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Abstract: Ursodeoxycholic acid (UDCA) is the first line therapy for the treatment of cholestatic and
autoimmune liver diseases. Its clinical use is currently limited by a significant proportion of non-
responder patients. Polyunsaturated fatty acids (n-3 PUFAs) possess important anti-inflammatory
properties and protect liver cells against bile acid (BA)-induced toxicity. The present study was
designed to rapidly evaluate whether combining n-3 PUFAs (i.e., eicosapentaenoic [EPA] and docosa-
hexaenoic [DHA] acids) to UDCA would provide additional benefits when compared to the drug
alone. The parameters evaluated were (i) the expression of genes governing BA synthesis, transport,
and metabolism; (ii) the prevention of BA-induced apoptosis and endoplasmic reticulum (ER)-stress;
and (iii) the control of BA- and LPS-dependent inflammation. In the absence of n-3 PUFAs, most
of the parameters investigated were unaffected by UDCA or were only altered by the higher dose
(500 uM) of the drug. By contrast, in the presence of EPA/DHA (50/50 uM), all parameters showed a
strongly improved response and the lowest UDCA dosage (50 uM) provided equal or better benefits
than the highest dose used alone. For example, the combination EPA/DHA + UDCA 50 uM caused
comparable down-regulation of the CYP7A1 gene expression and of the BA-induced caspase 3 activity
as observed with UDCA 500 uM. In conclusion, these results suggest that the addition of n-3 PUFAs
to UDCA may improve the response to the drug, and that such a pharmaco-nutraceutical approach
could be used in clinic to open the narrow therapeutic dose of UDCA in cholestatic liver diseases.

Keywords: cholestatic autoimmune liver diseases; primary biliary cholangitis; primary sclerosing
cholangitis; ursodeoxycholic acid; omega-3 polyunsaturated fatty acids; combination therapy; bile
acid metabolism and toxicity; ER stress; inflammation

1. Introduction

Ursodeoxycholic acid (UDCA) is the most widely used therapy for several liver disor-
ders, including chronic cholestatic and autoimmune liver diseases such as primary biliary
cholangitis (PBC) and primary sclerosing cholangitis (PSC) [1-4]. Initially, UDCA was
thought to reduce the toxicity of the bile acid (BA) pool by replacing the hydrophobic acids
by more hydrophilic and less toxic derivatives [5]. However, experimental evidences now
suggest that the benefits of UDCA are obtained through a range of more complex actions
such as choleretic and anti-apoptotic effects, as well as immunoregulatory properties [2,6,7].
Accordingly, UDCA increases biliary secretion of bile acids and HCO;3™ and also modulates
the expression of BA-detoxification related genes [8-11]. Furthermore, UDCA therapy
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reduces levels of apoptotic cells, inflammatory and fibrotic markers (TNF-o and TGF-f3),
while inhibiting the overexpression of hepatic MHC-I and adhesion molecules in immune
and biliary cells in PBC patients [12-18]. Despite these multiple mechanisms of action,
the therapeutic benefits of UDCA remain to be improved. Indeed, approximately 30 to
40% of PBC patients do not respond or are intolerant to the drug [3,19]. In PSC, UDCA
might improve liver biochemistry but remains ineffective in influencing the frequency of
death or liver transplantation outcomes [20,21]. At high dose, UDCA was associated with
an increased rate of serious adverse events [20,21]. The unique FDA-approved alterna-
tive to UDCA, namely obeticholic acid (OCA), exerts beneficial effects in PBC and PSC
treatment [22], but the occurrence of important side effects (such as pruritus), also limits
its clinical use. Thus, important pharmacological needs remain unmet in the treatments
of these chronic cholestatic conditions [3,4,19,22]. However, given the benefits of UDCA
therapy in responsive PBC patients and its accessibility, pharmacological strategies aimed
at increasing the effectiveness of the drug (such as combination therapies) could rapidly
lead to the implementation of better treatments for PBC and PSC.

Omega-3 polyunsaturated fatty acids (n-3 PUFAs), namely eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), exert multiple beneficial effects in various chronic
diseases such as cardiovascular and neurodegenerative conditions, rheumatoid arthritis,
hypertriglyceridemia, and cancer [23]. N-3 PUFAs are well-known for their diverse anti-
inflammatory properties: namely, increased production of anti-inflammatory molecules
(eicosanoids, endocannabinoids, resolvins, and protectins), inhibition of cytokine pro-
duction, reduction of NF-«B activation, down-regulation of surface adhesion molecules,
reduction of leukocyte chemotaxis, and a decrease in T-cell reactivity (reviewed in [24]).
Several evidences support the therapeutic potential of n-3 PUFAs (mainly DHA and EPA)
on metabolic liver diseases such as non-alcoholic fatty liver disease (NAFLD) and/or
non-alcoholic steatohepatitis (NASH) (reviewed in [25]). EPA and DHA also exert pro-
tective effects against BA-induced cell death in human hepatocytes [26-28]. This effect
could be attributed, at least in part, to their capacity to stimulate BA detoxification, by
inhibiting their synthesis and stimulating their metabolism [26]. Finally, the idea that n-3
PUFA may have a place in the pharmacological armamentarium of chronic cholestatic
liver diseases has emerged after the observation that DHA significantly reduced alkaline
phosphatase (ALP) levels in PSC patients [29]. In this study—as the reduction of ALP levels
remained relatively moderate [29]—instead of using n-3 PUFAs as the main therapeutics
for cholestatic liver diseases, we sought to examine whether EPA and DHA could be used
to improve the effectiveness of other anticholestatic therapies, such as UDCA. Such an
hypothesis is supported by various investigations previously revealing that n-3 PUFAs can
be efficiently used to improve the response to other drugs, such as 173-estradiol [30] or
retinoic acids [31].

The present study therefore investigates whether n-3 PUFAs and UDCA combina-
tions could provide superior responses compared to UDCA alone with regards to (1) BA
detoxification, (2) BA-induced toxicity, and (3) inflammation in human HepG2 cells and
THP-1 macrophages.

2. Materials and Methods
2.1. Cell Culture

HepG2 and THP-1 cell lines were obtained from the American Type Culture Collection
(Manassas, VA, USA). Cell culture media, FBS, penicillin/streptomycin, nonessential amino-
acids, and other cell culture reagents were purchased from Wisent (Québec, QC, CA).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 1% L-glutamine, penicillin/streptomycin, and nonessential amino-acids. All
experiments were performed in serum-free medium.

For RNA analyses, HepG2 cells were plated in 12-well plates (200,000 cells per well)
and cultured in the presence of DMSO (vehicle, 0.1% v/v), EPA/DHA (50 uM), UDCA
(50-500 uM), or a combination of EPA/DHA /UDCA at indicated concentrations for 24 h.
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For apoptosis studies, HepG2 cells (175,000 cells per well, 24-well plates) were pre-
treated for 24 h with vehicle (DMSO/ethanol) or EPA/DHA (50 uM each) and UDCA
(50-500 pM) individually or in combination at the indicated concentrations. A BA mixture
composed of 100 uM of CA, CDCA, LCA, and DCA, was added for 2 h prior to caspase-3
activity measurement.

For ER stress experiments, HepG2 cells were seeded in 12-well plates and treated
for 24 h with the same BA mixture as above, in the absence or presence of EPA/DHA
(50/50 uM), UDCA (50-500 uM) or the EPA/DHA + UDCA combinations.

For inflammation studies, THP-1 cells (1,000,000 cells per well, 6-well plates) were
first differentiated into macrophages in the presence of 100 nM PMA for 72 h. Following
differentiation, TPH-1 differentiated macrophages were stimulated with 100 ng/mL LPS
(Sigma, St-Louis, MO) for 24 h in the presence or absence of either EPA/DHA (50 uM),
UDCA (50-500 uM) or a combination.

2.2. RNA Isolation, Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was isolated using the Tri-Reagent® protocol as recommended by the
manufacturer (Molecular Research Center Inc., Cincinnati, OH, USA). cDNA was obtained
by reverse transcription (RT) reactions with 1puL of SuperScript™ IV Vilo™ master mix
(Thermo Scientific, Life Technologies Division, Carlsbad, CA, USA) and 500 ng of isolated
RNA in a final reaction volume of 5 pL. Gene mRNA expression was detected using Fast
SYBR® Green real-time polymerase chain reaction master mix (Thermo Scientific, Life
Technologies Division, Carlsbad, CA, USA) in an ABI ViiA7 system (Applied Biosystems,
Foster City, CA, USA). Each reaction was performed in a final volume of 10 pL containing
5 uL of SybrFast® PCR mix, 1 puL of forward and reverse primers [26], and 3 pL of diluted
RT product. qRT-PCR reactions were carried out at 95 °C for 20 s, 95 °C for 30 s, and
annealing temperature for 20 s for 40 cycles. Threshold cycle (Ct) values were analyzed
using the comparative Ct (AACt) method as recommended by the manufacturer (Thermo
Scientific, Waltham, MA, USA). Target gene mRNA levels were obtained by normalizing to
the endogenous reference Pumilio RNA-Binding Family Member 1 (PUM1) and expressed
relatively to vehicle-treated cells set at 1.

2.3. Caspase-3 Assay

Caspase-3 activity was determined using the Enzcheck® caspase-3 assay kit (Thermo
Scientific, Life Technologies Division, Carlsbad, CA, USA). Assays were performed accord-
ing to the manufacturer’s instructions. Mean fluorescence was measured with an Infinite
M1000 instrument (Tecan, Austria). Results are expressed as mean fluorescence normal-
ized by sample protein concentration as determined by BCA assay (Bio-rad Laboratories,
Hercules, CA, USA). Caspase-3 activity levels are expressed relative to vehicle-treated cells
set at 1.

2.4. ELISA

IL-6 and TNF-« secretion from THP-1 cells were determined using Human IL-6
DuoSet® (R&D Systems, Minneapolis, MN, USA) and Human TNF-« (Invitrogen, Carlsbad,
CA, USA) ELISA Kkits following the manufacturers’ instructions. Cytokine production was
expressed relatively to vehicle treated cells.

2.5. Statistics

Differences in cell responses between treatments were determined by one-way ANOVA
followed by Tukey’s multiple comparison test post-hoc. p values < 0.05 were considered
statistically significant. Statistical analyses were performed using Graph-Pad Prism version
7.0 (GraphPad Software, La Jolla, CA, USA, http:/ /www.graphpad.com, accessed on 15
May 2020). Reported p-values for treatment groups comparisons are multiplicity adjusted
p values.
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3. Results
3.1. N-3 Polyunsaturated Fatty Acids Improve the Transcriptional Signature of UDCA in
HepG2 Cells

To determine whether n-3 PUFAs impact the ability of UDCA to modulate the ex-
pression of essential genes for the control of bile acid synthesis (CYP7A1, CYP27A1, and
CYP8B1), uptake (NTCP), or export (MRP2 and MRP3), HepG2 cells were exposed to UDCA
(50 or 500 uM) in the presence or absence of EPA/DHA (50/50 uM) for 24 h (Figure 1).
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Figure 1. N-3 PUFAs potentiate the effects of UDCA on genes governing bile acid homeostasis. Human hepatoma HepG2
cells were treated with vehicle (DMSO), EPA/DHA (50/50 uM), UDCA (50 or 500 uM) or a combination of EPA/DHA
(50/50 uM) and UDCA (50 or 500 uM) for 24 h. Total RNA was extracted. CYP7A1 (A), CYP27A1 (B), CYP8B1 (C), NTCP
(D), MRP2 (E), and MRP3 (F) transcript levels were quantified by qRT-PCR as detailed in the materials and methods
section, and mRNA levels were expressed relatively to control cells set at 1. Data represent the mean of 3 independent

experiments in which each treatment was performed in quadruplicate. Each data point therefore corresponds to the mean of

12 replicates + SD. Statistical significances as determined by a one-way ANOVA followed by Tukey’s multiple comparison
post-hoc were as follows: Vehicle vs. UDCA treated cells: * p < 0.05; ** p < 0.01, ** p < 0.001, **** p < 0.0001; UDCA vs.
UDCA + EPA/DHA: § p < 0.05, §§§§ p < 0.0001 E50:D50: EPA 50 uM and DHA 50 uM.

In the absence of the n-3 PUFAs fatty acids (Figure 1; white bars), UDCA dose-
dependently decreased CYP7A1 and CYP27A1 mRNA levels (Figure 1A,B). CYP8B1, NTCP,
and MRP?2 transcripts were significantly affected only in the presence of the highest UDCA
dose (Figure 1C-E), while MRP3 mRNA levels remained unchanged (Figure 1F).

In the presence of 50 pM EPA/DHA (Figure 1; black bars), most of the responses
to UDCA were improved. When added to UDCA 50 uM, EPA and DHA significantly
(p < 0.0001) increased the reduction rate of CYP7A1 mRNA levels from 29% (w/o EPA/DHA)
to 60% (with EPA/DHA) (Figure 1A). A similar—but less spectacular—improvement was
also observed with the expression of the CYP27A1 gene (p < 0.05) (Figure 1B). In the
presence of 500 uM UDCA, similar improvements were also observed but the statistical
significance was reached only for CYP27A1 (p < 0.001). EPA/DHA addition to 50 uM
UDCA also resulted in significant changes in the expression of CYP8B1, NTCP, MRP2,
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and MRP3, a response that was not achieved with 50 uM UDCA alone (Figure 1C-F). The
additive effect of EPA/DHA was maintained in the presence of 500 uM UDCA, but only
for MRP2 and MRP3 (p < 0.0001) (Figure 1E,F). Overall, these data indicate that, when
combined, UDCA and n-3 PUFAs exert additive effects on the expression of the genes.
The most interesting observation issuing from these experiments concerns the lack
of statistical significance observed when comparing mRNA levels in cells cultured in the
presence of the combination 50 uM UDCA plus EPA /DHA versus those from cells exposed
to 500 uM UDCA alone. Indeed, with the exception of CYP8B1 (Figure 1C), all genes
responded to the combination UDCA 50 uM and EPA/DHA in a very similar manner as
to UDCA 500 uM (Figure 1; p value in red), even if in the case of CYP7A1, the difference
remained statistically significant (p = 0.0318; Figure 1A). This last observation reveals that
not only does the addition of EPA/DHA 50 uM improve the response to a low dose of
UDCA in terms of BA related transcriptomic signature, but that such improvement also
leads to the same response as that obtained in the presence of a 10-times-higher Urso dose.

3.2. N-3 Polyunsaturated Fatty Acids Improve the Hepatoprotective Effects of Ursodeoxycholic
Acid against BA-Induced Apoptosis in HepG2 Cells

Bile acid accumulation in the liver activate cell death pathways, thus contributing
to the development of liver damage under cholestatic conditions [32]. Because both
UDCA and n-3 PUFAs were reported as hepatoprotective molecules against BA-induced
toxicity [26,32], we sought to determine whether their combination could provide superior
protection against BAs compared to UDCA alone. For this purpose, HepG2 cells were
treated with UDCA (50 or 500 uM) alone or in the presence of EPA/DHA (50/50 uM) for
24 h, then exposed to a toxic BA mixture (CA, CDCA, LCA, and DCA, 100 uM each) for an
additional 2 h prior to being subjected to a measurement of caspase-3 activity as a means
to evaluate the extent of cell death.

As expected [26], cells exposed to the BA mixture exhibited a 12-fold higher caspase-3
activity (p < 0.0001) when compared to vehicle-exposed cells (Figure 2). In the absence
of EPA/DHA, 50 uM UDCA failed to inhibit the BA-induced caspase-3 activation, while
at high concentration (500 uM) the drug was efficient in reducing the elevated caspase
activity caused by exposure to the BA mixture (Figure 2). A similar attenuation of the BA-
induced caspase-3 activity was observed as soon as cells were pre-treated with n-3 PUFAs
with or without UDCA (Figure 2). Consequently, and as observed with mRNA levels,
these data demonstrate that the addition of EPA/DHA to a low UDCA dose improves the
drug response and allows a low dose of the anti-cholestatic drug to prevent BA-induced
cell death.

3.3. N-3 Polyunsaturated Fatty Acids Suppress the BA-Induced Endoplasmic Reticulum Stress
and Inflammation in HepG2 Cells

Considering that ER stress-induced apoptosis and secretion of inflammatory cytokines
such as IL-8 are also involved in the progression of cholestatic liver injury [33-36], we next
investigated whether n-3 PUFAs and UDCA can exert additive effects on mRNA expression
levels of BA-induced ER-stress marker BiP, ER-stress mediated apoptosis marker CHOP
and the inflammatory marker IL-8 in HepG2 cells.

The same toxic BA mixture as above caused a marked increase in mRNA expression of
BiP, CHOP, and IL-8 in HepG2 cells (Figure 3A—C). While neither low nor high UDCA doses
caused any changes in BiP or IL-8 mRNA levels (Figure 3A,C), CHOP transcripts were
dose-dependently reduced (p < 0.0001) by UDCA (Figure 3B). EPA/DHA alone caused
significant reductions of the BA-dependent induction of BIP, CHOP, and IL-8 mRNA levels
(Figure 3). The addition of low or high UDCA doses failed to provide any additional
benefits to the response of EPA/DHA on BiP and IL-8§ mRNA levels (Figure 3A,C). By
contrast, UDCA dose-dependently improved (p < 0.0001) the ability of EPA/DHA to limit
the BA-dependent activation of CHOP mRNA induction (Figure 3B).
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Figure 2. EPA and DHA protect liver cells against bile acid-induced apoptosis in the presence of
UDCA. HepG2 cells were treated with vehicle (DMSO), EPA/DHA, UDCA, or a combination of
EPA /DHA + UDCA at the indicated doses for 24 h, and subsequently exposed for 2 h treatment
to the vehicle or a toxic BA mixture (CA, CDCA, LCA, and DCA, 100 uM each), caspase 3 activity
was then quantified as detailed in the materials and methods section and expressed relatively to
control cells set at 1. Data represent the mean of two independent experiments in which each
treatment was performed in quadruplicate. Each data point therefore corresponds to the mean of
8 replicates & SD. Statistical significances as determined by a one-way ANOVA followed by Tukey’s
multiple comparison post-hoc were as follows: Untreated cells exposed to vehicle vs. untreated cells
exposed to bile acids: tt11 p < 0.0001; Vehicle cells vs. UDCA treated cells: ${1 p < 0.0001; BA
exposed cells vs. BA + UDCA £ EPA/DHA exposed cells: *** p < 0.0001; UDCA treated cells vs.
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B, cHop C, L8 < 0.0001
. 20.0 35.0 4 t*t*t*t
HHEE 18.0 |
p <0.0001 Hal 30.0 4
16.0 - tiit p <0.0001
4t 0 r »n tHt
2 14.0 4 ©25.0
2 T 3
4 rx
% 120 tHr 6665 %20-0 b HH
ey
§88§ 1001 e E so
2 80 - 21504 8555 gsss
5 ] oo
g 6.0 4 $10.0 - el
3 4
4.0 o
5.0 1
2.0
1 —
0 50 500 50 500 UDCA (uM): 0 [ 50 500 0 50 500 UDCA (uM): 0 0 50 500 0 50 500
+ E50/D50 + E50/D50 + E50/D50
+ toxic bile acid mixture + toxic bile acid mixture + toxic bile acid mixture

Figure 3. N-3 PUFAs strongly improve the ability of low and high UDCA doses to prevent ER stress and inflammation.
HepG2 cells were exposed to vehicle (DMSO) or a toxic BA mixture (i.e., CA, CDCA, LCA and DCA, 100 uM each) for
24 h in the absence or presence, of EPA/DHA (50/50 uM), UDCA (50-500 uM), or the EPA/DHA + UDCA combinations.
Total RNA was extracted and analyzed for transcript levels of the ER-stress BIP (A) and CHOP (B) and inflammatory IL-8
(C) markers by qRT-PCR as detailed in the materials and methods section, and mRNA levels were expressed relatively to

control cells set at 1. Data represent the mean of two independent experiments in which each treatment was performed

in quadruplicate. Each data point therefore corresponds to the mean of 8 replicates + SD. Statistical significances as

determined by a one-way ANOVA followed by Tukey’s multiple comparison post-hoc were as follows: Untreated cells
exposed to vehicle vs. untreated cells exposed to BA: 1ttt p < 0.0001; Vehicle cells vs. UDCA treated cells: 1 p < 0.001;
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cells vs. UDCA + EPA/DHA treated cells: §§§§ p < 0.0001.
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The benefits of n-3 PUFAs are such that for the 3 genes, when combined to EPA/DHA,
the lower UDCA dose provided better prevention against BA-induced ER stress and
inflammation than the highest UDCA dose used alone (Figure 3; p value in red). This
last observation indicates that the combination of EPA/DHA + low UDCA dose is more
effective than UDCA alone in preventing ER stress and inflammation.

3.4. The Combination n-3 PUFAs Plus UDCA Suppresses the LPS-Dependent Induction of
Pro-inflammatory Mediators in THP-1 Macrophages

Both UDCA and n-3 PUFAs exhibit anti-inflammatory properties [6,24], thus we
next evaluated whether, when combined, UDCA and EPA/DHA conserve their anti-
inflammatory effects in LPS-stimulated THP-1 macrophages.

As illustrated in Figure 4, mRNA levels of the inflammation markers TNF-«, IL-6,
IL-1B and MCP-1 were markedly increased in PMA-differentiated THP-1 macrophages
exposed to LPS. While 500 uM UDCA significantly reduced mRNA levels of all markers in
these cells (p < 0.0001) (Figure 4A-D), only IL-6 and MCP-1 mRNA levels exhibited a dose-
dependent pattern with significant-but less spectacular-reductions in the presence of the
lower UDCA dose (Figure 4B,D). Interestingly, the EPA/DHA treatment totally (p < 0.0001)
abolished the LPS-dependent activation of TNF-«, IL-6, IL-18 and MCP-1 mRNA expression
(Figure 4). These inhibitory effects were preserved in the presence of UDCA (low and
high doses) (Figure 4). Consequently, the combination EPA/DHA and UDCA (50 uM)
caused a stronger reduction in all markers when compared to the high dose of UDCA
(500 uM), thus suggesting that the addition of EPA/DHA to low UDCA dosage provides a
better advantage than high UDCA. Accordingly, and as highlighted with red p values, the
combination of 50 uM UDCA and EPA /DHA caused either a similar (IL-13 and MCP-1,
Figure 4C,D) or a stronger (p < 0.0001; TNF-« and IL-6, Figure 4A,B) reduction in transcript
levels than with 500 uM UDCA.

We next sought to determine whether these effects on mRNA levels also resulted in
changes in levels of cytokines secreted by macrophages (Figure 5). For this purpose, the
secretion of TNF-a and IL-6 in the cell media was quantified by ELISA. These analyses
mainly confirmed the mRNA observations revealing that combining EPA + DHA to UDCA
50 uM drastically improves the UDCA-dependent prevention of cytokine secretion and
leads to a similar reduction as that in the presence of a 10-fold higher concentration of the
drug (Figure 5).

Altogether, addition of EPA/DHA to low UDCA treatments confers a very efficient
protection against LPS-induced expression of pro-inflammatory mediators.



Nutrients 2021, 13, 2617 8 of 14

A, TNF-a B, IL-6
14.0 - 70.0 -
Tttt
12.0 - sppp T 60.0 -
) o
¢ 10.0 @ 50.0
3 0.0001 5 e
- p<0. - *
% 8.0 - % 40.0 | p < 0.0001
it
E 6.0 e E 30.0 - 2224
.2 -2 * ok k k.
8 s
S 40+ g 200 -
2.0 - §888 10.0 -
|—1—| —**** -**** b 5555 ssss
* ok k k. . k% ok ok
UDCA (uM): 0 0 50 500 0 50 500 UDCA (uM): 0 0 50 500 0 50 500
+ E50/D50 + E50/D50
+LPS +LPS
C, iIL-18 D, mcpP-1
3.5 - 7.0 —
Tt
3.0 - 6.0 -
P T "
¢ 25 - e 5.0
E I p = 0.4007 £>’ .
it *k
% 2.0 : % 4.0
§68§
£ £
° 15 - kK o 3.0
2 2
® ®
T 1.0 - T 2.0
4 (4 p =0.9996
0.5 - 1.0 ’—7—‘ wern ween 9988
T I koK k i
UDCA (uM): 0 0 50 500 0 50 500 UDCA (uM): 0 ()} 50 500 0 50 500
+ E50/D50 + E50/D50
+LPS +LPS

Figure 4. Addition of n-3 PUFAs to UDCA increases treatment anti-inflammatory potential in macrophages. THP-1
monocytes were differentiated into macrophages with PMA for 72 h and then stimulated with 100 ng/pL LPS for 24 h in
the presence or absence of EPA/DHA, UDCA, or their combination as described in the materials and methods section.
Total RNA was extracted. TNF-« (A), IL-6 (B), IL-1§3 (C), and MCP-1 (D) transcript levels were quantified by qRT-PCR as
detailed in the materials and methods section, and mRNA levels were expressed relatively to control cells (i.e., without
LPS challenge) set at 1. Data represent the mean of 3 independent experiments in which each treatment was performed in
triplicate. Each data point therefore corresponds to the mean of 9 replicates £ SD. Statistical significances as determined by
a one-way ANOVA followed by Tukey’s multiple comparison post-hoc were as follows: Untreated differentiated THP-1
exposed to vehicle vs. untreated differentiated THP-1 exposed to LPS: t111 p < 0.0001; Vehicle differentiated THP-1 vs.
UDCA treated differentiated THP-1: ${fF p < 0.0001; LPS exposed differentiated THP-1 vs. LPS + UDCA + EPA/DHA
exposed differentiated THP-1: * p < 0.05; ** p < 0.01; **** p < 0.0001; UDCA treated differentiated THP-1 vs. UDCA +
EPA /DHA treated differentiated THP-1: §§§§ p < 0.0001.
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Figure 5. N-3 PUFAs block LPS-induced secretion of cytokines by macrophages. THP-1 monocytes were differentiated into
macrophages with PMA for 72 h and then stimulated with 100 ng/uL LPS for 24 h in the presence or absence of EPA/DHA,
UDCA or their combination. The level of IL-6 and TNF-« cytokines in culture media was measured by ELISA as described
in the materials and methods section. Cytokine levels are expressed relatively to control cells set at 1. Data represent the
mean of two independent experiments in which each treatment was performed in triplicate. Each data point therefore
corresponds to the mean of 6 replicates & SD. Statistical significances as determined by a one-way ANOVA followed by
Tukey’s multiple comparison post-hoc were as follows: Untreated differentiated THP-1 exposed to vehicle vs. untreated
differentiated THP-1 exposed to LPS: t111 p < 0.0001; Vehicle differentiated THP-1 vs. UDCA treated differentiated THP-1:
11 p <0.01; 131 p < 0.001; 1ttt p < 0.0001; LPS exposed differentiated THP-1 vs. LPS + UDCA + EPA/DHA exposed
differentiated THP-1: *** p < 0.0001; UDCA treated differentiated THP-1 vs. UDCA + EPA /DHA treated differentiated
THP-1: §§ p < 0.01; §§8§ p < 0.0001.

4. Discussion

The present study reveals that the addition of EPA and DHA ameliorates the response
to both low and high UDCA doses in human cell models. These improvements were
observed in terms of gene expression related to BA-detoxification, inhibition of BA-induced
apoptosis and suppression of ER stress, as well as inflammatory markers. Interestingly,
for most if not all parameters analyzed, the combination of EPA/DHA and a low (50 pM)
UDCA dose led to similar or improved responses to those observed with the elevated
(500 uM) dosage. Actually, for most parameters used to evaluate apoptosis and inflamma-
tion the lowest UDCA doses remained ineffective, while n-3 PUFAs alone caused solid
improvements. Thus, it can be envisioned that most of the benefits of combining n-3
PUFAs and UDCA on these parameters are due to the fatty acids. Nevertheless, these
observations support the idea that the addition of n-3 PUFAs, EPA and DHA, to UDCA
may provide clinical benefits in terms of improved response to and optimized dosage of
UDCA (Figure 6).
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Figure 6. Omega-3 polyunsaturated fatty acid: a pharmaco-nutraceutical approach to improve the responsiveness to
ursodeoxycholic acid. Results from the present study indicate that n-3 polyunsaturated fatty acids (n-3 PUFAs), such as
EPA and DHA, improve the response of low UDCA dosage with regards to the reduction of BA toxicity, the prevention of
BA-induced apoptosis and ER-stress, as well as the reduction of BA- or LPS-induced inflammation. These data support the
idea that combining n-3 PUFAs with UDCA improves the response to the drug and reduces the UDCA dose required for an
optimized response.

To the best of our knowledge, we present here the first evidence that a combination
EPA/DHA + UDCA could be beneficial for the treatment of cholestatic liver diseases.
UDCA is the first line therapy for numerous cholestatic liver diseases, but its clinical usage
still suffers some limitations, at least for the treatment of the cholestatic and autoimmune
liver diseases PBC and PSC. Indeed, up to 40% of PBC patients do not respond adequately
to UDCA, with 5-10% who are intolerant to the drug [3,19], while at the recommended
therapeutic dosages its effectiveness to prevent liver failure in PSC patients is question-
able and the use of high doses of UDCA is associated with serious adverse events [20,37].
Among the strategies that were evaluated to improve the responsiveness to UDCA, several
drug combinations were assayed. Because the first mechanism of liver injury in PBC is
immune-mediated inflammation of hepatobiliary cells, immunosuppressive treatments
were the first to be assessed, and shown to be ineffective alone and in adjunctive ther-
apies (Reviewed in [38]). A 3-year randomized, but open label, clinical study revealed
that only 25% of patients receiving the combination of budesonide with UDCA showed
regression in liver fibrosis [39]. As fully discussed in Chascsa and Lindor 2020 [38], UDCA
combination with other immunosuppressive agents, such as mycophenolate, methotrexate,
or glucocorticoids (i.e., budesonide or prednisone), also showed conflicting results, with
low or no significant clinical or liver biochemical benefits [38]. Similar observations were
also reported in the limited number of trials investigating the combination of UDCA and
immunosuppressive agents in PSC patients (reviewed in [40]). The absence of clear benefits
are thought to reflect the fact that immunosuppressive treatments often lack specific tar-
gets [38]. Beyond immunosuppressive drugs, a series of other treatments were also tested
for combination with UDCA (reviewed in [38]); the most promising UDCA combination
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therapies involve fibrates, such as fenofibrate and bezafibrate (reviewed in [38]). Fibrates
(i-e., fibric acid derivatives) are triglycerides lowering and anti-inflammatory drugs acting
through activation of nuclear receptors belonging to the peroxisome proliferator-activated
receptor (PPAR) subfamily [41]. Very recently, Ghonem and colleagues [42] reported that,
when added to UDCA in PBC and PSC patients with incomplete responses, fenofibrate
caused a significant reduction, and in some cases normalization, of liver enzymes as well
as pro-inflammatory cytokines and reduced the toxicity of bile acids [38,42]. Similarly,
a clinical trial showed that the UDCA and bezafibrate combination was, by far, more
efficient than UDCA alone in achieving a complete biochemical response as defined by
surrogate markers including bilirubin, ALP, albumin, and prothrombin index time (PT) in
PBC patients [43]. Together, these observations suggested that combining a PPAR-alpha
agonist to UDCA would be helpful in treating PBC and/or PSC. However, the increased
occurrence of creatinine elevation and myalgia in the bezafibrate group prompted the
authors to conclude that advanced cirrhosis and severe cholestasis could limit therapy with
bezafibrate [38,43]. Similarly, another study with fenofibrate confirmed the clear benefit
of the drug with improved transplant-free and overall survival, but also evidenced that
cirrhotic patients had a more rapid increase in serum bilirubin, suggesting a propensity of
fenofibrate to precipitate hepatic decompensation in patients with advanced fibrosis [38,44].
Together these observations suggest that even if PPAR-alpha activation is considered as an
interesting therapeutic avenue to combine with UDCA, these side effects may limit the use
of fibrates.

N-3 PUFAs, such as EPA and DHA, are PPAR activators, and they exert similar
effects to fibrates on triglycerides reduction [41,45], BA detoxification [26,46], and the
control of pro-inflammatory cytokines production [41,47]. Thus, while future functional
investigations are needed to fully decipher the molecular mechanisms of UDCA and
PUFAs on gene expression levels, one can speculate that the PPAR«x receptor may play
a role, at least in mediating the PUFAs’ effects. The present study therefore suggests
that N-3 PUFAs such as EPA and DHA may present a strong alternative to fibrates in
combination therapies involving a PPAR activator and UDCA. As indicated earlier, DHA
was recently tested in PSC patients, and was found effective in reducing serum ALP levels,
without any significant side effects reported [29]. It is therefore tempting to speculate
that the combination of EPA/DHA and UDCA may provide therapeutic benefits in PBC
and PSC treatment. While additional in vivo or clinical studies are required to validate
this hypothesis, recent investigations revealed that UDCA and n-3 PUFAs synergize to
provide superior outcomes than individual treatments in gallstone dissolution and in
NASH resolution in mice [48,49]. These last observations support the idea that these
in vitro improvements of UDCA-induced responses by n-3 PUFAs reported here will
remain in future in vivo studies with PBC and PSC animal models. Mice strains such as
the NOD.c3c4 (PBC) or Mdr2~/~ (PSC) are classical models used for studies aimed at
identifying novel treatments for cholestatic and autoimmune liver. Such experimental
models would not only be useful to validate the full transcriptomic signature of n-3 PUFAs
+ UDCA combination, but they are also needed to validate the therapeutic potential of such
treatment by demonstrating their antifibrotic effects, for example.

As illustrated in Figure 6, not only does the addition of EPA and DHA improve the
impact of UDCA on several parameters targeted by the drug (i.e., reduction of CYP7A1
and CYP27A1 gene expression levels and LPS-induced cytokines production), but also
provided additive benefits that were absent with the drug alone; namely increased MRP2/3
expression and reduced expression of BA-induced ER-stress markers. Previous investi-
gations from our lab revealed the dose-dependent manner in which EPA and/or DHA
regulates the mRNA expression of bile acid-related genes such as CYP7A1, CYP27A1, and
MRP2/3 [26]. For all genes, the optimal response was obtained in the presence of 50 pM
EPA plus 50 uM DHA, thus it can be anticipated that lower n-3 PUFAs doses would be less
efficient to modulate UDCA efficacy. The fact that UDCA alone was inefficient in lowering
ER-stress markers was intriguing since previous studies reported that it and its taurine
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conjugates, TUDCA, were able to reduce ER-stress markers BIP and CHOP in hepatocytes
and cholangiocytes (biliary epithelial cells) activated by the prototypical ER-stress induc-
ers [35,50,51]. These differences may relate to different experimental settings. Nonetheless,
the fact that the EPA /DHA treatment efficiently reduces BiP and CHOP expression in the
presence, and even in the absence, of UDCA is of particular clinical interest since ER-stress
and ER-stress mediated apoptosis is a common feature of cholestatic liver diseases [33-36].

Beyond the improvement of the response to UDCA, one of the most interesting obser-
vations revealed from the present study relates to the fact that adding n-3 PUFAs allows a
significant reduction of the UDCA dose required to reach an optimal response in terms of
BA-synthesizing and metabolizing gene expression. Indeed, and as extensively discussed
in [38], the therapeutic dose of UDCA is very narrow. For PBC patients, lower doses of
UDCA (5-7 mg/kg/day) are inferior to the recommended 13-15 mg/kg/day dosing, while
23-25 mg/kg/day dosages do not offer any additional clinical benefit [38]. Higher doses,
namely 28-30 mg/kg/day have been shown to be inadequate for PSC patients with an
increase in hepatic decompensation [37,38]. It has therefore been envisioned that when
combined to EPA and DHA, a low to normal dose of UDCA may offer the same benefits as
the high dosage, but without the deleterious side effects.

In conclusion, while suffering some limitations due to its descriptive nature and the
use of immortalized human cell models, the present study provides strong evidence of
the benefits that a combination of EPA/DHA and UDCA may exert in controlling factors
such as BA metabolism, BA-induced apoptosis, ER-stress, and inflammation. These data
provide a solid basis for the design of additional in vivo and clinical investigations which,
hopefully, will demonstrate that the addition of EPA and DHA as a pharmaco-nutraceutical
approach may improve the responsiveness to UDCA in cholestatic liver diseases, and
potentially any liver diseases that may have increased hepatocellular damage and ER stress.
These future investigations are particularly needed to validate the idea that n-3 PUFAs
potentiate the effects of UDCA on bile acid metabolism.

Author Contributions: Conceptualization, A.T., A.C., S.G., M.-C.V. and O.B.; methodology, A.T,,
A.C,, and O.B,; investigation, A.T., A.C., M.V.,, M.P. and ].T.; writing—original draft, A.T. and OB;
writing—review & editing, A.C.,, M.V,, M.P, ].T,, S.G. and M.-C.V,; funding acquisition, M.V. and O.B;
supervision, O.B., S.G., and M.-C.V. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the “Fondation du CHU de Québec”. Ariane Thérrien is a
holder of a scholarship from the “Fonds de recherche du Québec-Santé”, and Marie-Claude Vohl is
“tier 1 Canada Research Chair” in genomics applied to Nutrition and Health.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data could be provided on demand to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Paumgartner, G.; Beuers, U. Ursodeoxycholic acid in cholestatic liver disease: Mechanisms of action and therapeutic use revisited.
Hepatology 2002, 36, 525-531. [CrossRef]

2. Roma, M.G,; Toledo, E.D.; Boaglio, A.C.; Basiglio, C.L.; Crocenzi, F.A.; Pozzi, E.J. Ursodeoxycholic acid in cholestasis: Linking
action mechanisms to therapeutic applications. Clin. Sci. 2011, 121, 523-544. [CrossRef]

W

Floreani, A.; Mangini, C. Primary biliary cholangitis: Old and novel therapy. Eur. |. Intern. Med. 2018, 47, 1-5. [CrossRef]

4. Gochanour, E.; Jayasekera, C.; Kowdley, K. Primary Sclerosing Cholangitis: Epidemiology, Genetics, Diagnosis, and Current
Management. Clin. Liver Dis. 2020, 15, 125-128. [CrossRef] [PubMed]

5. Rodrigues, C.M.P; Steer, C.J. The therapeutic effects of ursodeoxycholic acid as an anti-apoptotic agent. Expert Opin. Investig.
Drugs 2005, 10, 1243-1253. [CrossRef]

6.  Beuers, U. Drug Insight: Mechanisms and sites of action of ursodeoxycholic acid in cholestasis. Nat. Rev. Gastroenterol. Hepatol.
2006, 3, 318-328. [CrossRef] [PubMed]

7. Lazaridis, K.N.; Gores, G.J.; Lindor, K.D. Ursodeoxycholic acid ‘mechanisms of action and clinical use in hepatobiliary disorders’.
J. Hepatol. 2001, 35, 134-146. [CrossRef]


http://doi.org/10.1053/jhep.2002.36088
http://doi.org/10.1042/CS20110184
http://doi.org/10.1016/j.ejim.2017.06.020
http://doi.org/10.1002/cld.902
http://www.ncbi.nlm.nih.gov/pubmed/32257124
http://doi.org/10.1517/13543784.10.7.1243
http://doi.org/10.1038/ncpgasthep0521
http://www.ncbi.nlm.nih.gov/pubmed/16741551
http://doi.org/10.1016/S0168-8278(01)00092-7

Nutrients 2021, 13, 2617 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Jazrawi, R.P,; De Caestecker, ].S.; Goggin, P.M.; Britten, A.].; Joseph, A.E.; Maxwell, ].D.; Northfield, T.C. Kinetics of hepatic bile
acid handling in cholestatic liver disease: Effect of ursodeoxycholic acid. Gastroenterology 1994, 106, 134-142. [CrossRef]
Marschall, H.U.; Wagner, M.; Zollner, G.; Fickert, P.; Diczfalusy, U.; Gumhold, J.; Silbert, D.; Fuchsbichler, A.; Benthin, L.;
Grundstrom, R.; et al. Complementary stimulation of hepatobiliary transport and detoxification systems by rifampicin and
ursodeoxycholic acid in humans. Gastroenterology 2005, 129, 476-485. [CrossRef] [PubMed]

Prieto, J.; Garcia, N.; Marti-Climent, ].M.; Pefiuelas, I; Richter, ].A.; Medina, ].F. Assessment of biliary bicarbonate secretion in
humans by positron emission tomography. Gastroenterology 1999, 117, 167-172. [CrossRef]

Zollner, G.; Fickert, P; Silbert, D.; Fuchsbichler, A.; Marschall, H.U.; Zatloukal, K.; Denk, H.; Trauner, M. Adaptive changes in
hepatobiliary transporter expression in primary biliary cirrhosis. J. Hepatol. 2003, 38, 717-727. [CrossRef]

Calmus, Y.; Gane, P.; Rouger, P.; Poupon, R. Hepatic expression of class I and class II major histocompatibility complex molecules
in primary biliary cirrhosis: Effect of ursodeoxycholic acid. Hepatology 1990, 11, 12-15. [CrossRef]

Koga, H.; Sakisaka, S.; Ohishi, M.; Sata, M.; Tanikawa, K. Nuclear DNA fragmentation and expression of Bcl-2 in primary biliary
cirrhosis. Hepatology 1997, 25, 1077-1084. [CrossRef] [PubMed]

Lim, A.G.; Wolfthagen, FH.; Verma, A.; Van Buuren, H.R.; Jazrawi, R.P.; Levy, ].H.; Northfield, T.C.; Schalm, S.W. Soluble
intercellular adhesion molecule-1 in primary biliary cirrhosis: Effect of ursodeoxycholic acid and immunosuppressive therapy.
Eur. |. Gastroenterol. Hepatol. 1997, 9, 155-161. [CrossRef]

Neuman, M.; Angulo, P.; Malkiewicz, I.; Jorgensen, R.; Shear, N.; Dickson, E.R.; Haber, J.; Katz, G.; Lindor, K. Tumor necrosis
factor-alpha and transforming growth factor-beta reflect severity of liver damage in primary biliary cirrhosis. . Gastroenterol.
Hepatol. 2002, 17, 196-202. [CrossRef]

Neuman, M.G.; Cameron, R.G.; Haber, J.A.; Katz, G.G.; Blendis, L.M. An electron microscopic and morphometric study of
ursodeoxycholic effect in primary biliary cirrhosis. Liver Int. 2002, 22, 235-244. [CrossRef]

Terasaki, S.; Nakanuma, Y.; Ogino, H.; Unoura, M.; Kobayashi, K. Hepatocellular and biliary expression of HLA antigens in
primary biliary cirrhosis before and after ursodeoxycholic acid therapy. Am. |. Gastroenterol. 1991, 86, 1194-1199. [PubMed]
Yokomori, H.; Oda, M.; Wakayashi, G.; Kitajima, M.; Ishii, H. Ursodeoxycholic Acid Therapy Attenuated Expression of Adhesion
Molecule in Primary Biliary Cirrhosis. Intern. Med. 2003, 42, 1259-1261. [CrossRef] [PubMed]

Gochanour, E.M.; Kowdley, K.V. Investigational drugs in early phase development for primary biliary cholangitis. Expert. Opin.
Investig. Drugs 2021, 30, 131-141. [CrossRef]

Nicoletti, A.; Maurice, ].B.; Thorburn, D. Guideline review: British Society of Gastroenterology/UK-PSC guidelines for the
diagnosis and management of primary sclerosing cholangitis. Frontline Gastroenterol. 2021, 12, 62-66. [CrossRef]

Olsson, R.; Boberg, K.M.; De Muckadell, O.S.; Lindgren, S.; Hultcrantz, R.; Folvik, G.; Bell, H.; Gangsey—Kristiansen, M.;
Matre, J.; Rydning, A.; et al. High-dose ursodeoxycholic acid in primary sclerosing cholangitis: A 5-year multicenter, randomized,
controlled study. Gastroenterology 2005, 129, 1464-1472. [CrossRef]

Levy, C. Novel Therapies for Cholestatic Liver Disease. Gastroenterol. Hepatol. 2019, 15, 493-496.

Fetterman, ].W.; Zdanowicz, M.M. Therapeutic potential of n-3 polyunsaturated fatty acids in disease. Am. . Health-Syst. Pharm.
2009, 66, 1169-1179. [CrossRef] [PubMed]

Calder, P.C. Mechanisms of action of (n-3) fatty acids. J. Nutr. 2012, 142, 5925-599S. [CrossRef]

Yang, J.; Fernandez-Galilea, M.; Martinez-Fernandez, L.; Gonzdlez-Muniesa, P.; Pérez-Chavez, A.; Martinez, J.A,;
Moreno-Aliaga, M.]. Oxidative Stress and Non-Alcoholic Fatty Liver Disease: Effects of Omega-3 Fatty Acid Supplementation.
Nutrients 2019, 11, 872. [CrossRef] [PubMed]

Cieslak, A.; Trottier, J.; Verreault, M.; Milkiewicz, P.; Vohl, M.-C.C.; Barbier, O. N-3 Polyunsaturated Fatty Acids Stimulate Bile
Acid Detoxification in Human Cell Models. Can. J. Gastroenterol. Hepatol. 2018, 2018, 6031074. [CrossRef] [PubMed]

Sohma, R.; Takahashi, M.; Takada, H.; Takada, H.; Kuwayama, H. Protective effect of n-3 polyunsaturated fatty acid on primary
culture of rat hepatocytes. J. Gastroenterol. Hepatol. 2007, 22, 1965-1970. [CrossRef]

Tillman, E.M.; Helms, R.A.; Black, D.D. Eicosapentaenoic acid and docosahexaenoic acid synergistically attenuate bile acid-
induced hepatocellular apoptosis. J. Parenter. Enter. Nutr. 2012, 36, 36—42. [CrossRef] [PubMed]

Olsson, R.; Boberg, K.M.; De Muckadell, O.S; Lindgren, S.; Hultcrantz, R.; Folvik, G.; Bell, H.; Gangsey—Kristiansen, M.; Matre, J.;
Rydning, A ; et al. The safety and efficacy of oral docosahexaenoic acid supplementation for the treatment of primary sclerosing
cholangitis—A pilot study. Aliment. Pharmacol. Ther. 2012, 35, 255-265.

Poulsen, R.C.; Moughan, PJ.; Kruger, M.C. Docosahexaenoic acid and 17 beta-estradiol co-treatment is more effective than 17
beta-estradiol alone in maintaining bone post-ovariectomy. Exp. Biol. Med. 2008, 233, 592—-602. [CrossRef]

Zhu, S,; Lin, G.; Song, C.; Wu, Y.; Feng, N.; Chen, W.; He, Z.; Chen, Y.Q. RA and omega-3 PUFA co-treatment activates autophagy
in cancer cells. Oncotarget 2017, 8, 109135. [CrossRef]

Perez, M.-].].; Briz, O. Bile-acid-induced cell injury and protection. World ]. Gastroenterol. 2009, 15, 1677-1689. [CrossRef]
Bochkis, I.M.; Rubins, N.E.; White, P; Furth, E.E.; Friedman, J.R.; Kaestner, K.H. Hepatocyte-specific ablation of Foxa2 alters bile
acid homeostasis and results in endoplasmic reticulum stress. Nat. Med. 2008, 14, 828-836. [CrossRef] [PubMed]

Mencin, A.; Seki, E.; Osawa, Y.; Kodama, Y.; De Minicis, S.; Knowles, M.; Brenner, D.A. Alpha-1 antitrypsin Z protein (PiZ)
increases hepatic fibrosis in a murine model of cholestasis. Hepatology 2007, 46, 1443-1452. [CrossRef] [PubMed]

Sasaki, M.; Yoshimura-Miyakoshi, M.; Sato, Y.; Nakanuma, Y. A possible involvement of endoplasmic reticulum stress in biliary
epithelial autophagy and senescence in primary biliary cirrhosis. J. Gastroenterol. 2015, 50, 984-995. [CrossRef]


http://doi.org/10.1016/S0016-5085(94)94899-2
http://doi.org/10.1016/j.gastro.2005.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16083704
http://doi.org/10.1016/S0016-5085(99)70564-0
http://doi.org/10.1016/S0168-8278(03)00096-5
http://doi.org/10.1002/hep.1840110104
http://doi.org/10.1002/hep.510250505
http://www.ncbi.nlm.nih.gov/pubmed/9141420
http://doi.org/10.1097/00042737-199702000-00009
http://doi.org/10.1046/j.1440-1746.2002.02672.x
http://doi.org/10.1046/j.0106-9543.2002.01640.x
http://www.ncbi.nlm.nih.gov/pubmed/1882800
http://doi.org/10.2169/internalmedicine.42.1259
http://www.ncbi.nlm.nih.gov/pubmed/14714971
http://doi.org/10.1080/13543784.2021.1857364
http://doi.org/10.1136/flgastro-2019-101343
http://doi.org/10.1053/j.gastro.2005.08.017
http://doi.org/10.2146/ajhp080411
http://www.ncbi.nlm.nih.gov/pubmed/19535655
http://doi.org/10.3945/jn.111.155259
http://doi.org/10.3390/nu11040872
http://www.ncbi.nlm.nih.gov/pubmed/31003450
http://doi.org/10.1155/2018/6031074
http://www.ncbi.nlm.nih.gov/pubmed/29850457
http://doi.org/10.1111/j.1440-1746.2006.04684.x
http://doi.org/10.1177/0148607111409588
http://www.ncbi.nlm.nih.gov/pubmed/22038211
http://doi.org/10.3181/0709-RM-259
http://doi.org/10.18632/oncotarget.22629
http://doi.org/10.3748/wjg.15.1677
http://doi.org/10.1038/nm.1853
http://www.ncbi.nlm.nih.gov/pubmed/18660816
http://doi.org/10.1002/hep.21832
http://www.ncbi.nlm.nih.gov/pubmed/17668872
http://doi.org/10.1007/s00535-014-1033-0

Nutrients 2021, 13, 2617 14 of 14

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Tamaki, N.; Hatano, E.; Taura, K.; Tada, M.; Kodama, Y.; Nitta, T.; Iwaisako, K.; Seo, S.; Nakajima, A.; Ikai, I.; et al. CHOP
deficiency attenuates cholestasis-induced liver fibrosis by reduction of hepatocyte injury. Am. J. Physiol. Gastrointest. Liver Physiol.
2008, 294, 505. [CrossRef] [PubMed]

Lindor, K.D.; Kowdley, K.V.; Luketic, V.A.; Harrison, M.E.; McCashland, T.; Befeler, A.S.; Harnois, D.; Jorgensen, R.; Petz, J.;
Keach, J.; et al. High-dose ursodeoxycholic acid for the treatment of primary sclerosing cholangitis. Hepatology 2009, 50, 808-814.
[CrossRef]

Chascsa, D.M.H.; Lindor, K.D. Emerging therapies for PBC. ]. Gastroenterol. 2020, 55, 261-272. [CrossRef]

Rautiainen, H.; Karkkéiinen, P.; Karvonen, A.L.; Nurmi, H.; Pikkarainen, P.; Nuutinen, H.; Farkkild, M. Budesonide combined
with UDCA to improve liver histology in primary biliary cirrhosis: A three-year randomized trial. Hepatology 2005, 41, 747-752.
[CrossRef]

Iravani, S.; Dooghaie-Moghadam, A.; Razavi-Khorasani, N.; Moazzami, B.; Beirami, A.D.; Mansour-Ghanaei, A.; Majidzadeh, A K,;
Mehrvar, A.; Khoshdel, A.; Toosi, M.N.; et al. An update on treatment options for primary sclerosing cholangitis. Gastroenterol.
Hepatol. Bed Bench. 2020, 13, 115-124.

Barbier, O.; Torra, I.P; Duguay, Y.; Blanquart, C.; Fruchart, J.C.; Glineur, C.; Staels, B. Pleiotropic actions of peroxisome proliferator-
activated receptors in lipid metabolism and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2002, 22, 717-726. [CrossRef]
Ghonem, N.S.; Auclair, A.M.; Hemme, C.L.; Gallucci, G.M.; De la Rosa Rodriguez, R.; Boyer, J.L.; Assis, D.N. Fenofibrate Improves
Liver Function and Reduces the Toxicity of the Bile Acid Pool in Patients with Primary Biliary Cholangitis and Primary Sclerosing
Cholangitis Who Are Partial Responders to Ursodiol. Clin. Pharmacol. Ther. 2020, 108, 1213-1223. [CrossRef]

Corpechot, C.; Chazouilleres, O.; Rousseau, A.; Le Gruyer, A.; Habersetzer, F.; Mathurin, P.; Goria, O.; Potier, P.; Minello, A.;
Silvain, C.; et al. A Placebo-Controlled Trial of Bezafibrate in Primary Biliary Cholangitis. N. Engl. |. Med. 2018, 378, 2171-2181.
[CrossRef]

Cheung, A.C.; Lapointe-Shaw, L.; Kowgier, M.; Meza-Cardona, J.; Hirschfield, G.M.; Janssen, H.L.A.; Feld, ].J. Combined
ursodeoxycholic acid (UDCA) and fenofibrate in primary biliary cholangitis patients with incomplete UDCA response may
improve outcomes. Aliment. Pharmacol. Ther. 2016, 43, 283-293. [CrossRef] [PubMed]

Rudkowska, I.; Caron-Dorval, D.; Verreault, M.; Couture, P,; Deshaies, Y.; Barbier, O.; Vohl, M.C. PPARalpha L162V polymorphism
alters the potential of n-3 fatty acids to increase lipoprotein lipase activity. Mol. Nutr. Food Res. 2010, 54, 543-550. [CrossRef]
[PubMed]

Trottier, ].; Milkiewicz, P.; Kaeding, J.; Verreault, M.; Barbier, O. Coordinate regulation of hepatic bile acid oxidation and
conjugation by nuclear receptors. Mol. Pharm. 2006, 3, 212-222. [CrossRef]

Allam-Ndoul, B.; Guenard, E; Barbier, O.; Vohl, M.C. Effect of different concentrations of omega-3 fatty acids on stimulated
THP-1 macrophages. Genes Nutr. 2017, 12, 7. [CrossRef] [PubMed]

Jang, S.I; Fang, S.; Kim, K.P;; Ko, Y.; Kim, H.; Oh, J.; Hong, G.Y.; Lee, S.Y,; Kim, ]. M.; Noh, L; et al. Combination treatment with n-3
polyunsaturated fatty acids and ursodeoxycholic acid dissolves cholesterol gallstones in mice. Sci. Rep. 2019, 9, 12740. [CrossRef]
[PubMed]

Kim, J.K; Lee, K.S.; Lee, D.K; Lee, S.Y.; Chang, H.Y.; Choi, ].; Lee, ].I. Omega-3 polyunsaturated fatty acid and ursodeoxycholic
acid have an additive effect in attenuating diet-induced nonalcoholic steatohepatitis in mice. Exp. Mol. Med. 2014, 46, 127.
[CrossRef]

Uppala, J.; Gani, A.R.; Ramaiah, K.V.A. Chemical chaperone, TUDCA unlike PBA, mitigates protein aggregation efficiently and
resists ER and non-ER stress induced HepG2 cell death. Sci. Rep. 2017, 7, 3831. [CrossRef]

Xie, Q.; Khaoustov, V.I.; Chung, C.C.; Sohn, J.; Krishnan, B.; Lewis, D.E.; Yoffe, B. Effect of tauroursodeoxycholic acid on
endoplasmic reticulum stress—induced caspase-12 activation. Hepatology 2002, 36, 592—601. [CrossRef] [PubMed]


http://doi.org/10.1152/ajpgi.00482.2007
http://www.ncbi.nlm.nih.gov/pubmed/18174271
http://doi.org/10.1002/hep.23082
http://doi.org/10.1007/s00535-020-01664-0
http://doi.org/10.1002/hep.20646
http://doi.org/10.1161/01.ATV.0000015598.86369.04
http://doi.org/10.1002/cpt.1930
http://doi.org/10.1056/NEJMoa1714519
http://doi.org/10.1111/apt.13465
http://www.ncbi.nlm.nih.gov/pubmed/26559762
http://doi.org/10.1002/mnfr.200900085
http://www.ncbi.nlm.nih.gov/pubmed/19937854
http://doi.org/10.1021/mp060020t
http://doi.org/10.1186/s12263-017-0554-6
http://www.ncbi.nlm.nih.gov/pubmed/28250850
http://doi.org/10.1038/s41598-019-49095-z
http://www.ncbi.nlm.nih.gov/pubmed/31484954
http://doi.org/10.1038/emm.2014.90
http://doi.org/10.1038/s41598-017-03940-1
http://doi.org/10.1053/jhep.2002.35441
http://www.ncbi.nlm.nih.gov/pubmed/12198651

	Introduction 
	Materials and Methods 
	Cell Culture 
	RNA Isolation, Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Caspase-3 Assay 
	ELISA 
	Statistics 

	Results 
	N-3 Polyunsaturated Fatty Acids Improve the Transcriptional Signature of UDCA in HepG2 Cells 
	N-3 Polyunsaturated Fatty Acids Improve the Hepatoprotective Effects of Ursodeoxycholic Acid against BA-Induced Apoptosis in HepG2 Cells 
	N-3 Polyunsaturated Fatty Acids Suppress the BA-Induced Endoplasmic Reticulum Stress and Inflammation in HepG2 Cells 
	The Combination n-3 PUFAs Plus UDCA Suppresses the LPS-Dependent Induction of Pro-inflammatory Mediators in THP-1 Macrophages 

	Discussion 
	References

