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SUMMARY

Autophagy deficiency in the liver can cause alterations of
intestinal bile acid (BA) composition and gut microbiota

with a significantly higher proportion of BA-metabolizing
bacteria. Gut dysbiosis provides an adaptive protection to
the liver via the FGF15-FGFR4 signaling pathway.

BACKGROUND & AIMS: The functions of the liver and the in-
testine are closely tied in both physiological and pathologic
conditions. The gut microbiota (GM) often cause deleterious
effects during hepatic pathogenesis. Autophagy is essential for
liver homeostasis, but the impact of hepatic autophagy function
on liver-gut interaction remains unknown. Here we investi-
gated the effect of hepatic autophagy deficiency (Atg5Ahep) on
GM and in turn the effect of GM on the liver pathology.

METHODS: Fecal microbiota were analyzed by 16S sequencing.
Antibiotics were used to modulate GM. Cholestyramine was
used to reduce the enterohepatic bile acid (BA) level. The
functional role of fibroblast growth factor 15 (FGF15) and ileal
farnesoid X receptor (FXR) was examined in mice over-
expressing FGF15 gene or in mice given a fibroblast growth
factor receptor-4 (FGFR4) inhibitor.

RESULTS: Atg5Ahep causes liver injury and alterations of in-
testinal BA composition, with a lower proportion of tauro-

conjugated BAs and a higher proportion of unconjugated BAs.
The composition of GM is significantly changed with an in-
crease in BA-metabolizing bacteria, leading to an increased
expression of ileal FGF15 driven by FXR that has a higher af-
finity to unconjugated BAs. Notably, antibiotics or cholestyr-
amine treatment decreased FGF15 expression and exacerbated
liver injury. Consistently, inhibition of FGF15 signaling in the
liver enhances liver injury.

CONCLUSIONS: Deficiency of autophagy function in the liver
can affect intestinal environment, leading to gut dysbiosis.
Surprisingly, such changes provide an adaptive protection
against the liver injury through the FGF15-FGFR4 signaling.
Antibiotics use in the condition of liver injury may thus have
unexpected adverse consequences via the gut-liver axis. (Cell
Mol Gastroenterol Hepatol 2021;11:973-997; https://doi.org/
10.1016/j.jcmgh.2020.10.011)

Keywords: Autophagy; Gut Dysbiosis; Liver Injury; FGF15.

G ut microbiota (GM) consist of a diverse community
of symbiotic bacteria and have a complex interplay
with the host." Interactions between GM and the host result
in production of metabolites by microbes, including sec-
ondary bile acids (BAs)." Alteration of GM has been asso-
ciated with multiple diseases, including fatty liver disease.
Gut dysbiosis is found in patients with nonalcoholic fatty
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liver disease (NAFLD) and nonalcoholic steatohepatitis.” In
patients with alcohol-related liver disease, the microbiota
composition and function are varied in association with the
severity of liver condition and whether the patients are
active drinkers.” On the other hand, gut dysbiosis may
contribute to hepatic pathogenesis by translocation of
microbial-associated molecular patterns and bacteria that
can cross the gut barrier.* However, evidence of beneficial
effects through a defined mechanism is scarce.

BAs are produced in hepatocytes through 2 major
biosynthetic pathways, the classic pathway, which converts
cholesterol to 7a-hydroxycholesterol by cytochrome P450
7A1 (CYP7A1), and the alternative pathway, which converts
cholesterol to 27-hydroxycholesterol by cytochrome P450
27A1.>° Eventually the classic pathway leads to the syn-
thesis of cholic acid (CA) and chenodeoxycholic acid (CDCA),
whereas the alternative pathway only leads to the synthesis
of CDCA in mice.”® In the human liver, CDCA is an end
product; however, CDCA is further converted to muricholic
acids (MCAs) by cytochrome P450 2C70 in the mouse
liver.” Primary BAs are conjugated after synthesis and
secreted to the intestine, where they are converted by GM
into secondary BAs and reabsorbed by the liver through the
portal circulation.”® Dysfunction of BA metabolism and gut
dysbiosis can be associated with each other, often in the
context of liver diseases.*® Gut dysbiosis has been found in
patients with primary biliary cholangitis or primary scle-
rosing cholangitis and in a mouse model of cholestasis.*” It
is not known whether gut dysbiosis would in turn affect
liver pathogenesis in the context of dysregulated BA
metabolism.

Macroautophagy, hereafter simply referred to as auto-
phagy, is an evolutionarily conserved degradation process
and is critical for hepatic homeostasis.” Deficiency of key
autophagy-related genes (Atg) in the liver, eg, Atg5 and
Atg7, causes severe liver injury, fibrosis, and tumorigen-
esis.”*® Our previous study demonstrates that autophagy
deficiency-induced liver injury is accompanied with altered
hepatic BA metabolism, cholestatic injury, and impaired
farnesoid X receptor (FXR) activity in the liver."" It is not
known whether hepatic autophagy function can be impor-
tant for the gut-liver interaction and exert its impact to the
GM.

Our study shows that hepatic autophagy deficiency
leads to an increased proportion of BA-metabolizing bac-
teria and the alteration of BA composition in the intestine.
The significance of these changes is the enhanced activa-
tion of ileal FXR and an increased expression of fibroblast
growth factor 15 (FGF15). Unexpectedly, we found an
exacerbated liver injury and ductular reaction in
autophagy-deficient livers after GM removal or blockage of
the FGF15-fibroblast growth factor receptor 4 (FGFR4)
signaling pathway. Our findings thus indicate that gut
dysbiosis can be beneficial in protecting the liver from
further injury, and the mechanism is medicated by a gut-
liver signaling axis. Furthermore, the findings suggest
that antibiotics (ABX) use in the condition of liver injury
should be cautious, considering the potential adverse ef-
fect on the liver via the gut-liver signaling.
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Results
Liver-Specific Deletion of Atg5 Altered the
Composition of GM

Hepatic autophagy deficiency due to the deletion of a key
autophagy gene, Atg5 or Atg7, causes significant liver injury,
which is dependent on the nuclear factor erythroid 2-related
factor 2 (NRF2) activation.”*** To investigate the impact of
hepatic autophagy deficiency on GM, we first assessed the
composition of GM in fecal samples from Atg5"/F and Atg52"eP
mice by 16S sequencing. Principal coordinates analysis
(PCoA) showed that the composition of GM was noticeably
separated between Atg5™/F and Atg5°"®P mice at the age of 8
or 16 weeks (Figure 14). However, the diversity and the
number of species were comparable between Atg5™/F and
Atg5°"P mice (Figure 1B). The most abundant bacteria at the
phylum level were Bacteroidetes, Firmicutes, and Proteobac-
teria, and their proportions were in general comparable be-
tween Atg5"/F and Atg5°"P mice (Figure 1C). These results
suggest that hepatic Atg5 deletion alters the proportion of
bacterial species rather than the diversity of GM. Analysis at
the genus level showed significant disproportions of 8 bac-
teria between Atg5™" and Atg54"*" mice (Figure 1D). A higher
proportion of Lactobacillus but a lower proportion of Pre-
votella, Paraprevotella, Turicibacter, Mogibacterium, and
Ammonifex were observed in Atg5"P mice. The proportion
of Johnsonella was also increased in most of the Atg5*"°P
groups except the 16-week-old female group. In addition,
Parapedobacter seemed enriched only in the male Atg52"P
mice but impoverished in the females.

To understand whether the disproportion of GM was
correlated with the autophagy deficiency, we analyzed GM
in Atg7°"P mice, another hepatic autophagy-deficiency
mouse model. As observed in the AthAheP mice, the di-
versity and the number of identified species were compa-
rable between Atg7*"P mice and their controls (Figure 24
and B). However, proportions of 9 genera were changed in

Abbreviations used in this paper: ABX, antibiotics; ALP, alkaline
phosphatase; ALT, alanine transaminase; ASBT (SLC10A2), apical
sodium-bile acid transporter; AST, aspartate transaminase; ATG,
autophagy-related gene; BA, bile acid; BAS, bile acid sequestrants;
BLU, Blu-9931; BSH, bile salt hydrolase; CA, cholic acid; CDCA, che-
nodeoxycholic acid; CK19, cytokeratin 19; CYP7A1, cytochrome p450
7a1; CYP8B1, cytochrome p450 family 8b1; DCA, deoxycholic acid;
ERK, extracellular signal-regulated kinase; FEX, fexaramine; FGF15,
fibroblast growth factor 15; FGFR4, fibroblast growth factor receptor
4; FXR, farnesoid X receptor; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GM, gut microbiota; IBABP, ileal bile acid-binding
protein; MCA, muricholic acid; NAFLD, nonalcoholic fatty liver dis-
ease; NRF2, nuclear factor erythroid 2-related factor 2; OST-«, organic
solute transporter subunit-a; OST-3, organic solute transporter sub-
unit-3; PBS, phosphate-buffered saline; PCoA, principal coordinates
analysis; qRT-PCR, quantitative real-time polymerase chain reaction;
SE, standard error; SHP, small heterodimer partner; SQSTM1,
sequestosome-1; TBA, total bile acid; TCA, taurocholic acid; TCDCA,
taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA,
taurolithocholic acid; TMCA, tauromuricholic acid; TUDCA, taur-
oursodeoxycholic acid.
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Figure 1. Liver-specific deletion of Atg5 altered the composition of GM. (A) PCoA based on relative abundance at species
level shows a distinguishable profile of GM between 8- and 16-week-old Atg5™F and Atg54"P mice. Data from mice of both
sexes were plotted. (B) Shannon species diversity and number of species identified were similar among different groups of

mice. (C) Proportion of 3 most abundant bacteria at phylum level.
at least 3 comparisons between the age- and sex- matched Atg5

Proportion of bacteria that showed significant changes in
and Atg54"®P mice at the genus level. Data are shown as

2

median with interquartile range, n = 10/group. Mann-Whitney analysis was used to determine significance, *P < .05.

Atg7""°P mice (Figure 2C), including Lactobacillus. These
results indicate that hepatic autophagy deficiency can cause
gut dysbiosis.

ABX Treatment Aggravated Atgb Deficiency-
Induced Liver Injury

To investigate the potential impact of GM dysbiosis on
the pathogenesis of hepatic autophagy deficiency, mice were
given ABX for 6 weeks (Figure 34). ABX treatment did not
affect either hepatic NRF2 activity (Figure 44 and B), which
could affect liver injury,’> or water consumption

(Figure 4C). The hepatomegaly in Atg5“"P mice remained
unchanged after ABX treatment (Figure 3B and C). Never-
theless, gallbladders were enlarged after ABX treatment
(Figure 3B and (), which is consistent with previous find-
ings in germ-free mice.'* Unexpectedly, serum levels of
alanine transaminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (ALP), and total BA (TBA) were
significantly increased in Atg5*"P mice but not significantly
changed in Atg5™" mice after ABX treatment (Figure 3D).
Consistently, ABX treatment enhanced ductular reaction but
not fibrotic reaction as shown by H&E, cytokeratin 19
(CK19), and Masson’s trichrome staining in Atg5-deficient
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Figure 2. Liver-specific deletion of Atg7 caused gut dysbiosis. Shannon species diversity (A) and the number of species
identified (B) were analyzed in each group of mice. (C) Bacteria with disproportionate representation in Atg7-"® mice at genus
level. Heatmap was generated, and values in the heatmap were mapped to colors using the minimum and maximum of each
row independently. The hierarchical cluster of different genus was constructed using one minus Pearson correlation method.
Male and female mice were 6-26 weeks old when fecal samples were collected (n = 5). Data are shown as median with
interquartile range. Mann-Whitney analysis did not show statistical significance between the groups.

livers (Figure 3E). Autophagy deficiency causes liver injury
accompanied with cholestasis."' Consistently, Atg5*"P mice
presented increased TBA mainly in the liver and the feces
(Figure 3F). ABX treatment caused further elevations in TBA
levels mainly in the intestine and the gallbladder, and thus
the TBA pool elevated in Atg5™F mice but more so in
Atg5°"°P mice (Figure 3F). Similar to germ-free mice, accu-
mulation of TBA in the intestine was accompanied with
decreased fecal levels of TBA after ABX treatment
(Figure 3F). Overall, ABX treatment enhanced cholestatic
liver injury of Atg5“"*P mice.

In Atg7Ahelo mice, ABX treatment increased TBA in the
intestine and the total pool while decreased fecal excretion
of TBA (Figure 54), the changes of which are similar to
Atg5°"°P mice. However, hepatic enzyme levels in the blood
were not further elevated in ABX-treated Atg7*"*" mice
(Figure 5B). This could be due to the well-documented more
severe liver injury seen in Atg7*"P mice (Figure 5B and C vs
Figure 3C and D). The more severe phenotype of Atg7-
deficient livers may mask the effects of ABX treatment.

BA-Metabolizing Bacteria Were Enriched in
Atg54"eP Mice

Because GM are critical for BA metabolism in the intes-
tine,'>'® we examined whether the disproportion of GM
affected BA metabolism in Atg5"P mice. The major BA-
metabolizing bacteria are those that express bile salt hy-
drolase (BSH) and/or 7«/@-dehydroxylation activity, which
include Lactobacillus, Bacteroides, Bifidobacterium, Eubac-
terium, and Clostridium." Of note, unlike BSH activity, only a
small number of bacteria belonging to the class Clostridia
have 7a/B-dehydroxylation activity.'” A higher proportion
of Lactobacillus (Figure 1E) but not Clostridium or Eubac-
terium (Figure 6A) was consistently found in Atg5"°P mice.
The elevation of Bacteroides was only observed in male
Atg5°"°P mice, and that of Bifidobacterium was seen only in
16-week-old Atg5°"®P mice (Figure 64). Thus, there were
different levels of increments in BA-metabolizing bacteria in
AthAhep mice. In addition, we also observed an enrichment
of Lactobacillus at genus level in Atg7*"P mice (Figure 74),

suggesting that hepatic autophagy deficiency altered pro-
portions of BA-metabolizing bacteria.

Further heterogeneity at the species levels within each of
these 5 genera could be observed in terms of the enrich-
ment in Atg5“"P mice. Because the variations could be
related to the sex and/or the age, only a few species were
overlapped between the cross-age/sex comparisons
(Figure 84). Two heatmaps based on the gender were then
generated to include all disproportionate species, which
presented the overall disproportion of the BA-metabolizing
bacteria in Atg5°"P mice (Figure 8B). As expected, most of
these species with higher proportions were in both male
and female Atg5*"P mice, albeit with variations. We then
focused on species that were disproportionately altered in
both age-matched male and female Atg5°"P mice. We found
that among the 7 species that were altered in 8-week-old
Atg5™"°P mice, 6 of them were enriched (Set 1 in Figure 6B).
Similar enrichment of these species was seen in 16-week-
old Atg5“"P mice, although it was not statistically signifi-
cant (Figure 6B). On the other hand, in the 16-week-old
Atg5°"P mice, 14 other species were disproportionate, and
13 of them were enriched (Set 2 in Figure 6B). We observed
similar changes in Atg7°"" mice. At species level, propor-
tion of 9 species, including Bifidobacterium thermophilum
and another 8 from genus Lactobacillus, was enriched in
Atg7°"P mice (Figure 7B). Overall, our results indicate that
BA-metabolizing bacteria are enriched in hepatic
autophagy-deficient mice at both genus and species levels,
despite that there are age- and sex-related variations.

Liver-Specific Deletion of Atg5 Altered the
Composition of Intestinal BAs

Because BA-metabolizing bacteria were enriched in
Atg5°"°P mice, we interrogated the composition of BAs in
the intestine and the liver. We found that the composition of
intestinal BAs was distinctively separated among different
groups (Figure 6C and D). In the intestine, the total level of
unconjugated BAs was elevated, with a significant increase
in CA in Atg5*"®P mice (Figure 6E). Correspondingly, most of
the tauro-conjugated BAs, either primary or secondary,
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Figure 4. ABX treatment did not affect NRF2 activity in Atg5 deficiency livers. (A) Immunoblotting analysis of hepatic
samples. (B) The mRNA level of Ngo7 and Gstm1 was determined by gRT-PCR (n = 7-9). (C) Average daily water consumption
per mouse was determined. Data are shown as means + SE. Groups with different lowercase letters had significant differences
(P < .05). Gstm1, glutathione s-transferase mu 1; LC3B, microtubule associated protein 1 light chain 3 beta; Nqo1, NAD(P)H

quinone dehydrogenase 1.

were significantly reduced in Atg5“"P mice (Figure 6F). The
composition of intestinal BAs suggested a stronger capacity
of deconjugation in Atg5"P mice. These observations are
consistent with the higher proportion of BA-metabolizing
bacteria in AthAhep mice, which seemed to be more
capable of deconjugation but not necessarily dehydrox-
ylation. After ABX treatment, we observed that the propor-
tion of unconjugated BAs was dramatically increased
whereas the proportion of conjugated BAs was decreased in
both Atg5"/F and Atg5"P mice (Figure 6E and F), the
pattern of which is similar to the finding in germ-free
mice.'* Interestingly, Atg5 deletion in the liver did not
change the effects of ABX on intestinal composition of BAs,
which nondiscriminately eliminated BA-metabolizing bac-
teria for both deconjugation and dehydroxylation capability.

We then examined what potential impact of Atg5 defi-
ciency and ABX treatment on hepatic BA compositions as
comparisons. BA compositions in the liver were distinctly
separable among the groups (Figure 94 and B). As expected,
the major BA species in the liver were the primary conju-
gated BAs (Figure 9C and D). Whereas total levels of both
tauro-conjugated and unconjugated BAs did not seem to be
affected significantly, individual BA composition showed
changes that were associated with Atg5 deletion and/or
ABX treatment. We observed a significant increase of taur-
ocholic acid (TCA), but not tauromuricholic acid (TMCA), in
Atg5-deficient livers (Figure 9D). Hepatic levels of taur-
ochenodeoxycholic acid (TCDCA), tauroursodeoxycholic
acid (TUDCA), taurodeoxycholic acid (TDCA), and taur-
olithocholic acid (TLCA) were all decreased by Atg5 deletion
(Figure 9D). After ABX treatment, hepatic levels of TCA and

TCDCA were significantly decreased in Atg5™" but not in
Atg5°"®P mice (Figure 9D). Hepatic levels of TMCA-(a+8)
and MCA-8 were significantly increased in Atg5™/F mice,
which is similar to the case of germ-free mice,'* whereas the
change was not observed in Atg5*"P mice (Figure 9C and
D). These results suggest that hepatic composition of BAs is
alterelc} but is less sensitive to ABX treatment in Atg5P°P
mice.

lleal FXR Activation and FGF15 Expression Were
Up-regulated in Atg54™P Mice in a Manner
Dependent on GM

Intestinal level of TMCA was significantly reduced in
Atg5°"*P mice, which meanwhile was significantly affected
by GM as indicated by the robust elevation after ABX
treatment (Figure 6F). Indeed, TMCA-B in the intestine is
known to particularly inhibit ileal FXR, which is activated by
TCA."® Accumulation of TMCA-8 was found in germ-free
mice and in conventional mice given ABX treatment, which
dramatically inhibited ileal FXR, which thereby reduced
expression of FGF15."* FGF15 is secreted into portal circu-
lation to function as a hormone.'® In the liver, FGF15 can
inhibit BA synthesis when binding to its receptor FGFR4,
which is critical for BA homeostasis.'” **

We therefore hypothesized that the lower level of in-
testinal TMCA in Atg5“"®" mice might allow a higher level of
ileal FXR activation and a higher level of FGF15 expression.
As expected, we found a significant increase of ileal
expression of Fgf15 and small heterodimer partner (Shp) in
Atg5°"°P mice, which is compromised by ABX treatment

Figure 3. (See previous page). ABX treatment aggravated Atg5 deficiency-induced liver injury. (A) Scheme of the ABX
treatment. Mice were given neomycin sulfate and ampicillin sodium salt mixture in daily drinking water for 6 weeks. (B)
Representative gross anatomy of livers of indicated genotypes and treatments. (C) Liver weight and gallbladder (Gal) weight
were determined as percentages of the body weight (n = 10-16/group). (D) Serum levels of ALT, AST, ALP, and TBA in mice
(n = 10-16/group). (E) Liver sections were subjected to H&E, anti-CK19, or Masson’s trichrome staining. Percentage of
positive area was quantified with Imaged (anti-CK19 staining quantification, n = 3-4/group; Masson’s trichrome staining
quantification, n = 8-12/group). (F) TBA levels in indicated compartments were measured (n = 7-16/group). Data are shown as
means + SE. Groups with different lowercase letters had significant differences (P < .05).
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Figure 5. ABX treatment suppressed ileal FXR activity and altered enterohepatic TBA levels in Atg74"®? mice. (A) TBA

levels in the indicated compartments were measured (n = 4-6).

(B) Serum levels of ALT, AST, ALP, and TBA in Atg74"*" mice

after ABX treatment (n = 4-6). (C) Liver weight and gallbladder (Gal) weight were shown as percentage of body weight (n =
4-6). Data are shown as means + SE. Groups with different lowercase letters had significant differences (P < .05).

(Figure 104), implying the involvement of TMCA. Fxr
expression itself was not affected. In addition to Fgf15 and
Shp, expression of intestinal BA transporters, which is
regulated by FXR,%* is also affected by hepatic autophagy
deficiency. In Atg5"P mice, ileal expression of both ileal
bile acid-binding protein (Ibabp) and organic solute trans-
porter subunit-a (Ost)-«, but not Ost-G, was up-regulated,
but compromised by ABX treatment (Figure 10A4). Ileal
apical sodium-bile acid transporter (Asbt) expression was
noticeably decreased in Atg5°"P mice (Figure 104). After
ABX treatment, expression of Mrp2 and Asbt was induced in
mice of both genotypes (Figure 104). The pattern of gene
expression indicates that the activation of ileal FXR in
Atg5°"P mice can be compromised by ABX treatment,
suggesting a potential association of these changes with GM.
The elevation of ileal FGF15 expression was further
confirmed by immunoblotting (Figure 10B and C) and
immunochemistry (Figure 10D), both of which were
increased in Atg5“"P mice in a manner dependent on GM.
Interestingly, ileal expression of Fgfl5 and Ibabp was
induced in Atg7Ahep mice, which was also compromised af-
ter ABX treatment (Figure 11), suggesting that the modu-
lation of ileal FXR activity by hepatic autophagy deficiency
was not dependent on specific autophagy-related genes.
To examine the consequent impacts of FGF15 on Atg5-
deficient livers, we analyzed FGF15-related pathways. In
livers, FGF15 can bind to FGFR4 and activate the extra-
cellular signal-regulated kinase (ERK) pathway.'’ As ex-
pected, phosphorylation level of ERK1/2 in Atg5-deficient
livers was significantly induced but compromised after

ABX treatment (Figure 10E). Cyp7al gene that encodes the
rate-limiting enzyme in the classic BA synthesis pathway is
negatively regulated by FGF15 signaling.'” Indeed,
whereas Cyp7al mRNA level is low in Atg5*"P livers, its
expression was noticeably elevated after ABX treatment
(Figure 10F), which is similar to the case in the germ-free
mice’* and consistent with the alteration in the FGF15
signaling. Expression of Fxr and most of its target genes
was suppressed in Atg5-deficient liver, as shown in our
previous study,'’ but not affected by ABX treatment
(Figure 124 and B).

Taken together, ABX treatment affects the intestinal
composition of BA and eliminates the relative advantage of
Atg5°"®P mice in producing more ileal FGF15 because of a
lower level of TMCA in the intestine.

Bile Acid Sequestrants Reduced TBA Pool but
Also lleal FGF15 Production, Leading to an
Enhanced Atg5 Deficiency-Induced Liver Injury
Bile acid sequestrants (BAS) are large polymers that
bind negatively charged BAs in the small intestine, which
can prevent reabsorption of BAs in the gut, increase their
fecal excretion, and finally disrupt enterohepatic circula-
tion.>” BAS are efficient to reduce TBA pool; however, evi-
dence also has shown that they can consequently inhibit
ileal FXR and reduce expression of FGF15 in mice”® and
FGF19 in humans.'” To determine the impact of enter-
ohepatic TBA on autophagy-deficient livers, mice were given
cholestyramine resin treatment (Figure 134). As expected, a
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Figure 7. Alterations in the proportion of BA-metabolizing bacteria in Atg74"®P mice. (A) Proportion of bacteria with BSH
and/or 7a/8-dehydroxylation activity at the genus level in floxed Atg7 or in Atg7"P mice. Mice were 6-26 weeks old. Both
male and female mice were included. (B) The bacterial species with BSH and/or 7a/3-dehydroxylation activity that were
disproportionate in Atg7"he” mice. Data are shown as median with interquartile range, n = 5. Mann-Whitney analysis, *P < .05,
P < .01.

significant decrease of TBA levels in livers and enter-
ohepatic circulation (Figure 13B) and reduced gallbladder
size (Figure 13C) were observed in mice after BAS treat-
ment. Although hepatomegaly in Atg5*"P mice was not
further enhanced (Figure 13C), serum levels of ALT, AST,
and ALP were all increased in Atg5°"P mice after BAS
treatment (Figure 13D). H&E staining showed an increased
number of oval cells around the periportal areas in Atg5-
deficient livers after BAS treatment (Figure 13E). The
increased positive areas of CK19 and Masson’s trichrome
staining indicate a more severe ductular reaction in Atg5-
deficient livers after BAS treatment (Figure 13E). These

results suggest that BAS treatment in Atg54"®? mice para-
doxically enhances liver injury.

To identify potential mechanisms in which BAS treat-
ment contributed to enhanced liver injury in Atg54"® mice,
we examined expression of FXR-regulated genes in both il-
eums and livers. Despite an increase of Fxr gene expression
in Atg5™/" mice after BAS treatment, ileal expression of FXR-
promoted genes, including Fgf15, Shp, Ibabp, Ost-«, and Ost-
G, was significantly reduced in mice after BAS treatment
(Figure 13F). The ileal level of Asbt mRNA, an FXR-
suppressed gene, was increased after BAS treatment
(Figure 13F). These results suggested that ileal FXR activity

Figure 6. (See previous page). Hepatic autophagy deficiency affects intestinal BA composition in correlation with gut
dysbiosis. (A) Hepatic autophagy deficiency affected the proportion of bacteria with the BSH and/or 7«/3-dehydroxylation
activities at the genus level (Lactobacillus is shown in Figure 1E). Data are shown as median with interquartile range, n = 10/
group. (B) Heatmap shows the BA-metabolizing bacteria that are disproportionate in Ath"”e” mice at the species level.
Heatmap was generated, and values in the heatmap were mapped to colors using the minimum and maximum of each row
independently. The hierarchical cluster of different species was constructed using one minus Pearson correlation method.
Proportion of bacteria in Set 1 was significantly changed in both male and female Atg54"*° mice at 8 weeks old. Proportion of
bacteria in Set 2 was significantly changed in both male and female Atg5“"" mice at 16 weeks old. (C) PCoA of BAs in the
intestine data (log2-scaled umol/L). (D) Heatmap was generated, and values in the heatmap were mapped to colors using the
minimum and maximum of each row independently. Heatmap shows the cluster of indicated BA species in the intestine of
different groups of mice. The hierarchical cluster of different BAs was constructed using one minus Pearson correlation
method. (E and F) Intestinal levels of unconjugated (E) and tauro-conjugated (F) BAs in male mice. Data are shown as per-
centage of TBA level (means + SE), n = 5/group. Groups with different lowercase letters or indicated by asterisk had significant
differences (P < .05). HDCA, hyodeoxycholic acid; LCA, lithocholic acid; UDCA, ursodeoxycholic acid.
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Figure 8. Hepatic autophagy deficiency caused changes in the proportion of BA-metabolizing bacteria. (A) Venn dia-
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using one minus Pearson correlation method.

was strongly inhibited by BAS treatment and consequently
decreased expression of ileal Fgf15. In the liver, BAS treat-
ment suppressed hepatic FXR activity in Atg5"/" mice but
did not significantly change the expression of FXR targets in
Atg54"P mice (Figure 13G), perhaps because the FXR ac-
tivity was already reduced in autophagy-deficient livers.
Taken together, these results suggest that BAS treatment in
Atg5%"" mice reduces ileal FXR activation and Fgfl5
expression, which may contribute to the paradoxical effects
on autophagy deficiency-induced liver injury.

Intestine-Specific FXR Agonist Activated lleal
FXR in Atg5™F Mice but not in Atg54"%° Mice
Because both ABX and BAS treatments exacerbate liver
injury in Atg5*"P mice accompanied with reduced ileal FXR
activity, we asked whether further activated ileal FXR can
improve Atg5 deficiency-induced liver injury. Hence, mice
were given an intestine-specific FXR agonist, fexaramine
(FEX), for 7 days (Figure 14A4). Unexpectedly, FEX treatment
did not change serum levels of ALT, AST, ALP, and TBA in
Atg5°"*P mice, whereas serum level of TBA was decreased
in Atg5™/F mice (Figure 14B). Analysis of the expression of
ileal Fxr and its target genes suggested an activation of FXR
in Atg5"/F mice but not in Atg5°"*P mice after FEX treatment
(Figure 14C). The TBA pool and fecal TBA level were both

significantly reduced in Atg5™" mice after FEX treatment,
but not so much in Atg5"P mice (Figure 14D). We suspect
that the lack of the effect of FEX in Atg5*"P mice may be
due to the altered GM and saturated FXR with existing BA
agonists. Consistently, a prior study had also shown that GM
could influence the efficacy of FEX treatment.”’

Overexpression of FGF15 Attenuated Pathologic
Features in Atg54"®P Livers

FGF15 was significantly induced in Atg5*"P mice but
was reduced after treatments with ABX or BAS. We thus
hypothesized that an elevated level of FGF15 could play a
protective role in Atg5 deficiency-induced liver injury.
Because recombinant FGF15 does not seem stable in the
circulation for long-term experimentation,zg'29 AAV8-FGF15
was given to Atg5°"P mice (Figure 15A4). The level of
phosphorylated ERK1/2 in the liver was elevated after
AAV8-FGF15 injection 1 week and 4 weeks later
(Figure 15B), suggesting that FGF15 signaling was enhanced
in the liver as supported by a higher hepatic expression of
Fgfl5 mRNA (Figure 15C). The protein level of FGF15
overexpression could not be defined because of lack of
proper antibodies (data not shown). Consequently, hepatic
levels of 2 classic targets of FGF15 signaling, Cyp7al and
cytochrome p450 family 8b1 (Cyp8b1), were reduced after
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FGF15 overexpression (Figure 15C). Paradoxically, hepatic
Fxr and Shp expression was not elevated after FGF15
overexpression, although the expression of bile salt export
pump (Bsep), a direct target of FXR, was induced
(Figure 150), suggesting FXR-independent effects of FGF15
on hepatic gene expression. Consistent with the reduced
expression of Cyp7al and Cyp8b1, the total TBA pool, mainly
contributed by the intestinal level of BA, and the fecal TBA
level were significantly reduced (Figure 15D).

Serum biochemistry analysis suggested FGF15 over-
expression in the liver reduced ALP but not ALT, AST, and
TBA (Figure 15E) in Atg5*"P mice, suggesting a potential
improvement in biliary injury. Consistently, the H&E stain-
ing and CK19 staining showed a reduced ductular reaction

(Figure 15F). On the other hand, the parameters of fibrosis
(Figure 16) showed a variable improvement to FGF15
overexpression, suggesting that the short treatment had a
minor impact on this process.

Inhibition of FGFR4 Aggravated Liver Injury in
Atg54heP Mice

FGFR4 is the receptor that mediates FGF15 signaling in
the liver."” To determine the role of FGF15-FGFR4 signaling
in autophagy-deficient livers, we treated mice with Blu-
9931 (BLU), a novel small molecular that selectively in-
hibits FGFR4,%° to block FGFR4 activity (Figure 17A4).

In both Atg5"/F and Atg5“"™P mice, BLU treatment
reduced Shp expression, whereas it induced Cyp7al
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Figure 10. GM regulates ileal FXR activation and FGF15 expression in Atg54"° mice. (A) mRNA level of indicated genes in
the ileum was analyzed by gRT-PCR (n = 7-9/group). (B and C) lleal FGF15 protein levels were examined by immunoblotting
assay (B) and quantified with densitometry (C, n = 3/group). (D) Representative images of anti-FGF15 immunohistochemistry
staining in the ileum of indicated genotypes and treatments. (E) ERK1/2 level in the liver was analyzed by immunoblotting
assay and quantified by densitometry. Phosphorylation level of ERK1/2 was normalized by the total protein level and
expressed as the fold change of the Atg5™F control group (n = 5-7/group). (F) Expression of Cyp7al was analyzed by qRT-
PCR in the liver (n = 6-9/group). Data are shown as means + SE. Groups with different lowercase letters had significant
differences (P < .05). Mrp2 (Abcc2), multidrug resistance-associated protein 2; Mrp3 (Abcc3), multidrug resistance-associated
protein 3; N.S., no statistical significance.

expression in the liver (Figure 17B). Consequently, the TBA
pool and fecal TBA level were significantly increased after
BLU treatment (Figure 17C), indicating an increase of BA
synthesis in the liver. Consistently, with the inhibition of

hepatic FGFR4, ileal expression of Fgfl5 and Ibabp was
remarkably induced after BLU treatment (Figure 17D),
which is possibly attributed to the increase of intestinal
TBA.
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After BLU treatment, liver injury was enhanced in
Atg5°"°P mice as indicated by the significantly elevated
serum levels of ALT, AST, and TBA (Figure 17E). Notably,
the male mice were more susceptible to BLU treatment for
the serum enzyme activation (Figure 18). We did not see
significant pathologic changes in livers of Atg5™F mice
(Figure 17F), suggesting that inhibition of FGFR4 was not
toxic in healthy livers. However, the ductular reaction
around the periportal areas was further enhanced in Atg5-
deficient livers after BLU treatment as indicated by H&E
staining and the positive areas of CK19 staining
(Figure 17F). Positive staining of Masson’s trichrome was
also significantly increased in Atg5-deficient livers after BLU
treatment (Figure 17F). Although we found a noticeable
sexual disparity in serum enzyme changes, changes in his-
tologic studies were comparable between male and female
Atg5°"P mice. Taken together, these results suggest that
FGF15-FGFR4 signaling protects livers from further injury
in Atg5-deficient mice.

Discussion
Interaction Between GM and Hepatic Autophagy
Deficiency and BA Metabolism

In this study, we showed that autophagy deficiency in
the liver led to the alteration of intestinal BA composition
and gut dysbiosis with a significantly higher proportion of
BA-metabolizing bacteria. Unexpectedly, ABX treatment
increased enterohepatic level of BAs and exacerbated the
pathology in autophagy-deficient livers. Together with other
evidence, we demonstrate that enhanced activation of ileal
FXR-FGF15 signaling, because of the effects of altered BA
metabolism and GM, accounted for the protection of the
autophagy-deficient liver from further injury (Figure 19).
Therefore gut dysbiosis in liver diseases can be an adaptive
response to mitigate the injury via a gut-liver signaling
pathway.

Autophagy deficiency in the liver causes hepatomegaly,
chronic injury, and tumorigenesis.”'° Mechanically, consis-
tent activation of NRF2 by sequestosome-1 (SQSTM1) is
critical for pathologic changes induced by hepatic Atg5 or

Atg7 deletion,”'*"* yet how SQSTM1-NRF2 signaling leads
to hepatocyte death remains unclear. Our previous study
shows a compromised FXR activity and altered BA homeo-
stasis in autophagy-deficient livers,"* in which activation of
FXR in the liver can ameliorate autophagy
deficiency-induced liver injury, suggesting that reduced
hepatic FXR expression and disrupted BA homeostasis may
at least partially contribute to injury in autophagy-deficient
livers.

In this study we have defined a unique interaction be-
tween GM and liver injury in the context of autophagy
deficiency, which affects BA metabolism and gut-liver
signaling. First, we show that dysfunction of BA meta-
bolism induced by Atg5 or Atg7 deficiency in the liver alters
GM and leads to a significant enrichment of BA-metabolizing
bacteria with BSH activity. GM is critical for BA metabolism
by deconjugation of BAs and conversion of primary BAs into
secondary BAs.® Consistent with enriched BA-metabolizing
bacteria, we observed a lower level of tauro-conjugated
BAs but a higher level of unconjugated BAs in the intes-
tine. However, levels of most secondary BAs in the intestine
are lower in Atg5"®P intestines except deoxycholic acid
(DCA). In mice, DCA is converted from TCA, whereas other
secondary BAs are converted from TCDCA.*' Interestingly,
TCDCA level is decreased in Atg5°"®P livers, suggesting a
reduced capability of CDCA synthesis in these mice, which
may contribute to the decreased levels of non-DCA sec-
ondary BAs in the intestine. Overall, the evidence here
suggests that autophagy deficiency in the liver alters hepatic
BA metabolism, which generates a different BA profile and
favors the growth of a specific set of GMs. Thus the altered
BA metabolism is the link connecting hepatic autophagy
deficiency to gut dysbiosis.

Interestingly there are several studies indicating that GM
are altered in patients with cholestatic liver diseases.** **
Several bacteria are consistently enriched in patients with
primary biliary cholangitis or primary sclerosing cholangitis,
including Veillonella, Streptococcus, Enterococcus, Lactoba-
cillus, Haemophilus, and Fusobacterium, whereas the pro-
portion of some other bacteria are decreased in these
patients, such as Phascolarctobacterium, Faecalibacterium,
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and Blautia. These findings indicate that some GM can be
altered by cholangitis regardless of etiologies. In compari-
son, our data showed that Lactobacillus was elevated
consistently in multiple groups of mice across the age and
the sex at the genus level (Figures 1D, 2C, 7A) and at the
species level (Figures 6B, 7B). In addition, Streptococcus and
Enterococcus had shown some changes in some groups of
Atg5Ahep mice, although not as consistently as Lactoba-
cillus across the age and the sex (data not shown). Overall
there is a notable similarity between the human cholestatic
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injury and the autophagy deficiency-induced cholestatic
injury in terms of gut dysbiosis.

Second, we found that altered GM maintain the enter-
ohepatic BA level. We have reported cholestatic injury in
autophagy-deficient livers, with a significant increase of TBA
levels in serum and livers."" Here we not only confirmed our
previous findings but also found that despite the increase of
hepatic TBA level, the total TBA pool is comparable between
the autophagy-deficient mice and the control mice
(Figures 3F, 5A4). This may be due to increased fecal
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excretion, which is reduced after ABX treatment, suggesting
that GM maintained the total enterohepatic level of TBA in
autophagy-deficient mice by an increased BA excretion from
the intestine. The mechanism of this increased excretion
may be related to the elevation of the BA-metabolizing
bacteria because most excreted BA species are secondary
and/or unconjugated BAs, which are produced through the
action of bacteria.

Third, we present evidence that GM-mediated FXR acti-
vation in the ileum can induce FGF15 expression, thereby
protecting mice from further liver damage caused by auto-
phagy deficiency in the liver. Both the ABX and BAS treat-
ments lead to dramatic inhibition of ileal FXR activity and
significant decrease of FGF15 expression. Evidence from
overexpression of FGF15 and inhibition of FGFR4 in the Atg5-
deficient liver suggests that GM-mediated FGF15 expression
at least partially protected Atg5*"P mice from further liver
damage by a FGF15-FGFR4 feedback signaling pathway.

We previously found that Atg7 deletion induced more se-
vere pathologic changes than Atg5 deletion in the liver, which
leads to different response to alcohol treatment. In this study,
we also observed that ABX treatment enhanced liver injury in
Atg5*"" but not obviously in Atg7°"P mice, although
increased BA pool and reduced ileal FXR activity after ABX
treatment were observed in both Atg5*"*P and Atg7*"® mice. It
is possible that the protection effect from gut dysbiosis is
overcome by additional hepatic phenotypes exerted by the
more severe damage in the absence of Atg7, which sits on the
upstream of Atg5 in the autophagy signaling pathway.

Gut Dysbiosis Can Be an Adaptive Response to
Liver Injury

A number of studies had shown that gut dysbiosis con-
tributes to the progress of liver disease, and correction of
the dysbiosis may improve pathologic changes in the liv-
er.36-10 Among the detrimental effects of GM, “invasion” of
the liver by the product of GM because of increased gut
permeability is thought to be the major one.* Although the
detrimental role of gut dysbiosis seems to be widely
recognized, there is also evidence indicating a beneficial
impact of GM on acute liver injury in mice. Enrichment of
intestinal Lactobacillus was found in mice with liver injury
induced by acute concanavalin A treatment, which can
prevent further liver inflammation through activation of
interleukin 22 production.*’ Furthermore, conflicting evi-
dence supporting either a detrimental**** or beneficial'***
effect of GM can be found for the liver injury in the

Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 4

adenosine triphosphate-binding cassette, subfamily B
(MDR/TAP), member 4 (Mdr2) knockout (Mdr2”") mice.

In the present study, we have found GM are altered in
Atg5°"°P mice. Surprisingly, ABX treatment enhanced Atg5
deficiency-induced liver injury, clearly indicating a protec-
tive role of GM in Atg5*"P mice. We further identified an
increase of FXR activity and ileal FGF15 expression in
Atg5°"°P mice, which is associated with the altered intesti-
nal BA composition and the dysbiosis status of GM. Our
findings demonstrate that FGF15 can be a beneficial feed-
back signal from gut dysbiosis attributed to hepatic auto-
phagy deficiency.

In mice, FGF15 is induced by FXR activation in the ileum,
and its human ortholog is FGF19.'® FGF15/19 is required
for the efficiency of SHP-mediated CYP7A1 repression and
plays a critical role in repressing BA synthesis.'® Conversely,
decrease of intestinal level of BA by BAS can reduce ileal
FGF15 expression in mice?® and serum FGF19 levels in
healthy humans.*> Animal experiments have shown that
FGF15 is essential for hepatic homeostasis, and over-
expression of FGF15/19 in the liver has beneficial effects on
multiple liver diseases including sclerosing cholangitis,’
alcoholic fatty liver,”” and NAFLD.”"*’ In addition to its
functions in hepatic metabolism, FGF15 has also been
shown to contribute to liver regeneration.23'46'47 In humans,
circulating FGF19 has been found to be increased in patients
with biliary cirrhosis*® and in patients with alcoholic hep-
atitis,*° which is accompanied with inhibition of BA syn-
thesis. Nevertheless, the function and cause of increased
levels of circulating FGF19 remain unclear. Our current
finding of the beneficial effects of FGF15-FGFR4 signaling in
autophagy-deficient livers provides evidence that increase
of FGF15/19 level in the setting of liver diseases can
potentially be a protective mechanism via the gut-liver
interaction.

Our study suggests that GM can adapt to metabolic
changes in the liver and consequently activate feedback
signaling, such as FXR-FGF15 signaling, in the gut to protect
the liver from further damage. The present study also sug-
gests caution should be exercised in the use of ABX during
specific liver diseases to avoid potential detrimental effects,
not because of reduced hepatic drug metabolism but
because of disruption of beneficial gut-liver signaling.

Conclusion
In summary, the findings in our studies indicate a pri-
mary liver disease can lead to alteration of GM, which then

Figure 13. (See previous page). BAS reduced TBA pool but enhanced Atg5 deficiency-induced liver injury. (A) Scheme of
the BAS treatment. Water was given as control. (B) TBA levels in the indicated compartments were measured (n = 6-8/group).
(C) Liver weight and gallbladder (Gal) weight were determined as percentage of body weight (n = 6-8/group). (D) Serum levels
of ALT, AST, ALP, and TBA in mice after BAS treatment (n = 6-8/group). (E) Liver sections were subjected to H&E, anti-CK19,
or Masson’s trichrome staining. Percentage of positive area was quantified with Imaged (anti-CK19 staining quantification, n =
3-4/group; Masson’s trichrome staining quantification, n = 3-5/group). (F and G) Expression of genes related to BA meta-
bolism in ileums (F) or in livers (G) was analyzed by qRT-PCR (n = 4-6/group). Data are shown as means + SE. Groups with
different lowercase letters had significant differences (P < .05). Bsep (Abcb11), bile salt export pump; Cyp7al, cytochrome
P450 7a1; Mrp2 (Abcc2), multidrug resistance-associated protein 2; Mrp3 (Abcc3), multidrug resistance-associated protein 3;
Mrp4 (Abcc4), multidrug resistance-associated protein 4; Ntcp (Sic10a1), Na/Taurocholate cotransporting polypeptide; Oatp1

(Slco1at), organic anion-transporting polypeptide 1.
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Figure 14. Intestine-specific FXR agonist activated ileal FXR in Atg5"'F but not in Atg54"P mice. (A) Scheme of the study
using an intestine-specific FXR agonist, FEX. Solvent (1% dimethyl sulfoxide in corn oil) was given as the control. (B) Serum
levels of ALT, AST, ALP, and TBA in mice after FEX treatment (n = 5-8). (C) lleal expression of indicated genes was analyzed by
gRT-PCR (n = 5). (D) TBA levels in the indicated compartments were measured (n = 5-8). Data are shown as means + SE.
Groups with different lowercase letters had significant differences (P < .05).

activates FXR-FGF15 feedback signaling through modu-
lating the composition of intestinal BAs. Our results sug-
gest that ABX treatment can exacerbate hepatic
pathogenesis in Atg5-deficient livers by the reduction of

FGF15 expression. Taken together, our present study
demonstrates a protective role of gut dysbiosis in liver
injury, which is associated with the FXR-FGF15-FGFR4

feedback signaling.
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Figure 15. Overexpression of FGF15 attenuated pathologic features in Atg54™" livers. (A) Scheme of the FGF15 over-
expression study in mouse livers. (B) Expression of ERK1/2 in the liver was analyzed by immunoblotting assay and quantified
by densitometry. Phosphorylation levels of ERK1/2 were normalized to those of the total protein levels and expressed as fold
change of GFP group (n = 8/group). (C) Hepatic expression of indicated genes was analyzed by gRT-PCR (n = 3-5/group).
Data were expressed as fold change of GFP for the 1-week group. (D) TBA levels in the indicated compartments were
measured (n = 3-5/group). (E) Serum levels of ALT, AST, ALP, and TBA in mice after AAV injection (n = 3-5/group). (F) Liver
sections were subjected to H&E, anti-CK19, or Masson’s trichrome staining. Percentage of positive area was quantified with
Imaged (n = 3-5/group). Data are shown as means + SE. *P < .05, **P < .01. AAV, adeno-associated virus; Bsep (Abcb11), bile

salt export pump; Cyp7al, cytochrome P450 7a1; GFP, green fluorescence protein.
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Figure 16. Effects of FGF15 on fibrosis in mouse livers. (A) Liver sections were subjected to Masson’s trichrome staining.
Percentage of positive area was quantified with Imaged (n = 3-5). (B) Hepatic levels of hydroxyproline (n = 3-5). (C) Protein
level of a-SMA in the liver was analyzed by immunoblotting assay and quantified by densitometry (n = 3-5). Data are shown as
means + SE. *P < .05, *P < .01. a-SMA, a-smooth muscle actin. GFP, green fluorescence protein.

Methods

Animals and Treatments

Atg5¥/F mice (B6.129S-Atg5tm1Myok)'° and Atg7"/*
mice'? had been reported in previous studies. Atg5*"P and
Atg7°"P mice were created by cross Atg5™/" or Atg7"/F with
the Alb:Cre transgenic mice (The Jackson Laboratory, Bar
Harbor, ME), respectively. Mice were maintained on a 12-
hour dark/12-hour light cycle with free access to food and
water. Both male and female mice were used in the studies
if not further addressed. Age- and sex-matched mice were
randomly assigned to treatment or control group. For ABX
treatment, mice (5 to 6 weeks old) were given ABX (0.5 g/L
neomycin sulfate and 1 g/L ampicillin) in daily drinking
water for 6 weeks. For BAS treatment, cholestyramine resin
(2 g/kg) was mixed in water and given to 8- to 12-week-old
mice twice a day by oral gavage for 5 days. Control groups
were given a same volume of water. For FEX treatment, FEX
was dissolved in dimethyl sulfoxide and further diluted in
corn oil according to manufacturer’s protocol. Mice (8 to 12
weeks old) were given 50 mg/kg FEX daily by oral gavage
for 7 days. Control mice were given the same volume of corn
oil containing the same amount of dimethyl sulfoxide. For
adeno-associated virus (AAV8)-mediated overexpression of
FGF15, Atg5*"P mice (6 to 8 weeks old) were given 3 x
10" vector genomes of AAV8-FGF15 per mouse by intra-
venous injection. Control mice were given AAV8-GFP. Mice
were euthanized for further analysis 1 or 4 weeks later. For
FGFR4 inhibitor treatment, BLU was dissolved in 0.5%
methylcellulose/1% Tween 80 solution according to a pre-
vious study.>® Mice (8 to 12 weeks old) were given 50 mg/
kg BLU twice per day by oral gavage for 7 days. Control mice

were given the same volume of solvent. All animal experi-
ments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Indiana University.

Antibodies and Chemicals
Antibodies and polymerase chain reaction primers used
in this study are listed in Tables 1 and 2, respectively.

Fecal 16S rRNA Sequencing of Gut Microbial

Communities

Mice were 6-26 weeks old when fecal samples were
collected. For Atg5“"P mice, fecal samples were collected
from Atg5™/F and Atg5*"™P mice at 8 or 16 weeks old. For
Atg7""°P mice, fecal samples were collected from floxed Atg7
mice (heterozygous or homozygous, Atg7"'") and Atg7~"P
mice. Both male and female mice were used and equally
distributed in different genotypes. Fecal DNA was extracted
from frozen fecal samples by using the E.Z.N.A. Stool DNA Kit
(Omega Bio-Tek, Inc, Norcross, GA). All DNA samples were
stored at —-80°C before sequencing, which was performed by
SeqMatic LLC (Fremont, CA) using Illumina (San Diego, CA)
sequencing libraries. FASTQ data were processed by using
the Qiime pipeline on Illumina’s BaseSpace servers.

For 16S sequencing analysis, relative abundance of each
bacteria was calculated. PCoA was performed by using
multidimensional scaling function based on relative abun-
dance at species level using SPSS for Windows 17.0 Soft-
ware (SPSS, Inc, Chicago, IL). Heatmaps were generated by
using  Morpheus  (https://software.broadinstitute.org/
morpheus), and values in the heatmap were mapped to
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Figure 17.Inhibition of
FGFR4 aggravated liver
injury in Atg54"®P mice.
(A) Scheme of treatment
with FGFR4 inhibitor, Blu-
9931 (BLU). Solvent (0.5%
methylcellulose/1% Tween
80) was given as control.
(B) Hepatic expression of
indicated genes was
analyzed by qRT-PCR (n =
4-7/group). (C) TBA levels
in indicated compartments
were measured (n = 6-8/
group). (D) lleal expression
of indicated genes was
analyzed by qRT-PCR (n =
4-6/group). (E) Serum
levels of ALT, AST, ALP,
and TBA in mice after BLU
treatment (n = 6-8/group).
(F) Liver sections were
subjected to H&E, anti-
CK19, or Masson’s tri-
chrome staining. Percent-
age of positive area was
quantified with ImageJ
(CK19 staining quantifica-
tion, n = 3-6/group; Mas-
son’s trichrome staining
quantification, n = 4-5/
group). Data are shown as
means + SE. Groups with
different lowercase letters
had significant differences
(P < .05). Bsep (Abcb11),
bile salt export pump; N.S.,
no statistical significance.



2021
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colors using the minimum and maximum of each row
independently. The hierarchical cluster of each heatmap was
constructed using one minus Pearson correlation method.

Serum Biochemistry Analysis

Serum levels of ALT, AST, and ALP were measured by
using kits from Pointe Scientific (Canton, MI) according to
the manufacturer’s protocol. Serum TBAs were measured
using the TBAs assay kit from Diazyme Laboratories, Inc
(Poway, CA).

Tissue and Fecal TBA Content Analysis
Sample preparation and BA quantification were per-
formed as in previous studies with modifications.?” For the

Atg5 deletion

Cholestatic injury
e T
 §
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Unconjugated BA ¢
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Homeostasis of
enterohepatic BA

Figure 19. GM-dependent FXR-FGF15 signaling improves
hepatic presentation in Atg5-deficient mice. Atg5 defi-
ciency in the liver impairs autophagy process and BA ho-
meostasis, which causes liver injury accompanied with
cholestasis. Disruption of hepatic BA homeostasis altered the
composition of BAs in the intestine and GM , which in turn
affects BA composition in the intestine. The changes in in-
testinal BA composition activate ileal FXR and consequently
induce FGF15 expression and reduce BA uptake in the in-
testine, both of which can improve the homeostasis of
enterohepatic BA. Importantly, FGF15 is beneficial to the
improvement of the liver injury induced by autophagy
deficiency.
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liver tissue, samples (100 mg) were homogenized in 1 mL of
90% ethanol and incubated at 55°C overnight. The lysates
were centrifuged at 10,000 rpm for 10 minutes. Supernatant
was used to measure BA concentration. The whole intestine
(with its content) was homogenized in 5 mL water and was
incubated at 55°C overnight after addition of 45 mL ethanol.
One milliliter of the lysates was removed for centrifugation
at 10,000 rpm for 10 minutes. An aliquot of the supernatant
was diluted 5 times and measured for BA concentration. For
BAs in the gallbladder, the entire organ was put in 1 mL of
90% ethanol. After the gallbladder was cut to release the
bile, the samples were incubated at 55°C overnight. The
lysates were centrifuged at 10,000 rpm for 10 minutes. An
aliquot of the supernatant was diluted 50 times to measure
the BA concentration. For fecal BA measurement, overnight-
dried fecal samples (150-250 mg) were admixed with 1 mL
of 95% EtOH and incubated at 55°C overnight. The lysates
were centrifuged at 10,000 rpm for 10 minutes. An aliquot
of the supernatant was diluted 10 times for BA quantifica-
tion. The BA concentration of each diluted supernatants was
measured by using the TBAs assay kit from Diazyme Lab-
oratories, Inc.

Liver and Intestinal BA Composition Analysis

Liver and intestinal samples from male mice were used
for BA profile analysis. BA analysis was by using a Biocrates
Bile Acids Kit (Biocrates Life Science AG, Innsbruck,
Austria). Samples were prepared according to the manu-
facturer’s protocol with modifications. At least 30 mg of
liver tissue was homogenized in 3-fold volume of extraction
buffer (ethanol/phosphate buffer, 85:15 v/v). For intestine
samples, they were homogenized in 3 mL phosphate-
buffered saline (PBS), and then 17 mL of 100% ethanol
was added to extract BAs. All samples were probe-sonicated
for 3 bursts with 10 seconds each. Samples were chilled in
an ice bath for at least 60 seconds between bursts. Ho-
mogenized samples were stored at -80°C. Further BA
extraction and profile analysis were performed according to
manufacturer’s protocol in Center for Genomic and
Computational Biology, Duke University. Sample pool qual-
ity controls were created using equal volumes of all liver
and intestine samples respectively. BAs were identified by
using Biocrates MetI/DQ software. A PCoA was performed for
BAs using JMP Pro v14.0 software (SAS, Cary, NC).
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Table 1.Antibody List

Antibody name Company Catalog # Host
ATG12 Cell Signaling 2011 Rabbit
B-ACTIN Cell Signaling 3700 Mouse
CK19 DSHB TROMA-III Rat
Phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling 4370 Rabbit
ERK1/2 Cell Signaling 9102 Rabbit
FGF15 Santa Cruz sc-514647 Mouse
GAPDH Novus biologicals NB 300-221 Mouse
LC3B Sigma L7543 Rabbit
NQO1 Abcam ab34173 Rabbit
P62/SQSTM1 Abnova H00008878-M01 Mouse
a-SMA Thermo PA5-19465 Rabbit
B-TUBULIN Cell Signaling 86298 Mouse

For BA composition analysis, results of analytes with
more than 40% missing values were removed before sta-
tistical analysis. Missing values of the remaining results
were then replaced with the limit of detection. Results from
liver samples were calculated as nmolL/g or percentage of
TBA level and were calculated as nmoL/whole intestine or
percentage of TBA level from intestine samples. Heatmaps
were generated using Morpheus (https://software.
broadinstitute.org/morpheus), and values in the heatmap
were mapped to colors using the minimum and maximum of
each row independently. The hierarchical cluster of each
heatmap was constructed using one minus Pearson corre-
lation method.

Immunoblotting Analysis

The liver samples were homogenized in the radio
immunoprecipitation assay buffer containing a protease
cocktail and phosphatase inhibitors. Supernatant was
collected after centrifugation at 12,000 rpm for 12 mi-
nutes. Protein concentration was determined by using BCA
protein assay kit (Thermo Fisher Scientific-Pierce, Wal-
tham, MA). The proteins were separated on a sodium
dodecyl sulfate polyacrylamide gel electrophoresis. Pro-
teins were transferred onto polyvinylidene fluoride mem-
branes, which were then blocked with 5% bovine serum
albumin or 5% skim milk for 1 hour at room temperature.
Membranes were incubated with the appropriate primary
antibody overnight and then washed with TBST (Tris-
buffered saline, 0.1% Tween 20) before being incubated
with the horseradish peroxidase-coupled secondary anti-
bodies at room temperature. Protein bands were detected
by using enhanced chemiluminescence kit (Thermo Fisher
Scientific-Pierce). The images were taken digitally with a
BioRad ChemiDoc Image System (BioRad, Hercules, CA).
Densitometry was measured by using the companion
software, and the values were normalized to those of (-
tubulin, (§-actin, or glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), which were then converted to fold
change of the control.

RNA Isolation and Quantitative Real-Time PCR
Analysis

Total RNA was prepared from liver samples using Gene-
TET RNA purification kit (Thermo Fisher Scientific, Grand
Island, NY) according to manufacturer’s protocols. Comple-
mentary DNA (cDNA) was synthesized using Oligo dT primers
and an M-MLV reverse transcriptase system (Life
Technologies-Thermo Fisher Scientific). Quantitative real-time
polymerase chain reaction (qRT-PCR) analysis was performed
on a QuantStudio 3 Real-Time PCR System (Life Technologies-
Applied Biosystems, Waltham, MA) using SYBR Green master
mixes (Life Technologies-Applied Biosystems). All qRT-PCR
results were normalized to the level of §-actin, and the gene
expression was calculated using the 22 method.

Histologic Study

Liver or ileum samples were rinsed with PBS and fixed in
10% formalin overnight. Samples were further fixed in 70%
ethanol and processed as paraffin-embedded blocks. The
paraffin-embedded liver tissues were sectioned and stained
with H&E or Mason’s trichrome C. The paraffin-embedded
ileum tissues were sectioned, and immunohistochemical
staining was performed with FGF15 antibody. Photomicro-
graphs were taken using a Nikon (Tokyo, Japan) Eclipse
E200 light microscope equipped with a SPOT RT Slider color
digital camera (Diagnostic Instruments, Inc, Sterling Heights,
MI). Area with positive Mason’s trichrome C staining was
quantified by using Image] software (National Institutes of
Health, Bethesda, MD); at least 4 random fields of each
section from each mouse liver were used for
quantification.””

Immunofluorescence Microscopy

Paraffin sections were subjected to antigen retrieval
treatment using the Citrate buffer (0.01 mol/L, pH 6.0)
after deparaffinization. Slides were blocked with 5% goat
serum in PBS containing 0.1% Triton X (PBS-Tx) for 1
hour and then incubated with primary antibodies diluted
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Table 2.Primer List

Gene name equence (forward) Sequence (reverse)
Actin 5-ACTATTGGCAACGAGCGGTT-3' 5-CAGGATTCCATACCCAAGAAGGA-3
Akr1d1 5'-CTCATTGGGCTTGGAACCTA-3 5-CATTGATGGGACATGCTCTG-3
Asbt (Slc10a2) 5-CGACATGGACCTCAGTGTTAG-3' 5-CAACCCACATCTTGGTGTAGA-3
Baat 5'-GTCCTTTTCCAGGGGTCATT-3 5-CCAGAGCTAAGGTGGCAAAG -3
Bsep (Abcb11) 5-CTGCCAAGGATGCTAATGCA-3' 5'-CGATGGCTACCCTTTGCTTCT-3’
Cyp27al 5-GCCTCACCTATGGGATCTTCA-3 5-TCAAAGCCTGACGCAGATG-3'
Cyp7at 5-AACAACCTGCCAGTACTAGATAGC-3' 5'-GTGTAGAGTGAAGTCCTCCTTAGC-3
Cyp7b1 5'-CAGCTATGTTCTGGGCAATG-3 5-TCGGATGATGCTGGAGTATG-3
Cyp8b1 5-AGTACACATGGACCCCGACATC-3 5'-GGGTGCCATCCGGGTTGAG-3
Fgfrd 5-CTGCCAGAGGAAGACCTCAC-3' 5-GTAGTGGCCACGGATGACTT-3'
Fgf15 5-ATGGCGAGAAAGTGGAACG -3 5'-CTGACACAGACTGGGATTGCT-3'
Fxr (Nr1h4) 5-GGCCTCTGGGTACCACTACA-3 5-TGTACACGGCGTTCTTGGTA-3
Gstm1 5-ACTTGATTGATGGGGCTCAC-3' 5'-TCTCCAAAATGTCCACACGA-3
Ibabp 5'-CCCCAACTATCACCAGACTTC-3' 5'-ACATCCCCGATGGTGGAGAT-3’

Mdria (Abcb1)
Mrp2 (Abcc2)
Mrp3 (Abcc3)
Mrp4 (Abcc4)
Nqo1

Ntcp (Slc10a1)
Ost-a (SIc51A)
Ost-g (Slc51B)
Oatp1 (Slcolai)
Shp

5-AAAGGCTCTACGACCCCCTA-3'
5'-GCACTGTAGGCTCTGGGAAG-3'
5'-GGACTTCCAGTGCTCAGAGG-3'
5'-TGTTTGATGCACACCAGGAT-3
5'-GCACTGATCGTACTGGCTCA-3'
5'-CACCATGGAGTTCAGCAAGA-3
5'-GTCTCAAGTGATGAACTGCCA-3'
5'-GTATTTTCGTGCAGAAGATGCG-3
5'-ATCCAGTGTGTGGGGACAAT-3'
5'-CTGGTTGAGCGCCTGAGAC-3

5'-CCTGACTCACCACACCAATG-3'
5'-TGCTGAGGGACGTAGGCTAT-3
5'-AGCTGTGGCCTCGTCTAAAA-3'

5'-GACAAACATGGCACAGATGG-3
5'-CATGGCATAGAGGTCCGACT-3'
5'-CCAGAAGGAAAGCACTGAGG-3
5'-TTGAGTGCTGAGTCCAGGTC-3

5'-TTTCTGTTTGCCAGGATGCTC-3
5'-GCAGCTGCAATTTTGAAACA-3'

5'-CTGCCTGGATGCCCTTTATC -3’

in 1% bovine serum albumin/PBS-Tx overnight at 4°C.
Sections were washed with PBS, followed by incubation
with  fluorochrome-conjugated secondary antibodies.
Hoechst 33342 was used for nucleus staining. Images
were obtained by using a Nikon Eclipse TE 200 epi-
immunofluorescence microscope and the companion
NIS-Elements AR3.2 software. Quantification was per-
formed by using Image] software; at least 4 random
fields of each section from each mouse liver were
analyzed.

Statistical Analysis

The 16S sequencing data were represented as median
with interquartile range. All the other data were repre-
sented as means with standard errors (SEs). For 16S
sequencing data, Mann-Whitney test was performed to
identify bacteria with significantly different proportions
between Atg5°"P and sex- and age-matched Atg5™/" mice.
For all other data, to determine statistical significance,
Student ¢ test was used to determine differences between 2
groups. Differences among more than 2 treatment groups
were determined by using one-way analysis of variance
followed by Duncan’s post hoc test. Results were considered
statistically significant for P value <.05. Statistical analyses
were performed by using SPSS for Windows 17.0 Software
(SPSS, Inc).
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