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MICE WITH HUMAN-LIKE BILE ACID COMPOSITION DEVELOP
PFIC-2- LIKE CHOLESTASIS

Anthony M. Nickelt?, Jay L. Viviant?4, Chengpeng Bit, Yazen Alnouti3, James F. Daniel!, and Ivan L. Csanaky?!? MEDICAL
1Children's Mercy Hospital, Kansas City, MO, USA; 2University of Kansas Medical Center, Kansas City, KS, USA; CENTER
> University of Nebraska Medical Center, Omaha, NE, 68198 bl A

ABSTRACT RESULTS RESULT

Bile acids (BAs) are essential for lipid absorption, bile formation, and regulation of intermediary metabolism. Primary BAs are synthesized in the liver and Fig 2. Generation of Cyp2c70-null Mice Fig. 5: Unconjugated Bile Acid Concentrations Fig 7.
conjugated with glycine or taurine (T) before biliary excretion. Humans produce two primary BAs, cholic acid (CA) and chenodeoxycholic acid (CDCA). BA

synthesis is regulated by the farnesoid X receptor (FXR), which represses Cyp7al, the rate-limiting enzyme of BA synthesis. Although mice are commonly |
used models, mice efficiently hydroxylate CDCA by Cyp2c70 at the 6B-position; thus, their dominant BAs are the hydrophilic muricholic acids (MCASs), in ' Female Female T R U-BAs: 17.6% UBAs: 18,7

contrast to the hydrophobic human BA-pool. These species differences complicate the translational research of BAs. For example, because of the § - | ] 5 § - Chui 0 ‘

1) 1° Bile Acids 2° Bile Acids FEMALE L1 suiza1
1

hydrophilic BA composition, the PFIC-2 model, bile salt export pump (Bsep)-null mouse shows moderate changes in phenotype compared to human PFIC- T-BAs: 50.9% e T10% T-BAs: 60.0% T-BAs: 82.3% T-BAs: 81.6%
2 patients. To better understand the role of human-like BA metabolism, we engineered Cyp2c70-null mice.

BA concentrations in liver, bile, and plasma, and hepatic gene expression, were quantified in male and female wild-type and Cyp2c70-null mice. Hepatic
and plasma concentrations of total (£)BAs increased in male mice (liver: +73%, plasma: +5-fold), and were markedly higher in female null mice (liver:
+1.79-fold, plasma: +14-fold) compared to WT mice. MCA formation was practically abolished, and CDCA and its metabolites increased markedly, creating _ _
a human-like, hydrophobic BA composition in Cyp2c70-null mice. Contrary to significant increase in concentrations of CDCA and LCA in livers of _ i 0o —
Cyp2c70-null mice, hepatic FXR-SHP and intestinal FXR-Fgf15 pathways were minimally activated. Biliary excretion of ZBAs decreases in male (-18%) and VS | Y e
more in female (-25%) Cyp2c70-null mice, contrary to increased biliary excretion of CDCA (~16-fold) and LCA (~32-fold). Decreased ZBA excretion was due i . § = . - - PLASMA
to reduced biliary excretion of TCA in male mice (-19%), more markedly in female mice (-46%). The ratio of TCDCA/TCA in WT liver is 0.12, whereas it is 1.6 o -
in male and 2.9 in female Cyp2c70-null mice. Murine Bsep has a higher affinity for TCDCA than TCA; therefore, TCDCA can inhibit biliary transport of TCA,
especially in female (-46%) Cyp2c70-null mice. Since (T)CA is the natural ligand for murine FXR, due to lower excretion of TCA, the intestinal FXR-Fgf15 :
pathway (responsible for Cyp7al suppression) is not activated. In contrast, the hepatic FXR-pathway is activated, causingl2-a-hydroxylase Cyp8b1l - - . . : | _ . Sult2a1-, Sult2a2, _and Sult3al are al! essentially
suppression, especially in female Cyp2c70-null mice. In summary, Cyp2c70-null mice have a human-like hydrophobic BA-pool and exhibit PFIC-like { |/ - o 1 4 - absent in male mice, and decrease in females

cholestatic features, which will help clarify the pathomechanisms of various pediatric liver diseases. L _ _ T F O F following cyp2c70-KO (-80%, -60%, and -90%,
A. CRISPR target site in the Cyp2c70 gene and deletions in the SN TNV respectively)

I NTRO D U CTI O N “C-null” and “E-null” lines. - B 2 B : Sult2a8 carries out 7a-OH sulfation. Cyp2c70-KO
« C-nullis a 313 bp deletion, in which the first 19 amino N 1 & does not alter expression of Sult2a8 in males, but
*Bile acids (BAs) are detergent-like molecules synthesized by the liver (Fig. 1) with essential roles in the digestion and absorption of lipids and fat-soluble acids are present significantly decreases expression compared to

vitamins _ _ _ _ _ q | - female WT (-60%) and compared to male KOs (-60%)
BAs also have critical roles in energy balance and intermediate metabolism (Hofmann and Hagey, 2014; Li and Chiang, 2014). E-null is a 251 bp deletion. The entire coding sequence A | Papss2 generates the active sulfate for Sult enzymes.

T
# *#

‘BAs are hepatotoxic and are implicated in various pediatric and adult human diseases (cholestatic liver disease, PBC, PSC, NAFLD, cancers, etc.) of exon one s deleted T S TOFT T O%O;:C;‘ It is female dominant
% 07 O7 v O O

_ _ S V¢ ¥ ¢ 3 S . : _
*Mice are commonly used for modeling pediatric and adult liver diseases. However, there are several differences between human and mice BA « B. mMRNA expression of Cyp2c70 in WT, C-null and E-null > N NN N Papss2 tends to decrease in females only (-28%)

. . . . : : . . « The predominant unconjugated bile acid in WT mice is after cyp2c70-KO
homeostasis, which complicates translational research. mice. Cyp2c70 expression tends to be higher in female WT MCA, which is practically abolished with cyp2¢70-KO

*The most important difference is that humans produce cholic acid (CA) and chendeoxycholic acid (CDCA) as primary BAs, whereas in mice in additionto § , C. Genotvbina of exnerimental mouse lines. WT band=862 b <-90% in all tissues
CA and CDCA produce 6B-hydroxylated muricholic acids (MCAS) yPIng P P I(:ollowing CypZC70—IzO CDCA concentrations increase
*Recently, the rodent-specific Cyp2c70 was identified as being responsible for 6B-hydroxylation significantly in the liver of both male (13-fold) and

*Due to the formation of MCAs, mice have more hydrophilic BA pools than humans Fig 3. Concentration & Excretion Values for Major female (28-fold) mice Fig 7 Fia 7. PCA of Biliary Excretion
-In addition, the effect of these primary BAs are different because CDCA and CA act like agonists, whereas MCA acts as an antagonist on the Farnesoid X : : PP : : Unconjugated bile acids have greatly reduced affinities ' . - ;
Receptor (FXR), the major regulator of BA homeostasis Bile Acid Catggorles in Liver, B:Ime, and Plasma for BSEP

*To better model human diseases, creating Cyp2c70-null would allow us to study the role of human-like BA composition in mouse models 600 —— R— "
3 MC-null [ FC-null *
*Therefore, our laboratory engineered Cyp2c70-null mice Ji ﬁ'ﬂ m ﬁ
6 & o

#
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Fig 1. Bile Acid Metabolism in Mice
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ca o aMCa  BMCA Right panel: A simplified diagram of BA
_Bileaciss __[Abbrov)  |3a 3l6a 68[ra 78 N e e mos “1"  synthesis. |
ooyt sid| Cocn | P Jor 1|1t ot 1] AV O B e muocas ¥ “’"ﬁ“‘ wver CAand its metabolites (red), CDCA and | = = : | e F e e s e 5 5 s e o ° i I ERa component 1 while CDCA and metabolites are strongly
a-murichelic acid a-MCA | Primary |OH H OH H| H /—ﬂ ; ; i ﬂ ﬂ i ; U ﬂ\ |tS metabO“teS (blue), 6'OH BAS (purple), ¥ Q' & SRR § LR Y ¥ K < S S &&o _: : { pOSItlver Correlated
Bamuricholic acid___{BMCA L Primary JOH I Lo e ] ”, il i| e me | sulfated-BAs (brown) are indicated. i i 1 | ; Component 2 separates males from females and C-null
ursodeoxycholic acid | UDCA |Secondary|OH H H OH l \wMCA{ from E'nUII S|X Of the tOp 10 mOSt determ|nant b||e
fiochollcecid | LCA JsecondanfOlt 1|1 11 1 S s acids for component 2 are sulfated BAs.
SN P s o Cyp2c70-KO significantly decreases hepatic FXR increased concentrations of forms CA-S and  DCA-S,
hvodeosxvcholic acid | HDCA Isecondardon tlon # [ 1 X/\ s _ _ _ expression only in females the dominant sulfated BAs, cluster samples towards
. . N . ; : i ion i - the negative y-axis.
In the liver, cholesterol is converted to CDCA and CA. The rate-limiting enzyme of BA synthesis is cholesterol 7a-hydroxylase (CYP7A1), ; . . ) [ £ . ' Hepatic Shp expression is not alte_red by cyp2c70-KO J Y : :
hich rts cholesterol to 7a-hvd holesterol in the classical path C 3 R R R P T T F TR ; 5 o & 5 & 5 o 5 5 5 8 Uptake transporter (Ntcp) expression tends to Increased LCA-S and conjugates are female dominant
which converts cholesterofto Fa-hydroxycholesterotin the classical pathway. | . T Y VST VY VI decrease following Cyp2c70-KO, especially in females and cluster samples towards the positive y-axis
The sterol 12a-hydroxylase enzyme (Cyp8b1l) is solely responsible for the biosynthesis CA. Therefore the activity of CYP8B1 controls o ' ) . . ’ : :
the ratio of CDCA to CA Cyp2c70-KO tended to increase hepatic EBAs in males Bile acid synthesis enzymes tend to decrease after PCA shows that excretion CDCA and metabolites
In rodents Cyp2c70 forms 6B-hydroxylated hydrophilic BAs (Takahashi et al., 2016; de Boer et al., 2020). (+70%) and significantly increased ZBAs in females (+150%) Cyp(2:c7(;-K10th o limiti for BA g?rlrj\islz‘?l;/v-srua:fn;iEr(\)cgarl?:epss;gpca:?e;ti?)rnsbegtavgiil);emale
BAs are conjugated with either glycine or taurine before they are transported into bile, stored in the gall bladder, and enter the Cyp2c70-KO resulted in sharp decreases in bile acids with ypras, the rate imiting enzyme 1or and male arouns. with Cvo E-null experiencin
duodenum upon food ingestion. hydroxy groups at the 6C position for both males (-90%) synthesis, tends to decrease in both males and increasedgsulfaptic’)n o yp P g
The majority of BAs secreted into the intestine are reabsorbed in the terminal ileum and recirculated back to the liver via the portal vein. and females (-87%) _ Eemilsf ireadv sianificantly | 0t | UDCA-S excretion helps differentiate C-null and E-null
~10-12% of the BAs escape reabsorption and reach the large intestine where bacterial enzymes are capable of metabolizing BAs. All Non-6,12a0H bile acids were significantly increased in the - el _m— K- pa— yp/bL, aifeady signiticantly Iower in femaies, : o - -
: DR . : ) ) ¥Yooa P e decreases significantly with cyp2c70-KO strains. UDCA-S excretion is increased in C-null mice,
BAs formed due to bacterial modifications of primary BAs are termed secondary BAs. livers of both males (5-fold) and females (12-fold) C sufation o S S S : . S but decreased in E-null mice (data not shown)
The dehydroxylation of BAs results in more toxic BAs, for example, the conversion of CDCA to LCA, which is considered the most toxic Despite increased hepatic ZBAs, females experienced  ault2a8 nacomolishes -OH saffation (TCAS, TCOGA _ _ Cyp8bl, responsible for CA formation, is '
y y , ple, , > ¢ _ _ Sult2a8 accomplishes 7-OH sulfation (TCA-S, TCDCA-S, TMCA-S, TUDCA-S, f tv d din f |
BA. decreased biliary excretion (25%) following cyp2c70-KO, TDCA-S), and is male dominant | | sighificantly decreased In temales
After reabsorption, BAs can also be sulfated at the 3 and 7 positions, which decreases their toxicity (AInouti, 2009; zmssssssn w0 s . 10 particularly among unconjugated (-57%) and 12a- T T e oy Suifated BA N Iner s bie. bu TUDCA.S s the maior
Sulfation is considered the most important detoxification of LCA, the most toxic BA (Hofmann, 2004). hydroxylated bile acids (-42%) sulfated BA in plasma | | |
in both liver and bile, sulfation of bile acids is significantly [l + 1 OneroKCst ook e oo s oo e SUMMARY
P U R POS E higher in males, regardless of KO (+60% liver, +67% bile) predomir?am. ' '
Cvp2c70-KO caused elevated bile acid concentrations in « Inthe liver, TCA-S and t TDCA-S are the major sulfated BAs, and have significantly _ _ _ _ _ _ _ _
To obtain a new mouse model with human-like hydrophobic BA composition to model various pediatric liver diseases. plﬁzma especially in females higher concentrations in males, regardiess of cyp2c70-KO o Fig. — Dysregulated Bile Acid Metabolism following Cyp2c70-Knock Out Cyp2c70-KO creates a hydrophobic bile acid pool
’ . %‘fjﬁ;ﬂﬁrﬁzr::d significantly increased sulfation of + TDCA-S in livers for both o BAL Consisting of maimy CDCA and conjugates
onjugation

MAT E R IA L S A N D I\/I ET H O D S « TLCA-S, whic_h is sulfated at the 3-OH position by Sult2al, tends to be higher in BAT TCDCA and TCA compete for excretion via BSEP
females, and increases after cyp2c70-KO. TCDCA has a much higher affinity for BSEP
ANIMALS: Therefore (T)CA cannot be excreted, and

- Wildtype (WT) C57BL/6J mice were purchase from Jackson labs (Bar Harbor, Maine). Fig 4. Taur'”%:&giﬂ'wated Bile Acid gﬂﬂigentrat'ons | _ * xcretion accumulates in the liver

-« Exon one of the Cyp2c70 gene was targeted using CRISPR/Cas-mediated genome editing on fertilized eggs generating 9 pups. wale Female Male Female N N TCA is the natural ligand for FXR in mice
« Two mouse lines were kept for development and backcrossed against WT mice - - _ - - % i"f{;é‘;ﬂf}"{f e Hepatic FXR regulates bile acid composition via

. After 3 generations of backcrossing, homozygote Cyp2c70-null mice were generated for initial characterization - EE = e s Sl AN “a (NCA||  E— | Cyp8b1l through SHP
5] o | | yminesi Intestinal FXR regul rall bile synthesi
TISSUE COLLECTION: testina egulates overall bile synthesis

_ Bacterial I 7al th h Fafl
 Male and female WT and both genotypes of Cyp2c70-null mice (n=5-6) were collected at 3 months of age via Cypral through Fgils

biotransformation
) - il Only hepatic FXR is activated due to the lack of
« Anesthesia: Urethane (1.2 g/kQ) ! _ ‘i [i * of BAs y hep
» Blood was collected from suborbital veins; livers were collected and snap-frozen in liquid nitrogen. ; a i - [
N /\Q\CF & F K&

excreted TCA
&O P % S &O P % &‘2‘ &QS)

Re-uptake Therefore only CA synthesis, but not overall bile acid
BILE COLLECTION (from separate sets of mice): _.23 n ! = —Ja

- Qatpe i synthesis is downregulated
 Male and female WT and Cyp2c70-null mice were collected at 3 months of age - fﬁﬁ- Cyp2c70-KO alters bile acid metabolism to resemble
« Anesthesia: Urethane (1.2 g/kQ)

human values in hydrophobicity and composition
. . . This model can simulate PFIC-2 conditions,

« Common bile duct was cannulated and bile samples were collected for 40-min.

* Volume of bile was determined gravimetrically. YT e —T

L K - Wl : previously not possible in mouse
| £ x, ] d I | 0,09%
RNA EXTRACTION: &, I T I I T IS
-null

o Portal vein Sulfation becomes critical for Cyp2c70-null mice, as in
- Stranded mRNA purified by TRIzol® Reagent with Phase Lock GelTM and extracted by _ 5T - N s c

human bile acid metabolism
_ _ ) ) M Cnull F C-nl Di-OH: 90%yono-0n: __ Mono-OH: 1.2% o TOH: e Mono-OH: 18%  Mono-OH: 2,4%
* QC results (RIN 7.6-8.7) were obtained using Agilent TapeStation 4000 — 2 = = A W REFERENCES
20 : ' - o e o o
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MESSENGER RNA QUANTIFICATION: ol - l : _ T e
« The mRNA expression of genes in liver were quantified by next-generation sequencing using NovaSeq 6000 with a NuGEN Universal 5 * ] 1 . 3 o ASIIA '
Plus RNA Assay and NuGEN Universal Plus RNA UDI. T Y O; o-o——fi—'fi—i—“ >
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Cyp2c70-KO eliminated TMCA, but otherwise caused increases in all Eonul
other primary bile acids, especially in females
BILE ACID ANALYSIS: « TCDCA, the precursor of TMCA, increased most significantly (+28-
- BAs were quantified by reverse-phase ultra-performance liquid chromatography-mass spectrometry (UPLC-MS/MS) [3;4]. fold M; +34-fold F) o |
« TCDCA and TCA compete for excretion via the bile salt export

_ protein (BSEP), but TCDCA has a much higher affinity (5.7 umol/L vs.
STATISTICS: 30.3 umol/L, Noe et al.)

« BA concentration values were log-normalized « TLCA, a secondary form of CDCA & the most hydrophobic and toxic

- Statistical significance was determined by ANOVA and Duncan’s post hoc for WT vs KO and by Student’s t-test for sex differences. All bile acid, was significantly increased in all tissues, with greater A C K N OWL E DG E M E N TS

] . Y . TR T : increases in female mice compared to male mice
tests used a p-value of 0.05. Asterisks (*) indicate differences between WT and KO mice; # indicates difference between males and Female mice experienced significantly decreased excretion of TCA

females of the same genotype (-44%), the predominant 12a-hydroxylated bile acid, and natural  The authors would like to thank all members of our laboratories for technical assistance.
agonist of FXR In mice » This work was supported by National Institute of Health Grants ES009649, DK092069, and Children’s Mercy Startup fund

Plasma BA concentrations increased for KO mice, especially in
females. for ILC.
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* Gene were annotation using GENCODE (GRCm38-version M24, Ensembl 99)
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