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We examined a novel farnesoid X receptor agonist, EDP-305, for its antifibrotic effect in bile duct ligation (BDL) and

choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) models of hepatic injury. We used molecular magnetic

resonance imaging with the type 1 collagen-binding probe EP-3533 and the oxidized collagen-specific probe gadolinium

hydrazide to noninvasively measure treatment response. BDL rats (n 5 8 for each group) were treated with either low or

high doses of EDP-305 starting on day 4 after BDL and were imaged on day 18. CDAHFD mice (n 5 8 for each group)

were treated starting at 6 weeks after the diet and were imaged at 12 weeks. Liver tissue was subjected to pathologic and

morphometric scoring of fibrosis, hydroxyproline quantitation, and determination of fibrogenic messenger RNA expression.

High-dose EDP-305 (30 mg/kg) reduced liver fibrosis in both the BDL and CDAHFD models as measured by collagen

proportional area, hydroxyproline analysis, and fibrogenic gene expression (all P < 0.05). Magnetic resonance signal inten-

sity with both EP-3533 in the BDL model and gadolinium hydrazide in the CDAHFD model was reduced with EDP-

305 30 mg/kg treatment (P < 0.01). Histologically, EDP-305 30 mg/kg halted fibrosis progression in the CDAHFD

model. Conclusion: EDP-305 reduced fibrosis progression in rat BDL and mouse CDAHFD models. Molecular imaging

of collagen and oxidized collagen is sensitive to changes in fibrosis and could be used to noninvasively measure treatment

response in clinical trials. (Hepatology Communications 2018;2:821-835)

F
arnesoid X receptor (FXR), a bile acid-
responsive transcription factor, mediates multi-
ple physiologic processes, including lipid

metabolism, glucose homeostasis, and enterohepatic
circulation of bile acids, and may be hepatoprotective
for numerous gastrointestinal disorders, including cho-
lestatic and fatty liver diseases.(1-3) An important path-
ogenic component of cholestatic liver disease involves
toxic bile exposure to hepatocytes.(4,5) Injury to biliary
epithelium results in local inflammation, loss of chol-
angiocyte tight junctions, and extravasation of bile

salts, which induce local hepatocyte death and peri-
ductular fibrosis. Progressive cycles of inflammation,
wound healing, and fibrosis lead to worsened cholesta-
sis and eventually cirrhosis and hepatic failure.(6) FXR
agonism might counteract the burden of cholestasis
through down-regulation of bile acid production. FXR
agonism may also be beneficial for fatty liver disease,
which is driven by sublethal lipotoxic hepatocyte
injury, resulting in a state of chronic inflammation,
stellate cell activation, immune infiltration, and pro-
gressive fibrosis.(7) FXR stimulation has been shown to
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reduce hepatic triglyceride production and regulate
hepatocyte beta oxidation, potentially mitigating lipo-
toxic injury.(8)

Nonalcoholic steatohepatitis (NASH), the active
form of nonalcoholic fatty liver disease, and primary
biliary cholangitis (PBC), an autoimmune cholestatic
condition characterized by progressive injury to the bil-
iary system, are two human conditions for which FXR
agonists have been evaluated in clinical trials. In the
United States, NASH affects 5% of the general popu-
lation and up to 25% of patients who undergo bariatric
surgery.(9,10) This disorder highly associates with
obesity-related metabolic conditions, and up to 70% of
cryptogenic cirrhosis diagnoses may be secondary to
unmitigated NASH.(11,12) PBC is a rare disorder, with
approximately 20-40 cases per 100,000 persons, and
primarily affects women.(13,14) In 2016, the FXR ago-
nist obeticholic acid (OCA), a semisynthetic derivative
of chenodeoxycholic acid, was approved in the United
States for treatment of PBC after meeting the primary
endpoint of reduced alkaline phosphatase level in a
phase III clinical trial. OCA is also currently being
tested in a phase III clinical trial for treatment of
NASH.
The U.S. Food and Drug Administration, however,

recently announced a warning about increased risk of
serious liver injury and death associated with OCA in
patients with moderate to severe decreases in liver

function.(15) Moreover, OCA treatment in humans is
associated with significant elevation in low-density
lipoprotein cholesterol and reduction of high-density
lipoprotein cholesterol as well as increased pruritis.
Therefore, there is an urgent need for newer therapies
to treat PBC and NASH.
A historic limitation in the diagnosis and manage-

ment of cholestatic and fatty liver disorders has been
the lack of sensitive and specific noninvasive tests to
monitor liver fibrosis.(16) Liver biopsy is the current
gold standard, but it is invasive with inherent risks,
particularly for patients with intrinsic liver disease who
are at increased risk of bleeding and infection.(17)

Molecular imaging of liver fibrosis holds great poten-
tial as a noninvasive method for diagnosing and moni-
toring progression of chronic liver disease. It has the
following advantages: first, unlike biopsy, imaging cap-
tures the entire organ for a more accurate assessment
of disease burden; second, liver imaging is noninvasive,
thereby reducing risks and avoiding the need for post-
procedural observation; third, due to greater safety and
ease of use, molecular imaging provides a better alter-
native to monitoring response to therapy, particularly
for future clinical trial design.
In this study, we test a novel small molecule, nonbile

acid, selective FXR agonist, EDP-305, for its antifi-
brotic effect in two rodent models of cholestatic and
fatty liver injury: bile duct ligation (BDL) in rats and
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choline-deficient, L-amino acid-defined, high-fat diet
(CDAHFD) in mice. In addition, we noninvasively
monitor liver fibrosis and fibrogenesis, our primary
pathologic factors of interest, by employing two previ-
ously validated molecular magnetic resonance (MR)
probes, EP-3533 and gadolinium hydrazide (Gd-
Hyd), respectively.(18-22)

Materials and Methods

CELL CULTURE

Hepatic stellate cell (HSC) lines along with primary
HSCs and hepatocytes, between passage 1 and 8, were
seeded on uncoated plastic dishes.(23) Cells were
treated with 10 lM concentration EDP-305 (dis-
solved in serum-free Dulbecco’s modified Eagle’s
medium) and incubated for 72 hours. All cell culture
experiments were performed in serum-free Dulbecco’s
modified Eagle’s medium. Details regarding individual
cell lines can be found in the Supporting Methods.

GENE EXPRESSION

Real-time quantitative polymerase chain reaction
was performed on whole liver and ileum samples from
treated and imaged animals.(24) Taqman primer
sequences (Life Technologies, Carlsbad, CA) can be
found in the Supporting Methods.

WESTERN BLOT

Primary antibodies used for this study included actin
(#4970, 1:2,000 dilution; Cell Signaling, Beverly,
MA), fibroblast growth factor receptor 4 (FGFR4)
(ab119378, 1:1,000 dilution; Abcam, Cambridge,
MA), and FXR (A9033A, 1:1,000 dilution; Thermo-
Fisher, Waltham, MA).

ANIMAL MODELS

All experiments were performed in accordance with
the National Institutes of Health’s Guide for the Care
of Use of Laboratory Animals and approved by the
Institution’s Animal Care and Use Committee. Male
CD rats (n 5 24) underwent BDL (Charles River Lab-
oratories, Wilmington, MA). Control animals (n 5 6)
underwent a sham procedure. Male C57BL/6 mice (n
5 24) were fed a CDAHFD consisting of 60% kcal fat
and 0.1% methionine.(25) Control animals (n 5 4) were
fed normal chow. Drug treatment with EDP-305 was

administered at either 10 mg/kg or 30 mg/kg doses by
daily oral gavage. For the BDL model, drug treatments
were started on day 4 after BDL and continued until
days 17-18. For the CDAHFD model, drug treatments
were started at the beginning of week 6 on the diet and
were continued until week 12.

EP-3533

EP-3533 comprises a 10-amino acid cyclic peptide
conjugated to three gadopentetate (Gd) moieties by a
thiourea linkage. EP-3533 has a relaxivity of 48.3
mM–1second–1 at 1.4T and binds specifically to type 1
collagen with Kd 5 1.8 lM.(26,27)

Gd-Hyd

Gd-Hyd comprises a 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetate gadolinium chelate conju-
gated to a hydrazide moiety. Gd-Hyd has a relaxivity
of 4.1 mM–1second–1 at 1.4T and binds specifically to
the allysine residues on oxidized collagen. Increased
MR signal intensity on T1-weighted images is propor-
tional to the degree of allysine present in tissue.(18)

MR IMAGING

Animals were anesthetized with 1%-2% isoflurane,
with body temperature maintained at 378C. For the BDL
model, imaging was performed at 1.5T using a clinical
MR imaging (MRI) scanner (Siemens Healthcare, Mal-
vern, PA). Respiratory-gated, three-dimensional inver-
sion, recovery images were acquired prior to and 60
minutes following intravenous administration of 10 lmol/
kg EP-3533.(20) For the CDAHFD model, imaging was
performed at 4.7T using a small bore animal scanner
(Bruker, Billerica, MA). Baseline two-dimensional and
three-dimensional fast low-angle shot (FLASH) images
were acquired before and continuously for 30 minutes
after injection of 100 lmol/kg Gd-Hyd. MR liver signal
to noise ratio (SNR) was measured before and 25 minutes
after Gd-Hyd injection, and the relative increase in SNR
was computed (% DSNR).(28) A 2-point Dixon sequence
was used to estimate liver fat content.(29) Imaging parame-
ters can be found in the SupportingMethods.

PATHOLOGIC AND
HISTOCHEMICAL ANALYSIS

The grade of steatosis was quantified as follows:
grade 1, 5%-33%; grade 2, 33%-66%; grade 3,
>66%).(30) Collagen proportional area (CPA) and
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hepatic lipid vacuolization were calculated from whole-
slide scanned sections using ImageJ (National Institutes
of Health). Hydroxyproline was quantified by high-
performance liquid chromatography analysis.(19-22)

SERUM LABORATORY ANALYSIS

A cardiac terminal blood withdrawal was performed
at the time of sacrifice, and serum liver proteins, biliru-
bin, and lipids were measured (DRI-CHEM 4000
Chemistry Analyzer; Heska AG, Basel,
Switzerland).(24,31)

STATISTICAL ANALYSIS

Results are expressed as mean 6 1 SD unless other-
wise noted. One-way analysis of variance was followed
by post-hoc Tukey tests with two-tailed distribution to
analyze data among groups of three or more. The
Student t test compared data between the control and
one experimental group. P < 0.05 was considered
significant.

Results

EDP-305 REDUCES SERUM
MARKERS OF LIVER INJURY IN
BDL RATS

EDP-305 treatment had no significant effect on
body weight compared to BDL controls (Supporting
Fig. S1A). Control BDL livers were significantly larger
compared to sham (12 6 0.6 g versus 19 6 1.6 g; P �
0.01). Neither FXR agonist significantly affected abso-
lute liver weight compared to BDL control rats. Ala-
nine aminotransferase was significantly reduced (P �
0.01) in both low- (67 6 7 U/L) and high-dose (62 6

9 U/L) EDP-305 treatment groups compared to BDL
control (146 6 28 U/L) (Supporting Fig. S1B). Simi-
larly, aspartate aminotransferase was significantly
reduced (P � 0.01) in both low- (260 6 25 U/L) and
high-dose (222 6 20 U/L) EDP-305 treatment
groups compared to BDL control (684 6 80 U/L).
Total bilirubin was significantly (P � 0.01) increased
in all BDL treatment groups compared to the sham
group, consistent with the pathogenic mechanism of
the model. There was no difference in serum triglycer-
ide values among treatment groups.

EDP-305 REDUCES LIVER
FIBROSIS IN A DOSE-
DEPENDENT MANNER IN BDL
RATS

Marked hepatic fibrosis was observed in BDL rats
by days 17-18 (Fig. 1A). There was a dose-dependent
reduction in CPA with low-dose (17.6% 6 2.5%, P 5

0.12) and high-dose (12.7% 6 1.9%, P � 0.01) EDP-
305 treatment compared to BDL control (22.9% 6

2.2%) (Fig. 1B). These findings were corroborated by
hydroxyproline analysis (Fig. 1C); high-dose EDP-
305 treatment reduced hydroxyproline levels in whole
liver tissue samples compared to BDL control (control,
751 6 46 lg/g versus EDP-305 30 mg/kg, 562 6 56
lg/g; P � 0.05). EDP-305 30 mg/kg also reduced
messenger RNA (mRNA) relative quantification (RQ)
for both Col1a1 (control, 1.1 6 0.2 versus EDP-305
30 mg/kg, 0.58 6 0.14; P � 0.05) and actin, alpha 2,
smooth muscle, aorta (Acta2) (control, 1.0 6 0.14 ver-
sus EDP-305 30 mg/kg, 0.6 6 0.16; P � 0.05) (Fig.
1D,E). Taken together, these findings suggest a pro-
tective antifibrotic effect by EDP-305.

COLLAGEN MOLECULAR MRI
CONFIRMS A REDUCTION IN
LIVER FIBROSIS WITH EDP-305
TREATMENT IN THE BDL
MODEL

MR images were acquired before and after contrast
injection with the type 1 collagen-targeted molecular
probe EP-3533, where liver relaxation rate (R1)
change is directly proportional to probe uptake and to
the degree of tissue fibrosis (Fig. 1F).(21) Consistent
with the histologic, biochemical, and gene expression
assessments of hepatic fibrosis, EDP-305 30 mg/kg
treatment was associated with a reduction in liver DR1
compared to BDL control (DR1 5 0.75 6 0.07 sec-
ond–1 versus 1.04 6 0.10 second–1, respectively; P �
0.05) (Fig. 1G).

EDP-305 REDUCES LIVER
FIBROSIS IN A DOSE-
DEPENDENT MANNER IN
CDAHFD MICE

Mice administered the CDAHFD were smaller
compared to mice fed regular chow (P � 0.01), and
had less gonadal and visceral fat (Supporting Fig.
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S2A). Absolute liver weight was significantly greater
(P � 0.01) with high-dose EDP-305 treatment (2.44
6 0.06 g) compared to both CDAHFD untreated
control (1.81 6 0.09 g) and regular chow (1.41 6 0.02

g). Spleen weights were greater (P � 0.05) in mice fed
the CDAHFD compared to regular chow (0.09 6

0.003 g versus 0.07 6 0.007 g). Compared to mice fed
regular chow, mice fed the CDAHFD had elevated
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FIG. 1. EDP-305 reduces liver fibrosis in a dose-dependent manner in BDL rats. (A) Hematoxylin and eosin- (top row) and picro-
sirius red- (bottom row) stained liver tissue. Marked hepatic fibrosis and inflammatory infiltrates were observed in BDL-treated rats
by days 17-18. Whole slide scanned sections shown at 10X magnification. (B) Percentage of collagen proportional area. (C) Hydroxy-
proline quantitation (lg/g) from whole liver tissue. (D) Whole liver mRNA expression of Col1a1. (E) Whole liver mRNA expression
of Acta2. (F) Representative axial R1 map images of the liver for each treatment group before and after injection of the EP-3533
probe. (G) Change in relaxivity (DR1) in liver tissue as a surrogate measure of probe binding. All data shown as mean 6 SD. *P <
0.05, **P < 0.01. Abbreviations: Acta2, actin, alpha 2, smooth muscle, aorta; HYP, hydroxyproline.
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aminotransferases including alanine aminotransferase
(56 6 8 U/L versus 193 6 9 U/L; P � 0.01) and
alkaline phosphatase (50 6 2 U/L versus 100 6 4 U/
L; P � 0.01) (Supporting Fig. S2B). EDP-305 30
mg/kg (38 6 4 mg/dL) was associated with reduced
(P � 0.01) serum triglycerides compared to regular
chow (80 6 9 mg/dL).
CDAHFD mice exhibited hepatic bridging fibrosis

by 12 weeks (Fig. 2A). Collagen deposition, as mea-
sured by CPA, was reduced with EDP-305 30 mg/kg
(14.8% 6 1.4%, P � 0.05) compared to CDAHFD
untreated control (20.4% 6 1.9%) (Fig. 2B). Similar
findings were observed with hydroxyproline analysis;
EDP-305 treatment significantly reduced hydroxypro-
line in a dose-dependent manner (EDP-305 30 mg/
kg, 612 6 39 lg/g; P � 0.01) compared to CDAHFD
untreated control (835 6 29 lg/g) (Fig. 2C). Col1a1
mRNA expression from whole liver was reduced with
high-dose EDP-305 treatment compared to
CDAHFD untreated control (RQ 5 1.13 6 0.12 ver-
sus 0.67 6 0.12; P � 0.05) (Fig. 2D), but no differ-
ence in Acta2 mRNA expression was observed among
treatment groups (Fig. 2E).

MOLECULAR MRI OF OXIDIZED
COLLAGEN CONFIRMS A DOSE-
DEPENDENT REDUCTION IN
LIVER FIBROSIS WITH EDP-305
TREATMENT IN CDAHFD MICE

Lysyl oxidase (LOX) is a quinone-containing cop-
per-dependent enzyme that oxidizes the terminal
amino group of lysine to a reactive aldehyde (allysine),
an essential step in collagen cross-linking. LOX activ-
ity has been shown to be increased in liver fibrosis and
contributes to disease pathogenesis.(32) Gd-Hyd binds
to allysine residues present in oxidized collagen, pro-
viding a noninvasive marker of fibrogenesis (Support-
ing Fig. S3). Representative MR images with a Gd-
Hyd probe are shown for each treatment group (Fig.
3A). There was a dose-dependent reduction in MR
liver signal intensity in the EDP-305 treatment groups
compared to the CDAHFD untreated control, which
reached significance at the 30-mg/kg dose (% DSNR
5 10.7 6 1.0 versus 6.0 6 0.8; P � 0.05) (Fig. 3B).
Fibrogenesis imaging with Gd-Hyd significantly cor-
related with histologic collagen quantitation (R2 5

0.37, P � 0.01) (Fig. 3C).
We also measured expression of Lox and Loxl1-4,

which are genes responsible for lysyl oxidase enzymatic

activity. Expression patterns mirrored our findings
with Gd-Hyd imaging, with EDP-305 treatment
resulting in a dose-dependent reduction in mRNA
expression of lysyl oxidase genes (Fig. 3D).
Taken together, Gd-Hyd imaging of oxidized colla-

gen closely correlated with histologic, biochemical, and
mRNA markers of disease and serves as a novel, non-
invasive marker for measuring hepatic fibrogenesis.

EDP-305 DELAYS PROGRESSION
OF HEPATIC INJURY IN THE
CDAHFD MODEL OF NASH

To investigate the effect of EDP-305 on steatosis
more thoroughly, liver fat was measured by MRI and
compared among cohorts (Fig. 4A,C). Liver fat frac-
tion was increased (P � 0.05) in both EDP-305 treat-
ment groups (10 mg/kg, 32.5% 6 1.9%; 30 mg/kg,
32.2% 6 1.7%) compared to CDAHFD untreated
control (23.6% 6 1.7%). We also assessed lipid vacuo-
lization (percentage), which was also morphometrically
quantitated from hematoxylin and eosin-stained slides
of liver samples (Fig. 4B). Compared to mice fed
CDAHFD (33.0% 6 1.3%), both EDP-305 treat-
ment groups were associated with significantly
increased (P � 0.05) lipid vacuolization (10 mg/kg,
38.7% 6 0.9%; 30 mg/kg, 39.9% 6 1.2%) (Fig. 4D).
There was a strong correlation between the MR esti-
mation of liver fat and the histologic morphometric fat
quantification (R2 5 0.93) (Fig. 4E). These findings
indicate that noninvasive assessment of steatosis can be
performed during the same MR scans used to measure
fibrosis and fibrogenesis to more accurately assess
hepatic disease. Finally, pathologic grading of steatosis
was performed, although no difference among
CDAHFD treatment groups was found (Fig. 4F).
Steatosis grading by current criteria appears less sensi-
tive than MR and morphometric quantification
techniques.
To contextualize our findings, we performed a natu-

ral history experiment in which mice administered
CDAHFD were analyzed at 2, 6, 10, and 14 weeks
(Fig. 5A). We observed a progressive increase in fibro-
sis over time by CPA (Fig. 5B). There was diffuse
bridging fibrosis with nodularity by 14 weeks, consis-
tent with cirrhosis. Fibrogenic gene expression corre-
lated well with histologic findings. Col1a1 mRNA
rapidly increased by approximately 10-fold within 2
weeks of starting the diet (RQ 5 1.0 6 0.4 versus 10.8
6 7.9; P � 0.05) and remained stably elevated until
week 14 when it increased to approximately 100-fold
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FIG. 2. EDP-305 reduces liver fibrosis in a dose-dependent manner in CDAHFD mice. (A) Hematoxylin and eosin- (top row) and
picrosirius red- (bottom row) stained liver tissue. Significant steatosis and inflammation is observed in all CDAHFD treatment groups.
Whole slide scanned sections shown at 2.5X magnification. (B) Percentage of collagen proportional area. (C) Hydroxyproline quantita-
tion (lg/g) from whole liver tissue. (D) Whole liver Col1a1 mRNA expression. (E) Whole liver alpha smooth muscle actin mRNA
expression. All data shown as mean 6 SD. *P < 0.05, **P < 0.01. Abbreviations: Acta2, actin, alpha 2, smooth muscle, aorta; HYP,
hydroxyproline.
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FIG. 3. Molecular imaging of oxidized collagen reveals a decrease in liver fibrogenesis with EDP-305 therapy. (A) Representative T1
MR axial images of the liver for each treatment group using the Gd-Hyd probe. Liver tissue is outlined in yellow. (B) Percentage
change in liver signal to noise ratio (% DSNR) 35 minutes after probe injection. (C) Correlation between CPA and % DSNR. (D)
Lysyl oxidase and lysyl oxidase paralog mRNA expression from whole liver tissue samples. All data shown as mean 6 SD. *P < 0.05,
**P < 0.01.
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FIG. 4. Changes in hepatic steatosis with FXR therapy in CDAHFD mice. (A) Representative liver fat fraction axial images mea-
sured by the Dixon MR sequence from each treatment group. (B) Representative H&E images of liver tissue from each experimental
group. Slide images were converted to black and white scaling to highlight differences in steatosis. Whole slide scanned sections are
shown at 2.5X magnification. (C) Fat fraction (%) in liver tissue using the Dixon MR protocol. (D) Histologic morphometric quanti-
tation of hepatic steatosis. (E) Dixon MR findings highly correlate with histologic morphometric fat quantification. (F) Pathologic
grading of steatosis. All data shown as mean 6 SD. *P < 0.05, **P < 0.01. Abbreviation: H&E, hematoxylin and eosin.
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FIG. 5. Natural history of the CDAHFD model: early steatosis followed by progressive fibrosis and cirrhosis. (A) CDAHFD and
regular chow mice were analyzed at 2, 6, 10, and 14 weeks for fibrosis and steatosis. Hematoxylin and eosin- (left) and picrosirius
red- (right) stained liver tissue for each time point. Whole scanned slide sections are shown at 3.5X magnification. (B) There was a
progressive increase in fibrosis throughout the duration of the study by CPA measurement. (C) qPCR expression of Col1a1 mRNA
revealed a 10-fold induction at 2 weeks on CDAHFD and 100-fold by 14 weeks. (D) qPCR of Acta2 mRNA expression significantly
increased by 6 weeks and remained stably elevated. (E) Steatosis increased by 2 weeks, peaked at approximately 6 weeks, after which
there was a progressive decline. All data shown as mean 6 SD. *P < 0.05, **P < 0.01. Abbreviations: Acta2, actin, alpha 2, smooth
muscle, aorta; qPCR, quantitative polymerase chain reaction.
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greater than regular chow-fed mice (Fig. 5C). Acta2
expression did not significantly increase until week 10
on the diet (RQ 5 1.0 6 0.5 versus 4.6 6 1.6; P �
0.01), and remained stably elevated for the duration of
the experiment (Fig. 5D).
Regarding steatosis, there was an initial increase

starting at 2 weeks that peaked at approximately 6
weeks of diet, at which time there was also marked
inflammation with fibrous expansion of portal tracts
and occasional bridging septa. Beyond week 6, there
was a progressive decline in hepatic lipid content as
liver injury and fibrosis worsened (Fig. 5E). By week
14, livers were cirrhotic with minimal steatosis.
The CDAHFD model produces rapid and severe

lipotoxic hepatic injury by preventing very low-density
lipoprotein production and hepatocyte lipid trans-
port.(25) As evidenced by the natural history experi-
ment, the capacity to store lipid is a marker of retained
hepatocyte function that dissipates shortly after 6
weeks of diet. A similar pattern of progressive fibrosis
and decreasing steatosis is observed in the human form
of NASH: fatty liver progresses to steatohepatiitis, fol-
lowed by worsening fibrosis over years that culminates
in cirrhosis, at which point minimal hepatic fat is
observed.
In this context, we compared histologic samples

from the CDAHFD natural history experiment with
animals treated with FXR agonists. CDAHFD
untreated control animals at 12 weeks appeared similar
to the 10-week time point, as expected, with marked
portal-to-portal and portal-to-central bridging fibrosis,
significant inflammation, and reduced steatosis. In
contrast, the histology from both EDP-305 treatment
groups appeared more similar to the 6-week time
point, with less fibrosis and increased steatosis. Given
that these mice were on the diet for 6 weeks prior to an
additional 6 weeks of the diet with the drug, this
observation suggests that EDP-305 halted disease pro-
gression and retained hepatocyte lipid storage
function.

EDP-305 ACTIVATES FXR
SIGNALING IN HEPATOCYTES
BUT NOT STELLATE CELLS

The FXR pathway is active in multiple tissue types,
including liver, ileum, fat, and muscle. It is not well
established in which organs the pathway must be stim-
ulated to observe an antifibrotic effect in the liver,
although endocrine signaling from the terminal ileum
and direct hepatic stimulation are suspected to be most

relevant. We thus examined FXR pathway expression
in liver and ileum of mice treated with EDP-305.
Mice that were imaged received their last dose of drug
24 hours prior to sacrifice when the drug had already
cleared. We therefore performed an additional experi-
ment in which C57BL/6 mice aged 8-10 weeks were
treated with EDP-305 by oral gavage for 5 days. FXR
target gene expression in liver and intestine were deter-
mined by real-time polymerase chain reaction 4 hours
after the last dose. EDP-305 was observed to have
direct effects on the terminal ileum and liver. In the
small intestine, EDP-305 treatment resulted in a dose-
dependent induction in fibroblast growth factor 15
(Fgf15) mRNA (Supporting Fig. S4A). In the liver,
EDP-305 resulted in a dose-dependent induction in
small heterodimer partner (Shp) mRNA and concomi-
tant reduction in cholesterol 7-alpha-monooxygenase
(Cyp7a1) expression (Supporting Fig. S4B).
Given the observed direct hepatic effect, we next

explored baseline FXR-related gene expression in
untreated primary human hepatocytes, primary human
stellate cells, and multiple immortalized human,
mouse, and rat HSC lines in vitro to better understand
FXR signaling in the liver (Fig. 6A). Primary human
hepatocytes expressed mRNA for FXR and its down-
stream targets SHP and FGF19, as well as FGFR4, the
transmembrane receptor for FGF19. We did not
observe baseline expression of FXR or its downstream
targets in isolated primary human HSCs, although we
did observe low-level expression of FGFR4 mRNA.
The immortalized human stellate cell line LX2
expressed low levels of mRNA for FXR, SHP, and
FGFR4 but not FGF19, whereas TWNT4, another
immortalized human stellate line, expressed no mRNA
for these genes. B8 immortalized rat stellate cells and
immortalized mouse stellate cells both expressed low
levels of Fxr and Fgfr4 mRNA.
Relative to hepatocytes and mouse whole liver sam-

ples, all stellate cell lines had insignificant expression of
FXR-related genes (Fig. 6B). These findings were cor-
roborated by FXR and FGFR4 protein expression on
western blot (Fig. 6C). Both proteins were highly
expressed in whole mouse liver and primary human
hepatocytes, suggesting possible biologic relevance for
both direct hepatic FXR stimulation and endocrine
FGF15/19 signaling from the terminal ileum by portal
circulation. In contrast, primary human HSCs and all
stellate lines had significantly lower expression of
FGFR4, and only faint FXR expression was observed
in B8 rat stellate cells. Treatment of serum-starved
human hepatocytes in culture with EDP-305 at 10
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FIG. 6. EDP-305 directly activates liver hepatoctyes but not stellate cells. (A) Liver, ileum, hepatocyte, and stellate cell mRNA for
FXR, SHP, FGF19, and FGFR4. Light blue represents no expression, blue represents low expression, and dark blue represents high
expression. (B) Stellate cell lines had insignificant mRNA expression of FXR-related genes relative to hepatocytes and mouse whole
liver tissue. (C) FXR and FGFR4 protein expression with western blot. (D) EDP-305-induced mRNA expression of FGF19 and
SHP in primary human hepatocytes. All data shown as mean 6 SD. *P < 0.05, **P < 0.01. Abbreviations: PHH, primary human
hepatocytes; HHSC, human hepatic stellate cells.
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lM for 72 hours induced mRNA expression of SHP
and FGF19 (Fig. 6D). However, of the stellate lines
that expressed FXR mRNA, treatment in vitro with
EDP-305 elicited no induction of downstream targets
SHP or FGF15/19 (data not shown). These findings
indicate that FXR is expressed at higher levels in hepa-
tocytes compared to stellate cells, and evidence of FXR
pathway activation was only present in hepatocytes.
Similar findings have been reported. Fickert et al.(33)

evaluated FXR expression in mice and humans, and
similar to our current findings, they observed low/non-
existent levels of FXR in HSCs and myofibroblasts but
higher levels in hepatocytes. However, other studies
have also reported FXR protein expression in isolated
primary rat HSCs and the immortalized line HSC-
T6.(34) Taken together, these findings suggest that
hepatic FXR agonism, at least in mice and humans, is
unlikely to directly affect stellate cells.

Discussion
EDP-305 is a steroidal noncarboxylic acid FXR

agonist that is currently in clinical trials for NASH and
PBC.(35-38) We observed significant reductions in liver
fibrosis with EDP-305 in two rodent models of
hepatic injury, corroborated by multiple methodolo-
gies, including picrosirius red collagen staining,
hydroxyproline biochemical quantification, gene
expression analyses, and noninvasive molecular imag-
ing. This study represents the first published data for
EDP-305 showing a potent and consistent antifibrotic
effect in vivo in animal models of cholestatic and non-
alcoholic fatty liver injury.
We chose hepatic fibrosis as the primary endpoint

of our study because it is a critical pathogenic compo-
nent of chronic liver injury and cirrhosis. Fibrosis sec-
ondary to either biliary or direct hepatocyte damage is
driven primarily by myofibroblastic activation of
HSCs, which deposit dense networks of extracellular
matrix, including proteoglycans and collagens.(39,40) It
is thought that fibrosis is a natural wound healing
response that goes awry in the setting of persistent tis-
sue injury. As fibrosis becomes more severe, it may
have multiple negative effects in the liver, including
obstruction of biliary canaliculi, venous congestion,
and support of a proinflammatory milieu through
HSC-mediated secretion of inflammatory signaling
molecules.(41) These processes may exacerbate the
effects from ongoing hepatic insults, contributing to
progressive liver failure. Therefore, mitigation of

fibrosis in the setting of chronic liver disease has
become a therapeutic goal in and of itself.
Our focus on liver fibrosis influenced our selection

of rodent models for hepatic injury. Choosing the
appropriate animal model for studying cholestatic and
fatty liver injury can be a challenging endeavor as cur-
rently available models recapitulate only certain aspects
of human disease. NASH is typically observed in
patients with obesity and associates with metabolic
syndromes, including hypertension and insulin resis-
tance. However, simultaneously establishing metabolic
dysregulation and steatohepatitis that leads to progres-
sive liver failure has proven difficult, and currently
available models typically accentuate either the meta-
bolic or the hepatotoxic components.(42) In this regard,
the Western diet, consisting of high fat and high fruc-
tose, most accurately captures the dietary habits of
humans, and indeed obesity and insulin resistance are
observed.(43) However, this model requires multiple
months to develop evidence of hepatic fibrosis, which
remains mild to moderate in severity throughout the
course of disease. The CDAHFD lacks the metabolic
derangements observed in NASH, but the choline
deficiency provides a severe lipotoxic hepatic injury and
robust fibrotic response.(25) We therefore chose to use
a choline-deficiency model despite the acknowledged
metabolic limitations. Other hepatocyte injury models,
including amylin liver NASH and genetically engi-
neered mutant strains, induce only modest inflamma-
tion and fibrosis compared to choline deficiency.
Similarly, PBC is thought to be an autoimmune

process targeting epithelial cholangiocytes, which
results in biliary injury, cholestasis, and eventually cir-
rhosis and hepatic failure.(44) Multiple cholestatic
rodent models exist, and some recapitulate certain
immunologic features of PBC. However, these models
are associated with only mild hepatic fibrosis. Con-
versely, the BDL model bares no immunologic resem-
blance to PBC, although the profound cholestatic
injury in this model induces a robust fibrotic response
that more accurately mirrors severe stages of human
cholestatic disease.
Based on our in vitro data, the antifibrotic effects of

FXR agonism observed with EDP-305 are likely
mediated by direct hepatocyte signaling with secondary
effects on stellate cells. The minimal expression of
FXR pathway components that we observed in mouse
and human HSCs did not appear biologically relevant
based on gene and protein expression analyses. This
was supported by a lack of induction of putative FXR
target genes with agonist treatment in vitro.
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Interestingly, we did observe expression of FXR in rat
HSCs, albeit at a low level. Fiorucci et al.(34) showed
that FXR agonism in rat HSCs was associated with an
induction of SHP with concomitant reductions in
Col1a1, Acta2, and transforming growth factor-beta.
Taken together, these findings indicate that FXR sig-
naling in HSCs may be species dependent.
Finally, molecular MR imaging of type 1 collagen

(EP-3533) and oxidized collagen (Gd-Hyd) in the
BDL and CDAHFD models, respectively, are sensi-
tive measures for detecting changes in fibrosis in
response to treatment and were consistent with other
biochemical and gene expression analyses. The imag-
ing methods used in this study thus have potential for
future clinical application.(19,21) Other modalities for
imaging hepatic fibrosis are being trialed. Fibrosis
results in an overproduction of matrix proteins that
cause tissue stiffness, which can be measured by elas-
tography.(45) Ultrasound and MR-based elastography
are two promising modalities that are currently used in
the clinical setting.(46,47) Our group previously com-
pared MR elastography and EP-3533 in a
diethylnitrosamine-induced model of rat fibrosis and
found that collagen imaging was more sensitive at ear-
lier stages of fibrosis and may provide value in this
regard.(22) Further comparison between MR elastogra-
phy and collagen molecular imaging is thus needed.
In conclusion, EDP-305 demonstrated its ability to

reduce liver injury and hepatic fibrosis progression.
These findings indicate that EDP-305 may have clini-
cal relevance for the treatment of human conditions
characterized by biliary or hepatic fibrosis.
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