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Abstract

BACKGROUND

Bile acids play an important role in the amelioration of type 2 diabetes following
duodenal-jejunal bypass (D]B). Serum bile acids are elevated postoperatively. However,
the clinical relevance is not known. Bile acids in the peripheral circulation reflect the
amount of bile acids in the gut. Therefore, a further investigation of luminal bile acids

following DJB is of great significance.

AIM

To investigate changes of luminal bile acids following DJB.

METHODS

Salicylhydroxamic acid (SHAM), DJB, and DJB with oral chenodeoxycholic acid
(CDCA) supplementation were performed in a high-fat-diet/streptozotocin-induced
diabetic rat model. Body weight, energy intake, oral glucose tolerance test, luminal bile
acids, serum ceramides and intestinal ceramide synthesis were analyzed at week 12

postoperatively.

RESULTS

Compared to SHAM, DJB achieved rapid and durable improvement in glucose
tolerance and led to increased total luminal bile acid concentrations with preferentially
increased proportion of farnesoid X receptor (FXR) - inhibitory bile acids within the
common limb. Intestinal ceramide synthesis was repressed with decreased serum
ceramides, and this phenomenon could be partially antagonized by luminal

supplementation of FXR activating bile acid CDCA.

CONCLUSION
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DJB significantly changes luminal bile acid composition with increased proportion FXR-
inhibitory bile acids and reduces serum ceramide levels. There observations suggest a

novel mechanism of bile acids in metabolic regulation after DJB.
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Core Tip: Bile acids play an important role in the amelioration of type 2 diabetes
following duodenal-jejunal bypass (D]B), and are elevated significantly in the serum
postoperatively. Bile acids in the peripheral circulation reflect the amount of bile acids
in the gut. Therefore, a further investigation of luminal bile acids following DJB is of
great significance. Here we performed DJB in a high-fat diet (HFD)/streptozotocin
(STZ)-induced diabetic rat model and demonstrated that DJB achieved rapid and
durable improvement in glucose tolerance and led to increased total luminal bile acid
concentrations with preferentially increased proportion of farnesoid X receptor (FXR) -
inhibitory bile acids within the common limb. Intestinal ceramide synthesis was
repressed with decreased serum ceramides, and this phenomenon could be partially
antagonized by luminal supplementation of FXR activating bile acid (chenodeoxycholic
acid). There observations suggest a novel mechanism of bile acids in metabolic

regulation after D]B.

EITRODUCTION
Duodenal-jejunal bypass (DJB) can induce rapid and durable amelioration of type 2
diabetes mellitus(!-3l. The underlying mechanisms remain incompletely understood.

Our previous research has proved that bile acids play an important role in the
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amelioration of type 2 diabetes following DJBl4, and found that serum taurine-
conjugated bile acids are preferentially elevated postoperativelyl5l. However, the clinical
relevance of the specific alterations of serum bile acids is still not known. Bile acids in
the peripheral circulation reflect the amount of bile acids that could not be totally
reabsorbed by hepatocytes during the enterohepatic circulationl®l. Therefore, the
alterations of serum bile acids might be a secondary change of the bile acids within the
gut, and a further investigation of luminal bile acids following DJB is of great
significance.

Bile acids are traditionally known as lipid absorption-facilitating agents. It was not
until recent years that the role of bile acids as signaling molecules in modulating
metabolism has be unveiled. The intestinal lumina, where bile acid concentations are
high, is the main place for bile acid signaling. Two major receptors, including Takeda G-
protein-coupled receptor 5 (TGR5) and nuclear farnesoid X receptor (FXR) are
responsible for luminal bile acid sensing. TGR5 expression is detected in a variety of
enteroendocrine cells and acute exposure of TGR5 to luminal bile acids lead to
significant secretion of glucagon-like peptide 1 (GLP-1), which is a vital hormone for
maintaining normal incretin effect in type 2 diabetes”8l. The interaction between bile
acids and FXR is more complicated, as different subtypes of bile acids have distinct
effect on the downstream pathway of FXR[®). Chenodeoxycholic acid (CDCA) represents
the most potent FXR stimulator while ursodeoxycholic acid (UDCA) and -muricholic
acid (BMCA) are FXR inhibitorsl®'ll. Therefore, the net effect of luminal bile acids on
FXR depends on the proportion of FXR-stimulating bile acids rather than the total
amount of bile acids.

Intestinal FXR could affect lipid metabolism and this process is closely related to
ceramide synthesis. Intestine-selectiye FXR inhibition downregulates the expression of
ceramide synthesis-related genes sphingomyelin phosphodiesterase 3 (Smpd3) and
serine palmitoyltransferase long chain base subunit 2 (Sptlc2), resulting in decreased
concentrations of ceramides within the small intestine, portal system and peripheral

circulation/™. Decreased ceramides inhibit the expression of sterol regulatory element
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binding protein-1 (SREBP-1) in the liver'?], which is a key enzyme in the process of
hepatic fat accumulation. Coincidentally, the changes in lipid metabolism after
intestine-selective FXR inhibition is similar to the changes following DJB that hepatic fat
accumulation is alleviated and the key transcriptional regulators and enzymes involved
in hepatic de novo lipogenesis are downregulated!’3l. Therefore, we hypothesized that
the net effect of luminal bile acids on intestinal FXR might be inhibitory after DJB which
leads to decreased ceramide synthesis. To test this hypothesis, we measure the changes

of individual luminal bile acid and ceramide concentrations within the enterohepatic

circulation after DJB in a HFD /STZ-induced diabetic rat model.

MATERIALS AND METHODS

Animals and surgical procedures

Eight-week-old male Wistar rats (220 g on average, purchased from Huafukang Biotech,
China) were individually housed with a 12 h light/dark cycle under constant
temperature (24-26 °C) and humidity (50%-70%). All rats were fed with HFD (42%
carbohydrate, 18% protein and 40% fat, as a total percentage of calories, Huafukang
Biotech, China) with no restriction to tap water for 1 mo to induce insulin resistance.
After fasting for 12 h, 30 mg/kg STZ (Sigma Aldrich, United States) dissolved in
sodium citrate buffer (pH 4.2) was injected into the peritoneal cavity. Random blood
glucose concentrations were measured with a glucometer (Roche Diagnostics,
Germany) from tail veins 72 h later. Thirty rats with random blood glucose = 16.7
mmol/L were considered diabetic and were matched into salicylhydroxamic acid
(SHAM) group (n = 10), DJB group (n = 10) and DJB + CDCA group (n = 10). One
month later, surgery was performed as we previously reportedl®l. Body weight and
calorie intake were recorded daily. All rats were sacrificed after 12 h fasting at week 12
postoperatively. The Ethics Committee of Qilu Hospital of Shandong University

approved all the procedures.

CDCA gavage
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Without fasting, rats in the DJB + CDCA group were administrated with CDCA
suspension (100 mg/kg suspended in 3 mL tap water) by intragastric gavage three

times a week since week 5 postoperatively. The gavage procedure ceased after week 11.

Oral glucose tolerance test
At week 4 and week 12, after 12 h fasting, the rats were administrated with 20% of
glucose (1 g/kg) by intragastric gavage. Blood glucose concentrations were measured at

t=10, 10, 30, 60 and 120 min.

Blood sample preparation
Peripheral blood samples were collected from the retrobulbar venous plexus after 12 h
fasting before sacrificing. Portal venous blood samples were collected directly from the

portal vein. After centrifugation, the supernatant was stored at -80 °C until analysis.

Luminal bile acid detection

Three independent intestinal segments (3 cm each) was excised at the proximal,
medium and distal sites within the common limb, respectively, without prior flushing.
The control intestinal segments from SHAM group were excised at the corresponding
anatomic location. Total luminal bile acids from intestinal segments were extracted by 9
mL 50 % tert-butyl alcohol for 1 h at 37 °C. After centrifugation, the supernatant was
collected for bile acid analysis. Total bile acids were measured by Roche Cobas 8000
system using enzyme cycling method and individual bile acid species was measured
using high-pressure liquid chromatography coupled with tandem mass spectrometry as

we previously described (5.

Western blot
Small intestinal mucosa were flushed with saline and then scratched. Total protein was
extracted by RIPA lysis buffer (KeyGEN, China) with protease and phosphatase

inhibitor cocktail (KeyGEN, China) and was quantified using bicinchoninic acid protein
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assay kit (Beyotime, China). Equivalent amount of small intestinal mucosal protein
were loaded on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels
(Bio-Rad, United States) and separated by electrophoresis. Then, proteins were
transferred onto 0.45 pm polyvinylidene fluoride membranes (Millipore, Ireland). After
being blocked in 5 % skim milk powder (Beyotime, China) for 2 h, the membranes were
incubated with primary antibodies to Smpd3 (Abcam, United Kingdom) and Sptlc2
(Invitrogen, United States) overnight, followed by incubation in horseradish
peroxidase-conjugated secondary antibodies (Proteintech, China) for 60 min. The
protein bands were visualized by ECL solution (Millipore, United States) and their
density was assessed with LI-COR Odyssey Imager (LI-COR Biosciences, United

States).

RNA analysis

The expression of smpd3 and sptlc2 in the small intestine was analyzed by real-ime
quantitative polymerase chain reaction (RT-qPCR). RNA was isolated using Trizol
reagent (Invitrogen, United States), and the concentration of RNA was measured using
the NanoDrop spectrophotometer (NanoDrop Technologies, United States). RNA was
then reverse transcribed into complementary DNA (cDNA) using a ReverTra Ace qPCR
RT Kit (TOYOBO, Japan). Amplification of messenger RNA (mRNA) was carried out
using SYBR Green Real-time PCR Master Mix Kit (TOYOBO, Japan) at a range of
temperatures in a Roche Lightcycle 2.0 system (Roche, Switzerland). The housekeeping
gene gapdh was used as an internal reference, and mRNA levels for each target were

then calculated by the 2-44Ct method. The primers were smpd3 (forward primer: 5'-

ACTCGCTCGCAAGGCTCAATAATG-3, reverse primer: 5-
CTGAAGCTGGCTGCACTGATGG-3'), sptlc2 (forward primer: 5'-
CGCCTTCCTGAAGTGATTGCTCTC-3, reverse primer: 5-
AGTCTACTACACCACGCCCTGAAG-3), and gapdh (forward primer: 5'-
ACCCTGTTGCTGTAGCCATATTC-3'; reverse primer: 5-

ACCCTGTTGCTGTAGCCATATTC-3).
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Ceramide detection
Ceramide concentrations peripheral circulation and the portal vein were measured as
previously described using Ceramide LIPIDOMIX Mass Spec Standard (#330712X-1EA,

Avanti, United States) as standardsl4l.

Statistical analysis

Data are mean + SEM. Area under the curve (AUC) for oral glucose tolerance test
(OGTT) was calculated by trapezoidal integration. Intergroup comparisons were
performed by one-way analysis of variance followed by Bonferroni post hoc
comparisons. P < 0.05 was considered statistically significant. All calculations were

performed using SPSS version 25.0.

RESULTS
One rat in SHAM group died of intestinal obstruction. Two rats in DJB grqp and 2 rats
in DJB + CDCA group died of anastomotic leak. At the end of the study, the number of

rats alive in SHAM, DJB and DJB + CDCA groups were 9, 8 and 8, respectively.

Body weight and energy intake

At baseline, both body weight and energy intake were comparable between three
groups. After surgery, both body weight and energy intake decreased sharply in all
three groups and increased gradually thereafter. At week 2-5 postoperatively, body
weight of the rats in DJB and DJB + CDCA groups was significantly less than that in
SHAM group (P < 0.05 all). At week 7-12 postoperatively, body weight of the rats in
DJB + CDCA group was significantly less than that in DJB group (P < 0.05 all) (Figure
1A). At week 9-12 postoperatively, body weight of the rats in DJB + CDCA group was
significantly less than that in SHAM group (P < 0.05 all). At week 9-12 postoperatively,
energy intake of the rats in DJB + CDCA group was significantly less than that in
SHAM and DJB groups (P < 0.05 all) (Figure 1B).
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OGTT

There was no difference in glucose tolerance between three groups at baseline based on
AUCoctT. At week 4 and 12, glucose tolerance was significantly improved with D]JB and
DJB + CDCA groups compared to SHAM group based on AUCocrr (P < 0.05 each).
There was no difference between D]JB and DJB + CDCA groups, or between week 4 and
week 12 within each group (Figures 1C-F).

Luminal bile acids

Total luminal bile acid concentrations were significantly less with SHAM group
compared to both DJB and DJB + CDCA groups in either proximal, medium or distal
segment in the common limb (P < 0.05 all). In the distal segment, luminal total bile acid
concentrations were significantly greater with DJB + CDCA group than DJB group (P <
0.05), while this difference was not significant in the proximal or medium segment
(Figure 2A).

In the proximal segment (Figure 2B), CA accounted for over 20% of the total luminal
bile acids in all three groups, and was significantly greater with SHAM group than D]B
and DJB + CDCA groups (P < 0.05). The percentages of a-muricholic acid (aMCA),
BMCA, deoxycholic acid, CDCA, lithocholic acid (LCA), hyocholic acid (HDCA), and
taurine-conjugated LCA (TLCA) were comparable between all three groups. The
percentage of UDCA was less with DJB + CDCA group compared to SHAM and DJB
groups (P < 0.05). The percentages of taurine-conjugated forms of aMCA, PMCA, CA,
DCA, CDCA and UDCA were all greater with DJB and DJB + CDCA groups compared
to SHAM group (P < 0.05). The percentage of TCDCA was greater with DJB + CDCA
group than DJB group (P < 0.05).

In the medium segment (Figure 2C), the difference in TaMCA and TDCA between
three groups was no longer significant compared to the proximal segment. The
percentage of TBMCA increased to more than 5% in DJB and DJB + CDCA groups
which was significantly greater than SHAM group (P < 0.05). The percentage of TCDCA
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was comparable between SHAM and DJB groups, which was significantly less than D]B
+ CDCA group (P < 0.05).

In the distal segment (Figure 2D), the percentage of TBMCA, TCA and TUDCA was
significantly greater with DJB and DJB + CDCA groups compared to SHAM group (P <
0.05), without any difference between the former two groups. The percentage of CA
was significantly less with DJB and DJB + CDCA groups compared to SHAM group (P
< 0.05). There was no difference in the percentage of UDCA between three groups. The
percentage of other jndividual bile acids was comparable to that in the medium
segment. The ratio of FXR agonists (including CA, TCA, DCA, TDCA, CDCA, TCDCA,
LCA, and TLCA) and antagonists (including aMCA, TaMCA, BMCA, TBMCA, UDCA,
TUDCA and HDCA) in DJB and DJB + CDCA groups was decreased compared to
SHAM group in either proximal, medium or distal segment (P < 0.05). No difference
was observed between DJB group and DJB + CDCA group (Figure 2E).

Ceramides

At week 12, in the peripheral circulation, serum C16:0 ceramide concentrations were
lower with DJB and DJB + CDCA groups compared to SHAM group (P < 0.05); no
difference in C18:0, C24:0 or C24:1 ceramides between three groups (Figure 2F). In the
portal vein, serum C16:0, C24:0 and C24:1 ceramide concentrations were lower with DJB
group compared to SHAM group (P < 0.05); there was no difference in either ceramide
species between D]JB and DJB + CDCA groups or between DJB + CDCA and SHAM

groups (Figure 2G).

Expression of Smpd3 and Sptlc2

At week 12, the expression of Smpd3 and Sptlc2 were lower with DJB and DJB + CDCA
groups than SHAM group at both protein and mRNA levels (P < 0.05). Compared to
DJB + CDCA group, the expression of Smpd3 and Sptlc2 with DJB group were even
lower at both protein and mRNA levels (P < 0.05) (Figures 3A, 3B and 3C).
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DISCUSSION

In the present tudy, we performed SHAM, DJB and DJB + CDCA procedures in a
HFD/STZ induced diabetic rat model, and for the first time, demonstrated the changes
of luminal individual bile acids in the distal small intestine. We also found that the
subsequent changes of the bile acids within the distal common limb after DJB elicited
inhibitory effect on regional ceramide synthesis and this phenomenon could be partially
antagonized by luminal supplementation of FXR activating bile acid CDCA.

DJB was initially designed to investigate the weight loss independent mechanisms of
bariatric surgeryl®l. This procedure has no effect on weight loss but could induce fast
and sustainable amelioration of type 2 diabetesl!l. Consistent with other bariatric
procedures!™1¢l, serum bile acid concentrations were also increased following DJB, and
this phenomenon is clearly related to reconstruction of the gastrointestinal tractll. Via
the biliopancreatic limb, bile acids contact the distal small intestine, where luminal bile
acid reabsorption mainly occurs, more rapidly and lead to early and increased
reabsorption of luminal bile acids in the small intestine. A recent study has proved that
in the biliopancreatic limb, increased reabsorption of luminal bile acids has already
commenced as a result of highly concentrated bile acids as well as lack of lipidsl'7l.
While in the alimentary limb, only trace amount of luminal bile acids could be
detected!¥l. Decreased luminal bile acids lead to marked luminal sodium insufficiency,
and hence, intestinal uptake of glucose in the alimentary limb is significantly
decreased!'], which represents another mechanism in controlling postprandial glucose
excursion. The common limb is where food and bile mix up and the major place for
intestinal FXR expression. Therefore, we concentrated on bile acid milieu within the
common limb rather than the biliopancreatic or alimentary limb because the common
limb is the place mostly close to physiological conditions.

To our knowledge, the present study is the first study reporting luminal bile acid
changes after DJB. Most clinical and animal studies concentrated on serum or fecal bile
acids, as the intestinal lumen is deep inside and in vivo study of luminal contents,

particularly in the small intestine, is technically difficult and ethically challenging.
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Consistent with our previous findings of serum bile acid changes after DJB, the total
amount of luminal bile acids and the proportion of FXR-inhibitory bile acids were both
increased. These specific changes have at least two clinical relevance. First, concentrated
luminal bile acids stimulate TRG5 on the surface of enteroendocrine cells and leads to
potentiated GLP-1 secretionl4; second, increased proportion of FXR-inhibitory bile acids
has inhibited expression of FXR downstream pathways and reduced biosynthesis of
intestinal-derived ceramidesl!2. Compared to TGR5, FXR_appears to be a more
important and complicated receptor in metabolic regulation; in the absence of FXR, the
ability of bariatric surgery to reduce body weight and improve glucose tolerance is
substantially reduced while these metabolic benefits are largely preserved when TGR5
is deficient'>2], Whole body FXR knock-out mice were associated with elevated serum
triglycerides, cholesterols, free fatty acids and severe liver fat accumulation, but were
protected from diet- or genetically- induced obesityl?!l. In contrast, liver-specific FXR
knock-out mice were not protected from diet-induced obesity and insulin resistancel22],
suggesting the distinct role of hepatic and intestinal FXR activation in improving
glucose tolerance and insulin resistance. In the small intestine, the role of FXR is
controversial. After bariatric surgery, increased serum fibroblast growth factor 19
(FGF19) concentrations have been thought to play a role in the remission of human
diabetes!’®l. And intestinal FXR activation by luminal bile acids has been thought as a
major source of increased serum FGF19. However, no direct evidence was available to
confirm the state of intestinal FXR activation, and other tissues may also be sources of
FGF19. In contrast, more studies support that intestinal FXR activation would damage
metabolic homeostasis by reducing energy expenditure and impairing glucose
tolerancel'>'42I, To investigate the direct influence of bile acids on intestinal FXR, bile
diversion procedure was reported by three separate studies!*242l, including one from
our groupldl. Surprisingly, all three studies showed activated intestinal FXR in response
to direct bile acid stimulation. However, in contrast, in D]B, the effect of bile acids on

intestinal FXR within the common limb was inhibitory. The discrepancy suggests the
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biliopancreatic limb may have altered the luminal bile acid composition by premature
bile acid reabsorption.

Consistent with our hypothesis, both ceramides in the portal vein and in the
peripheral circulation were decreased in response to increased proportion of luminal
FXR-inhibitory bile acids. Ceramides are signaling molecules and are associated with
obesity and insulin resistance at high concentrations(?l. Decreased ceramides inhibits
the expression of SREBP-1 in the liver and alleviates hepatic fat accumulation, thus
increasing hepatic insulin sensitivityl'2l. Our previous study found that DJB suppressed
hepatic de novo lipogenesis and alleviates liver fat accumulation by inhibiting SREBP-1.
However, the mechanisms underlying were unknown. Based on results from the
present study, we have unveiled at least one mechanism accounting for alleviated
hepatic fat accumulation. Therefore, manipulation of luminal bile acid composition
towards FXR-inhibitory trend may have metabolic beneficial effects.

The present study has several limitations. First, bile acids are mixture with a variety
of individual bile acids. As bile acids are mainly conjugated with taurine in rodents(27],
we only tested luminal unconjugated and taurine-conjugated bile acids. Second, CDCA
is not dissolved in water and we used CDCA suspension for gavage, which may have
compromised CDCA absorption to a certain degree. Third, the results from the present
study were based on a diabetic rat model and should be interpreted with caution due to

species gap.

CONCLUSION

In conclusion, DJB significantly changes luminal bile acid composition with increased
proportion of FXR-inhibitory bile acids and reduce serum ceramide levels. There

observations suggest a novel mechanism of bile acids in metabolic regulation after DJB.

ARTICLE HIGHLIGHTS

Research background
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Bile acids have proved to be signaling molecules in mediating metabolic benefits and
circulating bile acids were found to be increased following duodenal-jejunal bypass
(DJB). However, whether and how the bile acids take effect in the amelioration of

metabolic disorders after DJB remain unknown.

Research motivation

Circulating bile acids reflect the amouygt of bile acids within the gut. It has been proved
that luminal bile acids take effect via Takeda G-protein-coupled receptor 5 and nuclear
farnesoid X receptor (FXR). However, different subtypes of bile acids have distinct
effect on the downstream pathway of FXR and hence, a further investigation of luminal

bile acids after D]B is of great significance.

Research objectives
To investigate changes and mechanisms of luminal bile acids in mediating metabolic

benefits following DJB.

Research methods

Salicylhydroxamic acid (SEAM), DJB, and DJB with oral chenodeoxycholic acid
(CDCA) supplementation were performed in a high-fat-diet/streptozotocin-induced
diabetic rat model. Body weight, energy intake, oral glucose tolerance test, luminal bile
acids, serum ceramides and intestinal ceramide synthesis were analyzed at week 12
postoperatively.

Research results

Compared to SHAM, DJB achieved rapid and durable improvement in glucose
tolerance and led to increased total luminal bile acid concentrations with preferentially
increased proportion of FXR - inhibitory bile acids within the common limb. Intestinal

ceramide synthesis was repressed with decreased serum ceramides, and this
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phenomenon could be partially antagonized by luminal supplementation of FXR

activating bile acid CDCA.

Research conclusions
DJB significantly changes luminal bile acid composition with increased proportion FXR-
inhibitory bile acids and reduces serum ceramide levels. There observations suggest a

novel mechanism of bile acids in metabolic regulation after DJB.

Research perspectives

Mechanisms of bile acids in mediating metabolic benefits after bariatric surgery.
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