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Bile Salt and FGF19 Signaling in the Early

Phase of Human Liver Regeneration
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and Frank G. Schaap 1,3

The involvement of bile salt—fibroblast growth factor 19 (FGF19) signaling in human liver regeneration (LR) is not
well studied. Therefore, we studied aspects of bile salt—-FGF19 signaling shortly after liver resection in patients. We
compared plasma bile salt and FGF19 levels in arterial, portal and hepatic venous blood, calculated venous-arterial
differences (AVA), and determined hepatic transcript levels on two intra-operative time points: before (< 1 hour) and
immediately after (> 2-3 hours) liver resection (i.e., following surgery). Postoperative bile salt and FGF19 levels were
assessed on days 1, 2, and 3. LR was studied by computed tomography (CT)-liver volumetry. Following surgery, the
liver, arterial, and portal bile salt levels were elevated (P < 0.05). Furthermore, an increased amount of bile salts was re-
leased in portal blood and extracted by the remnant liver (P < 0.05). Postoperatively, bile salt levels were elevated from
day 1 onward (P < 0.001). For FGF19, intra-operative or postoperative changes of AVA or plasma levels were not
observed. The bile salt-homeostatic regulator farnesoid X receptor (FXR) was markedly up-regulated following surgery
(P < 0.001). Cell-cycle re-entry priming factors (interleukin 6 [IL-6], signal transducer and activator of transcription 3
[STAT3], and ¢JUN) were up-regulated following surgery and were positively correlated with F.XR expression (P < 0.05).
Postoperative hyperbilirubinemia was preceded by postsurgery low FXR and high Na+/Taurocholate cotransporting pol-
ypeptide (NTCP) expression in the remnant liver coupled with higher liver bile salt content (P < 0.05). Finally, bile
salt levels on postoperative day 1 were an independent predictor of LR (P < 0.05). Conclusion: Systemic, portal, and
liver bile salt levels are rapidly elevated after liver resection. Postoperative bile salts were positively associated with liver
volume gain. In the studied time frame, FGF19 levels remained unaltered, suggesting that FGF19 plays a minor role
in human LR. These findings indicate a more relevant role of bile salts in human LR. (Hepatology Communications

2021;5:1400-1411).

are available about the involvement of bile salts or

FGF19 in human LR.*®

iver regeneration (LR) after partial liver resec-
tion is a highly complex process involving a

myriad of molecular and metabolic pathways
orchestrating the process.” Bile salts and the bile
salt-regulated enterokine fibroblast growth factor 19
(FGF19, termed Fgf15 in rodents) are critical reg-
ulators of LR in rodents.*¥ Thus far, limited data

Bile salts are signaling molecules and ligands of bile
salt-sensing receptors, such as the farnesoid X recep-
tor (FXR), which are engaged in regulation of many
metabolic and other processes (e.g., energy, bile salt
and carbohydrate metabolism, and inﬂammation).(g'lz)

Abbreviations: A, arterial; BSER bile salt export pump; CRLM, colorectal liver metastases; C'T; computed tomography; CYP7A1, cytochrome P450
741; FGF19, fibroblast growth factor 19; FXR, farnesoid X receptor; HV, hepatic vein; IL-6, interleukin-6; IQR, interquartile range; LR, liver
regeneration; mRINA, messenger RNA; NTCPR Na+/Taurocholate cotransporting polypeptide; PDV, portal drained viscera; PHx, partial hepatectomy;
POD, postoperative day; PV, portal vein; SOCS3, suppressor of cytokine signaling 3; SHRE short heterodimer partner; STAT3, signal transducer and
activator of transcription 3; TV, tumor volume; ULN, upper limit of normal; AVA, venous-arterial difference.
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Studies in rodents undergoing partial hepatectomy
(PHx) demonstrated that bile salt activation of hepatic
Fxr promoted LR by stimulation of hepatocyte pro-
liferation and protection against toxic effects of bile
salt overload."> In addition, activation of intes-
tinal FXR stimulates production of FGF19/Fgf15,
which targets receptors on hepatocytes to repress
bile salt synthesis by reducing gene expression of the
bile salt sgfnthetic enzyme cytochrome P450 7A1
(cyr741).1) Lowering of the bile salt pool by Fgf15
limits bile salt toxicity and therefore contributes to
progression of LR under normal and steatotic condi-
tions in mice.*'® Moreover, Fgf15 directly stimulates
hepatocyte proliferation in a bile salt-independent
manner through by activation of signaling pathways
that promote cell cycle progression (e.g., by activating
the signal transducer and activator of transcription 3
[Stat3], a major regulator of LR).07

Information on the distinctive phases in human
LR is not available. Phases of LR are based on animal
studies (see Rmilah et al. for a detailed overview of
the LR phases in rodents(lg)). Moreover, the transla-
tion of findings from animal studies, in particular data
derived from studies on signaling molecules involved,
is uncertain. Bearing in mind that FXR/FGF19
pathway-based pharmacotherapy has been evalu-
ated in several clinical trials involving patients with
liver disease,"*?? and impaired LR contributes to
mortality in hepatectomized patients,*
involvement of the gut-liver axis of bile salt—=FGF19
signaling in the initial phase in human LR. To this
end, we studied bile salt-FGFEF19 levels in the vessels

we studied
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supplying and draining the liver, as well as hepatic
gene expression, before and shortly after liver resec-
tion. Findings were correlated with liver volumetry.

Patients and Methods
PATIENTS AND MATERIALS

We studied archived plasma samples and liver tissue
of patients who underwent liver surgery for suspected
colorectal liver metastases (n = 31) at Maastricht
University Medical Center between November 2008
and May 2009. The original study and description
of the blood and tissue-sampling procedure were
2425) Briefly, overnight-fasted

published previously.(
patients were prepared for surgery according to insti-
tutional procedures. Intraoperatively, blood was drawn
near-simultaneously from an arterial line (A), the
portal (PV), and middle hepatic vein (HV) on two
occasions: (1) within 1 hour after abdominal incision
and liver mobilization (= baseline) and (2) shortly
after liver transection (= following surgery). The aver-
age time between the two time points was 2 hours.
For analysis of postoperative plasma courses, blood
was drawn from an arterial line at postoperative day
(POD) 1 and from a peripheral venous catheter at
PODs 2 and 3. For 21 patients, postoperative blood
samples were available for time-course analysis. For
subgroup analyses, liver resections were classified as
minor (< 3 segments, n = 15) or major PHx (= 3 seg-
ments, n = 16).%® Concurrent with blood samplings,
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baseline and postsurgery wedge liver biopsies were
taken from normal liver parenchyma of the (future)
remnant liver (n = 21 paired specimens). Blood was
collected in ethylene diamine tetraacetic acid tubes,
and plasma samples and liver specimens were stored
at -80°C. To study the postoperative plasma course of
bile salts and FGF19 in an independent cohort, age-
matched and sex-matched patients with colorectal
liver metastases (CRLM) (n = 21) were selected from
a prospectively collected database of patients who
underwent a right hemihepatectomy between 2013
and 2016 at the RWTH University Hospital Aachen
(Aachen, Germany).

ANALYTICAL PROCEDURES
FGF19 was assayed by sandwich enzyme-linked

immunosorbent assay as described previously
(n = 22).%7 Bile salts were extracted from liver
homogenates in 75% ethanol as described pre-
viously.?® Total bile salts in plasma (n = 22) and
hepatic extracts (n = 18) were determined using an
enzymatic cycling method according to the manu-
facturer’s protocol (Diazyme Laboratories, Poway,

CA).

QUANTIFICATION OF HEPATIC
GENE-EXPRESSION LEVELS

Total RNA was extracted from liver tissue using
Qiazol reagent and RNA-spin columns (Qiagen,
Hilden, Germany). Contaminating genomic DNA
was eliminated using gDNA Eliminator Columns
(Qiagen). A total of 750 ng RNA was converted to
complementary DNA (cDNA) (iScript cDNA syn-
thesis kit; Bio-Rad, Hercules, CA). Quantitative poly-
merase chain reactions (PCRs) were conducted in
a volume of 10 pL containing cDNA equivalent to
3.75 ng total RNA as template. SYBR Green chem-
istry (qPCR SYBR Hi-Rox Green Fluorescein Mix;
Bioline, London, United Kingdom) and a LightCycler
384 system (Roche, Basel, Switzerland) were used for
real-time PCR analysis. Data were analyzed with
LinReg software and expression was normalized to
36B4.%") Values are presented relative to the mean
expression of the examined transcript in baseline liver
specimens. Mean Cq values of the studied genes are

reported in Supporting Table S1.
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CLASSIFICATION OF PATIENTS
WITH POSTOPERATIVE
HYPERBILIRUBINEMIA

Postoperative  hyperbilirubinemia  (POD 1,
n = 24) was defined here as total bilirubin levels >
1.5 times upper limit of normal (ULN). Based on
this criterion, patients were grouped as normobili-
rubinemic (n = 10) or hyperbilirubinemic (n = 14).
Reduced liver mass following PHx was considered
when deviating from the commonly used > 2 times

ULN cutoft.

LIVER VOLUMETRY
The computed tomography (CT) analysis tool in

Siemens Syngo.via version 4.1 (Munich, Germany)
28).
See a detailed description of the procedure in the
Supporting Methods. Briefly, a 3D reconstruction
of the liver was acquired (Supporting Fig. S1).
Tumor volume (TV, mL), total liver volume (TLV,
mL), functional total liver volume (= TLV - TV,
mL), and the anticipated future remnant liver vol-
ume (FRLV, mL) were assessed. Liver regenera-
tion was estimated from postoperative CT scans
(median follow-up time = 10 [6-110] days) and
assessment of the remnant liver volume (RLV). To
determine liver regeneration, the following formula
was used: RG (%) = ([RLV at follow-up - FRLV]/
FRLV) x 100.%? See Supporting Table S2 for liver

Volumetry parameters.

was used to perform liver volumetry (n =

STATISTICS AND CALCULATIONS

Venous-arterial differences (AVA) were calculated
across the portal drained viscera (PDV) (= PV -
A) and the liver (= HV - [0.7 * PV + 0.3 * A]).C®Y
Because the actual portal and arterial blood flow were
not measured intraoperatively, and it is plausible that
flow redistribution occurs after resection, we also cal-
culated AVA differences across the liver assuming
blood flow to the liver, accounting 90% for portal
blood and 10% for arterial flow (liver = HV - [0.9 *
PV +0.1* A]). A positive value for AVA indicates net
release or production by the organ/area, and a nega-
tive value for AVA indicates net uptake. The median
AVA values were tested against a theoretical value of
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zero using the Wilcoxon signed-rank test. Differences
between paired samples (bile salt/FGF19 levels, AVA,
liver bile salts, and hepatic transcripts) were evalu-
ated with the Wilcoxon matched-pairs signed-rank
test. Significant differences between groups (minor
vs. major PHx and normobilirubinemia vs. hyperbil-
irubinemia) were evaluated with the Mann-Whitney
U test. Correlations were evaluated by the Spearman’s
(p) correlation coefficient. Data are expressed as
median (interquartile range [IQR]) or mean * SD
when appropriate. For graphical purposes, data are
displayed as mean + SEM. To test whether bile salt
and FGF19 levels changed postoperatively and to
avoid subject deletion because of postoperative miss-
ing values, linear mixed models were constructed to
study the time course. Akaike’s information criterion
was used to fit the best model. The time courses are
graphically presented as estimated means * standard
error. Univariable and multivariable regression mod-
els were used to assess predictors for LR. Covariates
used for multivariable linear regression were follow-up
time (days), weight of resected liver specimen (grams),
and bile salt levels on POD1, based on their poten-
tial confounding and their significance in univariable
analysis (P < 0.05). P values below 0.05 were consid-
ered statistically significant. Statistical analyses were
performed using GraphPad Prism 6.0 (GraphPad
Software Inc., La Jolla, CA) and SPSS 22.0 IBM
SPSS Inc., Chicago, IL).

Results

PATIENTS
Thirty-one patients (mean age 62 years, 58%

males) who underwent partial liver resection were
studied. Postoperative examination by the patholo-
gist confirmed the diagnosis of CRLM in 28 patients.
The clinical and surgical characteristics of the studied
patients are listed in Table 1.

ELEVATED ARTERIAL AND
PORTAL BILE SALT LEVELS
SHORTLY AFTER LIVER
RESECTION

Following resection, bile salt levels were ele-
vated in arterial (P < 0.001) and portal venous blood

KOELFAT ET AL.

TABLE 1. PATIENT CHARACTERISTICS

Characteristic Total Cohort (n = 31)
Age (years), mean + SD 62+ 11
Male sex (%) 58
BMI (kg/m?), mean (n = 30) 26.3
Preoperative liver tests, median [IQR]
Bilirubin (umol/L) (n = 29) 13[11-15]
AST (IUL) (n=29) 23 [16-31]
ALT (IUL) (n=29) 26 [19-35]
GGT (IUL) (n=29) 44 [36-76]
ALP (IUL) (n = 28) 100 [76-127]

Liver resection type*

Minor hepatectomy (n = 16)
Posterior sectionectomy (n = 3)
segment resection (n =7)
Multiple segments resection

(<3) (n=3)

Metastasectomy (n = 3)

Major hepatectomy (n = 15)
Right hemihepatectomy (n=11)
Left hemihepatectomy (n = 1)
Multiple segments (=3) (n = 3)

Liver pathology
Metastases (adenocarcinoma), n 28
Nonmalignant liver parenchyma or 3

no sign of metastases, n

*Minor hepatectomy: fewer than three segments; major hepatec-
tomy: three or more segments.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine ami-
notransferase; AST, aspartate aminotransferase; BMI, body mass
index; and GGT, gamma glutamyl transferase.

(P < 0.001), with a tendency toward higher levels in
hepatic venous blood (P = 0.085) (Table 2). In con-
trast to elevated bile salts, FGF19 levels were lower
in arterial (P = 0.030), portal (P = 0.026), and hepatic
venous blood (P = 0.038) after resection (Table 2).
Baseline systemic bile salt levels correlated positively
with postsurgery FGF19 levels (p = +0.50, P < 0.001),
supporting the temporal relationship between bile
salts and FGF19 (Supporting Fig. S2).

VA DIFFERENCES OF BILE SALTS
ACROSS THE PDV AND THE LIVER
ARE ALTERED SHORTLY AFTER
LIVER RESECTION

To assess whether bile salts/FGF19 signaling could
be involved in the early events of human LR, we stud-

ied the interorgan exchange of bile salts and FGF19
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TABLE 2. PLASMA BILE SALT AND FGF19 LEVEL
CHANGES SHORTLY AFTER LIVER RESECTION

HEPATOLOGY COMMUNICATIONS, August 2021

TABLE 3. VA DIFFERENCES ACROSS THE PDV AND
LIVER

Before Surgery  After Surgery Following Surgery
[tem (n=22) (n=22) PValue ltem Baseline (n = 22) (n=22) PValue
Bile salts (umol/L) Bile salts
A 2.7[1.7-6.3] 5.9[3.68.1] <0.001 (umol/L)
PV 7.3[4.9-124]  12.3[9.3205]  <0.001 Appy 43[+2.210+84]" 467 [+4210+11.8] 0.029
Middle HV 3.7 [2.4-6.4] 5.6[4.68.1] 0.085 Ay
FGF19 (ng/mL) 07v.03  -25[-5510-1.2]" -3.4[-8210-2.7]" <0.001
A 0.13[0.06-0.18] 0.08[0.04-0.11] 0.030 0.9vs.0.1 -35[-7.310-1.9]" -4.7[-10.510-3.6]" <0.001
PV 0.16[0.08-0.22] 0.09[0.05-0.15]  0.026 FGF19 (ng/mL)
Middle HV 0.14[0.080.19] 0.08[0.05-0.14]  0.038 Appy +0.02 [+0.01 10 +0.03]" +0.02 [0.00 o +0.03]"  0.633
ALiver*
Note: Data are expressed as median [IQR]. Pvalues in bold are less 0.7vs.0.3 0.00[-0.0110+0.03] +0.01 [-0.01t0 +0.01] 0.824
than 0.05 and represent significant statistical differences. 0.9vs.0.1  -0.00[-0.0110+0.02] +0.01 [-0.0210+0.01] 0.799

during surgery. For bile salts, the AVAp;, at baseline
was significantly positive, indicating net release of bile
salts. Shortly after liver resection the AVAp., was
increased (P = 0.029) (Table 3). There was net hepatic
extraction (AVA,, = negative) of bile salts, which
was highest shortly after liver resection (P < 0.001)
(Table 3). Intra-operative changes of AVA of FGF19
were not observed. The AVAp.,, and AVA,.
remained unaltered (P = 0.633 and P = 0.824, respec-
tively), indicating no net release of FGF19 into the
portal circulation and no net hepatic extraction.

POSTOPERATIVE ELEVATION OF
CIRCULATING BILE SALTS, BUT
NOT FGF19

Serum total bilirubin, aspartate transaminase
and alanine transaminase were elevated postoper-
atively, with levels peaking at POD1 and declining
thereafter (Supporting Fig. S3). This could indicate
moderate impairment of secretory function and (sur-
gically induced) liver damage. Next, we evaluated
the postoperative plasma excursion of bile salts and
FGF19. We observed a rise in circulating bile salts
from POD1 onward (P < 0.001) (Fig. 1A). Plasma
bile salt levels were higher on POD1 (6.6 [4.7-8.4]
pmol/L, P = 0.139) and POD2 (10.4 [7.4-26.4]
pmol/L, P < 0.001) compared with baseline values
(2.6 [1.6-2.9] pmol/L) (Fig. 1A). Plasma or systemic
bile salt elevation was most pronounced in patients
undergoing major liver resection, reaching signifi-
cance at POD1 (5.2 [3.7-6.6] pmol/L vs. 8.4 [6.6-
28.4] pmol/L, P = 0.017) and POD2 (8.0 [4.4-11.8]
vs. 22.2 [9.6-44.8] pmol/L, P = 0.048) (Fig. 1B).

1404

Note: Data are expressed as median [IQR]. Positive AVA indicates
release by the organ/area, and a negative AVA indicates uptake.
Pvalues in bold are less than 0.05 and represent significant statisti-
cal differences.

*AVA across the liver is calculated assuming different ratios (portal
vs. arterial) of blood supply to the liver. Symbols indicate signifi-
cance against theoretical zero.

P < 0.001 in comparison of VA differences before and after liver
resection.

P < 0.01 in comparison of VA differences before and after liver
resection.

Plasma FGF19 levels were not altered in the stud-
ied postoperative course (P = 0.058) (Fig. 1C). The
extent of liver resection did not affect FGF19 levels
(Fig. 1D).

We confirmed postoperative courses of bile salts
and FGF19 in an independent cohort of 21 patients
(mean age = 62 years, 47% males, undergoing right
hemihepatectomy for treatment of CRLM; see
Supporting Table S3 for additional patient character-
istics). Replicating the initial observations, bile salts
levels were significantly elevated from postoperative
day 1 onward (P < 0.001) (Fig. 1E). In contrast, post-
operative FGF19 levels declined in the validation
cohort (Fig. 1F).

TRANSCRIPTIONAL
ALTERATIONS SHORTLY AFTER
LIVER RESECTION

Paired specimens of the future remnant (base-
line) and remnant liver (following surgery) were
available for most of the patients (= 21) and used
to study changes in hepatic bile salt content and
gene expression. Liver tissue bile salt content was
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FIG. 1. Postoperative time course of bile salts and FGF19. Postoperative time course (n = 21) of systemic bile salts and FGF19 on baseline
and PODs 1, 2, and 3. (A) The postoperative time course of bile salts. (B) The differences in systemic bile salts between the minor and
major hepatectomy group. (C,D) Findings of FGF19. (E,F) The postoperative bile salt and FGF19 course in an independent cohort
of patients with CRLM who underwent a right hemihepatectomy. Asterisks indicates significant differences compared with baseline:

P < 0.001. Abbreviation: NS, not significant.

elevated shortly after liver resection (0.15 [0.11-
0.24] pmol/mg vs. 0.21 [0.15-0.40] pmol/mg liver
weight, P = 0.03) (Fig. 2A). To find an explana-
tion for this, we studied gene transcripts related
to (regulation of) bile salt synthesis and transport.
FXR expression was markedly higher shortly after
resection (+5.0 fold, P < 0.001) (Fig. 2B). Note
that the intraoperative time correlated significantly
with post-resectional FXR expression (p = +0.57,
P = 0.008) (Supporting Fig. S4A). Moreover, post-
surgery portal bile salt levels correlated with postsur-
gery hepatic FXR expression (p = +0.58, P = 0.002)
(Supporting Fig. S4B). The expression of short
heterodimer partner (SHP), an FXR target gene,
was reduced after resection (-1.5 fold, P = 0.029).
Messenger RNA (mRNA) levels of CYP7A41 were
also decreased after resection (-1.7 fold, P < 0.01)
(Fig. 2B). Expression of oxysterol 7a-hydroxy-
lase (CYP7B1), participating in the acidic pathway
of bile salt synthesis, and sterol 12a-hydroxylase
(CYP8BI) were unaltered shortly after liver surgery

(data not shown). Gene expression of BACS and
BAAT, coding for enzymes engaged in (re)conju-
gation of bile acids, did not change after resection
(data not shown).

Interaction of FGF19 with its hepatic coreceptor
complex, FGFR4/p-Klotho, results in transcriptional
repression of CYP7A1 62 Expression of FGFR4 was
decreased following surgery (-1.3 fold, P < 0.05),
whereas f-Klotho expression was not different after
resection (Fig. 2B). Hepatic transcript levels of
transporters engaged in bile salt uptake or secretion
(ie., the bile salt export pump [BSEP], multidrug
resistant-associated protein-3 or 4 [MRP3 or 4], and
Na'-taurocholate cotransporting polypeptide [NTCP]
and organic anion-transporting polypeptide 1B3
[OATP1B3]) were all unaltered after liver resection
(data not shown). Collectively, higher bile salt con-
tent following surgery could be explained by higher
portal delivery of bile salts, but unaltered expression
of NTCP/BSEP, resulting in bile salt accumulation in
hepatocytes (Fig. 2).
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FIG. 2. Elevated liver bile salts shortly after liver surgery and up-regulation of FXR. (A) Paired liver bile salts (n = 18). (B) Paired hepatic
expression of genes related to bile salt synthesis (n = 21; bars represent means of fold changes relative to baseline). White bars indicate
baseline and black bars indicate after surgery. *P < 0.05 and **P < 0.001. Abbreviation: BS, bile salt.

RAPID ALTERATIONS OF

LIVER, PORTAL, AND SYSTEMIC
CIRCULATING BILE SALTS AND
UP-REGULATED FXR OCCURRED
DURING THE “PRIMING PHASE”
OF LR

These findings demonstrate that hepatic as well
as portal and systemic bile salts, and hepatic FXR
expression, were elevated shortly after liver resec-
tion. This suggests that bile salt signaling may be
involved in the early events (analogous to rodent
liver regeneration in the “priming phase”), resulting
in regrowth of the human liver. To investigate this
notion, we studied hepatic expression of priming
factors/immediate-early genes and their association
with bile salt signaling.

Interleukin-6 (IL-6) is a pleiotropic cytokine
engaged in the priming phase of rodent LR by pro-
tecting the liver from fulminant surgical injury.®®
IL-6 expression was induced after resection (+4.0
fold, P < 0.001) (Fig. 3A). Expression of STAT3, an
indirect downstream target gene of IL-6 signaling
and involved in hepatocyte proliferation,(34) was also
induced (+1.8 fold, P < 0.001) (Fig. 3A). In addi-
tion, ¢-JUN, a direct target gene of STAT3 and key
regulator of early hepatocyte proliferation,(Ss) was
increased after surgery (+2.0 fold, P=0.02) (Fig. 3A).

Expression of suppressor of cytokine signaling 3

1406

(SOCS3), a negative regulator of IL-6 signaling and
subsequently an indirect repressor of LR, was not
altered after resection (P = 0.95) (Fig. 3A). Portal
and liver bile salts were significantly correlated with
IL-6 expression (p = +0.63, P < 0.001; and p = +0.35,
P = 0.042; respectively) (Fig. 3B). Furthermore,
FXR expression correlated with IL-6, STAT3, and
c-JUN expression (p = +0.70, P < 0.001; p = +0.67,
P < 0.001; and p = +0.44, P = 0.004; respectively),
but not with SOCS3 (p = +0.13, P = 0.42) (Fig. 3C).

ALTERED BILE SALT
HOMEOSTASIS IN THE REMNANT
LIVER SHORTLY AFTER

LIVER RESECTION PRECEDES
POSTOPERATIVE CHOLESTATIC
LIVER DYSFUNCTION

Findings highlight involvement of bile salt sig-
naling early in human liver regeneration. Because
some of the patients developed postoperative hyper-
bilirubinemia, we studied whether these patients
had different adaptive responses in the remnant liver
compared to patients with normal bilirubin levels.
Bilirubin levels on day 1 were substantially higher in
the cholestatic group (n = 14) compared with con-
trols (n = 10) (35 [29-50] vs. 17 [16-20] pmol/L;
P < 0.001) (Fig. 4A). Note, the amount of major

hepatectomies in the cholestatic group was not
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FIG. 3. Up-regulation of early-phase genes shortly after liver resection. (A) Paired hepatic expression of genes related to IL-6 signaling
pathway. (B) Relation between IL-6 expression and portal and liver bile salts. (C) Correlation between mRNA expression levels of FXR
and IL-6, STAT3, CJUN, and SOCS3. Bars represent the means of fold changes relative to baseline. White bars indicate before surgery
and black bars indicate after surgery. Open circles indicate baseline correlations and filled circles indicate after surgery. *P < 0.05 and

P < 0.001.

significantly different compared with the noncholes-
tatic group (P = 0.095) (data not shown). FXR gene
expression was down-regulated in the cholestatic
group compared with controls (P = 0.029) (Fig. 4B).
On the other hand, N7'CP was up-regulated in the
cholestatic group (P =0.010), while BSEP and MRP2
expression were similar between the two groups
(P = 0.127 and P = 0.203, respectively) (Fig. 4B).
In line with increased NTCP expression, hepatic
bile salt content was higher in the cholestatic group

(P =0.047) (Fig. 4C). IL-6 transcripts were similar
between the groups (P = 0.601).

POSTOPERATIVE BILE SALT
LEVELS ARE AN INDEPENDENT
PREDICTOR OF LR

Finally, because our findings indicate that bile salt
signaling may occur in the early events of human LR,
we investigated whether bile salts and other variables
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were associated with LR based on pre-operative and
postoperative liver volumetry. The variables studied in
univariable and multivariable regression analyses are
depicted in Table 4. Predictors of LR were follow-up
time (P = 0.010), weight of resected liver specimen
(P = 0.039), and systemic bile salt level on POD1
(P = 0.034) and POD2 (P = 0.010) (Table 4). In a
step-wise multivariable analysis, bile salts at POD1
(P = 0.013) were an independent predictor of LR,
when adjusted for follow-up time and weight of
resected liver specimen (Table 4).

Discussion

The present study in patients demonstrates
increased portal delivery of bile salts, enhanced
hepatic extraction, and a larger hepatic content of
bile salts, shortly after liver resection. These events
were associated with up-regulation of FXR expres-
sion in the remnant liver and occurred congruently
with up-regulated expression of cell-cycle re-entry
priming genes (IL-6, STAT3, and ¢JUN). We fur-
ther provide evidence that postoperative hyperbili-
rubinemia is preceded by low FXR and high N7'CP
mRNA expression, and higher hepatic bile salt con-
tent in the remnant liver. Finally, circulating bile
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salts—but not FGF19—rise postoperatively, and
independently predict LR in patients after partial
liver resection. These findings support a more rel-
evant role of bile salt signaling early in human LR.

In line with earlier studies in animals and humans,
the observed rise in systemic bile salts in the postoper-
ative phase was the likely consequence of limited spare
capacity of the remnant liver to maintain serum bile

salt homeostasis.>*’

) In addition, our data demon-
strate increased portal bile salts and enhanced hepatic
extraction shortly after liver resection. Altered entero-
hepatic dynamics could underlie these observations. In
animal experiments, bile flow and biliary bile salt secre-
tion per minute per gram liver weight were increased
in partially hepatectomized rats.%® Together with
higher portal delivery, hepatic bile salt content was also
increased in the early phase (observations not reported
in humans thus far). Because the mRNA expression
of major bile salt transporters in the hepatocyte was
unaltered, the increased hepatic bile salt content may
be explained by higher portal delivery to the periportal
zone. It is conceivable that the mechanism for higher
portal delivery of bile salts immediately after resec-
tion could arise from elevated luminal bile salt input.
Intestinal biliary inflow may increase in response to
surgical manipulation of the liver. A plausible explana-
tion for the absent changes in expression of the main
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TABLE 4. UNIVARIABLE AND MULTIVARIABLE
REGRESSION ANALYSIS OF ASSOCIATION WITH
LR (%) (n=28)

Univariable Multivariable

Variable B SE PValue B SE PValue
Age af surgery (years) -530.0 08 0510 — — —
Sex (female) 301 170 0.088 — — —
BMI (kg/m?) (n = 27) -12 19 0549 — — —
Follow-up time (days)*  -0.2 0.1 0.010 -0.3 0.02 0.019
Blood loss during sur- 0.0 00 08% — — —

gery (ml) (n=10)
Weight of resected liver  0.07 002 0.006 0.1 0.11 0.039

specimen (g)
App, after surgery

Bile salts -37 15 0200 — — —

FGF19 1032 2828 0720 — — —
A Ofter surgery

Bile salts 2.7 22 0239 — — —

FGF19 -251 2923 0933 — — —
Liver bile salts (n = 16) (umol/L)

Presurgery -81.3 1101 0472 — — —

Postsurgery 3.4 509 0948 — — —

A surgery’ 826 721 0271 — — @ —
Postoperative bile salt levels (umol/L)

Day 1 (n=16) 2.8 12 0034 25 077 0.013

Day 2 (n=14) 1.7 06 0010 — — —

Day 3 (n=12) 056 059 0366 — — —
Postoperative FGF19 levels (ng/mL)

Day 1 (n=17) 59 114 0610 — —

Day 2 (n=14) 112.6 1189 0362 — — —

Day 3 (n=12) -50.2 1280 0703 — — —

Pvalues in bold are less than 0.05 and represent significant statisti-
cal differences.

*Time between day after surgery and postoperative day of CT scan.
Difference between presurgery and postsurgery levels.
Abbreviations: B, beta; BMI, body mass index; SE, standard error
for the beta.

hepatic bile salt uptake/extraction system could be (1)
the short intraoperative timeframe to detect signifi-
cant changes or (2) alterations in transporter activity
through posttranslational modification or membrane
insertion. We could not assess these aspects in this
study. Intriguingly, hepatic bile salt content and N7CP
mRNA expression were both higher in patients who
developed postoperative hyperbilirubinemia.
Remarkably, FXR transcripts were 5-fold higher
in the remnant liver shortly after liver resection.
Nonetheless, up-regulated FXR and elevated hepatic
bile salt content was not accompanied by induction
of FXR-target genes such as SHR BSER or organic

KOELFAT ET AL.

solute transporter-beta (OS7)) (data not shown). In
rodents, diet-delivered bile salts up-regulated Fixr after
PHx, whereas treatment with cholestyramine lowered
hepatic Fxr transcripts immediately after PHx.®”
These findings suggest that FXR gene transcription is
affected by portal influx of bile salts, and such a feed-
torward loop would be in line with the major role of
FXR in bile salt homeostasis. Note that portal bile salts
were positively correlated with FXR gene expression
(Supporting Fig. S4). The actual mechanism for up-
regulation of FXR after resection remains to be eluci-
dated. As FGF19-induced phosphorylation of hepatic
FXR modulates its transcriptional activity, reduced
portal FGF19 may underlie the apparent disconnect
between higher FXR mRNA expression and lack of
FXR target gene induction.®® FXR has (at least) two
major roles in rodent liver regeneration, including (1)
maintaining bile salt homeostasis (and thus limiting
bile salt toxicity) and (2) promoting hepatocyte pro-
liferation by up-regulation of hepatic FOXM1b, a key
regulator of cell-cycle E)rogression and induction of
mitogenic FGF19/15 19 However, these events might
not be occurring in the studied timeframe. Interestingly,
patients who developed hyperbilirubinemia had
reduced FXR mRNA expression in the remnant liver.
Therefore, the regulation of FXR shortly after liver
resection could be important for the functional recov-
ery of hepatocytes in the postoperative phase.

In line with previously reported high intraopera-
tive levels of serum IL-6, hepatic transcripts of IL-6
were increased in the remnant liver after liver resec-
tion.®” IL-6 and other genes related to cell-cycle re-
entry (STZ473 and ¢JUN) were positively correlated
with FXR expression and portal bile salts. The biolog-
ical pathways underlying the positive relation between
portal bile salts and hepatic mRNA levels of IL-6 and
STATS3 are not understood. A possible explanation may
include direct activation of STATS3 signaling by bile
salts*? or the relation may not be causative, but both
factors act in parallel in promoting LR. Collectively,
this indicates that changes in hepatic bile salt-FXR
axis are integrated within the early phase of human LR.

We observed no intraoperative and postoperative
changes of FGF19 levels, and levels on the exam-
ined time points were not associated with LR. Several
key studies demonstrated the pro-regenerative effects
of Fgf15/FGF19 in animal models of LR, including
humanized mice.>**? Furthermore, FGF19 pro-
motes the development of HCC.*? However, we
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observed maintained (exploratory cohort) or reduced
(confirmatory cohort) FGF19 levels during the first
postoperative week. Considering that postoperative bile
salt levels—but not FGF19—were associated with liver
volume gain, we suggest that FGF19 plays a minor role
in human LR. Therefore, rising postoperative bile salt
levels (reflecting systemic spillover) might be a more
relevant physiological biomarker for LR.%?) The study
design does not allow us to dismiss a role of FGF19 in
human LR. Translation of findings from animal studies
may not be straightforward in this aspect. First, rodent
liver anatomy allows clean excision of liver lobes with
no to minimal inflammation.** Human liver resection
typically involves dissection along segmental bound-
aries, causing injury and inflammation in the rem-
nant liver. Roles of FGF19 in these distinct contexts
may be different. Second, loss and gain of FGF19/
Fgf15-function approaches in animals result in dete-
riorated and improved bile salt homeostasis before
PHXx, respectively, with pronounced consequences for
the subsequent course of LR.%"*%2) In addition, the
starting point for FGF19 action appears to be differ-
ent in animals and humans. Further human studies
are therefore required to address the role of FGF19 in
LR. Ongoing clinical studies with the FGF19 mimetic
NGM282/Aldafermin may shed light on the role of
FGF19 in recovery of the liver from tissue injury in
the context of metabolic liver disease (ClinicalTrials.
gov: NCT04210245 and NCT03912532).120:45:40)

A couple limitations need to be addressed for this
study. First, a total of 31 patients were studied, but
blood and tissue samples were not available for all
patients. Therefore, subsets of patients were studied.
Second, actual portal and hepatic arterial flow were
not measured during resection; instead, we used pre-
vious reported flow distributions.®" Importantly, the
observed VA differences remain when performing cal-
culations with a different flow ratio.

In summary, this study clearly demonstrates ele-
vation of liver, portal, and systemic circulating bile
salts—but not FGF19—shortly after liver resec-
tion. Interestingly, changes in FXR and NTCP gene
expression, combined with higher bile salt con-
tent shortly after liver resection, preceded develop-
ment of postoperative hyperbilirubinemia. Findings
from our work further support a more relevant role
of bile salt signaling in the early events in human
LR, rather than involvement of FGF19 in this pro-
cess. Pharmacological activation of FXR could be a
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potential therapeutic option to enhance regenera-
tive capacity and protect the liver from dysfunctional
hepatocytes and postoperative liver failure.
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