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Vertical sleeve gastrectomy (VSG) is one of the most effective and
durable therapies for morbid obesity and its related complications.
Although bile acids (BAs) have been implicated as downstream
mediators of VSG, the specific mechanisms through which BA
changes contribute to the metabolic effects of VSG remain poorly
understood. Here, we confirm that high fat diet-fed global farne-
soid X receptor (Fxr) knockout mice are resistant to the beneficial
metabolic effects of VSG. However, the beneficial effects of VSG
were retained in high fat diet-fed intestine- or liver-specific Fxr
knockouts, and VSG did not result in Fxr activation in the liver or
intestine of control mice. Instead, VSG decreased expression of
positive hepatic Fxr target genes, including the bile salt export
pump (Bsep) that delivers BAs to the biliary pathway. This reduced
small intestine BA levels in mice, leading to lower intestinal fat
absorption. These findings were verified in sterol 27-hydroxylase
(Cyp27a1) knockout mice, which exhibited low intestinal BAs and
fat absorption and did not show metabolic improvements follow-
ing VSG. In addition, restoring small intestinal BA levels by dietary
supplementation with taurocholic acid (TCA) partially blocked the
beneficial effects of VSG. Altogether, these findings suggest that
reductions in intestinal BAs and lipid absorption contribute to the
metabolic benefits of VSG.

bile acids | bariatric surgery | farnesoid X receptor | cyp27a1 |
lipid absorption

o date, bariatric surgery remains the most effective and long-

lasting treatment for morbid obesity and its related compli-
cations, including type 2 diabetes (T2D) and fatty liver diseases
(1, 2). The Roux-en-Y gastric bypass (RYGB) and vertical sleeve
gastrectomy (VSG) surgical procedures represent two of the
most commonly performed variations of bariatric surgery (3, 4).
Because VSG results in fewer complications and a lower inci-
dence of dumping syndrome, it thus has surpassed RYGB to
become the most commonly performed bariatric procedure in
the United States (4-6). Nevertheless, the precise relationship
between the metabolic benefits of VSG and its underlying mo-
lecular mechanisms remains unclear.

Several molecular mechanisms associated with the metabolic
benefits of bariatric surgery have been reported (7). While a
number of studies have focused on the role of glucagon-like pep-
tide 1 (GLP-1), whose circulating levels increase 5- to 10-fold after
VSG (8, 9), glucagon-like peptide 1 receptor (GLP-1r) in f-cells
appears dispensable for mediating improvements in glucose toler-
ance after surgery (10). Additional mechanisms underlying the
benefits of VSG have been described and involve improved insulin
secretion, substantial changes to islet gene expression (11), and
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alterations in the composition and concentration of bile acid (BA)
digestive surfactants (12). For example, patients who receive bari-
atric surgery not only exhibit compositional changes to their
pool of BAs but also experience an increase in their circulating
concentrations (9, 13-15). In diet-induced obese rodent mod-
els, VSG recapitulates several of the observations perceived
postsurgically in human patients, including significant changes
in BA dynamics (16, 17). More interestingly, several studies
have shown that the benefits of VSG may require two BA re-
ceptors: farnesoid X receptor (Fxr) and G protein-coupled BA
receptor (also known as Tgr5) (18, 19). Although these obser-
vations underscore the potential importance of BA circulation
and signaling in the metabolic benefits of bariatric surgery, the
fundamental mechanisms through which BA changes confer
such benefits remain unknown. Here, we analyze and compare
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Results

Hepatic or Intestinal Fxr Is Dispensable for the Metabolic Inprovement
of VSG. According to a previous report, the positive metabolic
benefits of VSG are lost when Fxr is knocked out of mice (18). To
better understand the role of Fxr in this process, we systematically

the effects of VSG in different mouse lines (Fxr whole-body
knockout [Fxr~'~], liver-specific knockout [Fxr*"], intestine-
specific knockout [Fx*™], and Cyp27al knockout [Cyp27al~~])
and demonstrate that reduced intestinal BAs and lipid absorption
may underlie the metabolic benefits of VSG.
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Fig. 1. The metabolic benefits of VSG are maintained in liver- and intestine-specific Fxr knockout mice. Liver-specific Fxr knockout (Fxr“t) mice and intestine-
specific Fxr knockout (Fxr*™) mice compared with Fxr™ mice were fed with HFD for 10 wk and then subjected to VSG or sham surgery (n = 8 to 9). (4) Body
weight of Fxr™?, Fxr*t, and Fxr*™ mice during 11 wk postsurgery. (B) Weight of eWAT and (C) the liver-to-body weight ratio of mice at 12 wk postsurgery. (D)
The representative images of Oil red O staining of liver sections and hemotoxylin and eosin staining of eWAT sections. (E) Intraperitoneal glucose tolerance
test (IPGTT) and the areas under curve (AUGCs) at 11 wk postsurgery. (F) Intraperitoneal insulin tolerance test (IPITT) assay and the AUC at 12 wk postsurgery.
Values are mean + SEM. *P < 0.05, **P < 0.01 by one-way ANOVA and Tukey's post hoc test.
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assessed the impact of VSG in several mouse models. First, a
group of Fxr floxed/floxed control mice (Fx*"") were compared
with an independently generated, whole-body Fxr knockout (F ™)
mouse line as we have previously described (20). Significant im-
provements were noted in phenotypes related to obesity, diabetes,
and fatty liver disease following VSG in Fx//" mice (SI Appendix,
Fig. S1). Conversely, VSG failed to improve these metabolic
phenotypes in Fxr™'~ mice (SI Appendix, Fig. S1). We next assessed
the tissue-specific impacts of Fxr. Previous reports indicate that
regulation of lipid metabolism, glucose metabolism, and other
physiological functions may require modulation of Fxr in either the
liver or intestine (21-23). Therefore, we performed VSG (follow-
ing high-fat diet [HFD] feeding) on either liver-specific knockout
mice (Fu*l) or intestine-specific knockout mice (Fw*™). In the

first 3 wk postsurgery, the food intake was significantly decreased in
both Fxr conditional knockout mice after VSG when compared
with sham surgery mice (SI Appendix, Fig. S24). However, when
the changes in food intake had ceased to exist by week 4, both
Fx*t and Fo*™ mice still maintained the beneficial metabolic
effects of VSG (Fig. 1) compared with sham-operated mice. De-
creases were observed in body weight gain (Fig. 14), weight of
epididymal white adipose tissue (eWAT) (Fig. 1B), inguinal white
adipose tissue (iIWAT) (SI Appendix, Fig. S2C), liver weight, and
liver-to-body weight ratio (Fig. 1C and SI Appendix, Fig. S2B). Five
additional benefits of VSG were also observed in F*" and Fu?™
mice, including improved hepatosteatosis (Fig. 1D and SI Appen-
dix, Fig. S2D), reduced adipocyte hypertrophy (Fig. 1D and S/
Appendix, Fig. S2D), improved glucose tolerance, improved insulin

A
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Fig. 2. VSG or Fxr deficiency reduces intestinal BA levels and fat absorption. Fxr™" and Fxr~~ mice were fed with HFD for 10 wk and then subjected to VSG or
sham surgical procedures for 4 wk. (A) Relative mRNA expression of genes (n = 6) and (B) western blotting analysis of Bsep in the liver tissues of mice. (C)
Hepatic and intestinal total BAs levels and fecal triglycerides (TGs) levels of mice (n = 6 to 7). (D) Representative images of BODIPY staining of the proximal
jejunum sections of mice. Scale bars: 100 uM. (E) The relative mean fluorescence intensity was determined by the average of three representative images from
each mouse (n = 5). (F) The levels of radioactivity of 4C-triolein at 2 h after olive oil containing 14C-triolein administration in intestinal segments of mice were
recorded by the value of counts per minute (c.p.m.) (n = 5). (G) The levels of plasma radioactivity in mice subjected to surgery for 4 wk. The areas under the
curve (AUGs) are shown (n = 5). Values are mean + SEM. *P < 0.05, **P < 0.01 by one-way ANOVA and Tukey'’s post hoc test.
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sensitivity, and lower levels of fasting blood glucose and insulin
(Fig. 1 E and F and SI Appendix, Fig. S2 E and F). Thus, neither
liver nor intestine knockout of Fxr were sufficient to abolish the
beneficial effects of VSG.

To investigate whether VSG may require the activation of
both intestine and liver Fxr to confer its metabolic improvements,
we analyzed the messenger RNA (mRNA) expression levels of the
FXR transcriptional target genes. As expected, mRNA levels of
positive hepatic and intestinal Fxr target genes (Fig. 24 and S/
Appendix, Fig. S34) were significantly decreased in Fxr™'~-sham
mice compared with Fx#™"-sham mice. The expression of hepatic
Fxr target genes, including bile salt-export pump (Bsep), multidrug
resistance-associated protein 2 (Mrp2), multidrug resistance protein 2
(Mdr2), sodium-taurocholate cotransporting polypeptide (Ntcp),
organic solute transporter 2 (Oatp2), organic solute transporter 4
(Oatp4), and the intestinal Fxr target gene ileal BA-binding protein
(Ibabp), was significantly suppressed after VSG compared with
sham-operated Fx’”/" mice (Fig. 24 and SI Appendix, Fig. S34).
The hepatic BA transporter Bsep is a key mediator of the trans-
port of BAs from the liver to the gallbladder for subsequent re-
lease into the small intestine to promote lipid absorption (24), and
Bsep protein levels are dramatically decreased in human patients
with loss of Fxr function (25). We confirmed that hepatic Bsep
protein was decreased not only in Fx~'~-sham mice relative to
F™"-sham but also in Fo/”*-VSG mice, which was consistent with
decrease in Bsep transcripts (Fig. 2B). It should be noted that the
expression levels of Fxr in both liver and intestine tissues were sus-
tained in F'”” mice after VSG (Fig. 24 and SI Appendix, Fig. S3A).

Decreased Intestinal BA Levels and Lipid Absorption in the Small
Intestine after VSG. Interestingly, we observed that Fxr™/'~ mice
and VSG-operated Fx*"/ mice shared some similar phenotype
(SI Appendix, Fig. S1) in the context of decreased expression of
Bsep (Fig. 2B). Furthermore, some similar gene expression profiles
were observed between Fxr '~ mice and VSG-operated Fx’/' mice
(Fig. 24 and SI Appendix, Fig. S3A4), suggesting that VSG may
confer BA alterations similar to those associated with Fxr knockout.
It has been shown that deletion of Fxr results in cholestasis due to a
failure in the maintenance of the enterohepatic BA circulation (26,
27). Because a primary function of BAs is to emulsify lipids and
facilitate the absorption of lipids in the small intestine, we next
asked whether the altered BA circulation by VSG leads to reduced
BA levels and decreased fat absorption in small intestine.

To address this, we first measured the total BA levels in the
small intestine of VSG- or sham-operated mice at an early stage
postsurgery. Hepatic total BAs levels were not altered in both
Fx"" and Fur™~ mice after VSG (SI Appendix, Fig. S2G), but
BA levels in the small intestines of Fxr~'"-sham mice and the
VSG-operated Fxr™" mice were significantly lowered compared
with Fx?"-sham mice (Fig. 2C). Consequently, the levels of ex-
creted fecal lipids were significantly higher in Fxr~'~-sham and
Fx¥"".VSG mice than in Fx*"/-sham mice (Fig. 2C). To test if
VSG may reduce intestinal lipid absorption, we gavaged mice
with '“C-labeled trioleoylglycerol and measured radioactivity
incorporation along the length of the small intestine to measure the
uptake of dietary fat. As expected, histological examination of prox-
imal jejunum sections stained with 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY) from mice gavaged with olive oil showed a
stron}g reduction in lipid droplet accumulation in Fx*~'~-sham and
Fx"-VSG mice (Fig. 2 D and E). Moreover, decreased fat ab-
sorption was observed in the proximal jejunum of Fxr~'~-sham and
F,\;}I)/ﬂ-VSG mice compared with F/"/"-sham mice (Fig. 2F). Next,
we assessed the rate of triacylglycerol entry into plasma in mice
gavaged with radiolabeled trioleoylglycerol. Mice were injected in
advance with tyloxapol to inhibit plasma lipolysis (28). Radioac-
tivity abundance in plasma accumulated more slowly in Fx™/~-
sham and Fx/"-VSG mice vs. F//'-sham mice (Fig. 2G), indi-
cating reduced entry of lipid into the systemic circulation. These
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results demonstrate that Fxr knockout and VSG surgery both re-
sult in reduced fat absorption.

The expression profile of genes involved in the transport of
BAs may explain the underlying mechanism driving decreased
intestinal BAs in Fxr~/~ and Fx"-VSG mice (Fig. 24 and SI
Appendix, Fig. S34). Although the profile of BA synthetic genes
differed between Fxr~'~ mice and VSG-operated Fx'™" mice (ST
Appendix, Fig. S3B), similar profiles in BA transport genes were
observed (Fig. 24 and SI Appendix, Fig. S34). More specifically,
the expression of hepatic genes involved in BA transport to the
intestine (Bsep, Mrp2, and Mdr2) was significantly decreased in
Fx".VSG mice, as well as in Fxr'~ mice (Fig. 2 A4 and B).
However, the expression of apical sodium-BA transporter (Asbt),
a transporter that regulates uptake of BAs into the ileum,
remained unchanged (SI Appendix, Fig. S34), thus explaining the
decreased BA level in the intestine. The increased levels of cir-
culating plasma BAs in Fx™-VSG mice are likely explained by
the increased expression of multidrug resistance-associated protein
(Mrp3), a transporter that mediates the secretion of BAs into the
circulation (SI Appendix, Fig. S3B), and decreased levels of Ntcp,
Oatp2 and Oatp4 (in both Fx~'~-sham and Fx'"-VSG mice),
which are transporters responsible for the hepatic uptake of BAs
from the circulation (Fig. 24).

Compared with the sham-operated Fx”/" mice, both the VSG-
operated Fx™" mice and the whole-body Fxr knockout mice had
dramatically reduced small intestinal levels of taurine-conjugated
BAs (SI Appendix, Fig. S44). In addition to taurocholic acid
(TCA), cholic acid (CA) and glycocholic acid (GCA) were dra-
matically decreased in Fxr™'~ and VSG-Fx*™" mice (81 Appendix,
Fig. S4). Interestingly, CA, TCA, and GCA all represent 12a-
hydroxylated BAs. It has been reported that CA plays an im-
portant role in promoting intestinal cholesterol absorption (29)
and that 12a-hydroxylated BAs are associated with insulin re-
sistance and high triglyceride levels (30). Our results suggest that
specific changes in 12a-hydroxylated BAs may also contribute to
the metabolic improvements after VSG.

The Decrease in Intestinal BA Levels following VSG Is Independent of
Hepatic or Intestinal FXR. To confirm the relationship between BA
levels in small intestine and the metabolic effect of VSG, we then
measured the total BA levels of small intestine and compositions
in each surgical cohort at week 4 postsurgery. Similar to Fx/"/"
mice, Fir*l and Fu*™ mice showed markedly decreased small
intestinal BA levels following VSG (Fig. 34), accompanied with
increased fecal triglycerides excretion (Fig. 3B). Meanwhile,
more droplets were evident in the proximal jejunum of tissue-
specific Fxr knockout mice at 2 h after oral oil administration
(Fig. 3 C and D). Similar results with lipid absorption were also
observed in tissue-specific knockout mice (Fig. 3 E and F), fur-
ther suggesting that instead of activating Fxr in liver or intestine,
a reduced BA level in the small intestine may contribute to the
reduced intestinal lipid absorption after VSG.

BA composition in the small intestine showed that the levels
of most taurine-conjugated BAs were significantly decreased in
Fxr*™ and Fa*" mice following VSG (SI Appendix, Fig. S5). In
particular, Fx*™ or Fx”" deficiency reduced TCA levels by 66
and 56%, respectively, after VSG (SI Appendix, Fig. S5), this
decrease may profoundly affect lipid absorption (Fig. 3 B-F).

BA profiles have direct impact on gut microbiota. We thus
analyzed the gut microbiota in these cohorts of mice (SI Appendix,
Fig. S6). At the phylum level, VSG sil%nificantly decreased the
Firmicutes-to-Bacteroidetes ratio in Fx'™, Fx*", and Fr®™ mice,
but not in F™~ mice (SI Appendix, Fig. S6 A and B). Bile salt
hydrolase (BSH) deconjugates taurine-conjugated BAs to free BAs
through the hydrolysis of the C24 N-acyl amide bond of conjugated
BAs (31). At the genus level, Lactobacillus, which carries BSH
enzymes, was significantly increased in Fu™”, Fa*F, and Fot™
mice post-VSG, but not in Fxr~'~ mice (SI Appendix, Fig. S6C).
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Fig. 3. The decrease of intestinal BA levels and lipid absorption after VSG is independent of hepatic or intestinal Fxr. Fxr** mice and Fxr*’N mice compared
with Fxr™ mice were fed with HFD for 10 wk and then subjected to VSG or sham surgical procedures for 4 wk. (A) Intestinal total BAs levels and (B) fecal
triglycerides (TGs) levels of mice (n = 6 to 7). (C) Representative images of BODIPY staining of the proximal jejunum sections of mice. Scale bars: 100 pM. (D)
The relative mean fluorescence intensity was determined by the average of three representative images from each mouse (n = 5). (E) The levels of radio-
activity of "C-triolein at 2 h after olive oil containing '“C-triolein administration in intestinal segments of mice were recorded by the value of counts per
minute (c.p.m.) (n = 5). (F) The levels of plasma radioactivity in mice subjected to surgery for 4 wk and the areas under the curve (AUGCs; n = 5). Values are

mean + SEM. *P < 0.05, **P < 0.01 by one-way ANOVA and Tukey's post hoc test.

In addition, we observed that the members of the genus Bacteroides,
which express BA 7-a-hydroxysteroid dehydrogenases (32), were sig-
nificantly increased in Fa'™ Fa2E, and Far*® mice, but not in Fo™/~
mice following VSG (SI Appendix, Fig. S6D). Overall, although
tissue-specific Fxr knockout mice exhibited a different profile in
BA synthetic enzymes and transporters (SI Appendix, Fig. S7), our
data suggest that VSG markedly altered BA synthesis and circu-
lation, as well as the gut microbiota, which may contribute to re-
duced intestinal lipid absorption.

Cyp27a1~~ Mice Show Reduced Fat Absorption and Lose the
Metabolic Effects following VSG. We sought out to further probe
the relationship between VSG and BA-regulated absorption of
intestinal lipids. To this end, we turned to a mouse model lacking
the enzyme sterol 27-hydroxylase (Cyp27al); this mouse model
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harbors low levels of intestinal BAs. Cyp27al~'~ mice both dis-

turbed synthesis pathway and transport pathway (SI Appendix,
Fig. S8 A and B) and displayed a dramatic reduction of 73% in
the BA pool and a decrease of 79% total BAs in the small bowel
(33, 34) compared with wild-type (Wt) mice. Importantly, com-
pared with Wt mice, Cyp27a1~'~ mice have a 2.5-fold increase in
fecal sterol excretion (34). When placed on an HFD, Cyp27al '~
mice were resistant to weight gain (SI Appendix, Fig. S9 A and B).
After 10 wk on an HFD, the fasting blood glucose level and
glucose tolerance test (GTT) of Cyp27al~'~ mice were signifi-
cantly improved when compared with Wt mice (S Appendix, Fig.
S9 C and D). Additionally, after being fed with HFD, Cyp27al =
and Wt mice were injected with tyloxapol and then orally gavaged
with olive oil for testing the plasma triglyceride levels. Plasma
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triglyceride levels were significantly lower in the Cyp27a1~'~ mice
(SI Appendix, Fig. S9E). Collectively, these results suggest
Cyp27al~'~ mice exhibit decreased intestinal lipid absorption.

We further probed the effects of VSG on the small intestinal
BA levels and lipid absorption. Both the hepatic and small in-
testinal BA levels in Cyp27al™'"-sham mice were significantly
lower (30 and 44% of Wt-sham mice, respectively) (Fig. 44), but
the concentration of excreted fecal triglycerides was significantly
higher than that of Wt-sham mice (Fig. 44). Importantly, no
differences in these indicators were observed between the sham-
or VSG-operated Cyp27al~'~ mice (Fig. 44). These results were
confirmed in experiments using radiolabeled trioleoylglycerol.
Histological examination of proximal jejunum sections stained
with BODIPY showed reductions in lipid droplet accumulation
in Cyp27a1~'~-sham and Wt-VSG mice (Fig. 4 B and C). Con-
sistently, the decreased radioactivity was observed along the
proximal small intestine (Fig. 4D) and less radioactivity in
plasma of Cyp27al~'~-sham and Wt-VSG mice (Fig. 4E). Levels
of CA, TCA, and GCA in the small intestine were all signifi-
cantly lower in Cyp27al~'~-sham and Wt-VSG mice relative to
Wt-sham mice (SI Appendix, Fig. S8C). We hypothesized that the
aforementioned effects of VSG on Wt mice could not be ex-
tended further in Cyp27al~'~ mice, as we observed in Fwr '~
mice. To test this, Wt and Cyp27a1~'~ mice were fed an HFD for
several weeks prior to performing VSG or sham surgical pro-
cedures. The surgery produced significant differences of food
intake at the first 2 to 3 wk in Wt and Cyp27al~~ mice (81
Appendix, Fig. S104). However, by the fourth week following
VSG, when the discrepancy of food intake was abolished, VSG
still failed to induce any further weight loss in Cyp27al~'~ mice
(Fig. 4F). At 12 wk postsurgery, we assessed the liver-to-body
weight ratio, the eWAT, and iWAT weight (SI Appendix, Fig.
S10B) of these mice. We also performed a histological analysis of
fatty liver and adipocyte hypertrophy (Fig. 4G and SI Appendix,
Fig. S10C). In general, the values of these parameters were
similar for the Cyp27al~~-sham mice and Wt-VSG mice. Ad-
ditionally, the parameters for both Cyp27al~'~-sham mice and
Wt-VSG mice were significantly lower than those of the Wt-
sham mice. VSG failed to further improve several metabolic
phenotypes in Cyp27a1~'~ mice (Fig. 4G and SI Appendix, Fig.
S10C). Similar results were observed for glucose tolerance, in-
sulin sensitivity, fasting blood glucose, and insulin levels (Fig. 4 H
and I and SI Appendix, Fig. S10D).

Oral TCA Supplementation Partially Reverses VSG-Induced Metabolic
Improvements. Because TCA levels were dramatically decreased
in the small intestine and accompanied with reduced fat absorp-
tion in Fx’" mice after VSG, we asked whether TCA supple-
mentation could reverse the metabolic improvements conferred by
VSG. Both Fx/-sham and Fx-VSG mice were orally admin-
istered TCA for 6 wk after VSG. As expected, TCA administra-
tion diminished the metabolic benefits of VSG (Fig. 5 A-C and SI
Appendix, Fig. S11). At the fifth and sixth weeks after surgery, the
body weight of Fv/’-VSG mice with TCA treatment rebounded
to a level comparable with Fx*™-sham mice treated with TCA and
showed significant differences compared with Fx/""-VSG mice
treated with vehicle control (Fig. 54). Food consumptions were
similar by week 4 postsurgery (Fig. 5B). Meanwhile, the GTT,
liver-to-body weight ratios, and iWAT weight of Fx”-VSG mice
with TCA administration displayed significant discrepancy com-
pared with the Fx’/’/' surgical cohorts without TCA treatment
(Fig. 5C and SI Appendix, Fig. S11), whereas the food intake was
still comparable with Fx/""-VSG mice (Fig. 5B). As expected, the
lowered BAs pool of small intestine and induced excretion of fecal
triglycerides by VSG were impaired by the treatment of TCA in
Fx mice (Fig. 5 D and E). Meanwhile, the level of hepatic BAs
was also significantly elevated (Fig. 5D). Remarkably, the significant
difference of radioactivity abundance in plasma of Fx*"/-sham and
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Fx"-VSG mice was lost after TCA treatment (Fig. 5F). Taken
together, these results suggest that oral administration of TCA re-
stores the intestinal BAs and consequently, partially reverses the
metabolic effects conferred by VSG.

Discussion

To date, bariatric surgery remains the only viable therapeutic
option for sustainable weight loss, T2D remission, and improve-
ments in hepatosteatosis (1, 2, 35). However, the molecular
mechanisms underpinning the beneficial effects of surgery remain
uncertain. Surgical studies performed with transgenic mice seem
uniquely positioned to address this, but the results of such studies
have not yielded a clear consensus mechanism. Among the mo-
lecular pathways interrogated thus far, BAs and BA signaling
appear to be indispensable players in mediating the metabolic
improvements associated with bariatric surgery. In this study, we
show that VSG triggers a decrease in intestinal BA content that
decreases fat absorption. This dynamic in the enterohepatic cir-
culation of BAs contributes to the profound impact of VSG on
systemic metabolism in concert with other pathways. Indeed, we
previously showed that VSG increased levels of BAs in the blood
circulation and activated the membrane BA receptor Tgr5, con-
comitant with improved glucose control and increased energy
expenditure (19). Thus, Tgr5 may be a molecular target and me-
diator of VSG. An earlier study showed that Fxr knockout mice
almost completely lose the major beneficial effects of VSG on
body weight loss and glucose lowering (18), and our current results
with a distinct Fxr knockout strain are concordant. As a primary
BA receptor, Fxr regulates BA enterohepatic circulation in both
the liver and intestine by transcriptionally regulating BA synthesis,
transporters, and other related genes. Thus, this genetic result
suggests a role for Fxr activation in response to VSG, and we were
surprised that we did not find evidence for such activation in liver
or intestine. Instead, we observed either suppression or no
changes in positive Fxr target genes in both the liver and ileum in
response to VSG, notably including Bsep. Future investigation will
be needed to address the mechanism by which VSG affects these
BA gene targets. However, our results suggest that VSG may not
work through Fxr activation and that Fxr knockout and VSG may
confer metabolic improvements by an alternative pathway(s). Al-
though Fxr agonists have been generally known to impart meta-
bolic benefits (36-38), several previous reports have shown that
Fxr antagonism can also generate beneficial metabolic effects
(39-42). This apparent paradox suggests the existence of either
distinct or partially overlapping mechanisms by which both gain
and loss of Fxr function can generate metabolic improvement.
Such pathways could explain why the beneficial effects of in-
creasing BA levels by surgical bile diversion to the ileum are de-
pendent on intestinal Fxr (43).

BA circulation is an evolutionally conserved mechanism that is
essential for nutrient absorption and other systemic metabolic
processes. The primary physiological function of BAs is to fa-
cilitate the intestinal absorption of dietary fats and fat-soluble
vitamins (29, 44, 45). In the present study, we explore the factors
that drive the decrease in intestinal BA content of obese mice
subjected to VSG. On one hand, our results showed that mRNA
as well as protein levels of Besp significantly decreased, reducing
the intestinal BAs pool size and in accord with other studies of
the impact of decreased Bsep expression (25), significantly
influencing intestinal fat absorption. On the other hand, an in-
crease in gut permeability induced by VSG or loss of Fxr activity
might also contribute to reduced intestinal BA content by pro-
moting paracellular uptake of BAs in the proximal gut. Blan-
chard et al. (46) exhibited that the distal colon paracellular and
transcellular permeability of obese mice tended to be increased
at the fourth week post-sleeve gastrectomy. Additionally, mice
lacking Fxr experienced bacterial overgrowth and increased in-
testinal permeability (47). These earlier reports and our current
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Fig. 4. Cyp27a1~'~ mice display lower intestinal BA levels and decreased fat absorption following VSG; Wt and Cyp27a1~"~ mice were fed HFD for 10 wk and
then subjected to VSG or sham surgical procedures for 4 wk (A-E) or 12 wk (F-/). (A) Hepatic and intestinal total BAs levels and fecal triglycerides (TGs) levels of
mice (n = 5 to 7). (B) Representative images of BODIPY staining of the proximal jejunum sections of mice. Scale bars: 100 uM. (C) The relative mean fluo-
rescence intensity was determined by the average of three representative images from each mouse (n = 5). (D) The levels of radioactivity of "C-triolein at 2 h
after olive oil containing 14C-triolein administration in intestinal segments of mice were recorded by the value of counts per minute (c.p.m.) (n = 5). (E) The
levels of plasma radioactivity in mice subjected to surgery for 4 wk and the areas under the curve (AUCs; n = 5). (F) Body weight of mice during 11 wk
postsurgery. (G) Representative images of the Oil red O staining of liver sections and hemotoxylin and eosin staining of eWAT of mice at 12 wk postsurgery.
Scale bars: 100 uM. (H) Intraperitoneal glucose tolerance test (IPGTT) and its corresponding AUC measured at 11 wk postsurgery. (/) Intraperitoneal insulin
tolerance test (IPITT), its corresponding AUC, and the fasting blood insulin levels of mice measured at 12 wk postsurgery. Values are mean + SEM. *P < 0.05,
**P < 0.01 by one-way ANOVA and Tukey’s post hoc test.
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Fig. 5. Dietary supplementation with TCA reverses VSG-induced metabolic improvements. Fxr

Time after oil challenge (h)

fl mice were fed HFD and then subjected to VSG or sham

surgical procedures. After being fed diet gel for 3 d, Fxr™™-VSG mice were reintroduced to HFD mixed with TCA for 6 wk. (A) Body weight and (B) food intake
of mice during 6 wk postsurgery (n = 6). (C) Intraperitoneal glucose tolerance test (IPGTT) and the corresponding areas under curve (AUCs) measured at 6 wk
postsurgery (n = 6). (D) Hepatic and small intestinal total BAs levels and (E) fecal triglycerides (TGs) levels of mice (n = 6). (F) The levels of plasma radioactivity
were recorded by the value of counts per minute (c.p.m.) in mice subjected to surgery for 6 wk and the AUC (n = 5). Values are mean + SEM. *P < 0.05, **P <
0.01 vs. Fxr™-sham mice or Fxr™f-sham mice treated with TCA; *P < 0.05, *#P < 0.01 vs. Fxr™-VSG mice by one-way ANOVA and Tukey’s post hoc test.

data suggest that this mechanism for decreased caloric intake, or
possibly decreased Fxr signaling, could contribute to the meta-
bolic improvements conferred by VSG.

We confirmed similar observations in Cyp27a1-deficient mice,
which have a lower enterohepatic BA pool (33). Our analyses
revealed that Cyp27al knockout mice have reduced BA levels in
the small intestine and decreased intestinal fat absorption in a
manner similar to that observed following VSG. As expected,
Cyp27al-deficient mice lost the metabolic benefits of VSG. By
analyzing and comparing the effects of bariatric surgery in four
independent genetic mouse models (Fxr™'~, Fu*t, Fu*™, and
Cyp27a17'7), our results suggest that reduced BA levels in the
small intestine and decreased lipid absorption could contribute
to beneficial metabolic changes conferred by VSG. Although we
are not aware of any direct assessment of the impact of VSG on
luminal small intestine BAs in humans, our results are consistent
with the clear metabolic benefits of the BA sequestrant choles-
evalam in both rodents and humans (48-50).

VSG generates significant changes of production, secretion,
and redistribution of BAs. In our previous study, we identified
that Tgr5 is activated by the increased BA levels in the blood
circulation after VSG. In this study, we confirm previous ob-
servations and further show that VSG decreases BA levels in the
intestine, which leads to impaired intestinal lipid absorption.
Therefore, VSG leads to a dynamic of the enterohepatic circulation
of BAs, which profoundly impacts the systemic metabolism. The
anatomical changes in RYGB and VSG are very different. Intesti-
nal anatomy is intact after VSG, but RYGB directly bypasses the
duodenum from nutritional influx, thereby restricting the intestinal
absorption of fats and other nutrients (51, 52). While it is likely that
different bariatric surgery strategies have different mechanistic im-
pacts, decreased total nutrient intake is a fundamental common
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link. While VSG is thought to achieve this simply by decreased
stomach capacity (53-55), our results suggest that the additional
mechanism of decreased nutrient absorption may provide a shared
mechanism underlying at least some of the metabolic effects of
both RYGB and VSG.

Finally, the longer-term studies outlined here are associated with
significant body weight changes and do not address mechanisms or
pathways related to the well-recognized (56) but still unclear (57)
acute metabolic benefits of bariatric surgery prior to substantial
weight loss. However, the decreased caloric intake implied by the
decreased lipid absorption in our studies is consistent with a recent
human study showing that the metabolic benefits of bariatric sur-
gery and simple weight loss due to decreased caloric intake are
indistinguishable (58). Overall, we conclude that our results add
decreased intestinal BAs and decreased lipid absorption as an un-
expected but important additional contributor to the growing list of
explanations for the metabolic benefits of bariatric surgery.

Materials and Methods

Generation of Genetic Mouse Models. Generation of global Fxr-null mice
(Fxr™") and homozygous Fxr-floxed mice (Fxr™) was described previously
(20). Briefly, the Fxr~"mice were generated by crossing the whole-body CRE
line with Fxr-floxed mice to match the background of Fxr*t and Fxr*™Y mice
(20). To generate liver-specific Fxr-null mice (Fxr*t) and intestine-specific Fxr-
null mice (Fxr*™™), homozygous Fxr-floxed mice (Fxr™") were crossed with
mice harboring the cre-recombinase under the control of the albumin promoter
[Alb-Cre mice; Jackson Laboratory; stock no. 016832-B6.FVB(129)-Tg(Alb1-
cre)1DIr/)] and villin promoter [Villin-Cre mice; Jackson Laboratory; stock no.
004586-B6.Cg-Tg(Vil1-cre) 997Gum/)], respectively. Cyp27al knockout mice
(Cyp27a1~"") were from Jackson Laboratory (stock no. B6.129-Cyp27a1"™E%/)). Al
colonies of mice were maintained on a C57BL/6 background.

Animals and Surgical Procedures. Animal experiments were approved by the
Institutional Animal Care and Use Committees (IACUCs) of City of Hope,
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Duarte (IACUC protocol: 14031). All the mice were maintained in a pathogen-
free animal facility under standard 12:12-h light:dark cycle and housed in
groups of three to five with unlimited access to water and standard
rodent chow.

Male mice between 6 and 8 wk old were used in each group of experi-
ments. Mouse cohorts received 60 kcal% saturated HFD (D12492; Research
Diets) for 10 wk and were then randomly subdivided into two body weight-
matched groups prior to surgery. VSG was performed in anesthetized mice
(isoflurane) to remove ~80% of the stomach as previously reported (19).
Sham operation involved ligament dissection and pressure application on
the stomach and was performed as previously described (18, 19). Following
surgery, mice were housed in groups of two or three and fed with diet gel
(DietGel Boost; Clear H,O) for 3 d of the postoperative recovery period.
Next, mice were maintained on HFD until they were euthanatized ~4 or
12 wk after surgery, following a 4-h fasting (initiated at 6 AM). Body weight
and food intake were measured by weighing the mice and their food hoppers
weekly. For the BA supplementation study, TCA (Sigma; 0.2% wt/wt) was
added to the HFD fed to Fxrf-sham or Fxr"-vSG mice for 6 wk and was
initiated after postoperative recovery period.

Glucose Tolerance and Insulin Tolerance Tests. Fasting blood glucose levels
were determined using a portable glucose meter (Abbot Laboratories), and
fasting blood insulin levels were measured with the Mouse Insulin Elisa kit
(Crystal Chem Inc.). For GTT, mice were fasted for 14 h and then injected
intraperitoneally with p-glucose (1.5 g kg™ body weight) that was dissolved
in 0.9% saline; glucose levels were measured from tail blood before and 15,
30, 60, or 120 min postinjection, and areas under curve were calculated. For
insulin tolerance test (ITT), mice were injected intraperitoneally with insulin
(0.75 U kg~" body weight) after they were fasted for 4 h; glucose levels were
measured at the same time points as GTT.

Histological Analysis of Liver and Adipose Tissues. Paraffin sections and frozen
sections were prepared by the Pathology Core Services of City of Hope Na-
tional Medical Center. Paraffin sections were stained with hemotoxylin and
eosin. Frozen sections were stained for neutral fat using an Oil red O staining
and hematoxylin. Images were taken using the Olympus BX51TF microscope
(Olympus Corporation).

Fecal Triglyceride Measurements. Feces were collected over a 24-h period at 4
wk post-VSG for the measurement of triglyceride levels. The collected fecal
samples were dried and grinded into powder. Fifty milligrams of mixed feces
was homogenized in 0.5 mL PBS; 0.4 mL of homogenate was added into
1.6 mL of CHCI3-CH30H (chloroform/methanol, 2:1, vol/ivol) mixture and
mixed by vigorous shaking. The suspension was centrifuged at 3,000 rpm for
10 min at room temperature. The lower organic phase was transferred to a
clean tube and air dried in a chemical hood overnight. After resuspending
the residual liquid in 500 to 2,000 pL of 1% Triton X-100 in absolute ethanol,
the concentration of triglyceride was determined using the commercial kits
(Wako Life Sciences). Triglyceride level was normalized to 24-h fecal output.

BAs Profile Analysis. Mice were euthanatized, and samples of small intestine
with luminal content were collected ~4 wk after VSG surgery, following a 4-h
fasting (initiated at 6 AM). BAs of the entire small intestine (with content)
were extracted. Briefly, the entire small intestine with its luminal content
from mice was homogenized in 7.5 mL of 75% ethanol. The homogenate
was subsequently incubated at 50 °C for 2 h and centrifuged at 6,000 x g for
10 min at 4 °C. The supernatant fraction, which contained BAs, was col-
lected. The total BA content was determined using a Total Bile Acids Col-
orimetric Assay kit (DIAZYME). BAs composition was analyzed using
ultraperformance liquid chromatography-mass spectrometry as previously
described (19).

Absorption of Dietary Fat. The surfactant tyloxapol (100 pL; 5% in PBS; Sigma)
was injected into mice through a tail vein to inhibit the clearance of plasma
triacylglycerol (28). After 15 min, mice were challenged with 200 pL of olive
oil containing 2 uCi 14C-triolein. Blood was collected at baseline and time
points 1, 2, 4, and 6 h. Fat absorption was determined by scintillation
measurement (LS6500 Liquid Scintillation Counter; Beckman).

1. G. Mingrone et al., Bariatric surgery versus conventional medical therapy for type 2
diabetes. N. Engl. J. Med. 366, 1577-1585 (2012).

2. G. Mingrone et al., Bariatric-metabolic surgery versus conventional medical treatment
in obese patients with type 2 diabetes: 5 Year follow-up of an open-label, single-
centre, randomised controlled trial. Lancet 386, 964-973 (2015).
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Distribution of Dietary Fat Uptake. The uptake of dietary fat along the length
of the small intestine was assessed as described (28). Mice were fasted for 4 h
and gavaged with 2 pCi "*C-triolein in 200 L of olive oil. Two hours later, the
small intestine (between the base of the stomach and the cecal junction) was
collected, flushed with 0.5 mM sodium taurocholate in PBS, and cut it into
3-cm segments. Segments were digested with 500 pL of 1 N NaOH at 65 °C
for 1 h, mixed with 5 mL Liquid Scintillation Mixtures (ScintiSafe; Fisher
Scientific), and measured (LS6500 Liquid Scintillation Counter; Beckman).

Lipid Staining of Proximal Jejunum. Mice were fasted for 4 h and gavaged with
200 pL olive oil. Two hours later, the proximal jejunum was collected and
flushed with 0.5 mM sodium taurocholate in PBS. Sections were permeabilized
with 0.2% Triton X-100 and incubated for 15 min with 4’,6-diamidino-2-phe-
nylindole (DAPI) and BODIPY (10 pg mL~"; Invitrogen) for nuclei and neutral
lipid staining, respectively. Tissue sections were then washed three times with
1% bovine serum albumin (BSA)/phosphate-buffered saline (PBS) for 10 min.
All samples were mounted in VECTASHIELD (Vector Laboratories) and covered
with glass coverslips. Samples were examined under epifluorescent optics, and
digital images were obtained with a scanning microscope (EVOS FL Auto;
Thermo Scientific). The fluorescent signal intensity was determined by the
average of three representative images from each mouse (n = 5 mice per
group). Quantification of the mean fluorescence intensity was performed us-
ing the ImageJ software package.

RNA and Protein Analysis. Liver and ileum were collected at 4 wk postsurgery
and subjected to total RNA extraction using TRIzol reagent (ZYMO Research).
The first strand of complementary DNA (cDNA) was synthesized using
all-In-One first Strand cDNA Synthesis Mix (Bioland). Real-time PCR (RT-PCR)
was performed on ABI 7500 (Applied Biosystems) with SYBR Green quantitative
PCR (gPCR) Supermix (Fisher Scientific). The primers for RT-PCR are available in
SI Appendix, Table S1. Data were normalized against the housekeeping gene
(36B4) and analyzed using the AAcycle threshold (AACt) method. Protein,
extracted from frozen livers using tissue lysis buffer (Pierce), was subjected to
western blot analysis using antibodies against Bsep (arigo Biolaboratories Corp.;
ARG10598) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Cell
Signaling; #5174S) using standard methodology. Western blotting was per-
formed as previously described (59). Quantification of the western blots was
performed using the Image) software package, as described (59).

Microbiome Analysis. Mice on HFD for 4 wk after VSG and sham operation
were euthanized by CO, asphyxiation. Cecal contents were collected im-
mediately following asphyxiation. Microbiome genomic DNA was extracted
using QlAamp DNA stool Mini Kit (Qiagen) according to the manufacturer’s
protocol. Sequencing library preparation, sequencing, and data analysis
were performed by Integrative Genomics Core Facility at City of Hope Na-
tional Medical Center as previously described (19).

Statistical Analysis. Experimental values are expressed as mean + SEM. Sta-
tistical analyses were performed using the Student’s t test (two tailed) or
one-way ANOVA followed by Tukey’s post hoc test. Statistical significance is
displayed as follows: *P < 0.05 or **P < 0.01 vs. sham mice or Fxr"-sham
mice treated with TCA and #P < 0.05 or #P < 0.01 vs. VSG mice. All statistical

analyses were performed using GraphPad Prism 6 (GraphPad Software).
Data Availability. All study data are included in the article and/or S/ Appendix.
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