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ABSTRACT
MGAT2 deficiency alters bile acid metabolism

MGAT2 deficient mice (Mogat2—/—) are protected from obesity and
hyperglycemia. We hypothesize that altered bile acid (BA) signaling contributes to
these protective effects. The present study investigates whether Mogat2—/— mice
have altered BA metabolism. BA concentrations were quantified in tissue, fecal and
plasma samples from Mogat2—/— and wildtype mice using an enzymatic method.
Individual BA species were quantified in plasma via chromatography/mass
spectrometry. Expression levels of several BA metabolism and signaling genes were
assessed using quantitative PCR. We found that Mogat2—/— mice have elevated
plasma BA concentrations, with high proportions of β-muricholic acid and cholic
acid species in circulation. These mice also exhibit altered expression of BA
signaling and transport genes in the liver and intestine, suggesting that MGAT2
deficiency leads to altered BA signaling. Further investigation of the potential role
of BAs in the metabolic phenotype of Mogat2—/— mice is warranted.
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Introduction
Acyl CoA: Monoacylglycerol acyltransferase 2 (MGAT2) is an enzyme that is
highly expressed in the intestinal tract of both mice and humans.1 Its bestcharacterized role is in the process of intestinal fat absorption. Dietary fat is
typically in the form of triacylglycerol (TAG), which is broken down to
monacylglycerol (MAG) and fatty acids (FA) by lipases in the small intestine. Next,
FA and MAG are absorbed across the apical membrane of intestinal enterocytes.
Once inside the enterocyte, MGAT2 catalyzes the first step in a process that resynthesizes TAG from MAG and FA. TAG is then incorporated into chylomicrons and
released into the lymphatic system where it eventually enters systemic circulation.
Thus, MGAT2 plays an important role in the absorption of dietary fat.1
Our group is interested in understanding the other physiological functions of
MGAT2. We have generated mice that lack a functional gene coding for MGAT2
(Mogat2—/—) to determine the systemic effects of MGAT2 deficiency. We found that
these mice were protected from diet-induced obesity and related co-morbidities.2
The protection conferred by MGAT2 deficiency is attributable to increased systemic
energy expenditure,2 independent of dietary conditions.3 Studies utilizing an
intestine specific model of MGAT2 deficiency suggest that absence of MGAT2 in the
intestine accounts for most, but not all of the energy expenditure phenotype.4
Inactivating the gene coding for MGAT2 in adulthood also results in increased
energy expenditure and protection from diet-induced obesity.5 MGAT2 deficiency
even protects hyperphagic agouti mice from obesity.3 The robust protection from
metabolic disease observed in Mogat2—/— mice has led to interest in the
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development of MGAT2 inhibitors as possible therapeutic agents for the treatment
and prevention of obesity.6,7 However, the physiological mechanism for increased
energy expenditure in Mogat2—/— mice is still uncertain.
We have also reported that Mogat2—/— mice are protected from diet-induced
hyperglycemia and insulin resistance.2,4 Mogat2—/— mice are known to have
elevated levels of the gut derived hormone glucagon-like peptide-1 (GLP-1) in
systemic circulation after a meal.2,4 GLP-1 is a well-established modulator of insulin
secretion and sensitivity,8 so elevated circulating levels could contribute to the
protection from hyperglycemia observed in MGAT2 deficient mice. Since GLP-1 is
secreted by the hormone producing cells of the distal small intestine, our group has
hypothesized that altered enteroendocrine signaling plays a role in the metabolic
phenotype of MGAT2 deficient mice.
One mechanism whereby MGAT2 could affect systemic modulation of energy
expenditure and glucose metabolism involves bile acids (BAs). BAs are traditionally
known for their integral role in the emulsification of dietary lipids. They are
synthesized from cholesterol in the liver, stored in the gallbladder and released into
the intestine during a meal. BAs are actively reabsorbed in the distal small intestine
and return to the liver via the hepatic portal vein. During the process, some BAs do
spill over into systemic circulation.9
There are many unique BA species, which differ by hydroxylation or
dehydroxylation of carbons 3, 6, 7 and 12 of the steroid nucleus, and conjugation
with the amino acids taurine and glycine.10 BAs synthesized and excreted from the
liver are considered primary BAs. The most common murine primary BA include
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taurine-conjugated cholic acid (CA) and muricholic acid (MCA).9 BA species are also
modified by gut bacteria, which typically decongugate and dehydroxylate primary
BAs to form secondary BAs including deoxycholic acid (DCA) and hyocholic acid
(HCA).9 Each unique BA species has its own host of physiological and
pathophysiological activities.11 Thus, both the total amount of BAs in circulation and
the species composition of the BA pool have physiological importance.
BAs are known to interact with a variety of receptors, most notably the
Farsenoid-X-Receptor (FXR) and the G-Protein Coupled Bile Acid Receptor (TGR5).9
These receptors are expressed in numerous tissue types, both within and outside of
enterohepatic circulation.9 Interestingly, different species of BA activate FXR and
TGR5 to different degrees. FXR is strongly activated by CA, but is inhibited by β-

muricholic acid (BMCA). TGR5 is strongly activated by taurine conjugated BAs, but
is activated by CA to a lesser extent.12 The disparate signaling capabilities of
individual BA species suggest that the composition of the BA pool plays an
important role in BA signaling.9
FXR is a BA-sensitive transcription factor with a wide range of target genes in
both hepatocytes and enterocytes. In the liver, FXR activation up regulates the
expression of small heterodimer partner (SHP), which subsequently regulates BA
synthesis and export as well as hepatic gluconeogenesis.9 In the intestine, FXR
activation induces SHP expression, represses the expression of apical sodiumdependent bile acid transporter (ASBT) and promotes the expression of fibroblast
growth factor-15 (FGF15).9 ASBT is the major transporter involved in reabsorption
of BAs in the small intestine. FGF15 is a hormone released into the hepatic portal
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vein that acts to inhibit BA synthesis in the liver.9 Recent publications have shown
that intestine-specific inhibition of FXR results in increased systemic energy
expenditure and protection from hyperglycemia.13,14
Like FXR, TGR5 is expressed in several tissue types both within and outside
of enterohepatic circulation. In the hormone producing L-cells of the intestine, TGR5
activation results in the secretion of GLP-1.9 In brown adipocytes and myocytes,
TGR5 activation leads to the conversion of thyroxine to tri-iodothyronine, the active
form of thyroid hormone.15 Through its systemic actions, TGR5 activation has been
shown to increase energy expenditure and protect against both obesity and insulin
resistance.16
The purpose of the present study is to determine whether MGAT2 deficient
mice have altered BA metabolism and signaling, which may consequently mediate
the established phenotype of protection against obesity and glucose intolerance.

Methods
Mice
To determine effects of systemic MGAT2 deficiency on BA metabolism and
signaling, Mogat2—/— mice (C57BL/6J) were compared against wildtype (WT)
controls. To assess the effect of MGAT2 deficiency in the context of a hyperphagic
model of obesity, strains of Mogat2—/— and WT mice carrying the Agouti yellow
mutation were utilized (Ay-Mogat2—/— and Ay-Mogat2+/+). Mice with intestine
specific deletion of the gene coding for MGAT2 (Mogat2IKO) were compared to their
respective controls (Mogat2f/f) to determine whether differences in BA metabolism
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were dependent on intestinal MGAT2 deficiency. Finally, a group of adult inducible
MGAT2 deficient mice (Mogat2AKO) were compared to their respective controls
(Mogat2f/f). These mice were used to determine whether differences in BA
metabolism could be induced in adult mice by inhibiting MGAT2 expression.
Information on the generation, breeding and housing of these strains of mice has
been previously reported.2,3,4,5
Diets
Experiments were conducted using mice under several dietary conditions.
Unless otherwise specified, mice were maintained on a fixed-formula chow diet
(#8604; Teklad Madison,WI). Semi-purified diets containing 10% (Low Fat/LF) or
60% (High Fat/HF) Calories from fat were also utilized. These diets have been
described in a previous publication.5 In addition, a group of Mogat2—/— and WT
mice were fed a chow diet containing 3% cholestyramine, a BA sequestrant.17
Antibiotic Treatments
To assess whether disturbing the gut microbiota of MGAT2 deficient mice
dampens differences in plasma BA concentrations, one group of Mogat2—/— and WT
mice was selected for treatment with broad spectrum antibiotics18 (Ampicillin 1g/L,
Vancomycin 0.5g/L, Neomycin Sulfate 1g/L, and Metronidazole 1g/L) in drinking
water for seven weeks. Another cohort of mice was maintained on sub-therapeutic
antibiotic treatment (STAT).19 This treatment was accomplished by adding 6.8mg/L
penicillin to the drinking water of pre-gestational dams and then continuing the
treatment throughout the lifetime of the resulting pups. The total length of STAT
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treatment varied from 14-23 weeks for mice utilized in the BA quantification
experiments.
Tissue and Plasma Collection
Tissue collection was performed as a terminal procedure. Mice were
anesthetized by intraperitoneal injection of a 5% solution of tribromoethanol
(Avertin). Blood samples were collected via retro-orbital bleed or tail bleed. For
terminal retro-orbital bleeds, approximately 1mL of blood was collected. The blood
was deposited into 1.5mL micro-centrifuge tubes containing EDTA, a protease
inhibitor cocktail and DPP-IV inhibitor to prevent breakdown of proteins in the
samples. Blood samples were centrifuged for 20 minutes at 3000 rpm. The plasma
was transferred into a separate micro-centrifuge tube. The plasma was kept at -80°C
until the assay was performed. Immediately prior to use, plasma was thawed and
mixed using a vortex mixer. The small intestine was dissected, flushed and
partitioned into duodenum, jejunum and ileum. The liver was also removed by
dissection. Tissue samples were immediately packaged in foil and flash frozen in
liquid nitrogen. Tissue samples were stored at -80°C until use.
Tissue Preparation for BA Quantification
The protocol for preparation of liver and small intestine tissues was adapted
from a previously described protocol.20 A piece of tissue was weighed and placed in
a 2mL micro-centrifuge tube and kept on dry ice until homogenization. For liver
samples a 100mg piece of tissue was used, and for intestine samples a 60mg piece of
tissue was used. Tissues were homogenized in 1mL of 75% ethanol solution. Tissue
homogenate was incubated at 50°C for two hours. Following incubation, the tissue
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homogenate was centrifuged at 6,000 X g for 10 minutes at room temperature. A
volume of 100 μL of the resulting supernatant was transferred to a 1.5mL microcentrifuge tube. A volume of 400μL of 1x Phosphate Buffered Saline (PBS) was
added to the supernatant to create a 5x dilution. The resulting dilution was kept at 80°C until the BA quantification assay was performed. Immediately prior to use, the
sample dilution was thawed and mixed using a vortex mixer to ensure a
homogeneous sample.
Enzymatic Total Bile Acid Quantification
The Total Bile Acids Assay Kit (Diazyme, San Diego, CA) was used to quantify
BA in tissue, plasma and fecal samples. The enzymatic assay was downscaled in
volume to allow the use of a VersaMax ELISA Microplate Reader (Molecular Devices,
Sunnyvale, CA) for measuring absorbance at 405nm. All reagent and sample
volumes were reduced by 25% to bring the total volume to an appropriate amount
for a standard 96-well plate. Total BA concentrations were calculated using
standard curves generated using the standard BA solution included with the
Diazyme Total Bile Acids Assay Kit. For tissue samples, the results of the microplate
assay were normalized by weight of tissue originally homogenized. Normalization
was not necessary for plasma samples.
Fecal BA quantification
Mice were individually housed for the duration of the experiment. Five day
fecal samples were collected from each individual mouse under chow, short-term
LF, short-term HF and long-term HF diet conditions. Short-term diet conditions
were defined as one week on the specified diet, while long-term diet conditions
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were defined as more than four weeks on the specified diet. Fecal samples were
dried to constant weight. BAs were extracted using a previously established
protocol from literature.21 Total fecal BA concentrations were quantified using the
previously described enzymatic method. Fecal BA concentrations and total fecal
output were used to calculate daily BA excretion for each mouse.
Plasma sample preparation for BA characterization
A 25uL aliquot of plasma was spiked with 5uL of 4ug/mL glycodeoxycholic
acid (GDCA). Proteins were precipitated with 10 volumes of 50:50 of ice-cold
methanol and acetonitrile. The sample was then centrifuged at 11,000 X g for 10
minutes at 4°C. The supernatant was removed and evaporated under nitrogen. The
sample was re-suspended in 50uL of 50:50 methanol and 10mM ammonium acetate
at pH 8. The re-suspended sample was diluted 1:10 in the same 50:50 mixture of
methanol and 10mM ammonium acetate.
BA species characterization
Identification and quantification of BA species was performed using an
UHPLC-tandem MS (UHPLC-TMS) system consisting of a Vanquish UHPLC coupled
by electrospray ionization (ESI) (negative mode) to a hybrid quadrupole-highresolution mass spectrometer (Q Exactive Orbitrap; Thermo Scientific). Liquid
chromatography (LC) separation was achieved on an Acquity UPLC BEH C18 column
(2.1-by 100-mm column, 1.7-um particle size). Solvent A was 10mM Ammonium
acetate, pH 6; solvent B was 100% methanol. The total run time was 31.5 minutes
with the following gradient: 0 min, 30% B; 0.5 min, 30% B; 24 min, 100% B; 29 min,
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100% B, 29 min, 30% B; 31.5 min, 30%B. Metabolite peaks were identified using the
Metabolomics Analysis and Visualization Engine (MAVEN).22,23
Quantitative-PCR
To assess levels of BA metabolism, signaling and transport gene expression,
tissues from age-matched mice fed LF or HF diet were homogenized, and total RNA
was extracted with the AurumTM Total RNA Mini kit (Bio-Rad) and purified by oncolumn digestion of DNA with DNase I to eliminate residual genomic DNA. Total
RNA was used for cDNA synthesis (iScriptTM cDNA synthesis kit, Bio-Rad). Real time
quantitative PCR was performed with iTaqTM SYBR Green Supermix (Bio-Rad) and
analyzed with the LightCycler® 480 II Real-Time PCR System (Roche). Relative
expression levels were calculated by the comparative CT (cycle of threshold
detection) method as outlined in the manufacturer's technical bulletin. Ribosomal
Protein Large P0 (36b4) expression was used as an internal control. The primer
sequences of the 36b4 gene were 5′-GCAGATCGGGTACCCAACTGTTG-3′ (forward)
and 5′-CAGCAGCCGCAAATGCAGATG-3′ (reverse). A complete list of the primers
used is included (Table 1). The 2−ΔΔCt method was used to calculate the -fold change
in gene expression.24
Data Analysis
A Student’s T-test was used to assess differences between individual groups.
Multiple group comparisons were analyzed by two-way Analysis of Variance
(ANOVA) to determine whether the effects of genotype, diet/treatment or the
interaction between genotype and diet/treatment were statistically significant. Data
determined to be significantly different were then subjected to a Bonferroni post-
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hoc test for group comparisons. The significance level (α) was set at a p-value of
0.05 for all tests. All data was reported as mean ± SEM.

Results
MGAT2 deficient mice have higher proportions of BAs in the proximal intestine
To determine whether MGAT2 deficiency has an impact on the distribution of
BA in different tissue compartments, total BA concentrations were determined
using tissue homogenates from chow-fed mice. The two tissues of greatest interest
were the liver, where BAs are synthesized from cholesterol, and the intestine, where
BAs are actively reabsorbed and enter enterohepatic circulation. No significant
difference in hepatic BA concentration between WT and Mogat2—/— mice was
detected. Four different segments of the intestine were analyzed separately to
determine whether there were differences in the distribution of BAs throughout the
intestine. Mogat2—/— mice have significantly elevated tissue concentrations of BAs
in the duodenum when compared to WT mice. No significant difference in jejunum,
ileum or colon tissue BA concentration was observed (Figure 1).
Plasma BA concentrations are significantly elevated in MGAT2 deficient mice
Since many of the tissues involved in BA signaling are outside of the
enterohepatic circulation, plasma BA concentrations were also quantified. Plasma
BA concentrations were significantly elevated in Mogat2—/— mice under chow, LF
and HF diet conditions. Significantly elevated plasma BA concentrations were also
observed in Ay- Mogat2—/— and Mogat2IKO mice. Mogat2AKO mice had similar plasma
BA concentrations when compared with their Mogat2f/f controls (Figure 2).
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Cholestyramine and antibiotic treatments do not alter plasma BA phenotype
Plasma obtained from mice treated with 3% cholestyramine was submitted
for enzymatic BA quantification. Mogat2—/— mice had significantly elevated plasma
BA concentrations after treatment with this BA sequestrant (Figure 3A). Mogat2—/—
mice treated with broad spectrum antibiotics for seven weeks in adulthood also had
elevated plasma BA concentrations, although the difference did not reach statistical
significance (Figure 3B). Mogat2—/— mice treated on the previously described STAT
protocol had significantly elevated plasma BA concentrations (Figure 3C).
MGAT2 deficient mice excrete normal amounts of BA in feces
One possible explanation for increased pooling of BAs in the plasma may be
that Mogat2—/— mice excrete less BAs, allowing more to enter circulation. In order
to test this possibility, fecal samples from WT and Mogat2—/— mice were extracted
and submitted for enzymatic quantification. No significant difference in total fecal
output between WT and Mogat2—/— mice was observed on chow, short-term LF,
short term-HF or long-term high fat diet. Both genotypes had greater fecal output
when fed a chow diet, compared to any of the semi-purified diets (Figure 4A). Upon
analysis of total fecal BA excretion, no significant differences were observed
between WT and Mogat2—/— mice under any of the dietary conditions tested
(Figure 4B).
BA species distribution is altered in MGAT2 deficient mice
Individual BA species in the plasma of WT and Mogat2—/— mice fed a chow
diet were quantified using UHPLC-TMS. This analysis recapitulated the initial
observation that Mogat2—/— mice have significantly higher plasma BA
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concentrations when compared to WT. Mogat2—/— mice have significantly higher
proportions of BMCA and CA species in their plasma. They also have significantly
lower abundance of the deoxycholic acid (DCA) species in circulation (Fig 5a). The
relative hydrophobicity of the BA pool reflects the extent of microbial conversion of
primary BAs to secondary BAs. Using a method described in literature, the relative
hydrophobicity of the plasma BA pools of both WT and Mogat2—/— mice was
quantified.25 Mogat2—/— mice have a significantly more hydrophilic plasma BA pool
than WT (Fig 5b).
MGAT2 deficiency alters expression of hepatic BA metabolism genes.
To determine whether Mogat2—/— mice exhibit altered expression of hepatic
BA metabolism genes, quantitative PCR was conducted using cDNA derived from the
liver tissue of WT and Mogat2—/— mice. Of particular interest were genes involved
in BA synthesis (CYP7A1 and CYP8B1), and FXR in addition to its hepatic target
genes small heterodimer protein (SHP) and bile salt export pump (BSEP). Mogat2—
/—

mice showed no significant difference in expression of CYP7A1, the rate-limiting

enzyme in the main BA synthesis pathway. The same can be said for CYP8B1, the
rate-limiting enzyme in an alternative BA synthesis pathway. Liver FXR expression
was not significantly different in Mogat2—/— mice when compared to WT. However,
differences in SHP and BSEP expression were detected. SHP expression was
significantly lower in Mogat2—/— mice by two-way ANOVA (p< 0.05 for the genotype
effect). In contrast, BSEP expression trended higher in Mogat2—/— mice, but only
when the mice were fed a LF diet. Expression levels of all other FXR target genes
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were not significantly different in Mogat2—/— mice when compared to their WT
counterparts (Figure 6).
MGAT2 deficiency alters expression of BA associated genes in the intestine.
In order to determine whether Mogat2—/— mice exhibit altered expression of
BA associated genes in the ileum, quantitative PCR was carried out on cDNA derived
from ileum tissue from WT and Mogat2—/— mice. Of particular interest were the
genes involved in BA reabsorption and transport including ASBT, SLC51a/b and
FABP6. ASBT, the major apical BA transporter in the intestine, was more highly
expressed in Mogat2—/— mice when compared to WT mice on both low fat and high
fat diet, but the difference was not statistically significant. FABP6 and SLC51a/b
expression was not significantly different in the ileum tissue of Mogat2—/— mice
when compared to WT controls. In addition, the expression levels of several genes
involved in BA signaling were quantified. SHP expression was lower in Mogat2—/—
mice when compared to WT on either low or high fat diet but the genotype effect did
not reach statistical significance by two-way ANOVA (p=0.076). Ileum expression of
FGF15 was significantly lower in Mogat2—/— mice when compared to their WT
counterparts by two-way ANOVA (Figure 7). In the jejunum, there were not
significant differences in expression of BA transport or signaling genes with the
exception of ASBT, which was expressed to a significantly greater extent in Mogat2—
/—

mice under HF diet conditions (Figure 8).

Discussion
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Our group has previously reported that MGAT deficiency confers protection
from obesity and hyperglycemia.2,3,4,5 We hypothesize that differences in BA
signaling play a role in this protection. The present study set out to determine
whether MGAT2 deficiency alters BA metabolism or signaling. We have
demonstrated that MGAT2 deficient mice have elevated plasma BA concentrations,
independent of dietary conditions. Mogat2—/— mice also have significantly different
proportions of BMCA, CA and DCA species in their plasma BA pool when compared
to WT. Overall, Mogat2—/— mice have a significantly more hydrophilic plasma BA
pool than WT mice. Changes in hepatic and intestinal expression of FXR target genes
suggest that Mogat2—/— mice may have altered FXR signaling in both the liver and
the intestine. Taken together, these findings indicate that Mogat2—/— mice have
altered BA metabolism and signaling.
A survey of tissue BA concentrations in WT and Mogat2—/— mice suggests
that MGAT2 deficiency results in increased BA concentrations in the proximal small
intestine. The distal small intestine, colon and liver did not have significantly
different BA concentrations in WT and Mogat2—/— mice. This finding is surprising
because the proximal small intestine is not known to be heavily involved in BA
reuptake. No conclusion can be made about the total size of the BA pool in these
mice because the gallbladder, the largest storage compartment for BA, was not
analyzed.
The most persistent phenotype observed in this study was significantly
elevated plasma BA concentrations in Mogat2—/— mice, independent of dietary
conditions. This phenotype was also observed in models of hyperphagic obesity (Ay-
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Mogat2—/—) and intestine specific MGAT2 deficiency (Mogat2IKO). These findings
suggest that increased plasma BA concentrations are not diet dependent, and that
this phenotype is likely attributable to the absence of MGAT2 in the intestine.
Surprisingly, disabling the gene coding for MGAT2 in adulthood does not
result in increased plasma BA concentrations. This finding suggests that the absence
of MGAT2 during development may play a role in the increased BA concentrations
observed in Mogat2—/— mice. In WT mice, intestinal MGAT2 reaches high levels as
early as embryonic day 19.5 Mogat2—/— pups grow more slowly, suggesting that
MGAT2 deficiency during critical growth periods might affect utilization of nutrients
in high-fat mouse milk.5 Perhaps this difference in early postnatal nutrient
utilization plays a role in establishing elevated steady-state plasma BA
concentrations in Mogat2—/— mice.
Treatment with cholestyramine, a BA sequestrant, did not result in
diminished plasma BA concentrations in Mogat2—/— mice. This finding was
expected because cholestyramine has been shown to reduce postprandial, but not
fasting plasma bile acid concentrations.26 Assuming that the cholestyramine
treatment successfully increased fecal BA excretion, it appears that both WT and
Mogat2—/— mice were able to compensate, presumably by increasing BA synthesis.
Mogat2—/— mice appear to have chronically elevated steady-state plasma BA. High
steady state plasma BA concentrations have recently been associated with some
weight-independent metabolic benefits of bariatric surgery in humans.27
Additionally, proportions of individual BA species in the systemic circulation
of Mogat2—/— mice are significantly different from those circulating in WT mice. The
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BMCA species is found in a significantly higher abundance in the plasma of Mogat2—
/—

mice. Taurine-conjugated BMCA is a known antagonist of FXR signaling in the

intestine.28 A recent study has demonstrated that intestine specific FXR inactivation
by taurine-conjugated BMCA can confer protection from obesity and
hyperglycemia.28 Mogat2—/— mice also have elevated levels of CA in circulation.
High levels of circulating CA have been linked to prevention of endoplasmic
reticulum stress, preservation of pancreatic β-cell mass and improved insulin
sensitivity in rats.29 Finally, Mogat2—/— mice have significantly lower proportions of
DCA in circulation. DCA is a secondary BA, which is only produced by 7αdehydroxylation of CA by gut bacteria.30 A higher ratio of CA to DCA in the plasma of
Mogat2—/— mice suggests that their gut bacteria have different BA altering
capacities than those found in WT mice. Mogat2—/— mice also have a less
hydrophobic plasma BA pool when compared to WT. This is indicative of reduced
microbial modification of BAs in the gut of Mogat2—/— mice.31
To test whether perturbing the gut microbiota of Mogat2—/— mice with
antibiotics would alter their plasma BA concentrations, two different antibiotic
trials were conducted. Treating mice with a combination of four antibiotics for a
period of seven weeks in adulthood did not result in reduction of plasma BA
concentrations in Mogat2—/— mice. STAT treatment in-utero and throughout the
lifespan of pups was also ineffective in altering plasma BA concentrations in
Mogat2—/— mice. These experiments suggest that the specific bacteria targeted by
these antibiotics are not likely to be responsible for elevated plasma BA
concentrations in Mogat2—/— mice. However, the differences in the plasma BA pool
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composition of Mogat2—/— mice remain highly suggestive of altered microbial
metabolism of BAs.
In addition to the quantity and identity of BA species in circulation, we were
interested in whether BA signaling was altered in the hepatic or enteric tissues of
Mogat2—/— mice. In the liver, gene expression of CYP7A1 and CYP8B1 was similar in
WT and Mogat2—/— mice on both LF and HF diets. These are two of the major
enzymes involved in BA synthesis, and it does not appear that BA synthesis is up
regulated in Mogat2—/— mice when compared to WT. BSEP, the enzyme responsible
for pumping BAs from the liver into the common bile duct, is more highly expressed
in Mogat2—/— mice than in WT mice under LF diet conditions. BSEP is up regulated
by the action of FXR in the liver, suggesting that FXR activity is increased in the liver
under LF diet conditions in Mogat2—/— mice. SHP expression is also induced by FXR
activity, but its expression is lower in Mogat2—/— mice, especially under HF diet
conditions. SHP is known to repress the expression of CYP7A1, so increased CYP7A1
expression on HF diet was expected, but not observed in our study. Other
transcription factors in the liver, including liver-X-receptor (LXR) and pregnane-Xreceptor (PXR), could be compensating for loss of SHP regulation of BA synthesis.9
Differences in BA transport and signaling genes were also observed in the
distal small intestine. Mogat2—/— mice have increased expression ASBT, on both LF
and HF diet, although the genotype effect did not reach statistical significance by
two-way ANOVA. Increased ASBT expression in the distal intestine would suggest
that BA re-uptake is up regulated in Mogat2—/— mice, which could contribute to
elevated plasma BA levels. Both SHP and FGF15 have lower expression levels in the
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distal intestine of Mogat2—/— mice. These two genes are up regulated by FXR
signaling, so it appears FXR activity may be decreased in the distal intestine of
Mogat2—/— mice. This is consistent with the observation that Mogat2—/— mice have
increased proportions of BMCA, a potent FXR antagonist, in their plasma BA pool.
Ileum expression of the G-protein coupled BA receptor, TGR5, is not significantly
different in Mogat2—/— mice when compared to WT controls. However, this does
not exclude the possibility that the altered plasma BA pool composition of Mogat2—
/—

mice activates TGR5 to a different extent. Taurine conjugated BAs are the most

potent activators of TGR5 signaling, while unconjugated CA is the weakest activator
of TGR5.32 Increased activation of TGR5 is one possible mechanism that could
explain increased postprandial GLP-1 levels in the plasma of Mogat2—/— mice.9

The present study establishes that MGAT2 deficiency leads to differences in

BA metabolism and signaling. Additional research is required to determine how

these changes occur, and whether they play a role in protecting MGAT2 deficient

mice from obesity and hyperglycemia. Future research will focus on the role of gut
microbiota as mediators in altering the BA species composition of Mogat2—/—

mice. Other studies will aim to determine whether FXR or TGR5 are necessary for
the protective effects of MGAT2 deficiency. Elucidating the mechanisms

underlying these protective effects will provide insight on the potential of MGAT2
as a target for combating obesity and related metabolic diseases.
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Figures and Tables

Figure 1: Mogat2—/— and WT mice (n= 5 each genotype) were fed a chow diet. Tissues were
harvested and prepared for enzymatic BA concentration analysis as previously described. A portion
of the liver, duodenum, jejunum, ileum and colon of each mouse was analyzed. Mogat2—/— mice have
significantly elevated concentrations of BA in the duodenum (p < 0.01), but there is no significant
difference in tissue concentrations in the liver, jejunum, ileum or colon.
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Figure 2: Plasma was isolated from blood samples obtained by either retro-orbital bleed or tail
bleed as previously described. Mogat2—/— mice have significantly elevated plasma BA concentrations
on chow (p < 0.01, n= 20-21 each genotype), LF (p < 0.01, n= 11-12 each genotype) and HF diets (p <
0.05, n=7 each genotype) when compared with WT mice. Ay-Mogat2—/— mice exhibit significantly
elevated plasma BA acid concentrations on chow diet (p < 0.05, n=7 each genotype). Mogat2IKO mice
have significantly elevated plasma BA concentrations on a LF diet (p < 0.05, n=8 each genotype). No
significant difference in plasma BA concentration was observed in Mogat2AKO mice compared to their
controls on a HF diet (n=8-11 each genotype).
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Cholestyramine

Figure 3: A) Adult Mogat2—/— and WT mice were switched to a chow diet containing 3%
cholestyramine for one to two weeks and plasma bile acid concentrations were measured using the
enzyme cycling method. After cholestyramine treatment, Mogat2—/— mice had significantly elevated
plasma BA concentrations when compared to WT controls (p < 0.05, n= 8-10 each group). B) Adult
Mogat2—/— and WT mice were treated with a combination of four antibiotics for seven weeks. At the
end of treatment, plasma bile acid concentrations were measured. After broad-spectrum antibiotic
treatment, Mogat2—/— mice have elevated plasma bile acid concentrations although the difference is
not statistically significant (p= 0.066, n=3-4 each group). C) Pre-gestational dams were treated with
6.8mg/L penicillin in drinking water, and the pups were maintained on this sub-therapeutic
antibiotic treatment (STAT) throughout their lives. Mice undergoing STAT had significantly elevated
plasma BA concentrations (p< 0.05, n= 6-9 each group).
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Figure 4: Mogat2—/— and WT mice were individually housed and their feces was collected, dried
and prepared for enzymatic BA quantification as described above. A) No significant difference was
observed in total fecal output between Mogat2—/— and WT mice fed chow, short term LF, short term
HF or long term HF diets. A two-way ANOVA revealed a diet effect, with significantly higher fecal
output by both genotypes on a chow diet (p < 0.0001, n=5 each genotype). B) No significant
difference in fecal BA excretion was observed between Mogat2—/— and WT mice fed chow, short term
LF, short term HF or long term HF diet. There was a significant diet effect with greater fecal BA
excretion on chow diet by both genotypes (p < 0.0001, n=5 each genotype).
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A

B

Figure 5: Mogat2—/— and WT mice were fed a chow diet. Plasma was isolated and prepared for
UHPLC-TMS as described above. UHPLC-TMS was utilized to quantify individual BA species. A)
Mogat2—/— mice have significantly higher total BA concentrations when compared to WT mice. (p <
0.01 n=5 each genotype) They also have greater proportions of BMCA and CA, and lower proportions
of DCA in circulation. The text within the pie chart slices refers to the proportion of each bile acid
species that was conjugated with taurine. B) Utilizing a published method, the hydrophobicity index
of the plasma BA pool of both Mogat2—/— and WT mice was calculated. The plasma bile acid pool of
Mogat2—/— mice is significantly more hydrophilic than the plasma bile acid pool of WT mice (p<0.05,
n=5 each genotype).
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Gene

Forward (5’-3’)

Reverse (5’-3’)

LFABP

ATGAACTTCTCCGGCAAGTACC

CTGACACCCCCTTGATGTCC

CYP7A1
CYP8B1
FXR
SHP
BSEP
SLC51a
SLC51b
ASBT
FABP6
FGF15

GGGATTGCTGTGGTAGTGAGC
GGTATGGAATCAACCCGTTGTC
CCTCTGGACAAGGGTTTTGTG
GCACCGTGAAGACATCCCC
TGGGCTCCGAATCCTCTTAGA
TGGTCCTCAAATAAGATCCTTGG
TGGGTCCCAAGGAGTATGC
GCTCCAAGACTTCACACAGTG
TCTGACTCAGTGATTCTTCGCA
CCCATAAACATCAGCCAGTTGT
GCCAGGCAGGACTCATATCAAA GGCAACTGAGCCAGTGGTAAGA
CAGGAACTGCTGGAAGAAATGC GCAGGTCTTCTGGTGTTTCTTTGT
TGGGTTTCTTCCTGGCTAGACT
TGTTCTGCATTCCAGTTTCCAA
CTTCCAGGAGACGTGATTGAAA CCTCCGAAGTCTGGTGATAGTTG
ATGGCGAGAAAGTGGAACGG
CTGACACAGACTGGGATTGCT

Table 1: These primer sequences were used for quantitative PCR analysis of gene expression in
liver and intestinal tissues from Mogat2—/— and WT mice.
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Figure 6: Quantitative PCR was used to determine the relative expression of several BA related
genes in liver tissue from Mogat2—/— and WT mice fed either LF or HF diet. No significant difference
was observed in FXR, CYP7A1 or CYP8B1 expression on either LF or HF diet. There were significant
genotype effects by two-way ANOVA for both BSEP and SHP (p < 0.05, n= 4 each group). BSEP
expression is elevated in Mogat2—/— mice on a LF diet, while SHP expression is lower in Mogat2—/—
mice on a HF diet.
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Figure 7: Quantitative PCR was used to determine the relative expression of several BA transport
and signaling genes in ileum tissue from Mogat2—/— and WT mice fed either LF or HF diet. Analysis
by two-way ANOVA shows a significant genotype effect for FGF15 expression (p< 0.05, n=4 each
group). SHP expression trends lower in Mogat2—/— mice on both LF and HF diet, but the genotype
effect was not statistically significant (p= 0.076, n=4 each group). Ileum ASBT expression trends
higher in Mogat2—/— mice on both LF and HF diet but the genotype effect was not statistically
significant (p= 0.1259, n=4 each group). No significant difference in TGR5 expression was observed
under LF or HF diet conditions.
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Figure 8: Quantitative PCR was used to determine the relative expression of several BA related
genes in jejunum tissue from Mogat2—/— and WT mice fed either LF or HF diet. A two-way ANOVA
reveals a significant interaction between genotype and diet for ASBT expression. Mogat2—/— mice
have significantly higher ASBT expression, but only on HF diet (p < 0.001, n=4 each group). No
significant difference in expression was observed for FXR, SHP, or TGR5 in the jejunum.
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