroxylated bile acids to non-12a-hydroxylated bile
acids (ratio of [CA +DCA] to [CDCA+ LCA]) is associatedwith insulin
resistance in humans.47 Aldafermin therapy reduces the ratio of
(CA + DCA) to (CDCA + LCA), indicating a crucial role of the FGF19
pathway in regulating steroid 12a-hydroxylase activity and
potentially improving insulin sensitivity.

Regardless of the underlying aetiology, complications in
chronic liver disease are often driven by liver fibrosis. Liver
fibrosis is the strongest determinant of disease progression and
11vol. 3 j 100255
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the best predictor for liver-related outcomes in patients with
NASH.32–34 Given that end-of-treatment liver biopsy is not
routinely performed because of its invasive and heterogenous
nature in short-term trials, we used Pro-C3, which measures
type III collagen formation, to allow a non-invasive, more gran-
ular analysis of the steady-state and the dynamics of fibrosis. In
this report, we show that the fibrogenesis biomarker Pro-C3
correlated with histological stage of liver fibrosis in 176 pa-
tients with NASH. In contrast, parameters such as body weight,
glucose, or BMI did not correlate with fibrosis on liver biopsy and
could not differentiate between mild and advanced fibrosis. We
demonstrate that changes in serum levels of glycine-conjugated
bile acids, but not taurine-conjugated bile acids, were associated
with changes in Pro-C3, highlighting the potential of these hy-
drophobic bile acids as a molecular link between injury and liver
fibrogenesis. Consistent with these findings, a relationship be-
tween a decrease in bile acid level and a reduction in ELF score,
another serum marker of liver fibrosis, was also observed.

The mechanisms by which bile acids precipitate fibrogenesis
may be multifactorial. In addition to cytotoxicity associated with
their amphipathic structure, chronic dysregulation of bile acids
within the hepatic parenchyma can generate free radical reactive
oxygen species, which incites an inflammatory cascade that po-
tentiates hepatocyte cell death.48 Although most experiments on
bile acids cytotoxicity were performed in vitro at supra-
physiological concentrations,49,50 studies have demonstrated
that bile acids, even at low concentrations (10 lmol/L), can
impair the function of the complex I and complex III of the
electron transport chain in the mitochondria.51 Indeed, the hy-
drophobic bile acids, but not their taurine conjugates, were
shown to inhibit state 3 respiration rates and respiratory control
ratios.51 Furthermore, bile acids can directly activate hepatic
stellate cells, which differentiate into myofibroblast-like cells,
the main collagen-producing cells in the liver.52,53 We noted a
correlation between reductions in bile acid and decreases in ALT,
a marker of hepatic inflammation and injury. These results
suggest that bile acids could be a component of a self-amplifying
inflammatory milieu perpetuating liver injury and fibrosis.

Elevated serum bile acids are strongly predictive of progres-
sive decline in liver function, and are associated with clinically
JHEP Reports 2021
significant portal hypertension, hepatic decompensation, HCC,
liver failure, and mortality.12,13 Studies in cell culture models and
in animals also provided ample evidence on exposure to bile
acids as a direct cause of the liver injury seen in patients with
chronic liver disease.5 Although such findings make a compelling
case for hydrophobic bile acids as the causative agent in liver
injury, it must be noted that hydrophilic bile acids such as UDCA
can protect against liver injury.54

There are some important limitations to note in this study.
First, although the value of histological assessment in liver dis-
ease remains unquestioned, most patients with NASH and all
patients with PSC in this report did not have paired liver biopsies
to allow longitudinal evaluation. Second, although Pro-C3 has
the potential to obviate the limitations of liver biopsy by
providing important information regarding the state of the liver
and extracellular matrix turnover, it only measures the formation
of type III collagen. Recent research has demonstrated that not all
collagens are created equal, and that an array of collagen-derived
molecules has emerged with novel functions still being
defined.55 Third, we only evaluated the circulating bile acids in
the current study. As concentrations of serum bile acids reflect
the dynamics and balance between enterohepatic circulation,
hepatic uptake, and synthesis, further research should investi-
gate the bile acid profile in the liver, which is the site of mo-
lecular action for aldafermin. Fourth, this study did not enrol
patients with cirrhosis, and the total duration of the treatment
was only 12 weeks. Finally, this study only evaluated patients
with NASH and patients with PSC; to prove the shared, universal
mechanism between bile acids and fibrogenesis, further trials are
needed to extend these findings to other chronic liver diseases.

The present study suggests that the hydrophobic bile acids
may indeed be a trigger of fibrosis in patients with chronic liver
disease. In this context, the hydrophobic bile acids may be a
direct contributor to the pathophysiology of chronic liver disease
rather than merely a marker of a diseased liver. Our findings lay
the foundation for selective modulation of the toxic, hydrophobic
bile acids by an FGF19 analogue in patients, a therapeutic strat-
egy that may be broadly applicable to other chronic gastroin-
testinal and liver disorders to slow disease progression and
improve outcome.
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