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Highlights

Bile acids have been studied as pathophysiological
actors and biomarkers in NASH.

Plasma BAs have been reported to be higher in
NASH vs. No-NASH patients.

Plasma BAs are altered in patients with T2D, IR, and
obesity, risk factors for NASH.

Thus, the independent association between plasma
BA increases and NASH is unclear.

NASH-associated increases in plasma BA depend on
the degree of insulin sensitivity.
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Lay summary

Non-alcoholic steatohepatitis (NASH) is a progressive
liver disease that frequently occurs in patients with
obesity and type 2 diabetes. Reliable markers for the
diagnosis of NASH are needed. Plasma bile acids have
been proposed as NASH biomarkers. Herein, we found
that plasma bile acids are only elevated in patients
with NASH when significant insulin resistance is pre-
sent, limiting their utility as NASH markers.
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Background & Aims: Plasma bile acids (BAs) have been extensively studied as pathophysiological actors in non-alcoholic
steatohepatitis (NASH). However, results from clinical studies are often complicated by the association of NASH with type
2 diabetes (T2D), obesity, and insulin resistance (IR). Here, we sought to dissect the relationship between NASH, T2D, and
plasma BA levels in a large patient cohort.

Methods: Four groups of patients from the Biological Atlas of Severe Obesity (ABOS) cohort (Clinical Trials number
NCT01129297) were included based on the presence or absence of histologically evaluated NASH with or without coincident
T2D. Patients were matched for BMI, homeostatic model assessment 2 (HOMA?2)-assessed IR, glycated haemoglobin, age, and
gender. To study the effect of IR and BMI on the association of plasma BA and NASH, patients from the HEPADIP study were
included. In both cohorts, fasting plasma BA concentrations were measured.

Results: Plasma BA concentrations were higher in NASH compared with No-NASH patients both in T2D and NoT2D patients
from the ABOS cohort. As we previously reported that plasma BA levels were unaltered in NASH patients of the HEPADIP
cohort, we assessed the impact of BMI and IR on the association of NASH and BA on the combined BA datasets. Our results
revealed that NASH-associated increases in plasma total cholic acid (CA) concentrations depend on the degree of HOMA2-
assessed systemic IR, but not on B-cell function nor on BML

Conclusions: Plasma BA concentrations are elevated only in those NASH patients exhibiting pronounced IR.

Lay summary: Non-alcoholic steatohepatitis (NASH) is a progressive liver disease that frequently occurs in patients with
obesity and type 2 diabetes. Reliable markers for the diagnosis of NASH are needed. Plasma bile acids have been proposed as
NASH biomarkers. Herein, we found that plasma bile acids are only elevated in patients with NASH when significant insulin
resistance is present, limiting their utility as NASH markers.

© 2021 The Authors. 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 carcinoma, as well as for cardiovascular disease, type 2 diabetes

Non-alcoholic fatty liver disease (NAFLD) covers a spectrum of
hepatic disorders ranging from isolated steatosis (non-alcoholic
fatty liver [NAFL]) to non-alcoholic steatohepatitis (NASH).!
Although steatosis is generally considered benign, NASH, which
combines steatosis with inflammation and hepatocyte damage
(evidenced histologically by ballooning), is a risk factor for pro-
gressive fibrosis and, ultimately cirrhosis and hepatocellular

Keywords: NASH; NAFLD; Bile acids; Diabetes; Insulin resistance; Obesity; Trans-
lational study.
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(T2D) and other extra-hepatic consequences.? Given the impor-
tance of metabolic alterations in this disease, metabolic associ-
ated fatty liver disease (MAFLD) has recently been proposed as a
more accurate denomination of fatty liver disease associated
with metabolic dysfunction.®> The pathogenesis of NAFLD re-
mains poorly understood, and there is currently an urgent need
to identify therapeutic targets.

Bile acids (BAs) are amphipathic molecules that facilitate
absorption of dietary fat and lipophilic vitamins in the small
intestine. Recently, BAs have attracted growing interest as they
are also signalling molecules that control energy expenditure
and glucose and lipid metabolism via receptors such as the
farnesoid-X-receptor (FXR, NR1H4) and TGR5 (GPBAR1).*> BAs
are synthesised in the liver as primary BAs (cholic acid [CA],
chenodeoxycholic acid [CDCA], hyocholic acid [HCA]), secreted in
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the bile and the intestine where they are transformed by the gut
flora into secondary BAs (deoxycholic acid [DCA], lithocholic acid
[LCA], hyodeoxycholic acid [HDCA], ursodeoxycholic acid
[UDCA]). Each BA species can be measured as free or conjugated
to taurine or glycine. In humans, more than 90% of BAs are
reabsorbed in the intestine and returned to the liver via the
portal vein in an enterohepatic cycle. Although it is still unclear
whether alterations in BA metabolism drive NASH development,
BA-activated signalling pathways remain attractive therapeutic
targets for its treatment. For example, treating NASH patients
with the FXR agonist obeticholic acid improved several key
histological features of NAFLD.®® Thus, BA may play a role in
NASH pathophysiology.

Several studies have assessed whether NAFLD patients
display changes in plasma BA profiles (for review, see Chavez-
Talavera et al.®). Globally, plasma BA concentrations are higher in
NASH vs. no-NASH patients, with qualitative differences varying
among studies, i.e. increased primary BA'® or conjugated BA.'"'?
However, increased plasma BA concentrations are also observed
in patients with T2D, insulin resistance (IR), and obesity,”'">~'° all
major risk factors for NASH.'® Thus, the intricate relationship
between NAFLD, obesity, IR, and T2D complicates the establish-
ment of clear and independent associations between plasma BA
alterations and these individual clinical features. Indeed, in our
previous study, Legry et al.” reported that plasma BA concen-
trations positively correlated with glucose homeostasis param-
eters (homeostatic model assessment [HOMA]-IR, fasting plasma
glucose, 2-h oral glucose tolerance test [OGTT] - glucose), but
were not affected by the presence of histologically assessed
NASH.

In the present study, we aimed to investigate the association
of plasma BA changes and NASH depending on T2D status. To do
this, we analysed fasting plasma BA profiles in patients with
histologically assessed NASH with or without coincident T2D,
selected from the Biological Atlas of Severe Obesity (ABOS)
cohort,'® enlarged with previously studied patients from the
HEPADIP cohort!” for part of the analyses. Groups of NASH and
No-NASH patients were carefully matched to control for obesity
and IR as potential confounding factors.

Patients and methods

Description of the patients

ABOS study

Patients were selected from the prospective ABOS cohort, which
included patients referred to the Lille University Hospital
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bariatric surgery unit for evaluation. All patients fulfilling the
subsequent criteria for bariatric surgery were prospectively
included in the cohort before surgery. No specific dietary re-
strictions were imposed immediately preceding the surgery.
Blood collection was performed the morning of the surgery after
an overnight fast. Patients were to be 18 years or older at time of
evaluation and meet the criteria for bariatric surgery according
to French national guidelines: severe obesity with at least 1 co-
morbidity factor (i.e. arterial hypertension or diabetes mellitus)
for at least 5 years and failure of a well-conducted medical
treatment during 6-12 months, including lifestyle modification
and appropriate drug treatment; absence of medical or psycho-
logical contraindications for bariatric surgery; social security
insurance coverage; no current significant alcohol consumption
(maximum average daily consumption of alcohol of 20 g/day for
women and 30 g/day for men), and no past excessive drinking
for a period longer than 2 years at any time in the past 20 years;
absence of long-term consumption of hepatotoxic drugs; nega-
tive screening for chronic liver disease (including, but not limited
to viral hepatitis and autoimmune liver diseases). Informed
written consent was obtained from all patients and the study
was conducted in conformity with the Helsinki Declaration. The
Lille University Hospital ethics committee approved the cohort
(NCT01129297).

HEPADIP study

Additionally, patients visiting the obesity clinic of the Antwerp
University Hospital from the HEPADIP protocol were included as
described in our previous study (see patient characteristics in
Table 1 of Legry et al.'”). Briefly, overweight (BMI between 25 and
30 kg/m?) or obese (BMI >30 kg/m?) patients were recruited
between October 2006 and May 2014. When NAFLD was sus-
pected based on abnormal blood biochemistry or ultrasound,
patients were screened for the presence of NAFLD by liver biopsy
upon additional informed consent.

Rationale of study group compositions

To study the relation between plasma BA concentrations and
NASH according to diabetes status, patients were first classified
into 2 clearly distinct groups (‘diabetes status’): non-type 2
diabetes (No-T2D) and T2D. From these two groups, patients
were subsequently classified according to their liver histological
characteristics in distinct groups of normal or nearly normal liver
(No-NASH) (accepting the presence of up to grade 1 [mild]
steatosis without any other lesion) or NASH patients.'”® Among
the No-T2D or T2D patients, No-NASH and NASH groups were

Table 1. Clinical, biological, and liver histological characteristics of non-diabetic patients (No-T2D) from the ABOS study cohort grouped according to

NASH status.

No-NASH (n = 85) NASH (n = 17) p value
Sex (F/M) 57/28 12/5 1
Age (years) 3851123 38.2+10.5 0.91
BMI (kg/m?) 461 £74 46.1 £6.3 0.99
HOMAZ2S (%) 42 +24 35116 0.27
HOMA2B (%) 164 + 56 179 £ 48 0.26
HbA1c (%) 57+03 56+03 0.08
Fasting plasma glucose (mmol/L) 55+0.5 55 + 0.6 0.89
Fasting plasma insulin (mUI/L) 23.2 £10.7 271 +£123 0.24
Steatosis grade (0, 1, 2, 3) 20/65/0/0 0/6/6/5 <0.001
Ballooning (0, 1, 2) 85/0/0 0/15/2 <0.001
Lobular inflammation (0, 1, 2, 3) 85/0/0/0 0/12/5/0 <0.001
Fibrosis stage (0, 1, 2, 3, 4) (n.a.) 78/2]1/2/0 (2) 7[4/2]4]0 <0.001

Data are expressed as mean + standard deviation or number of patients for categorical variables. p values are obtained using the y? test for qualitative data and the t test for
quantitative data. Values of p <0.05 are considered statistically significant (bold). ABOS, Biological Atlas of Severe Obesity; HbA1c, glycated haemoglobin; HOMA, homeostatic

model assessment; n.a., not available; NASH, non-alcoholic steatohepatitis.
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propensity score matched, without predefined ranges, for the
following parameters: BMI, HOMA2S, HOMA2B, glycated hae-
moglobin (HbAlc), and insulin/statin treatments (Fig. S1),
yielding a study cohort of 219 patients divided into 4 groups
depending on NASH and T2D diagnosis (No-T2D No-NASH, n =
85; No-T2D NASH, n = 17; T2D No-NASH, n = 59; and T2D NASH,
n = 58). The relatively low proportion of patients with NASH
without T2D in the ABOS cohort (only 17 patients) is in agree-
ment with epidemiological observations.”® As expected from the
study group selection and matching criteria, the NASH and No-
NASH patients showed no significant differences for HOMA?2S,
HOMAZ2B, HbA1c, fasting plasma glucose, and insulin within the
No-T2D (Table 1) nor the T2D (Table 2) groups.

There was no significant difference in the proportion of pa-
tients taking insulin or anti-diabetic treatments (i.e. sulfonylurea,
glinides, glucagon-like peptide 1 receptor agonists, and
dipeptidylpeptidase-4 inhibitors) between the T2D No-NASH
and T2D NASH patients. Only a slightly higher number of pa-
tients were treated with metformin in the NASH group (No-
NASH: 47% vs. NASH: 70%, p = 0.02). Similarly, the proportion of
patients on statin or fibrate treatment was also similar between
T2D No-NASH and T2D NASH patients, as well as between the 2
No-T2D groups (data not shown).

To investigate the interaction between NASH and plasma BA
according to IR levels, a patient group covering a large range of
HOMA2 was studied by including the 58 patients with histo-
logical NASH assessment and accompanying clinical data (26 No-
NASH; 32 NASH) from the HEPADIP study.!” As exogenous insulin
therapy impacts on HOMA2 values, patients on insulin treatment
(n = 38) were excluded, yielding a ‘combined cohort’ of 239
patients.

Biological assays

Fasting plasma glucose, insulin, and HbAlc were measured as
previously described.'® The HOMA2 was used to estimate steady
state B-cell function (HOMA2B) and insulin sensitivity (HOMA2S)
from fasting plasma insulin and glucose using the online calcu-
lator.”" Results are expressed as percentages of normal values in
a reference population.

Diabetes assessment

All participants were submitted to a standard OGTT (75 g). Dia-
betes was diagnosed according to American Diabetes Association
(ADA) guidelines as defined by fasting glycaemia >1.26 g/L (7.0
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mmol/L) or plasma HbAlc >6.5 % (48 mmol/mol) or 2 h glycae-
mia 22 g/L (11.1 mmol/L) during OGTT or use of an anti-diabetic
drug.?

Histological assessment on liver biopsies

Liver biopsies were systematically planned during the surgical
procedure in the ABOS cohort and analysed as previously
described.”® A liver needle biopsy was performed during the first
part of the surgical procedure after trocar insertion and
abdominal exploration, within 10 min after pneumo-peritoneum
installation. The MONOPTY needle biopsy system (16G, ref:
121620; CR. Bard, Tempe, AZ, USA) was used. Biopsies were
routinely stained with H&E, Saffron and Masson’s trichrome,
Sirius Red, and Perl’s iron staining. Pathologists were blinded to
clinical and biological data and independently graded steatosis
(range 0-3), lobular inflammation (range 0-3), and ballooning
(range 0-2) according to NASH Clinical Research Network
criteria.?* Liver fibrosis was assessed using the Kleiner fibrosis
score.? In the present study, in order to compare 2 groups with
clearly distinct liver phenotypes, 2 histological groups were
defined: No-NASH was defined as steatosis <2, ballooning =
0 and lobular inflammation = 0, which hence means normal liver
or minimal isolated steatosis without any other lesion; NASH
was defined by the combined presence of steatosis and
ballooning and lobular inflammation of any degree.'®>> Patients
with moderate to severe steatosis (grade 2-3) and/or some
ballooning or lobular inflammation meeting neither the No-
NASH definition as described for our study nor the NASH defi-
nition, were excluded. Histological assessment and classification
of the HEPADIP cohort was identical, as reported in our previous
study, but in this cohort, the majority of the biopsies were taken
outside the setting of bariatric surgery.”

Plasma BA and C4 quantification

Plasma concentrations of 21 BA species (Table S1) and 7alpha-
hydroxy-4-cholesten-3-one (C4, an intermediate product of the
classical BA synthesis pathway and marker of hepatic BA syn-
thesis) were quantified as previously described.!” Briefly, after
protein precipitation with iced methanol, BAs were quantified by
HPLC (UFLC-XR device; Shimadzu, Kyoto, Japan) coupled to
tandem mass spectrometry (MS/MS) (QTRAP 5500 hybrid sys-
tem, equipped with a Turbo VIM ion source; Sciex, Foster City,
CA, USA) using 5 deuterated BAs (D4-CA, D4-glycocholic acid
[GCA], D4-taurocholic acid [TCA], D4-CDCA, D4-

Table 2. Clinical, biological, and liver histological characteristics of diabetic patients (T2D) from the ABOS study cohort grouped according to NASH status.

No-NASH (n = 59) NASH (n = 58) p value
Sex (F/M) 39/20 37/21 0.95
Age (years) 471 +£9.7 493 +76 0.17
BMI (kg/m?) 47.0 + 7.7 46.0 + 8.1 0.85
HOMAZ2S (%) 57 £130 39 + 45 0.52
HOMA2B (%) 105 + 88 100 + 76 0.62
HbAlc (%) 73+19 8119 0.053
Fasting plasma glucose (mmol/L) 8834 93+32 0.39
Fasting plasma insulin (mUI/L) 30.8 +28.1 371 £44.7 0.36
Insulin treatment 20 18 0.89
Steatosis grade (0, 1, 2, 3) 9/50/0/0 0/16/18/24 <0.001
Ballooning (0, 1, 2) 59/0/0 0/43/15 <0.001
Lobular inflammation (0, 1, 2, 3) 59/0/0/0 0/41/17/0 <0.001
Fibrosis stage (0, 1, 2, 3, 4) (n.a.) 40/14/2/1/0 (2) 8/13/7/23/1 (6) <0.001

Data are expressed as mean + standard deviation or number of patients for categorical variables. p values are obtained using the 3 test for qualitative data and the ANOVA test
for quantitative data. Values of p <0.05 are considered statistically significant (bold). ABOS, Biological Atlas of Severe Obesity; HbA1c, glycated haemoglobin; HOMA, ho-

meostatic model assessment; n.a., not available; NASH, non-alcoholic steatohepatitis.
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Fig. 1. Plasma BA concentrations are higher in NASH vs. No-NASH irrespective of T2D status in the ABOS study cohort (n = 219). (A) Plasma total (free +
conjugated) BA and C4 concentrations (log-scale, nmol/L) according to NASH status (grey, No-NASH; purple, NASH). (B) Plasma total (free + conjugated) BA and C4
concentrations (log-scale, nmol/L) according to T2D status (left, No-T2D; right, T2D) and NASH status (grey, No-NASH; purple, NASH). Data are expressed as mean

and SEM (standard error of mean). p values from the non-parametric Mann-Whitney U test. To compare No-NASH and NASH groups:

*p <0.05, **p <0.01, ***p

<0.001. To compare No-T2D and T2D groups: 3p <0.05. ABOS, Biological Atlas of Severe Obesity; BAs, bile acids; C4, 7alpha-hydroxy-4-cholesten-3-one; CA, cholic
acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; LCA, lithocholic acid; NASH, non-alcoholic stea-

tohepatitis; T2D, type 2 diabetes; UDCA, ursodeoxycholic acid.

glycochenodeoxycholic acid [GCDCA]) as internal standards. Af-
ter isolation using a SPE column, C4 was quantified by LC-MS/MS
using a deuterated C4 as internal standard. Plasma BA and C4
concentrations were expressed in nmol/L. Ratio and total values
were determined according to formulas presented in Table S1.

Statistical analysis

Values are expressed as mean + SD, mean + SEM, or median *
IQR as indicated in the figure legends. Statistical differences in
clinical and biological parameters were assessed using the
Mann-Whitney U or Student ¢ test for continuous variables or
%2 test for categorical values. Values of p <0.05 were considered
statistically significant. Random forest analyses were used to
obtain a variable importance plot for discrimination of NASH
status for each plasma BA species. A 2-way ANOVA and
moderated multiple regression analysis model were used to
test interaction between plasma BA, NASH, BMI, HOMAZ2B, and
HOMA2S.

JHEP Reports 2021 vol. 3 | 100222

Results
Plasma BA concentrations are elevated both in T2D and No-
T2D NASH patients
To investigate a potential association between plasma BA and
NASH in patients with T2D, fasting plasma BA were measured
in patients from the ABOS cohort, composed of both T2D and
No-T2D patients with biopsy-assessed NAFLD. In the overall
study cohort (n = 219), irrespective of diabetes status, plasma
total BA concentrations were elevated in patients with NASH
(NASH: 4589 + 5640 nmol/L; n = 75; vs. No-NASH: 2035 + 1299
nmol/L; n = 144; mean * SD, p <0.0001) (Fig. 1A). Among the
measured plasma BA species, only total LCA, total HCA, and
total HDCA were not significantly increased in NASH patients.
T2D NASH patients displayed 2-fold higher total plasma BA
than T2D No-NASH patients (4671 + 6100 nmol/L, n = 58; vs. 1996
+ 1078 nmol/L, n = 59; mean * SD; p <0.0001) (Fig. 1B and
Table 3). Surprisingly, total plasma BA concentrations were also
approximately 2-fold higher in No-T2D patients with NASH
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Table 3. Plasma BA and C4 concentrations (nmol/L) according to diabetes and NASH status.

No-T2D (n = 102) T2D (n = 117)

No-NASH (n = 85) NASH (n = 17) P No-NASH (n = 59) NASH (n = 58) P
Total BA (a, b, ¢, d) 2063 (1438) 4311 (3806) 6E-04 1996 (1078) 4671 (6100) 1.6E-05
Total CA (a, d) 396 (434) 1010 (1287) 5E-04 289 (305) 1085 (2217) 2E-06
CA 141 (299) 205 (327) 0.03 114 (269) 266 (688) 0.01
GCA 201 (211) 671 (960) 3E-04 150 (113) 641 (1216) 3E-07
TCA 54 (101) 134 (191) 0.001 24 (27) 178 (484) 2E-07
Total DCA (a, d) 427 (321) 928 (778) 0.01 441 (385) 716 (733) 0.05
DCA 220 (165) 417 (313) 0.01 258 (234) 371 (312) 0.09
GDCA 154 (160) 405 (467) 0.02 144 (173) 271 (402) 0.03
TDCA 53 (75) 106 (136) 0.13 39 (48) 75 (168) 0.05
Total CDCA (b, d) 976 (772) 2059 (1833) 0.001 1004 (792) 2401 (3539) 7E-04
CDCA 245 (286) 452 (400) 0.002 334 (389) 608 (887) 0.04
GCDCA 611 (517) 1382 (1487) 0.005 598 (481) 1497 (2146) 8E-04
TCDCA 120 (208) 224 (277) 0.02 72 (88) 296 (780) 0.0012
Total UDCA (b, d) 210 (257) 240 (165) 0.10 206 (188) 407 (575) 0.05
UDCA 85 (152) 91 (68) 0.07 98 (104) 153 (187) 0.09
GUDCA 114 (134) 138 (120) 0.12 103 (100) 236 (393) 0.03
TUDCA 10 (17) 11 (10) 0.06 5 (7) 19 (40) 0.04
Total LCA (b, d) 19 (21) 34 (35) 0.13 20 (24) 27 (34) 0.22
LCA 9 (10) 13 (12) 0.2 10 (14) 14 (18) 0.11
GLCA 8 (12) 17 (20) 0.1 9 (13) 11 (14) 0.26
TLCA 1.6 (2.4) 3.7 (5.3) 0.1 14 (2.8) 22 (4.9) 0.12
Total HCA (b, c) 28 (18) 31 (15) 0.31 29 (24) 28 (26) 0.45
HCA 8 (12) 8 (7) 0.52 12 (22) 7 (13) 0.18
GHCA 18 (8) 20 (9) 0.25 16 (7) 18 (14) 0.35
THCA 2.2 (2.8) 2.8 (3.7) 0.41 13 (1.5) 21 (4.5) 0.64
Total HDCA (b, c) 73 (2.5) 9.3 (7.4) 0.47 7.0 (3.8) 71 (3.5) 0.87
HDCA 1.6 (1.8) 33 (7.1) 0.93 14 (2.8) 12 (2.1) 0.92
GHDCA 54 (1.4) 5.6 (1.3) 0.37 5.3 (1.4) 55 (2.0) 0.70
THDCA 03 (0.2) 0.4 (0.2) 0.05 0.3 (0.1) 03 (0.2) 0.27
Total primary BAs 1400 (1133) 3100 (3077) 0.001 1322 (1005) 3513 (5672) 2E-04
Free 394 (524) 665 (705) 0.004 460 (588) 882 (1537) 0.04
Conjugated 1006 (946) 2435 (2860) 0.002 862 (662) 2632 (4470) 9E-05
Total secondary BAs 1266 (834) 2576 (2194) 0.004 1264 (655) 2644 (2707) 5E-05
Free 316 (223) 525 (349) 0.02 367 (264) 538 (360) 0.006
Conjugated 950 (778) 2052 (2084) 0.008 897 (608) 2106 (2598) 3E-04
Total free BAs 710 (647) 1190 (951) 0.003 827 (634) 1420 (1673) 0.007
Total conjugated BAs 1956 (1704) 4486 (4926) 0.005 1759 (1246) 4737 (6966) 1E-04
6a0H BAs 35 (18) 40 (20) 0.22 36 (23) 34 (26) 0.49
non-6a0OH BAs 2027 (1424) 4270 (3794) 7E-04 1960 (1071) 4635 (6081) 2E-04
Ratio 6aOH 0.02 (0.01) 0.01 (0.007) 2E-04 0.02 (0.02) 0.01 (0.006) 1E-08
12a0H BAs 823 (635) 1938 (1929) 0.001 730 (419) 1801 (2435) 1E-05
non-12a0H BAs 1240 (958) 2373 (1937) 0.002 1266 (913) 2870 (3892) 5E-04
Ratio 12a0H 0.8 (0.4) 0.8 (0.3) 0.63 0.8 (0.7) 0.8 (0.5) 0.61
C4 56 (43) 68 (38) 0.14 67 (44) 105 (80) 0.013

Data are mean and SD (standard deviation), p values from non-parametric Mann-Whitney U test. p values in bold are statistically significant. a, 12aOH species; b, non-12aOH
species; ¢, 6a0H species; d, non-6a0H species. BA, bile acid; C4, 7alpha-hydroxy-4-cholesten-3-one; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid;
GCA, glycocholic acid; GDCA, glycodeoxycholic acid; GCDCA, glycochenodeoxycholic acid; GHCA, glycohyocholic acid; GHDCA, glycohyodeoxycholic acid; GLCA, glyco-
lithocholic acid; GUDCA, glycoursodeoxycholic acid; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; LCA, lithocholic acid; NASH, non-alcoholic steatohepatitis; T2D, type 2
diabetes; TCA, taurocholic acid; TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; THCA, taurohyocholic acid; THDCA, taurohyodeoxycholic acid; TLCA,

taurolithocholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid.

compared with No-T2D No-NASH (NASH: 4311 + 3806 nmol/L;
n = 17; No-NASH: 2063 * 1438 nmol/L; n = 85; mean % SD, p
<0.001) (Fig. 1B and Table 3). Primary (CA, CDCA, and HCA) and
secondary (DCA, LCA, UDCA and HDCA) BA were elevated in
NASH patients both in the No-T2D and T2D groups. Similarly,
both 12a0H (CA and DCA) and non-12a0H BA (CDCA, HCA, LCA,
UDCA, and HDCA) (Table S1) were higher in both groups of NASH
patients compared with their respective No-NASH controls,
leaving their ratio unchanged (Table 3). Moreover, plasma C4 was
higher in NASH vs. No-NASH patients in the overall study cohort
(Fig. 1A), this increase being statistically significant only in T2D
patients (Fig. 1B and Table 3). Thus, total plasma BA concentra-
tions were higher in NASH patients both with or without T2D,
findings which were at first sight conflicting with our previous
report.!”

Plasma BA concentrations are mainly associated with NASH
and not with glucose homeostasis parameters in the ABOS
study cohort

To identify the specific disease features associated with plasma
BA changes in NASH, we assessed correlations between plasma
BA concentrations and BMI, parameters of glucose homeostasis
and NAFLD histological characteristics in the entire ABOS study
cohort including both No-T2D and T2D patients (n = 219) (Fig. 2).
A modest inverse correlation between the ratio of plasma 6aOH
species (HCA and HDCA) to non-6aOH species (CA, CDCA, DCA,
LCA, and UDCA), glycohyocholic acid (GHCA), taurohyocholic acid
(THCA), total HDCA, free HDCA, and glycaemia at 2 h after the
OGTT, as well as a modest positive correlation between plasma
free LCA, DCA, total DCA, and C4 and fasting plasma glycaemia
(FPG) were observed (Fig. 2). However, the most pronounced
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Fig. 2. Plasma BA concentrations are mainly associated with NASH and not with glucose homeostasis parameters in patients of the ABOS study cohort. Un-
adjusted Spearman correlations between plasma BA concentrations and BMI, glucose homeostasis parameters and NASH parameters in the ABOS study cohort (n =
219). Colours and area of circles reflect the Spearman rho values (red for positive, blue for inverse correlations). Only rho values with significant p value (p <0.05)
were represented. BA species, ratios and total values were determined according to Table S1. ABOS, Biological Atlas of Severe Obesity; BA, bile acid; C4, 7alpha-
hydroxy-4-cholesten-3-one; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid;
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correlations were observed with hepatic lesions: plasma total
BA, total, free and conjugated CA, CDCA, DCA, and C4 all posi-
tively correlated with NAFLD histological characteristics
including steatosis, lobular inflammation, ballooning, and also
with fibrosis stage (except for free CA) (Fig. 2). Conversely, total
6a0OH BA as well as each specific species (i.e. total, free, and
conjugated HCA and HDCA) did not correlate with hepatic le-
sions, but correlated negatively with 2-h OGTT glucose levels.
These latter results are in line with our previous findings in a
different cohort showing an association of total HCA with pa-
rameters of glucose metabolism in patients with prediabetes.?®

A
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These results indicate that in this ABOS study cohort, plasma
BA alterations are mainly associated with NASH rather than with
glucose homeostasis parameters.

CA species discriminate NASH independently of glucose
homeostasis parameters

We next sought to identify the plasma BA which most effi-
ciently discriminate NASH status independently of glucose
homeostasis parameters. Interestingly, the top 3 plasma BAs
identified by random forest analysis were all CA species (GCA,
TCA, and total CA) (Fig. 3A). Although no significant differences

Bile acids to discriminate NASH status
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Fig. 3. Identification of specific BA discriminating NASH independently of type 2 diabetes (T2D) in the ABOS study cohort (n = 219). (A) Variable importance
plot of the Random Forest analysis. The variables are ordered top-to-bottom as most-to-least important in classifying between No-NASH and NASH groups. (B-G)
Plasma BA concentrations (log-scale, nmol/L) according to T2D status (B, D, F) and NASH status (C, E, G). Data are expressed as median and IQR. p values were from
the non-parametric Mann-Whitney U test. ABOS, Biological Atlas of Severe Obesity; BA, bile acids; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic
acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GUDCA, glycoursodeoxycholic acid; HCA, hyocholic acid; NASH, non-alcoholic steatohepatitis;
T2D, type 2 diabetes; TCA, taurocholic acid; THCA, taurohyocholic acid; UCDA, ursodeoxycholic acid.
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were found for GCA, TCA, and total CA between No-T2D and
T2D patients (Fig. 3B, D, and F), significantly higher levels of
these BAs were found in NASH vs. No-NASH patients (p <0.001)
(Fig. 3C, E, and G). Multiple linear regression analysis of NASH
status, T2D status, BMI, HOMA2S, HOMA2B, HbAlc, and total
CA, GCA, and TCA showed that NASH was the only parameter
significantly contributing to total CA, GCA, and TCA (Table 4),
suggesting that, in the ABOS cohort, these BAs most efficiently
discriminate NASH status, independently of other confounding
factors.

Insulin sensitivity interacts with NASH status in the
determination of plasma BA levels
As the results obtained in the ABOS cohort appear in contra-
diction to our previous study in the HEPADIP cohort (Legry
et al'”), we compared the 2 cohorts to try to explain this
discrepancy. In the ABOS study, the No-T2D patients (No-NASH
and NASH combined) were more obese and insulin resistant
compared with the HEPADIP patients (BMI: 40.0 + 5.8 kg/m? vs.
461 + 7.2 kg/m?, and HOMA2S: 62 + 37% vs. 41 + 23%, for
HEPADIP vs. ABOS patients, respectively, mean * SD). To
determine whether differences in metabolic status may alter
the correlations between plasma BA and NASH, we assessed
whether BMI, HOMA2S, or HOMA2B affect the NASH-associated
increase in plasma BA. We focused on total CA, the major
plasma BA component most correlated with NASH!®!27
(Fig. 3A) or IR,'”?® by combining HEPADIP and ABOS cohort
patients as described in the Patients and methods section.
Two-way ANOVA analysis assessing the influence of glucose
parameters and BMI on plasma total CA levels showed an
interaction between HOMA2S, but not HOMA2B nor BMI, with
NASH status in the determination of plasma total CA levels
(Table 5). Identical results were obtained when the interaction
was tested by moderated multiple regression analysis (data not
shown) and when patients treated with secretagogues (sulfo-
nylureas) were excluded. Interestingly, there was no correlation
between total CA and HOMA2S or HOMA2B in No-NASH pa-
tients (respectively, R = -0.08, p = 0.28 and R = 0.02, p = 0.81)
(Fig. 4A and B). By contrast, a significant negative correlation
was found in NASH patients between total CA and HOMA2S
(R = -0.31, p <0.01) (Fig. 4A), but not between total CA and
HOMA2B (R = -0.04, p = 0.69) (Fig. 4B).

These results suggest that alterations caused by reduced in-
sulin sensitivity drive the NASH-associated increase in plasma
total CA.

Table 4. Multiple linear regression analysis of plasma BA concentrations
potential confounding factors in the ABOS study cohort (n = 219).

GCA TCA Total CA

[ p value [ p value [ p value
NASH 419 <10 95 <0.001 570 <0.0001
T2D 4 0.96 1 0.96 -65 0.7
BMI -6 03 -1 0.32 -9 0.2
HOMA2S 0.005 0.9 0.003 0.98 -0.2 0.8
HOMA2B 0.86 0.1 0.29 0.1 0.9 03
HbAlc -8 0.7 -2 0.8 8.7 0.8

Values are B coefficients for bile acids from multiple linear regressions. p values in
bold are statistically significant. ABOS, Biological Atlas of Severe Obesity; BA, bile
acid; CA, cholic acid; GCA, glycocholic acid; HOMA, homeostatic model assessment;
NASH, non-alcoholic steatohepatitis; T2D, type 2 diabetes; TCA, taurocholic acid.
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Table 5. Interaction of plasma BA concentrations with NASH, IR and BMI in
the combined cohort (n = 239).

Total BA  Total CA CDCA DCA

p p p

F value F value F -value F -value

BMI NASH 14 <0.001 14 <0.001 8 0.003 8 0.005
BMI 014 0.71 063 042 0.02 0.87 0.6 043
NASH-BMI 0.19 0.66 0.63 0.66 0.41 051 0.7 038
NASH 16 <0.001 13 <0.001 9 0.002 8 0.004
HOMA2S 17 019 0,7 039 2 01505 047
NASH- 18 <0.001 12 <0.001 15 <0.001 12 <0.001
HOMA2S
NASH 14 <0.001 13 <0.001 8 0.003 8 0.005
HOMA2B 0.02 086 0.7 037 04 049 3 0.6
NASH- 0.07 0.78 03 054 05 046 15 021
HOMA2B

F-ratios from two-way ANOVA test of main interactive effects of NASH, BMI, HOMA2S
and HOMA2B on plasma total BA, total CA, free CDCA and free DCA levels are shown.
p values in bold indicate statistical significance. BA, bile acids; CA, cholic acid; CDCA,
chenodeoxycholic acid; DCA, deoxycholic acid; HOMA, homeostatic model assess-
ment; IR, insulin resistance; NASH, non-alcoholic steatohepatitis; T2D, type 2
diabetes.

HOMA2S

HOMA2B

Discussion

Previous studies assessed whether NASH is associated with
altered BA metabolism either in No-T2D patients or in cohorts
not stratified for T2D. However, T2D and obesity are also asso-
ciated with changes in plasma BA. Therefore, we measured
plasma BA concentrations in patients selected from the ABOS
cohort, which contains T2D and No-T2D patients with histolog-
ically evaluated NASH. Our results showed that plasma BA con-
centrations are higher in NASH compared with No-NASH
patients, irrespective of the T2D status. Additionally, this is the
first study showing an interaction between the degree of insulin
sensitivity and NASH status in the determination of plasma BA
levels. These findings provide an explanation for the previous
discrepant reports on plasma BA in NASH.

Our results are in agreement with several previous studies
showing increased plasma BA in NASH compared with No-NASH
patients.”~'" Both fasting primary'® and conjugated BA species
were reported to be higher in NASH patients.'°~!> Moreover,
positive correlations between histological lesions of NASH
(lobular inflammation, portal inflammation, and ballooning) and
plasma BA concentrations (mainly GCA, TCA, and GCDCA) have
been reported,'’ findings largely in agreement with the present
study.

However, in a previous study,”” we found that plasma BA
levels were unaffected by NASH when patients were matched by
BMI and had relatively low levels of IR. Moreover, BA concen-
trations were rather associated with IR than with NASH. These
findings were in line with previous studies showing strong as-
sociations of BA with IR and obesity.">?**° Unfortunately, in
many published studies, BMI and IR were not always carefully
controlled when comparing NASH and healthy liver patients,
complicating their interpretation.® Therefore, the present find-
ings in the ABOS cohort, carefully controlled for IR and BMI, were
surprising and prompted us to perform a combined analysis
including the HEPADIP cohort dataset to understand this
apparent discrepancy. A clear difference between the 2 cohorts
was that the patients in the HEPADIP cohort were generally less
metabolically compromised. In line, the No-T2D groups in the
ABOS cohort contained a high number (78%) of prediabetic
subjects (fasting blood glucose between 100 and 125 mg/dl and/
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Fig. 4. Insulin sensitivity modulates the NASH-associated increase in plasma BA in the combined cohort (n = 239). (A) Plasma total CA concentrations (nmol/
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NASH patients. Dashed lines: regression curves for No-NASH patients; solid lines: regression curves for NASH patients. Rho coefficients and p values were ob-
tained using the Spearman Rank test. BA, bile acids; CA, cholic acid; HOMA, homeostatic model assessment; NASH, non-alcoholic steatohepatitis.
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Fig. 5. The impact of NASH on plasma BA concentrations depends on the degree of IR. In patients with mild IR, NASH does not affect plasma BA which are
driven by metabolic homeostasis. In contrast, in patients with severe IR, NASH is associated with increased plasma BA. BA, bile acid; IR, insulin resistance; NASH,

non-alcoholic steatohepatitis.

or 2-h OGTT glucose between 140 and 199 mg/dI*') with higher
BMI and IR (46.1 £ 7.2 and 41 + 23 % for BMI and HOMA?2S,
respectively). Comparatively, patients in the HEPADIP cohort
have lower BMI and IR, indicated by higher HOMA2S (40.0 £ 5.8
kg/m? and 62 * 37% for BMI and HOMA?2S, respectively). There-
fore, we addressed the hypothesis of an interaction between
metabolic status and NASH on BA metabolism by combining the
HEPADIP and ABOS cohorts, hence covering a large range of BMI
and HOMAZ2S (Fig. 4A and Fig. S2).

Overall, our findings suggest that in a setting of milder
metabolic perturbations (less severe obesity with less pro-
nounced IR), as in the HEPADIP cohort, NASH is not associated
with BA profile changes.'” Conversely, in a context of worse
insulin-resistance (with lower HOMA2S), BAs are elevated in
NASH and correlate better with histological parameters than
with measures of glucose homeostasis, suggesting an interaction
between NASH pathophysiology and altered glucose metabolism
pathways in the control of plasma BA levels (Fig. 5).

The molecular mechanisms linking BA and glucose homeo-
stasis involve alterations in signalling pathways through BA-
activated receptors, such as the membrane receptor TGR5 and
the nuclear receptor FXR. For instance, FXR regulates not only
genes coding for enzymes involved in BA synthesis, such as
cholesterol 7a-hydroxylase (Cyp7al), the rate limiting enzyme in
the classical BA synthesis pathway, and 120-hydroxylase
(Cyp8b1), but also genes involved in glucose and lipid meta-
bolism.> Moreover, hepatic FXR expression is altered in animal
models of diabetes, and is regulated by glucose.*” Furthermore,
insulin and glucose regulate Cyp7al gene transcription in human
hepatocytes, hence reciprocally impacting on BA metabolism.>
Moreover, mice deficient in Cyp8B1 display improved glucose
tolerance, insulin sensitivity, and p-cell function.>* Therefore,
severe IR may precipitate NASH induced alterations of hepatic BA
metabolism. In addition, hepatic BA clearance and/or intestinal
BA metabolism and uptake may also be differently affected in
NASH patients exhibiting severe IR. Unfortunately, detailed
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studies on the involved mechanisms are difficult to perform in
humans.

Importantly, this study has a number of limitations. First, the
cohorts consisted mainly of overweight and obese patients (BMI
>27 kg/m?) who were generally younger than in other NASH
cohorts. Furthermore, we have not explored how genetic and
lean forms of NAFLD may also affect plasma BA homeostasis.'%>°
Second, many diabetic patients have pharmacological treatments
which may impact BA metabolism. To avoid these potential
confounding effects, patients were matched for their treatments,

Research article

and patients treated with insulin were excluded from the com-
bined analysis. Finally, IR was not evaluated by the gold standard
hyperinsulinemic-euglycemic clamp technique but estimated by
HOMA2 calculation, and the duration since diagnosis of either
T2D or NASH are not considered. This may have led to under-
estimation of the severity of IR in some patients.

In conclusion, our findings confirm the high inter-regulation
of BA and glucose metabolism and show that insulin sensitivity
interacts with NASH in the regulation of plasma BA metabolism.
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