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Research Article

Absence of gut microbiota reduces neonatal survival
and exacerbates liver disease in Cyp2c70-deficient
mice with a human-like bile acid composition
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Correspondence: Hanns-Ulrich Marschall (hanns-ulrich.marschall@gu.se) or Fredrik Béckhed (Fredrik.Backhed@wlab.gu.se)

OPEN ACCESS Mice with deletion of Cyp2c70 have a human-like bile acid composition, display age- and
sex-dependent signs of hepatobiliary disease and can be used as a model to study interac-
tions between bile acids and the gut microbiota in cholestatic liver disease. In the present
study, we rederived Cyp2c70~/~ mice as germ-free (GF) and colonized them with a human
or a mouse microbiota to investigate whether the presence of a microbiota can be protec-
tive in cholangiopathic liver disease associated with Cyp2c70-deficiency. GF Cyp2c70~/~
mice showed reduced neonatal survival, liver fibrosis, and distinct cholangiocyte prolifera-
tion. Colonization of germ-free breeding pairs with a human or a mouse microbiota normal-
ized neonatal survival of the offspring, and particularly colonization with mouse microbiota
from a conventionally raised mouse improved the liver phenotype at 6-10 weeks of age.
The improved liver phenotype in conventionalized (CD) Cyp2c70~/~ mice was associated
with increased levels of tauro-ursodeoxycholic acid (TUDCA) and UDCA, resulting in a more
hydrophilic bile acid profile compared with GF and humanized Cyp2c70~/~ mice. The hy-
drophobicity index of biliary bile acids of CD Cyp2c70~'~ mice was associated with changes
in gut microbiota, liver weight, liver transaminases, and liver fibrosis. Hence, our results in-
dicate that neonatal survival of Cyp2c70~/~ mice seems to depend on the establishment of
a gut microbiota at birth, and the improved liver phenotype in CD Cyp2c70~/~ mice may be
mediated by a larger proportion of TUDCA/UDCA in the circulating bile acid pool and/or by
the presence of specific bacteria.
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metabolism [4,5]. Cyp2c70 knockout mice display increased hepatic inflammation, fibrosis and transient neonatal
cholestasis [6] and could therefore constitute a model for cholestatic liver disease such as primary sclerosing cholan-
gitis (PSC), in which interactions between gut microbiota and bile acids have been implicated [7,8]. Similarly, stud-
ies with multidrug resistance gene 2 (Mdr2 or Abcb4)-deficient mice, another mouse model of genetically induced
cholestatic liver disease, have shown that the absence of a gut microbiota worsens cholestasis and liver phenotype
[9] and leads to increased lethality [10]. Thus, we have previously suggested that the gut microbiota might have a
protective role in cholestatic liver diseases [11]. Therefore, rederiving Cyp2c70-deficient mice as germ-free (GF) and
colonizing them with a human microbiota may constitute a more physiological model to investigate how the gut
microbiota interacts with bile acids to modulate liver disease.

Methods

Animal experiments

Generation of GF Cyp2¢c70~/~ mice and colonization experiment

Conventionally raised wild-type C57/Bl6 females were crossed with conventionally raised Cyp2c70~'~
(C57Bl/6]-Cyp2c70°™3Umeg)  males provided by Folkert Kuipers' lab in Groningen, The Netherlands
(www.labpediatricsrug.nl). Cyp2c70*'~ mice were rederived as GF by caesarian-section. The uterine packages
from pregnant donor mice were dissected and transferred into a sterile isolator via a transfer chamber filled with
chlorine bleach. The pups were removed from the uterine package and placed in a cage with a GF Swiss Webster dam.
The GF Cyp2c70*/~ mice were then housed in sterile isolators and crossed to generate GF Cyp2c70~'~, Cyp2c70*~,
and Cyp2c70*"* mice. For humanization, GF Cyp2c70*'~ breeding pairs were transferred to a new isolator and
colonized with fresh human faeces from a 47-year-old healthy (no medications or nutritional supplements) male
donor. For conventionalization, GF Cyp2c70*'~ breeding pairs were transferred to our open facility and colonized
with caecal content from a conventionally raised wild-type C57/Bl6 mouse. Colonization was performed by diluting
the human faecal or mouse caecal samples (approximately 0.5 g) in 5 ml reduced PBS containing 0.2 g/l Na,S and 0.5
g/l cysteine as reducing agents in Hungate tubes. About 0.2 ml of this suspension was introduced by gavage into each
GF mouse. The samples were obtained shortly before colonization and immediately (within 5 min) diluted into the
PBS and introduced into the GF mice within 2 h after dilution. The humanized (HUM) mice were gavaged a second
time after two days with inoculum from a new fresh faecal sample from the same human donor.

The GF and the HUM mice were maintained in flexible plastic gnotobiotic isolators under a strict 12 h light cycle
and fed an autoclaved chow diet (LabDiet 5021, St Louis, MO) ad libitum. GF isolators were routinely tested for
sterility by culturing and PCR analysis of faeces amplifying the 16S rRNA gene. The conventionalized (CD) mice
were maintained in conventional cages under a strict 12 h light cycle and fed the same autoclaved chow diet as the
GF and HUM mice ad libitum.

All animal experiments were performed at Experimental Biomedicine, University of Gothenburg, using protocols
approved by the Gothenburg Animal Research Ethics Committee (Ethical number 4805/23).

Tissue collection

Blood was collected from the inferior vena cava under deep isoflurane-induced anesthesia following 4 h fasting.
The mice were euthanized by cervical dislocation and tissues (liver, gallbladder, and caecum) were collected and
immediately frozen in liquid nitrogen and stored at —80°C until further processing. In addition, liver biopsies were
fixed in 4% paraformaldehyde at 4°C for at least 48 h and then washed with PBS and stored in 70% ethanol at 4°C
until paraffine-embedding.

Histology

Liver sections (5 pm) were processed as previously described [12]. Sections were stained for collagen using Sirius Red
(Sigma-Aldrich, 366548) and analyzed with Python (3.9.15) using Napari (0.4.17), pyclesperanto (0.22.0), SimpleI TK
(2.2.1) [13], and APOC (0.12.0) using the devbio-napari (0.8.1) package. Images were acquired with a 10 objective
on a Zeiss Apotome Axioplan 2. For Sirius Red quantification, random forest decision trees were trained on an im-
age and applied to all images. Labeled pixels were quantified and the total pixel count was normalized to the image
resolution. Labeled pixels were mapped to an image for manual control of segmentation.

Immunohistochemistry
Liver sections were stained for cytokeratin 19 (CK19) using a rabbit antibody (Abcam, ab-52625, 1:300). The sec-
tions were incubated overnight at 4°C followed by staining using a secondary Goat Anti-Rabbit Alexa 594 antibody
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(Thermo Fischer Scientific, A-11072, 1:300). The sections were stained for nuclei using Hoechst solution (1:5000).
Images were acquired with a 10x objective using a Nikon Eclipse Ni-E.

Images of sections stained with CK19 antibody were analyzed with Python (3.9.15) using Napari (0.4.17), pycles-
peranto (0.22.0) and SimpleITK (2.2.1) using the devbio-napari (0.8.1) package. More specifically, a Top-hat filter
was applied to remove background using default settings, and a median filter was applied for noise reduction using
default settings. Stained areas were labeled using the Renyi entropy threshold. The labeled pixels were quantified, and
the total pixel count was normalized to the image resolution. Labeled pixels were mapped to an image for manual
control of labeling.

Liver function tests

Liver transaminases, aspartate transaminase (AST), and alanine transaminase (ALT) were measured in 100 pl of
serum from the inferior caval vein. Analyses were performed at Clinical Chemistry Department, Sahlgrenska Uni-
versity Hospital, using the system Alinity ci 1303, software version 3.4.0 (Abbott laboratories).

Quantitative real-time PCR

Approximately 30 mg of liver was homogenized using Tissuelyser II (Qiagen) and total RNA was isolated using
RNeasy mini kit (Qiagen, 74106). High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368813)
was used to synthesize 20 pul cDNA templates from 500 ng purified RNA using random hexamer primers, and the
products were diluted 7x before use in subsequent reactions. 1 x iQ™ SYBR® Green Supermix (Bio-Rad, 1708886)
was used for qRT-PCR at final reaction volumes of 10 pl. 900 nM gene-specific primers were used in each reaction,
and all gene expression data were normalized to TATA-binding protein (Thp) gene expression (forward: 5-CGA
ACA GAG TTT GAC AGA GA-3'; reverse: 5'-CAT CTT CAC CAG GAT CAG C-3'). Analyzed genes and primers
were chemokine ligand 2 (Ccl2) (forward: 5-CCC CAA GAA GGA ATG GGT CC-3'; reverse: 5'-GGT TGT GGA
AAA GGT AGT GG-3'), neutrophil membrane glycoprotein NB1 (Cd177) (forward: 5'-CCG GAC AGG GACTTC
TGT AA-3'; reverse: 5-ACA CAG CTG CCG GTT GAA-3'), adhesion G protein-coupled receptor E1 (Adgrel or
F4/80) (forward: 5'-CTT TGG CTA TGG GCT TCC AGT C-3'; reverse: 5-GCA AGG AGG ACA GAG TTT ATC
GTG-3'), and tumor necrosis factor & (Tnfo) (forward: 5'-CCC CAA AGG GAT GAG AAG TT-3'; reverse: 5'-CTC
CTCCACTTG GTG GTT TG-3'). Assays were performed in a CFX-Connect Real-Time System (Bio-Rad), and data
were analyzed using the A ACT analysis method.

Bile acid analysis

Gallbladder, liver, caecum, and serum from the inferior caval vein were collected for bile acid analysis. Tissue samples
(~50-100 mg) and the whole gallbladder were extracted with methanol, containing d4-TCA, d4-CA, d4-CDCA, and
d4-LCA (2.5 uM of each) as internal standards. The samples were homogenized with ceramic beads for 10 min using
the Tissuelyser II (Qiagen). After 10 min of centrifugation at 20,000 g, 20 pl of supernatant was diluted with 980
ul of methanol:water 1:1. Serum samples (25 pl) were extracted with 10 volumes of methanol containing 50 nM of
respective deuterated internal standards. After 5 min of vortex and 10 min of centrifugation at 20 000 g, supernatants
were evaporated using a stream of nitrogen and reconstituted in 100 pl of methanol: water [1:1]. Approximately 5 pl
of the samples were used for the bile acid analysis.

Bile acids were analyzed using ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS). After injection the bile acids were separated on a C18 column (1.7 pum, 2.1 x 100 mmy;
Kinetex, Phenomenex, U.S.A.) using water with 7.5 mM ammonium acetate and 0.019% formic acid (mobile phase
A) and acetonitrile with 0.1% formic acid (mobile phase B). The chromatographic separation started with 1-min
isocratic separation at 20% B. The B-phase was then increased to 35% for 4 min. During the next 10 min, the
B-phase was increased to 100%, and it was held at 100% for 3.5 min before returning to 20%. The total runtime was
20 min. Bile acids were detected using multiple reaction monitoring (MRM) in negative mode on a QTRAP 5500
mass spectrometer (Sciex, Concord, Canada), and quantification was made against appropriate deuterated internal
standards with adjustments by using external individual standard curves. Heuman’s method was used to determine
hydrophobicity indices of biliary bile acids [14].

16S rRNA microbiota analysis

Genomic DNA was extracted using the Nucleospin Soil Kit (Macherey-Nagel, 740780.50). Mouse caecum (~50-100
mg) was aliquoted and extracted using two rounds of chemical lysis and bead-beating. For each round, samples were
put into SL2 buffer with SX enhancer and subsequently incubated at 90°C for 10 min. The samples were then sheared
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for three runs of bead beating at 5.5 m/s for 60 s in a FastPrep-24 Instrument (MP Biomedicals) with 5 min on ice in
between. The V4 region of the 16S rRNA gene was amplified with a PCR program of denaturation for 3 min at 94°C,
with 25 cycles of denaturation for 45 s at 94°C, annealing for 60 s at 52°C, and elongation for 90 s at 72°C, concluding
with elongation for 10 min at 72°C. Reaction volumes were 25 ul and contained 200 nM of 515F and 806R primers
[15] with added 1x 5PRIME HotMasterMix (5PRIME), 0.4 mg/ml BSA, and 5% dimethylsulfoxide, and duplicate
reactions were run. Duplicate reactions were combined and Quant-iT PicoGreen dsDNA kit (Invitrogen, P11496) was
used to determine concentration of DNA. The NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel, 740609.250)
was used for purification of the combined reactions and samples were subsequently diluted to 10 ng/pl and pooled in
equal amounts. The pools were repurified with AMPure XP Kit (Agencourt, A63880) for removal of primer-dimers
and short products. The repurified pools were run on a 2100 Bioanalyzer (Agilent) to certify that short amplification
product was not present. The pooled amplicons were sequenced on an in-house MiSeq instrument (RTA (v.1.18.54.0)
with MCS (v.2.6.2.1; Illumina) with the V2 kit (2 x 250 bp paired-ended reads; Illumina).

Reads were merged, filtered, de-duplicated, de-noised and aligned to Zero-radius operational taxonomic units (zO-
TUs) using Usearch 11.0.067 [16]. During merging a maximum of five mismatches were allowed in the alignment with
a merge length between 251 and 257. Merged reads were filtered and reads with > 1 expected error were excluded,
and remaining reads were subsequently de-duplicated. The filtered reads were de-noised using the UNOISE3 algo-
rithm [17], and reads were aligned to each zOTUs’ sequence concluding pre-processing with Usearch. Each zOTUs’
sequence was then taxonomically assigned using DADA?2’s assignTaxonomy(minBoot = 50) [18,19] with a trained
SILVA database v. 138 [20,21]. Prior to analysis, zOTUs that contributed less than 0.002% of the total amount of reads
were filtered out and remaining zOTUs were normalized by resampling with replacement so that all samples had the
same library size.

Microbiota analysis was performed using the software R (4.2.2). The phyloseq package (1.42.0) was used for han-
dling zOTU data [22]. Correlation analysis was performed on zOTUs aggregated at the lowest taxonomic rank they
were annotated at using Spearman’s correlation and visualized with either ggplot (3.4.0) or the ComplexHeatmap
package (2.14.0). Prior to correlation analysis the zOTU counts were first centered log-ratio transformed filling ze-
roes with half of the minimum value. Principal Coordinate Analysis (PCoA) was performed using weighted UniFrac
distance matrix and was also used for all other distance-based methods. Microbiota composition dissimilarity was
tested with 9999 permutations with the adonis2 function from the vegan package (2.6.4) [23].

Statistical analyses

Mouse physiology data is presented with bar plots + SEM and tested with unpaired two-tailed Student’s t-test. Geno-
type ratios were tested against a Mendelian ratio (1:2:1) with a Chi-square goodness of fit test. Comparisons of survival
curves were made using Log-rank (Mantel-Cox) tests. Comparisons of the degree of Sirius Red and CK19 staining
were made between Cyp2c70*'* and Cyp2c70~'~ females and males separately and only within the same group (GE
HUM and CD) and tested with Wilcoxon rank sum tests. Bile acid data are presented with pie-charts with bile acids
contributing to >3% of the mean of the sum of bile acids. Comparisons of bile acid concentrations were made be-
tween Cyp2c70** and Cyp2c70~'~ females and males separately and only within the same group (G, HUM and CD)
and tested with Wilcoxon rank sum tests using Benjamini and Hochberg correction for multiple testing adjustment
of individual bile acids. Differences in biliary hydrophobicity indices were tested using Kruskal-Wallis H tests. Fol-
lowing rejection of the null hypothesis, the Conover-Iman test was used for multiple comparisons using Benjamini
and Hochberg correction for multiple testing adjustment. Differences in gene expression and liver transaminases were
tested with Wilcoxon rank sum tests, and comparisons were made between Cyp2c70*'* and Cyp2c70~'~ females and
males separately and only within the same group (GF, HUM and CD). Correlations between Cd177, F4/80, Tnf«,
Ccl2, AST, or ALT and biliary hydrophobicity indices of bile acids were performed using Spearman’s correlation.
Differences in o-diversity were tested with Wilcoxon rank sum tests between Cyp2c70*'* and Cyp2c70~'~ females
and males separately and only within the same group (HUM and CD). Differences in abundance of Desulfovibrio
and P. excrementihominis were tested with Wilcoxon rank sum tests and comparisons were made between early and
late timepoints in CD Cyp2c70~/~ mice. Correlations between bacterial taxa and biliary hydrophobicity indices of
bile acids were tested using Spearman’s correlation and adjusted for multiple testing using Benjamini and Hochberg
correction.
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Figure 1. Reduced survival and increased relative liver weight in GF Cyp2c70~/~ mice.

(A,B) Number of GF mice genotyped at weaning (three weeks of age) (A) and immediately after birth (B). (C) Kaplan—-Meier estima-
tor of survival over time in GF Cyp2c70 mice (Cyp2c70**, n=46, Cyp2c70*/~, n=61, Cyp2c70~/~, n=25) analyzed with Log-rank
(Mantel-Cox) test. (D,E) Body weight and relative liver weight in GF Cyp2c70*+ and Cyp2c70~/~ mice at the early timepoint (D)
(n=4-8 mice per group) and the late timepoint (E) (1=4-9 mice per group). Data are presented as mean + SEM, *P<0.05, **P<0.01,
=P 0,001 indicate differences between female or male GF Cyp2c70*+ and GF Cyp2c70~/~ mice analyzed with two-tailed un-
paired t-tests.

Results

Deletion of Cyp2c70 is partially lethal in the absence of a gut microbiota
We rederived Cyp2c70*'~ mice as GF by caesarian-section and bred GF Cyp2c70*/~ females with Cyp2c70*'~ males
to obtain GF Cyp2c70~'~ mice and observed that the offspring did not display the expected Mendelian ratio (1:2:1) at
three weeks of age. From 144 pups, we obtained 48 Cyp2c70*/* mice, 74 Cyp2c70*'~ mice and 22 Cyp2c70~'~ mice,
indicating that complete deletion of the Cyp2c70 gene affects survival in a GF setting (Figure 1A). No differences were
found between females and males. To investigate if the detrimental effects of Cyp2¢70 deletion occur in utero or if the
mice are actually born at the expected Mendelian ratio, we set up new breeding pairs and genotyped 9 litters at birth.
From 61 pups, we obtained 17 Cyp2c70*/* mice, 30 Cyp2c70*'~ mice, and 14 Cyp2c70~'~ mice, which corresponded
to a Mendelian ratio (Figure 1B). This indicated that the reduced number of Cyp2c70~/~ mice at 3 weeks was due to
mortality during the neonatal period and not in utero. We then assessed overall survival in a subset of mice, from day
21 until day 75, and found that the median survival of the GF Cyp2c70~/~ mice was 49 days (Figure 1C). Importantly,
mice displaying severe worsening of the general condition such as weakness, rugged fur, and passivity were euthanized
and considered not viable. Of note, the median survival for GF Cyp2c70*'* or Cyp2c70*'~ littermate controls could
not be determined since only one mouse in each group had died during this period.

Next, to further investigate the impact of Cyp2c70 deletion under GF conditions we euthanized Cyp2c70~/~ mice
and their Cyp2c70*/* littermate controls to evaluate phenotypical parameters. We euthanized mice at an early time-
point, i.e., 4-5 weeks of age, and at a later timepoint, i.e., at 6-10 weeks of age. At the early timepoint, most of the
Cyp2c70~'~ mice were small and hunchbacked. Furthermore, male Cyp2c70~'~ mice had a lower body weight and
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both female and male Cyp2c70~'~ mice showed an increased relative liver weight compared with their Cyp2c70*/*
littermate controls (Figure 1D). At the later timepoint, there were no differences in body weight anymore, but the
relative liver weights were still significantly higher in both female and male Cyp2c70~/~ mice compared with their
Cyp2c70*"* littermate controls (Figure 1E).

Colonization with a human or a mouse microbiota improves neonatal

survival

To test our hypothesis that a gut microbiota can improve survival and the hepatobiliary phenotype in Cyp2c70~'~
mice, we colonized mice with human or mouse microbiota. First, Cyp2c70*'~ mice were transferred into a new isola-
tor and colonized with human microbiota from a healthy donor and 5 breeding pairs were set up to generate human-
ized (HUM) Cyp2c70~'~ mice and HUM Cyp2c70*'* littermate controls (Figure 2A). We obtained four to five litters
from each breeding pair, generating 121 pups in total. Genotyping at three weeks showed the following distribution:
26 HUM Cyp2c70*'*, 58 HUM Cyp2c70*'~ and 37 HUM Cyp2c70~'~ mice (Figure 2B), which corresponds to a
Mendelian ratio, indicating that there was no increased mortality during the first three neonatal weeks. However, a
subset of the Cyp2c70~'~ mice died or needed to be euthanized between day 21 and 26; thus, the mortality was not
completely eliminated (Figure 2C).

Next, to generate conventionalized (CD) mice, we transferred GF Cyp2c70*'~ mice into our barrier facility and
colonized them with caecal content from a conventionally raised mouse and set up three breeding pairs to obtain CD
Cyp2c70~'~ mice (Figure 2A). The genotype distribution at 3 weeks was: 31 CD Cyp2c70*'*, 76 CD Cyp2c70*/~,
and 26 CD Cyp2c70~'~ mice, which is consistent with the expected Mendelian ratio (Figure 2B). Similar to HUM
mice, the overall survival of CD Cyp2c70~/~ mice was improved (Figure 2D).

Colonization with a mouse microbiota ameliorates the liver phenotype of
Cyp2c70~/~ mice

HUM and CD mice were euthanized at similar timepoints as the GF mice. At the early timepoint, male CD
Cyp2c70~'~ mice had a decreased body weight compared with their CD Cyp2c70*/* littermate controls (Figure 2E)
while genotype did not affect body weight in CD females or HUM mice. At the later timepoint, body weight was
slightly lower in male HUM Cyp2c70~/~ mice compared to their HUM Cyp2c70*'* littermate controls (Figure 2F)
whereas there were no differences in HUM females or CD mice. Relative liver weight was increased in both HUM
and CD Cyp2c70~'~ mice compared with their Cyp2c70*'* counterparts at the early timepoint (Figure 2G), while at
the later timepoint, relative liver weight was still higher in HUM Cyp2c70~'~ mice, but not in the CD Cyp2c70~'~
mice (Figure 2H).

Sirius Red and CK19 staining showed that GE, HUM and CD Cyp2c70~'~ mice had increased liver fibrosis and
cholangiocyte proliferation at the early timepoint (Figure 3A-C). At the later timepoint, there were still clear features
of liver fibrosis and cholangiocyte proliferation in GF and HUM Cyp2c70~/~ mice, but not in CD Cyp2c70~/~ mice
(Figure 3D-F). In addition, qPCR analyses of liver tissue showed increased expression of immune cell (Cd177 and
F4/80) and inflammation (Tnfo and Ccl2) markers in GE HUM and CD Cyp2c70~/~ mice at the early time point
(Supplementary Figure S1A). At the late timepoint, there were still increased levels of infiltration and inflammation
in the GF and HUM Cyp2c70~'~ mice, while the levels in the CD Cyp2c70~/~ mice were similar to CD Cyp2c70*'*
mice, which is consistent with an improved liver phenotype. Liver function tests in serum showed elevated liver
transaminases (AST and ALT) in GF and HUM Cyp2c70~'~ mice at both timepoints and the CD Cyp2c70~'~ mice
showed increased levels at the early timepoint, but normalized levels at the late timepoint mainly in the male mice
(Supplementary Figure S1B).

In summary, colonization with a mouse or human microbiota improved neonatal survival of Cyp2c70~/~ mice,
and the presence of a mouse microbiota also ameliorated the liver phenotype at 6-10 weeks of age.

Colonization with a mouse microbiota increases production of

TUDCA/UDCA

Bile acid analyses showed that deletion of Cyp2c70 decreased the levels of primary murine bile acids, T« MCA/xMCA
and TPMCA/BMCA, and increased the proportion of TCDCA/CDCA in liver and gallbladder, resulting in a
human-like primary bile acid profile (Figure 4A,B and Supplementary Table S1A,B). These observations are in line
with previous findings [4-6,24]. We found traces of murine bile acids in some of the Cyp2c70~/~ mice. This has
previously been observed and may be explained by the fact that mice are coprophagous and Cyp2c70~/~ mice were
co-housed together with their Cyp2c70*'* littermates [6].
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Figure 2. Colonization of Cyp2c70*/~ mice with human or mouse microbiota

(A) Graphical illustration of the experimental design for the colonization experiments. (B) Number of HUM and CD mice genotyped
at weaning (3 weeks of age). (C,D) Kaplan-Meier estimator of survival over time in HUM mice (C) (Cyp2c70*/*, n=21; Cyp2c70*'—,
n=45; Cyp2c70~'~, n= 26) and CD Cyp2c70 mice (D) (Cyp2c70**, n=25, Cyp2c70*'~, n=37, Cyp2c70~'~, n=17) analyzed with
Log-rank (Mantel-Cox) tests. (E,F) Body weight in HUM and CD Cyp2c70*+ and Cyp2c70~/~ mice at the early timepoint (E) (HUM
n=7-9 mice per group, CD n=8-11 mice per group) and the late timepoint (F) (HUM n=7-9 mice per group, CD n=8-13 mice per
group). (G,H) Relative liver weight of HUM and CD Cyp2c70*/* and Cyp2c70~'~ mice at the early timepoint (G) (same mice as in
panel E) and the late timepoint (H) (same mice as in panel F). Data are presented as mean + SEM; *P<0.05, **P<0.01, **P<0.001,
**P_0.0001 indicate differences between female or male Cyp2c70*'* and Cyp2c70~/~ mice within each group (HUM or CD)

analyzed with two-tailed unpaired t-tests.
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Figure 3. Ameliorated liver phenotype in CD Cyp2c70~/~ mice

(A-F) Histological and immunological staining and quantification showing Sirius Red and CK19 in livers from female and male GF,
HUM and CD Cyp2c70*/* and Cyp2c70~/~ mice at the early timepoint (A-C) and at the late timepoint (D-F). 200 um indicators are
shown. To increase visibility and brightness for the visual presentation of CK19-stained area the y was set to 0.8 and gain to 1.7
(Blue: Hoechst, Red: CK19). Data are presented as mean + SEM; *P<0.05 and **P<0.01 indicate differences between female or
male Cyp2c70** and Cyp2c70~'~ mice within each group (GF, HUM or CD) analyzed with Wilcoxon rank sum tests.
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Figure 4. Bile acid profiles in liver and gallbladder from GF, HUM, and CD mice

(A,B) Bile acid profiles in liver (A) and gallbladder (B) from female and male GF, HUM, and CD Cyp2c70** and Cyp2c70~/~ mice
at early and late timepoints. (C) Biliary hydrophobicity index of female and male GF, HUM, and CD Cyp2c70~/~ mice at the early
and late timepoints presented with a box plot. The lower (quartile 1) and upper (quartile 3) quartiles form the box with median rep-
resented by the central line. Whiskers reach to 1.5x the inner quartile range. Outliers are presented with visible points beyond the
whiskers. (D) Scatterplot with a linear model fit and Spearman’s correlation analysis of biliary hydrophobicity index, and relative liver
weight in CD Cyp2c70~/~ mice at the early timepoint. *P<0.05, **P<0.01, ***P<0.001 indicate differences between female or male
GF, HUM and CD Cyp2<:70*/* mice analyzed with Kruskal-Wallis H tests with the Conover-Iman test as post hoc using Benjamini
and Hochberg correction for multiple testing adjustment. Females, n = 5-12 mice per group; males, n = 4-12 mice per group.
«MCA, o-muricholic acid; BMCA, -muricholic acid; wMCA, w-muricholic acid; 7-oxoCDCA, 7-oxochenodeoxycholic acid; 7-ox-
oCA, 7-oxocholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; TaMCA, tauro-a-muricholic acid;
TRMCA, tauro-p-muricholic acid; TwMCA, tauro-w-muricholic acid; TCA, tauro-cholic acid; TCDCA, tauro-chenodeoxycholic acid;
TDCA, tauro-deoxycholic acid; THCA, tauro-hyocholic acid; TUDCA, tauro-ursodeoxycholic acid; UDCA, ursodeoxycholic acid.
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In GF Cyp2c70~'~ mice, bile acid profiles in liver, gallbladder, serum and caecum contained almost exclusively
TCA and TCDCA, while the profile in GF Cyp2c70*'* mice was dominated by TCA and TBMCA (Figures 4A,B and
5A,B and Supplementary Table S1A-D). Hence, GF mice did not produce secondary bile acids, which is in line with
our previous findings [1,25].

HUM Cyp2c70~'~ mice had a high proportion of TCA and TCDCA in liver and gallbladder, while HUM
Cyp2c70*"* mice had a high proportion of TCA and TBMCA. Thus, the bile acid profiles in liver and gallbladder
of HUM mice were similar to those of GF mice (Figure 4A,B and Supplementary Table S1A,B). In addition to the bile
acids found in HUM and GF mice, we found a large proportion of TUDCA in liver and gallbladder of CD Cyp2c70~'~
mice and of tauro-w-muricholic acid (TwMCA) in the CD Cyp2c70*'* mice (Figure 4A,B and Supplementary Table
S1A,B). UDCA and wMCA can be produced by microbial transformation of CDCA and PMCA respectively [2].
These unconjugated bile acids are then transported to the liver where they can be conjugated to taurine, which is in
line with the enrichment of TUDCA and TwMCA in liver and gallbladder of CD mice.

To compare the biochemical properties of the bile acid pools in Cyp2c70~'~ mice, we calculated the hydropho-
bicity indices of biliary bile acids in GE HUM and CD Cyp2c70~'~ mice. At the early timepoint, there was a slight
decrease in the biliary hydrophobicity index in CD Cyp2c70~'~ females compared to GF Cyp2c70~'~ females but no
difference between the males. However, at the later timepoint the biliary hydrophobicity index was significantly lower
in both female and male CD Cyp2c70~/~ mice compared with their GF and HUM Cyp2c70~'~ counterparts, largely
due to higher amounts of hydrophilic TUDCA, and lower amounts of hydrophobic TCDCA (Figure 4C). The biliary
hydrophobicity index of CD Cyp2c70~'~ mice correlated with relative liver weight (Figure 4D), hepatic gene expres-
sion of Cd177, F4/80, Tnfx, and Ccl2, and serum levels of AST, and ALT (Supplementary Figure S2), indicating that
a more hydrophilic bile acid profile is associated with an improved liver phenotype.

Serum bile acid profiles of HUM mice were dominated by primary bile acids, while CD mice had a more diverse
profile including TwMCA/wMCA in CD Cyp2c70** mice and TUDCA/UDCA in CD Cyp2c70~'~ mice (Figure
5A and Supplementary Table S1C). Bile acid profiles in caecum showed that all groups of colonized mice produced
the secondary bile acid deoxycholic acid (DCA), which is generated from CA, and both HUM and CD Cyp2c70~'~
mice, but not Cyp2c70** mice, produced the secondary bile acid lithocholic acid (LCA), which is generated from
CDCA (Figure 5B and Supplementary Table S1D). Additionally, we found the sulphated bile acid CA7S in all groups
of colonized mice with particularly high levels in HUM mice (Figure 5B and Supplementary Table S1D), which is in
line with our previous observations [25].

Cyp2c¢70~'~ mice showed a tendency toward increased total bile acid levels in serum and decreased levels in cae-
cum and gallbladder compared with Cyp2c70*/* littermate controls (Supplementary Figure S3 and Supplementary
Table S1B-D). This may be interpreted as an indication of decreased biliary bile acid secretion and thus cholestasis,
yet, reduced biliary bile acid secretion was not observed in earlier studies [6]. Notably, apart from a small increase
in total hepatic bile acid levels in male HUM Cyp2c70~/~ mice at the early timepoint, deletion of Cyp2c70 did not
affect bile acid levels in the liver, indicating that the liver phenotype of Cyp2c70~'~ mice was not driven by elevated
hepatic bile acid levels (Supplementary Table S1A and Supplementary Figure S3). Noteworthy, the male CD mice had
low total bile acid levels in both liver and serum at the later timepoint, without differences between the genotypes
(Supplementary Figure S3) indicating normalization of liver function upon conventionalization.

Taken together, we show that deletion of Cyp2c70 in a GF setting diminished the production of TaMCA and
TRMCA and increased the contribution of TCDCA to the bile acid pool. Additionally, Cyp2c70~'~ mice colonized
with human or mouse microbiota generated unconjugated primary bile acids and the secondary bile acids DCA and
LCA. Interestingly, colonization with a mouse but not with a human microbiota resulted in increased proportions of
TUDCA/UDCA, translating into a more hydrophilic bile acid profile.

Alterations in the gut microbiota are linked to a more hydrophilic bile

acid profile and improved liver phenotype

In line with previous findings that transfer of human microbiota to mice is generally less efficient than transfer of
mouse microbiota [25-28], we found that the o-diversity was lower in HUM mice compared with CD mice (Supple-
mentary Figure S4A). The difference in ot-diversity was also larger between the human inoculum and HUM recipient
mice than between the mouse inoculum and CD recipient mice. Deletion of Cyp2¢70 did not affect «-diversity in
neither HUM nor CD mice. Principle coordinate analysis (PCoA) showed that the mouse donor sample clustered
together with CD recipient mice while human donor samples and HUM recipient mice were separated, indicating
reduced colonization of human microbiota compared with mouse microbiota (Supplementary Figure S4B).
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Figure 5. Bile acid profiles in serum and caecum from GF, HUM, and CD mice

(A,B) Bile acid profiles in serum (A) and caecum (B) from female and male GF, HUM, and CD Cyp2c70** and
Cyp2070*/* mice at the early and late timepoint. Females, n=4-13 mice per group; males, n=4-13 mice per group.
«MCA, o-muricholic acid; BMCA, B-muricholic acid; wMCA, w-muricholic acid; 7-oxoCDCA, 7-oxochenodeoxycholic acid; 7-ox-
oCA, 7-oxocholic acid; CA7S, cholic acid-7-sulfate; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; HDCA,
hyodeoxycholic acid; isoDCA, iso-deoxycholic acid (33-deoxycholic acid); isoLCA, iso-lithocholic acid (33-lithocholic acid); LCA,
lithocholic acid; TaMCA, tauro-o-muricholic acid; TBMCA, tauro-p-muricholic acid; TwMCA, tauro-w-muricholic acid; TCA, tau-
ro-cholic acid; TCDCA, tauro-chenodeoxycholic acid; TDCA, tauro-deoxycholic acid; THCA, tauro-hyocholic acid; TUDCA, tau-
ro-ursodeoxycholic acid; UDCA, ursodeoxycholic acid.
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We next performed PCoA of the microbiota from CD mice to evaluate differences in composition between geno-
types and timepoints and found that the microbiota composition was mainly influenced by timepoint (Figure 6A).
However, permutational ANOVA showed that the microbiota composition differed between CD Cyp2c70*'* and
Cyp2c70~'~ mice at the early timepoint, and between early and late timepoints in both Cyp2c70*/* and Cyp2c70~/~
mice (Supplementary Table S2A). Hence, there was a genotype-induced difference at the early timepoint. To assess
whether there was a link between bile acid profile composition and the gut microbiota, we performed a permutational
ANOVA between the biliary hydrophobicity index and the gut microbiota composition in the CD Cyp2c70~'~ mice
at the early timepoint and found that the biliary hydrophobicity index could explain 19.9% of the variation in the gut
microbiota composition (Supplementary Table S2B). Next, we performed correlation analyses between the biliary hy-
drophobicity index and bacterial taxa in CD Cyp2c70~/~ mice at the early timepoint and found that Desulfovibrio
and Parasutterella excrementihominis correlated negatively with the biliary hydrophobicity index (Figure 6B). The
abundance of these bacterial taxa was higher in the CD Cyp2c70~/~ mice at the late timepoint, and was associated
with a lower hydrophobicity index (Figure 6C). Finally, a more hydrophilic bile acid profile, as well as a lower relative
liver weight was associated with increased abundance of both Desulfovibrio and P. excrementihominis (Figure 6D).

Discussion

In this study we used the novel Cyp2c70~'~ mouse model to investigate whether a gut microbiota can be protective
in the development of hepatobiliary disease. We rederived Cyp2c70~/~ mice as GF and demonstrated that deletion
of Cyp2c70 in the absence of bacteria led to a markedly reduced neonatal survival. To examine the protective role of
the gut microbiota, we colonized GF Cyp2c70*~ mice with either a human or a mouse microbiota and showed that
the presence of a microbiota improved neonatal survival of Cyp2c70~'~ mice, independent of donor origin, while
signs of liver fibrosis, immune cell infiltration and expression of inflammatory markers as well as ductular reactions
only improved in Cyp2c70~'~ mice colonized with a mouse microbiota.

The increased mortality of GF Cyp2c70~'~ mice may be caused by the substantially elevated levels of the hy-
drophobic, and thus cytotoxic, bile acid TCDCA [14]. TCDCA cannot be metabolized in a GF setting and this could
lead to toxic effects during the neonatal state. However, our bile acid analyses showed that bile acid profiles in liver
and gallbladder were very similar in HUM and GF Cyp2c70~/~ mice, yet neonatal survival was improved in the
HUM Cyp2c70~'~ mice. This suggests that there are other developmental changes occurring after birth, which are
microbiota-dependent and could be crucial for coping with toxic bile acids, such as formation of bile ducts or struc-
tures in the gastrointestinal tract [29-31].

HUM Cyp2c70~'~ mice had decreased microbial diversity compared with CD Cyp2c70~/~ mice. Still the bile acid
profile in caecum was rather similar in HUM and CD Cyp2c70~'~ mice, indicating that the decreased diversity was
not associated with a decreased capacity to produce secondary bile acids in general. On the contrary, bile acid profiles
in liver and gallbladder differed substantially between HUM and CD Cyp2c70~'~ mice. CD Cyp2c70~/~ mice had a
large proportion of TUDCA, while HUM and GF Cyp2c¢70~'~ mice had similar profiles dominated by TCDCA and
TCA. A small proportion of TUDCA was detected in the GF mice, which confirms our previous finding that UDCA
is a primary bile acid in mice [1]. However, there was a robust increase in TUDCA and UDCA production in the CD
mice suggesting that UDCA primarily is a secondary bile acid produced by specific bacteria. The most likely route for
UDCA production is 7[3-epimerization from CDCA via the intermediate 7-oxoCDCA [32,33]. However, we cannot
determine whether all steps in the transformation were carried out by bacteria in the gut or if some modifications
occurred in the liver. It has previously been shown in an in vitro study using mouse liver microsomes that 7-oxoCDCA
can be converted to CDCA and, to a lesser extent, to UDCA [34]. Interestingly, the levels of UDCA were low in caecum
suggesting that UDCA was produced in the upper part of the gut and efficiently absorbed into the enterohepatic
circulation, or alternatively, that it was produced in the liver. The HUM Cyp2c¢70~'~ mice had high levels of the
precursor CDCA yet very low UDCA levels, indicating that some microbial enzymes essential for 7[3-epimerization
of CDCA were missing in the HUM Cyp2c70~'~ mice. This could be due to lack of specific bacteria in the human
donor sample or due to limited transfer of human bacteria into the recipient mice, which has been reported in previous
studies with GF or antibiotic-treated wild-type mice [25-28]. We hypothesized that colonization of Cyp2c70~'~
mice with a human microbiota, which have a human-like bile acid profile, would be a more physiological model to
study bile acid-microbiota interactions in liver disease. However, the reduced neonatal survival of GF Cyp2c70~'~
mice prohibited us from colonizing adult or adolescent GF Cyp2¢c70~'~ mice and instead we colonized heterozygous
breeding pairs, which is a limitation of the model. If Cyp2¢70~'~ mice could be colonized directly, the transfer of
human bacteria might be improved, and it would also facilitate colonization and comparison between different human
donors.
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Figure 6. Caecal microbiota analyses in CD mice

(A) Microbiota analysis by 16S rRNA sequencing of caecum from CD mice showing first and second Principal Coordinates of the weighted UniFrac
distance matrix of CD Cyp2c70** and Cyp2c70~'~ mice at early and late timepoints and the mouse inoculum. Ellipses indicate 95% confidence
assuming a multivariate t-distribution. (B) Spearman’s correlation between biliary hydrophobicity index and caecal bacterial taxa of CD Cyp2c70~/~
mice at the early timepoint. Distribution of bacterial abundance is presented as centered log-ratio (CLR) abundance with a box plot. The lower
(quartile 1) and upper (quartile 3) quartiles form the box with the median represented by the central line. Whiskers reach to 1.5x the inner quartile
range. Outliers are presented with visible points beyond the whiskers. (C) Scatterplots with linear models fitted of biliary hydrophobicity index and
bacterial taxa presented as CLR abundance for CD Cyp2c70~/~ mice at early and late timepoints. Distribution of bacterial abundance is presented
with a box plot. The lower (quartile 1) and upper (quartile 3) quartiles form the box with the median represented by the central line. Whiskers reach to
1.5x the inner quartile range. Outliers are presented with visible points beyond the whiskers. (D) Scatterplots with linear models fitted of bacterial taxa
presented as CLR abundance that correlate with biliary hydrophobicity index and relative liver weight in CD Cyp2¢70~/~ mice at the early timepoint.
Lines between points signify that the observations are from the same mouse; *P<0.05, **P<0.01, **P<0.001, ****P<0.0001 indicate differences
between Cyp2c70~/~ mice at early and late timepoints analyzed with Wilcoxon rank sum tests.
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The proportion of TUDCA/UDCA was increased at the later timepoint, which was reflected by a decreased bil-
iary hydrophobicity index, and we believe that the improved hepatobiliary phenotypes in CD Cyp2c70~/~ mice at
this timepoint could be, at least in part, attributed to microbial production of hydrophilic, and thus hepatoprotective,
UDCA. Indeed, feeding of female Cyp2c70~'~ mice with a UDCA-enriched diet (0.1% wt/wt) fully restored cholan-
giopathy within a 6-week time frame [6], while the hydrophobic FXR agonist obeticholic acid (OCA) was not effective
[35]. We found that a lower hydrophobicity index was associated with lower relative liver weight, and that this was
associated with increased abundance of Desulfovibrio and P. excrementihominis. However, there is no evidence
that these are UDCA-producing bacteria.

In accordance with our results, previous studies on the cholestatic mouse model induced by deletion of
Mdr2/Abcb4, have also demonstrated a worsened hepatobiliary phenotype in GF conditions, suggesting that a com-
mensal microbiota may be protective against bile duct injury [9,36]. One important difference between the Mdr2~/~
mouse model and our model, is that Mdr2~'~ mice have a murine primary bile acid profile but lack phospholipids
in bile [37], while Cyp2c70~'~ mice have a human-like primary bile acid profile, which is more hydrophobic, and
hence toxic, and a higher biliary phospholipid content [6]. Interestingly, one study found no increased mortality in
GF Mdr2~'~ mice during the first 60 days [9], while another study found no neonatal mortality, but 100% mortality
at 8 weeks. Furthermore, treatment with broad spectrum antibiotics in adult Mdr2 ~/~ mice, which result in a GF-like
condition, increased the lethality [10].

One common feature of the Mdr2~/~ and Cyp2c70~/~ models is that UDCA seems to be protective against the
somewhat similar hepatobiliary phenotypes. Previous studies have shown that UDCA feeding reverses the adult-onset
of a cholestatic liver phenotype in conventionally raised Cyp2c70~/~ mice at 27 weeks of age [6] and improves liver
pathology in Mdr2~/~ mice [38,39]. Another study showed that perinatal exposure to UDCA prevented neonatal
cholestasis of conventionally raised Cyp2c70~/~ mice, but there were no long-lasting effects on liver pathophysiology
after discontinuation of UDCA treatment [40].

In line with our findings that a gut microbiota has a protective role in hepatobiliary disease, colonization experi-
ments with GF Mdr2~/~ mice showed that liver-related mortality was reduced when mice were colonized at 3-4 weeks
of age, but not when colonization was performed at 5-7 weeks [36]. However, additional experiments identified some
bacteria, such as Enterococcus faecalis and Escherichia coli, with detrimental effects on disease development, which
underscores that the role of the microbiota in hepatobiliary disease is complex and needs further investigation.

In conclusion, we show that the presence of a gut microbiota is important for neonatal survival of Cyp2c70~/~ mice.
We also show that microbially induced production of TUDCA/UDCA results in a hydrophilic bile acid profile, which
correlates with improved liver phenotype in Cyp2c70~'~ mice. Our model emphasizes that there is an important link
between the gut microbiota and hepatobiliary disease and a future strategy could be to identify UDCA-producing
bacteria and test their hepatoprotective ability.

Clinical perspectives

e Conventionally raised Cyp2c70~/~ mice with a human-like bile acid composition have shown promise
as a model for hepatobiliary disease, however, the impact of the gut microbiota in disease develop-
ment and progression is unknown.

e We rederived Cyp2c70~~ mice as GF and showed that the absence of a gut microbiota reduced
neonatal survival, and that colonization with a human or mouse microbiota improved neonatal survival
while only mouse microbiota induced TUDCA/UDCA production, which was reflected by a lower
hydrophobicity index of biliary bile acids and improved liver phenotype.

e Our findings indicate that microbially induced production of TUDCA/UDCA may protect against hep-
atobiliary disease in Cyp2c70~/~ mice.

Data Availability

16S rRNA sequencing data have been deposited to the European Nucleotide Archive under accession number PRJEB61888
(https://www.ebi.ac.uk/ena/browser/view/PRJEB61888). The random forest model for Sirius Red histological analysis is available
at Github (https://github.com/wilhelmsjoland/Cyp2c70).
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