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Background: Several studies suggest a role for EPA- and DHA-derived pro-resolving mediators like
resolvins in reversing metabolic and inflammatory disturbances seen in various chronic diseases. Here, we
investigated the effects of resolvin D1 (RvD1) on bile duct ligation (BDL)-induced cholestatic liver injury.
Methods: Mice were treated daily with RvD1 or 0.1% ethanol (control) from the day of BDL until the
final observation time points. Blood and liver tissue were collected 2, 5 and 14 days after BDL for different
analyses.

Results: RvD1 treatment of mice had no impact on the extent of cholestatic liver injury upon BDL,
neither in the acute phase nor in the progressive state of liver fibrosis. Although RvD1 treatment resulted in
a significantly reduced activity of hepatic stellate cells as well as reduced deposition of extracellular matrix
2 days after BDL, mice were not protected from inflammation and further fibrosis progression.
Conclusions: These data indicate that RvD1 has a limited therapeutic potential to treat cholestatic liver
diseases, as it has no significant impact on regression of hepatic necroinflammation and fibrotic changes in

bile duct-ligated mice.
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Introduction prevention of chronic liver diseases. Among protectins and
maresins, resolvins (Rv) belong to the family of specialized
pro-resolving lipid mediators (SPMs), which are naturally
occurring bioactive omega-3 polyunsaturated fatty acid
(n-3 PUFA)-derived metabolites. Marine food containing
n-3 PUFAs, namely eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA), and their metabolites have

Worldwide incidence of chronic liver disease, including
cholestatic diseases like primary biliary cirrhosis and
primary sclerosing cholangitis, is rapidly increasing and
because of limited therapeutic options it is a significant
health problem (1). Its pathogenesis is associated with
inflammation characterized by increased accumulation

been shown to exert anti-inflammatory, cytoprotective and

of macrophages and other inflammatory cells as well as anti-steatotic effects in multiple preclinical models of disease

activation of extracellular matrix-producing cells. However,
regression of liver fibrosis is a known phenomenon, which
has been observed after cure of the underlying disease (2).
Changes in dietary habits and nutrition might be an
effective and simple strategy for the treatment and even for
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(3-9), including steatosis, nonalcoholic steatohepatitis
(NASH) and hepatic fibrosis (10-17). Of most interest,
regular fish consumption and dietary intake of n-3 PUFAs
were associated with a lower risk for hepatocellular
carcinoma (18,19). However, clinical trials using n-3 PUFA
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rich diets have produced discrepant findings (20).

DHA serves as a substrate for the formation of D-series
resolvins (21), which are generated at sites of inflammation
and act locally (22). DHA administration has been shown
to result in significant higher levels of RvD1 and RvD2
in the hepatic tissue (23). Resolvins display potent pro-
resolving and anti-inflammatory activities (24) and, thus,
act to limit tissue damage (5,25). In fact, treatment of mice
with RvD1/D2 ameliorated ischemia/reperfusion-induced
hepatocellular damage (26-28), prevented concanavalin
A-induced liver injury and the changes of hepatitis to liver
cancer in mice (29) and attenuated acetaminophen-induced
hepatotoxicity (30). Mechanisms underlying these pro-
resolving actions include altered cell membrane composition
and membrane fluidity, inhibition of chemotaxis and
transendothelial migration of neutrophils (21,30),
phenotypic changes of macrophages (31,32), inhibition of
NF«B (nuclear factor kappa B) activation (7,29,33) and thus,
reduced expression of inflammatory genes (4,24,33).

Opverall, the scientific evidence of RvD1 as an attractive
therapeutic in liver diseases prompted us to study its
potential to attenuate bile duct ligation (BDL)-induced
liver injury in mice by suppressing inflammation and
fibrogenesis.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/hbsn.2019.08.07).

Methods
Mice

Male Balb/c mice (Charles River Laboratories) at an age
of 12 to 16 weeks and a body weight (bw) of approximately
25-30 g were kept at a 12 h day and night cycle on water
and standard laboratory chow ad libitum. Experiments
were approved by the local government Landesamt fiir
Landwirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern (LALLF M-V/TSD/7221.3-
1.1-028/12) and conducted in accordance with the German
legislation on protection of animals and EU-directive
2010/63/EU.

Surgical procedure and experimental groups

Mice underwent ligation of the common bile duct under
isoflurane inhalation (1.5 vol%) as previously described
by our group (34-36). After recovery from anesthesia and

© HepatoBiliary Surgery and Nutrition. All rights reserved.

Abshagen et al. RvD1 and liver fibrosis

surgery under a red warming lamp, mice were treated with
metamizole (0.8 mL/500 mL) as analgesic in their drinking
water until the final observation time points. Mice were
daily injected intraperitoneally with resolvin D1 (RvD1)
(2 ng/g bw in 0.1% ethanol; RvD1). RvD1 was purchased
from Cayman Chemical (BIOMOL GmbH, Hamburg,
Germany, #10012554). Starting directly after BDL until the
indicated time points, control animals received equivalent
volumes of 0.1% ethanol (control). Mice were sacrificed
under ketamine/xylazine anesthesia (90/7 mg/kg bw ip) at
postoperative days 2, 5 and 14 (10 animals per time point
and group) and blood as well as liver tissue samples were
taken and processed for subsequent analyses. To analyze
the regenerative response, 5-bromo-2-deoxyuridine (BrdU;
50 mg/kg bw ip) was injected 1 h prior to harvest of liver
tissue. BrdU incorporation into the DNA was analyzed by
immunohistochemistry.

Hematological measurements and plasma enzyme levels

Blood samples were collected at the final time points by
retrobulbar sinus puncture. Plasma activities of alanine
aminotransferase (ALT) and glutamate dehydrogenase
(GLDH) as indicators of hepatocellular disintegration and
necrosis as well as plasma concentration of total bilirubin
(Bili-T)) and alkaline phosphatase (ALP) as cholestasis
parameters were measured spectrophotometrically using
cobas ¢ 111 analyzer (Roche Diagnostics; Rotkreuz,
Switzerland) according to the manufacturer’s instructions.

Histopathology and image analysis

Formalin fixed liver tissue samples were embedded in
paraffin and sliced into 5 pm thick sections. For routine
examination and quantification of necrotic areas (bile
infarcts) tissue slices were stained with hematoxylin and
eosin (H&E). Sirius red staining was used for quantification
of collagen deposition. All samples from a series of
experiments were stained simultaneously and evaluated in a
blinded manner. For histomorphometric analyses, images of
20 random low power fields (100x magnification, Olympus
BX 51, Hamburg, Germany) were taken with a Color
View II FW camera (Color View, Munich, Germany) and
evaluated using Adobe Photoshop CS5 12.0.4 (Adobe, San
José, California, USA) or ImageJ 1.47v. Fibrosis deposition
was quantified as percentage of Sirius red-stained area
compared with the total section area. Bile infarcts were
quantified in H&E-stained sections in a similar manner and
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the percentage of the focal necrosis area to the total liver
section area was assessed. For the assessment of granulocyte
infiltration, paraffin-embedded liver tissue sections were
stained for chloroacetate esterase (CAE) with naphthol
AS-D chloroacetate (Sigma-Aldrich, St. Louis, Missouri,
USA) and quantified as described by Liebig et al. (37).

Immunobistochemistry

Five pm thick paraffin embedded liver slices were
immuno-stained for F4/80. The slides were incubated
with the appropriate primary antibody la-rabbit-anti-
mouse-Collagen (1:200, Abcam 34710) overnight at 4 °C.
The secondary antibody (F4/80: goat-anti-rabbit-AP,
1:200, Santa Cruz SC2021) was incubated for 1 h at room
temperature (RT). Signal detection was performed by using
Permanent Red (Dako) or 3,3’-diaminobenzidine (DAB,
Dako). Furthermore, nuclei were counterstained with
hemalaun. F4/80-positive cells were counted in a blinded
manner within 30 consecutive high power fields (HPF) (x40
objective, numerical aperture 0.65) and given as cells/HPF.

For analyzing DNA-incorporated BrdU in liver cells,
5 pm sections collected on poly-L-lysine-coated glass slides
were incubated with monoclonal mouse anti-BrdU antibody
(1:50; M0744, Dako) overnight at 4 °C, followed by HRP-
conjugated goat anti-mouse immunoglobin (LSAB kit plus;
Dako). Sites of peroxidase-binding were detected by DAB
(Dako). Sections were counterstained with hemalaun. BrdU-
positive hepatocellular nuclei and non-parenchymal cells
were counted in a blinded manner within 30 consecutive
high power fields (HPF) (x40 objective, numerical aperture
0.65) and given as cells/HPE.

Western blot analysis and quantification

Protein expression was analyzed as described by our
group (37) using 40 pg extracted protein per lane and the
following primary antibodies: anti-aSMA (alpha smooth
muscle actin) (A2547, clone 1A4; 1:1,000; Sigma Aldrich
Chemical Company, Steinheim, Germany) and anti-
GAPDH (glycerinaldehyd-3-phosphat-dehydrogenase)
(1:20,000; MAB374, Merck Millipore Chemicals GmbH,
Schwalbach, Germany). The corresponding HRP-
conjugated secondary anti-rabbit (1:10,000; Cell Signaling)
and anti-mouse (1:40,000; Sigma) antibodies were incubated
for 1 h at RT and were detected using ECL. Western blot
reagents (Amersham Biosciences). Quantitative analyses of
aSMA expression were performed densitometrically using
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the Image Lab software 6.0 (Bio-Rad Laboratories GmbH,
Munich, Germany). All signals were normalized to the
GAPDH signals of the corresponding sample.

qRT-PCR analysis

Total RNA was isolated from snap frozen liver tissue lysates
using RNeasy Mini Kit including on column genomic DNA
digestion with RNase free DNase Set (Qiagen, Hilden,
Germany). For qRT-PCR 2 pg RINA was reverse transcribed
to ¢cDNA using Oligo(dT)18 primer (New England
Biolabs GmbH) and Superscript II RNaseH-Reverse
Transcriptase (Invitrogen, Life Technologies, Darmstadt,
Germany). Real-time PCR gene expression analysis was
performed by the iTaq™ Universal SYBR® Green Supermix
(Bio-Rad Laboratories, Hercules, California, USA)
applying the Bio-Rad iQ5 system (Bio-Rad Laboratories,
Hercules, California, USA) and the following primers for
Collagenla: for 5'-GAAACCCGAGGTATGCTTGA-3',
rev 5'-GACCAGGAGGACCAGGAAGT-3"; Tufa:
for 5'-AGGCTCTGGAGAACAGCACAT-3", rev
S'-“TGGCTTCTCTTCCTGCACCAAA-3"; Gapdh:
for 5'-GAATTTGCCGTGAGTGGAGT -3', rev
5'-CGTCCCGTAGACAAAATGGT-3". All data were
calculated by using the comparative 2"**“ method and
expression values were normalized to the expression levels
of the housekeeping gene Gapdh. Target gene expression
was compared to a liver tissue pool obtained from healthy
Balb/c mice.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, La Jolla, California, USA). In
normally distributed data sets outliers were identified using
Grubb’s test and were excluded if significance was P<0.05.
The group difference within each time point was assessed
by #-test and is indicated in the graphs as follows: *P<0.05,
**P<0.01, ***P<0.001. Statistical significance was set at
P<0.05. All data are presented as box plots indicating the
median, the interquartile range in form of a box, and the
minimum and maximum as whiskers.

Results

Cholestatic liver injury

First, we analyzed the effect of RvD1 on the BDL-induced
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Figure 1 Analysis of plasma activities of (A) alanine aminotransferase (ALT), (B) glutamate dehydrogenase (GLDH) and (C) alkaline

phosphatase (ALP) as well as (D) total plasma bilirubin level of resolvin D1 (RvD1) and ethanol (control)-treated mice 2, 5 and 14 days after

BDL. (E) Quantification of bile infarct/necrotic area in H&E-stained liver sections at multiple time points after BDL. Values are presented

as box plots indicating the median, the interquartile range in form of a box, and the minimum and maximum as whiskers. Group differences

were tested by #-test within each time point, n=9-10 per time point and group. BDL, bile duct ligation.

liver injury (Figure I). In both groups, activities of ALT
and GLDH in plasma were pathologically high already
at day 2 after BDL and declined thereafter in a similar
manner (Figure 14,B). The cholestasis parameters ALP and
total bilirubin showed a constant rise above physiological
values over the observation period of 14 days after BDL
in controls as well as RvD1-treated mice (Figure 1C,D).
Accordingly, we observed no difference in necrotic area
(bile infarcts) of H&E-stained liver tissue slides between
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RvD1-treated and control mice after BDL (Figure 1E). In
summary, treatment of mice with RvD1 had no impact on
the extent of cholestatic liver injury upon BDL, neither in
the acute phase after BDL nor in the progressive state of
liver fibrosis.

Inflammatory response

BDL-induced injury was associated by a marked increase
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Figure 2 Quantitative analysis of (A) CAE and (B) F4/80-stained liver sections and (D) quantitative qRT-PCR analysis of Tufa
mRNA expression in livers of resolvin D1 (RvD1) and ethanol (control)-treated mice 2, 5 and 14 days after BDL. (C) Representative

photomicrographs of F4/80 stained liver sections of control and RvD1 group 14 d after BDL (400x magnification). Values are presented as

box plots indicating the median, the interquartile range in form of a box, and the minimum and maximum as whiskers. Group differences

were tested by 7-test within each time point.

of inflammatory cells in liver tissue, like granulocytes
(Figure 24) and macrophages (Figure 2B,C) in both control
and RvD1-treated mice. Interestingly, compared to controls
a significantly higher number of F4/80-positive cells was
observed in RvD1-treated mice 14 days after BDL (Figure 2B),
whereas the number of CAE-positive cells did not differ
significantly between both groups (Figure 2A4). Additional
analysis of mRNA expression of Tnfa (Figure 2D) revealed
no significant differences of this marker for M1-polarized
macrophages between the groups at any time point
(Figure 2D). However, RvD1-treated mice showed a slightly
reduced hepatic Tnfa mRNA expression at day 2 after BDL
(Figure 2D).

Activation of bepatic stellate cells (HSC) and fibrosis

"To study the extent of fibrosis, we examined the activation
of HSC and quantified the amount of extracellular matrix
in the liver (Figure 3). Of most interest, protein expression
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*, P<0.05, n=9-10 per time point and group. BDL, bile duct ligation.

of aSMA, a marker of activated HSC, was significantly
reduced in RvD1-treated mice at day 2 post BDL when
compared to control (Figure 34,B). Additionally, the aSMA
protein expression trended to be reduced in RvD1-treated
mice 14 days after BDL (Figure 3A). In consequence, 2 days
after BDL livers of RvD1-treated mice showed significantly
less deposition of extracellular matrix than control mice as
shown by Sirius red histology (Figure 3C). However, this
result could not be verified by mRNA expression analysis of
Collagenla, where no differences between the groups were
observed at any time point (Figure 3D).

Proliferative and regenerative response

As seen by the growing number of proliferating cells over
time, progression of fibrosis also induced a proliferative
response of liver cells (Figure 44,B). Both groups displayed
almost equal numbers of BrdU-positive hepatocytes and
non-parenchymal cells at all observation time points
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Figure 3 (A) Quantitative analysis of hepatic protein expression of aSMA and (B) representative western blot images of aSMA (42 kDa) and
GAPDH (38 kDa) in livers of resolvin D1 (RvD1) and ethanol (control)-treated mice 2, 5 and 14 days after BDL. Quantitative analysis of (C)

Sirius red-positive area in appropriately stained liver sections and (D) mRINA expression of collagenla of resolvin D1 (RvD1) and ethanol

(control) treated mice 2, 5 and 14 days after BDL. Values are presented as box plots indicating the median, the interquartile range in form

of a box, and the minimum and maximum as whiskers. Group differences were tested by 7-test within each time point. *, P<0.05, n=9-10 per

time point and group. BDL, bile duct ligation.

after BDL (Figure 4A4,B). Similarly, the liver weight to
body weight ratio, which gradually increased during
fibrogenesis, was not affected by the treatment with RvD1

(Figure 4C).

Discussion

Conflicting results in terms of the efficiency of n-3 PUFA
supplementation in prevention and therapy of chronic
diseases exist. While animal experiments suggest that n-3
PUFAs and their mediators may be promising therapeutic
agents for liver disease, clinical trials addressing the effects
of n-3 PUFAs are inconsistent, failing to show a clear
evidence of efficacy (20). The obtained results varied
because of different dietary composition, dosages of n-3
PUFAs and their mediators, n-3/n-6 PUFA ratios, duration,
patient specific factors, exercise, compliance, sensitivity of
methods and other factors. However, trials have indicated
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that n-3 PUFAs might be more beneficial in decreasing lipid
load, than in decreasing other features of steatohepatitis
or liver fibrosis (20,38). As dietary supplementation with
fish oil, containing high amounts of DHA and EPA, had
beneficial effects in treatment of various inflammatory
diseases and cancer (19,22,29), n-3 PUFA-derived lipid
mediators are also presumed to be important in the control
of fibrogenesis. Furthermore, several studies have shown,
that fat-1-transgenic mice, which are able to convert n-6 to
n-3 PUFAs and thus exhibit higher tissue levels of EPA and
DHA as well as of resolvins and protectins, are protected
from many chronic diseases, including inflammatory
and neurological disorders, cancer, obesity and diabetes,
osteoporosis as well as HFD-induced NAFLD (9,13,39-42).
Importantly, the anti-fibrotic potential of SPMs has been
demonstrated in diverse preclinical models of hepatic, renal
and pulmonary fibrosis (6,10,16,29,43). In contrast to the
well-established anti-inflammatory and pro-resolution
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Figure 4 Number of (A) BrdU-positive hepatocytes and (B) non-parenchymal cells in immunohistochemically stained liver sections as well

as (C) liver/body weight index of resolvin D1 (RvD1) and ethanol (control)-treated mice 2, 5 and 14 days after BDL. Values are presented

as box plots indicating the median, the interquartile range in form of a box, and the minimum and maximum as whiskers. Group differences

were tested by 7-test within each time point. n=9-10 per time point and group. BDL, bile duct ligation.

properties of RvD1 in previous investigations (4,28,44),
administration of RvD1 in the current study had no
significant beneficial effects on the disease process upon
BDL except a transient attenuated fibrogenesis in the acute
inflammatory phase.

It is known from rodent models as well as human biopsies
that resolution of advanced liver fibrosis occurs after therapy,
if the underlying fibrogenic stimuli are corrected and
adequate pro-resolving cellular programs are activated (2).
Furthermore, fibrosis regression is associated with a change
in the number or activation status of extracellular matrix-
producing cells (2). Previously, it has been shown that fish
oil attenuates CCl;-induced liver fibrosis in mice by down-
regulation of the expression of pro-fibrogenic genes in
HSC (17). Accordingly, we observed an attenuated HSC
activation in the early phase of fibrogenesis in RvD1-treated
mice, which resulted in transiently decreased extracellular
matrix deposition. However, this positive effect of RvD1
disappeared with disease progression and increasing severity
of disease.

© HepatoBiliary Surgery and Nutrition. All rights reserved.

Hepatic macrophages may also contribute to fibrosis
resolution through a phenotypic switch (2). Recent studies
suggest inflammatory macrophages as the target for the n-3
PUFA DHA as well as RvD1 (32,45), thereby influencing the
kinetics of hepatic macrophage accumulation. Thus, RvD1
treatment has been shown to result in enhanced switching
from a pro-inflammatory, M1- to an anti-inflammatory, M2-
like phenotype (26,31,32), finally stimulating macrophage
uptake of apoptotic neutrophils (25). Due to the significantly
increased number of F4/80-positive cells 14 days after BDL
and simultaneously no augmented 7zfa mRNA expression,
we suggest an induction of restorative M2-like macrophages
rather than an intensified inflammation.

It is important to note that in our study, neutrophil
infiltration (as assessed by CAE-staining) was not positively
modulated by RvD1 treatment, which might be explained
by limited RvD1 availability in liver tissue. Similarly, using
a dose of 1.2 ng/g body weight RvEL every day did not
show any beneficial effects in NASH with neither steatosis
grade nor expression of inflammatory or fibrotic genes being
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improved (46). As SPMs are known to exert their biological
actions in the picomolar to nanomolar range (10,16,45),
a RvD1 dosage of 2 ng/g body weight (approximately
60 ng/mouse) was used in the current study (47). It must be
noted that most of the studies observing protective effects
of resolvins used supraphysiological doses of RvD1/D2 or
even combined different mediators (7,11,30,32,48,49). For
example, in a murine hind-limb ischemia/reperfusion model
only at high doses of 1 pg/mouse RvD1 tissue protection was
seen by inhibited neutrophil infiltration (48). However, it is
still unclear whether such high dosages would be tolerated
clinically. Nevertheless, a limitation of our study is that we did
not test various doses of RvDI. It also has to be considered
that resolvins undergo local metabolic inactivation
in vivo (21). Thus, metabolically stable and longer lasting
resolvin mimetics/analogs prevent rapid inactivation and
have been shown to display potent protective actions even
at lower concentrations (21,44). Additionally, the effect
of resolvins depends on receptor usage and target cells.
For example, it was shown that expression of the RvEl
receptor chemokine-like receptor 1 (CMKLR1) was
decreased in murine fibrotic liver (16) and human fatty
liver (50). The biological actions of RvD1 are mediated
by specific binding to the receptor FPR2 (ALX) (45).
Of interest, we detected protein expression of FPR2 in liver
tissue homogenates, but without any significant changes
upon BDL (data not shown).

As the benefits of n-3 PUFAs on diverse pathological
conditions are very different and depend primarily on
the n-3 PUFA content and n-6/n-3 PUFA ratio (9), it
can also be suggested that the absolute level of RvD1
and its availability in liver tissue appear to be critical for
managing inflammation and fibrogenesis during cholestatic
liver injury. Further work and strategies are needed to
comprehensively define the optimal pharmacological
concentration of RvD1 to ensure availability of RvD1,
particularly in liver macrophages and HSC, and to prolong
the biological activity of RvD1.
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