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Therapeutic reduction of lysophospholipids in
the digestive tract recapitulates the metabolic
benefits of bariatric surgery and promotes
diabetes remission
James G. Cash 1, Eddy Konaniah 1, Narasimha Hegde 1, David G. Kuhel 1, Miki Watanabe 2,
Lindsey Romick-Rosendale 2, David Y. Hui 1,*
ABSTRACT

Objective: Obesity and obesity-related metabolic disorders are major health problems worldwide. The most effective obesity intervention is
bariatric surgery. This study tested the hypothesis that bariatric surgery alters phospholipid metabolism in the gastrointestinal tract to favor a
metabolically healthy gut microbiota profile and therapeutic intervention of phospholipid metabolism in the gastrointestinal may have similar
metabolic benefits.
Methods: The first study compared plasma levels of the bioactive lipid metabolites lysophospholipid and trimethylamine N-oxide (TMAO) as well
as gut microbiota profile in high fat/carbohydrate (HFHC) diet-fed C57BL/6 mice with or without vertical sleeve gastrectomy (VSG) and in
Pla2g1b�/� mice with group 1B phospholipase A2 gene inactivation. The second study examined the effectiveness of the non-absorbable
secretory phospholipase A2 inhibitor methyl indoxam to reverse hyperglycemia and hyperlipidemia in HFHC diet-fed C57BL/6 mice after dia-
betes onset.
Results: Both bariatric surgery and PLA2G1B inactivation were shown to reduce lysophospholipid content in the gastrointestinal tract, resulting
in resistance to HFHC diet-induced alterations of the gut microbiota, reduction of the cardiovascular risk factors hyperlipidemia and TMAO,
decreased adiposity, and prevention of HFHC diet-induced diabetes. Importantly, treatment of wild type mice with methyl indoxam after HFHC
diet-induced onset of hyperlipidemia and hyperglycemia effectively restored normal plasma lipid and glucose levels and replicated the metabolic
benefits of VSG surgery with diabetes remission and TMAO reduction.
Conclusion: These results provided pre-clinical evidence that PLA2G1B inhibition in the digestive tract may be a viable alternative option to
bariatric surgery for obesity and obesity-related cardiometabolic disorder intervention.

� 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Phospholipase A2; Gut microbiota; Cardiometabolic disease; Bariatric surgery; Lysophospholipid
1. INTRODUCTION

The increasing prevalence of obesity and its associated car-
diometabolic diseases has limited successful treatment options,
thereby demanding the discovery of novel intervention strategies to
combat these debilitating disorders and reduce the burden of health
cost. The current strategy for obesity management includes lifestyle
modifications, pharmacologic therapy, and bariatric surgery [1].
Lifestyle modification is usually the first line of intervention but is
generally ineffective due to high relapse rates. Pharmacotherapy for
obesity has been disappointing so far, and some of the obesity drugs
have been associated with serious side effects [2]. The most effective
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obesity intervention currently is bariatric surgery [2]. Because of
potential risks associated with surgical procedures, the development
of novel therapeutics that can mimic the metabolic benefits of bar-
iatric surgery is highly desirable [3,4]. A critical barrier to achieving
this goal is the insufficient knowledge of the mechanisms underlying
the metabolic benefits of bariatric surgery.
The most commonly practiced bariatric procedures are the Roux-en Y
gastric bypass and vertical sleeve gastrectomy (VSG). The metabolic
benefits of both procedures have been attributed to a combination of
nutrient transport bypassing the proximal intestine with rapid delivery
to the distal intestine, and altering enterohepatic circulation to increase
circulating bile acids that improve insulin sensitivity [5e9]. Another
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mechanism underlying the metabolic benefits of bariatric surgery is
changes in the gut microbiota, which can alter energy yield from food
and affect several nutrient metabolism pathways in the distal small
intestine and colon [10]. The relationship between bariatric surgery
and gut microbiota changes leads to the hypothesis that manipulating
the gut microbiota may be a viable strategy to mimic the metabolic
benefits of bariatric surgery [11,12].
Current approaches aimed at gut microbiota manipulation include
dietary modification, prebiotic/probiotic/symbiotic supplementation,
and fecal microbiota transplant [12]. Unfortunately, dietary modifi-
cation has high relapse rate while prebiotic and probiotic supple-
mentation may cause unexpected weight gain [13]. Although fecal
microbiota transplant shows promising results, the gut microbiota
can adapt to environment dictated by the diet that is characteristic of
metabolic dysfunction phenotype within hours and days after high fat
feeding [14e16]. Thus, repeated fecal microbiota transplant is
necessary to achieve sustained metabolic benefits, which adds to
social and ethical concerns that limit its long term use for chronic
metabolic disease management [17]. Accordingly, the development
of pharmacotherapy that can mimic the effect of bariatric surgery on
gut microbiota is critical for effective management of the global
public health crisis associated with obesity and obesity-related
metabolic diseases [18].
A recent survey of metabolomic and lipidomic changes associated with
bariatric surgery in humans revealed that successful diabetes remis-
sion is associated with reduced sphingomyelin and lysophospholipid
levels [19]. In view of previous studies showing that reducing intestinal
phosphatidylcholine hydrolysis to lysophosphatidylcholine (LPC) via
group 1B phospholipase A2 (PLA2G1B) inhibition suppresses the onset
of diet-induced obesity and hyperglycemia in mice [20,21], the goals of
this study is to determine whether PLA2G1B inactivation also alters gut
microbiota, and more importantly whether PLA2G1B inhibitors may be
a viable therapeutic option instead of bariatric surgery for diabetes
intervention to reverse hyperglycemia, hyperinsulinemia, and hyper-
lipidemia after their onset.

2. METHODS

2.1. Animals
Wild type C57BL/6J mice purchased from Jackson Laboratories (Bar
Harbor, ME) were used for all bariatric surgery experiments. For experi-
ments with Pla2g1b�/� mice, the Pla2g1b�/� mice were backcrossed
with C57BL/6J mice originally obtained from Jackson Laboratories for
>10 generations to generate Pla2g1b�/�mice in C57BL/6J background
[22]. Breeding colonies of Pla2g1bþ/þ and Pla2g1b�/� mice were
maintained in our institutional animal facility and littermateswere used for
all experiments. All animals were maintained in a temperature- and
humidity-controlled roomwith a 12-hr light/dark cycle. The animals were
maintained on rodent chow (LM485; Harlan-Teklad, Madison, WI) with
free access towater. Malemice at the age of 12e14weekswere used for
all experiments except for the cohousing studies when 2 female mice
placed in the same cage were studied due to aggressive nature of male
mice. The animals were fed either the rodent chow or a high fat-high
carbohydrate (HFHC) diet (D12331; Research Diets, New Brunswick,
NJ). In selected experiments, the mice were administered drinking water
containing the antibiotics vancomycin (0.5 g/L) and bacitracin (1 g/L)
during the 8-week HFHC dietary feeding period as described [23]. All
experimental animal protocols were approved by the institutional animal
care and use committee at the University of Cincinnati in accordance with
the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health.
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2.2. PLA2G1B inhibition studies
The pan-secretory phospholipase A2 inhibitor methyl indoxam, which
is cell impermeable and cannot be absorbed through the intestinal
mucosa [21], was used to test the effect of PLA2G1B inhibition on
metabolic diseases. Methyl indoxam was synthesized by Intogen
Biosciences (Telangana, India) according to the procedure described
[24]. After gas chromatography confirmation of >95% purity and
in vitro inhibition of PLA2G1B activity, the methyl indoxam was added
to the HFHC diet at a concentration to yield a dosage of 90 mg kg�1.
Body weights were recorded at the beginning as well as throughout the
experimental feeding period. Body fat mass was measured in
conscious mice using proton magnetic resonance spectroscopy
(EchoMRI-100; Echo Medical Systems).

2.3. Vertical sleeve gastrectomy surgery
VSG surgery was performed in C57BL/6J mice after feeding the HFHC
diet to induce obesity and glucose intolerance as described [25].
Briefly, the mice were anesthetized with isofluorane inhalation. The
lateral 80% of the stomach was excised leaving a tubular gastric
remnant in continuity with the esophagus superiorly and the pylorus
and duodenum inferiorly. A sham procedure without stomach excision
was performed similarly with manual pressure along a vertical line
between esophageal sphincter and the pylorus. The mice were fed
Osmolite One Cal liquid diet one day before surgery for acclimation and
then three days after the operation prior to re-introduction of the HFHC
diet. Food consumption was assessed daily for 4 consecutive days 3
weeks after the recovery period and was repeated again 3 weeks later
as described [26]. Intestinal expression of lysophosphatidylcholine
acyltransferase-3 (LPCAT3) was assessed by isolating total RNA from
the ileum for RT-PCR quantification of its mRNA. The primers used for
amplification of LPCAT3 mRNA are: 50-CCAGGGAAGATGCCAAACAG-30
and 50-GTGTAGCCCACCAGGTAGACAAG-3’. Cyclophilin mRNA amplifi-
cation with primers: 50-TCATGTGCCAGGGTGGTGAC-30 and 50-
AACTTCAGTCTTGGCAGTGC-30 was used as the normalization control.

2.4. Postprandial glucose tolerance test
Mice were fasted overnight and then fed 4 ml-kg�1 body weight of a
bolus HFHC meal containing 2.6 mM egg phosphatidylcholine,
13.33 mM triolein, and 2.6 mM cholesterol in a saline solution con-
taining 50% w/v glucose. Blood was obtained before and at different
times after administration of the test meal. Blood glucose levels were
measured with an Accu-Chek glucometer (Roche Applied Science,
Indianapolis, IN).

2.5. Plasma chemistry
Animals were fasted overnight prior to blood draw for plasma chem-
istry measurements. Plasma cholesterol and triglyceride levels were
measured using the Infinity Triglyceride and Cholesterol Assay Kits
from Thermo Fisher Scientific (Middletown, NJ). Glucose levels were
measured with an Accu-Chek glucometer, and insulin levels were
determined by the UltraSensitive Rat Insulin ELISA kit (Crystal Chem,
Chicago, IL). Homeostatic model assessment of insulin resistance was
calculated from fasting glucose and insulin levels using the formula
[glucose (mg/dL) x insulin (ng/ml)]/22.5.

2.6. Lysophosphatidylcholine assays
Plasma LPC concentrations were determined by enzymatic assay as
described [22]. To measure LPC content in the digestive tract, the entire
small intestine was collected and flushed with phosphate-buffered saline
and then flash frozen at �80 �C. The intestine was thawed in buffer
containing 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, and 10 mM EDTA.
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Protein concentration was determined by the Lowry method. Samples
with similar protein levels were extracted three times with water satu-
rated n-butanol. The butanol fractions were dried under N2 stream and
then rehydrated in LC-MS grade methanol containing 1 mM ammonium
formate and 0.2% formic acid in autosampler vials. The concentration of
LPC with unsaturated fatty acyl (14:0, 16:0, 18:0, 20:0, 22:0, 24:0, and
26:0), monounsaturated fatty acyl (16:1, 18:1, 20:1, 22:1, and 24:1), and
polyunsaturated fatty acyl (18:2, 18:3, 18:4, 20:2, 20:3, 20:4, 20:5, 22:2,
22:3,22:4, 22:5, and 22:6)moieties in each samplewas quantified by LC-
MS at the Wayne State University Lipidomics Core.

2.7. Plasma TMAO quantification
All the plasma test samples were thawed on ice on the day of data
collection. Once thawed, samples were filtered at 12,000 � g for
60 min at 4 �C using pre-washed 3-kDa spin filters (NANOSEP 3K, Pall
Life Sciences). The NMR buffer containing 100 mM phosphate buffer in
D2O, pH 7.3, and 1.0 mM TMSP (3-Trimethylsilyl 2,2,3,3-d4 propio-
nate) was added to plasma filtrate up to 600 mL. The final TMSP
concentration in each sample was determined based on the ratio of
plasma filtrate and NMR buffer. The experiments were conducted
using 550 mL samples in 103.5 mm � 5 mm NMR tubes (Bruker).
One-dimensional 1H NMR spectra were acquired using noesypr1d (or
noesygppr1d) pulse sequence on a Bruker Avance II 600 MHz
Figure 1: Relationship between VSG surgery improvement of adiposity and glucose
C57BL/6 mice. (A,B) Body weight and adiposity, measured as % body fat, in HFHC-fed mi
glucose levels in response to a bolus lipid-glucose meal in HFHC-fed mice without surger
analysis of the glucose tolerance test data reported in C. (E) Distribution of major bacterial
(N ¼ 6) or VSG procedures (N ¼ 7). (F) Plasma LPC levels in HFHC-fed mice without surge
control (N ¼ 5), sham- (N ¼ 5) and VSG-operated (N ¼ 8) mice that were fed the HFHC die
(N ¼ 3), and VSG-operated (N ¼ 5) mice. Data are presented as mean � s.e.m. *P < 0.01
one way ANOVA (A,B,C,E,G, H) or ManneWhitney rank sum test (D and F). g indicates d
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spectrometer for each sample. For a representative sample, two
dimensional data, 1H-1H total correlation spectroscopy (TOCSY) and
1H-13C heteronuclear single quantum coherence (HSQC) were
collected for metabolites assignment conformation. All the data were
processed using Topspin 3.5 software (Bruker Analytik, Rheinstetten,
Germany). The chemical shifts for Trimethylamine (TMA) and TMAO
were assigned on the 2.89 ppm (s) and 3.28 ppm (s) based on 1D 1H,
2D TOCSY and HSQC NMR experiments with reference spectra found in
databases, Human Metabolome Database (HMDB) [27], and
Chenomx� NMR Suite profiling software (Chenomx Inc. version 8.1).
The concentrations of the metabolites were calculated using Chenomx
software based on the internal standard, TMSP.

2.8. Gut microbiota analysis
Genomic DNA was extracted from whole cecum of fasted mice using
the Powersoil DNeasy Kit from Mo Bio Laboratories (Carlsbad, CA). The
samples were amplified using the 16S rRNA gene V4 variable region
PCR primers set 341/785 using the HotStar Taq Plus Master Mix Kit
(Qiagen) under the following conditions: 94 �C for 3 min, followed by
28 cycles of 94 �C for 30 s, 53 �C for 40 s, and 72 �C for 1 min, after
which a final elongation step at 72 �C for 5 min was performed. After
amplification, PCR products were checked in 2% agarose gel to
determine the success of amplification and the relative intensity of
tolerance with changes in plasma LPC and TMAO levels and gut microbiota in
ce without surgery (N ¼ 6) or with sham (N ¼ 6) or VSG procedures (N ¼ 8). (C) Blood
y (N ¼ 6) or with sham (N ¼ 6) or VSG procedures (N ¼ 8). (D) Area under the curve
phyla in the cecum of chow- or HFHC-fed mice without surgery (N ¼ 6) or with sham
ry (N ¼ 6) or with sham (N ¼ 6) or VSG procedures (N ¼ 8). (G) Plasma TMAO levels in
t for 8 weeks. (H) Expression levels of LPCAT3 in ileal intestine of control (N ¼ 3), sham-
and #P < 0.05 indicate differences from control group and the sham-operated group by
ifferences from chow-fed mice at P < 0.05.
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Figure 2: Influence of PLA2G1B gene inactivation on intestinal LPC and plasma TMAO levels and gut microbiota in C57BL/6J mice. (A) Intestinal LPC levels in HFHC-fed
Pla2g1bþ/þ and Pla2g1b�/� mice (N ¼ 6 in each group). (B) Levels of saturated, monounsaturated, and polyunsaturated LPC in intestine of Pla2g1bþ/þ (filled bars) and Pla2g1b�/�

(open bars) mice. (C) Plasma TMAO levels in chow-fed Pla2g1bþ/þ mice (N ¼ 6), and Pla2g1b�/� mice (N ¼ 5), HFHC-fed Pla2g1bþ/þ (N ¼ 10), and HFHC-fed Pla2g1b�/� (N ¼ 5)
mice. Data from Pla2g1bþ/þ mice are shown in filled bars and Pla2g1b�/� mice are shown in open bars. (D) Distribution of major bacterial phyla in the cecum of chow-fed Pla2g1b�/�

mice (striped bars, N¼ 3) and HFHC-fed Pla2g1bþ/þ (filled bars, N¼ 6) and HFHC-fed Pla2g1b�/� (open bars, N¼ 6) mice. Data are presented as mean� s.e.m. *P< 0.01 by t test
compared to wild type mice on same diet; #P < 0.001 compared to mice with same genotype on chow diet.
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bands. Multiple samples were pooled together (e.g., 100 samples) in
equal proportions based on their molecular weight and DNA concen-
trations. Pooled samples were purified using calibrated Ampure XP
beads, and purified PCR product was used to prepare Illumina DNA
library. Sequencing was performed at MR DNA (Shallowater, TX, USA)
on a MiSeq following the manufacturer’s guidelines. Sequence data
were processed using MR DNA analysis pipeline (MR DNA, Shallo-
water, TX, USA). In summary, sequences were joined, depleted of
barcodes then sequences <150 bp removed, sequences with
ambiguous base calls removed. Sequences were de-noised, OTUs
generated, and chimeras removed. Operational taxonomic units (OTUs)
were defined by clustering at 3% divergence (97% similarity). Final
OTUs were taxonomically classified using BLASTn against a curated
database derived from RDPII and NCBI.

2.9. Statistics
All results are expressed as means � standard error with sample size
of N � 6 in each group. Sample size for each experiment was esti-
mated based on previous studies documenting that 6 mice in each
group is sufficient to yield significant differences in body weight,
adiposity, and plasma lipid, glucose, insulin, and LPC levels [22]. Mice
were not randomized prior to assigning to experimental groups. No
samples, mice, or data points were excluded from the reported ana-
lyses. Metabolic and physiological parameters were not performed in a
blinded manner, but intestinal LPC and gut microbiota levels were
analyzed by core facility personnel in a blinded manner. Statistical
analysis was performed using SigmaPlot version 13.0 software
58 MOLECULAR METABOLISM 16 (2018) 55e64 � 2018 The Authors. Published by Elsevier GmbH. T
(SysStat Software, San Jose, CA). Normality was examined using the
Shipiro-Wilk test. Data with equal variance based on Brown-Forsythe
analysis were evaluated by Student’s t test for studies comparing 2
groups or by one way ANOVA for comparison of multiple groups. Data
with unequal variance were evaluated using the ManneWhitney test.
Differences at P < 0.05 were considered statistically significant.

3. RESULTS

3.1. Bariatric surgery alters gut microbiota and reduces plasma
lysophospholipid and TMAO levels
Vertical sleeve gastrectomy (VSG) surgery was performed in C57BL/6J
mice obtained from Jackson Laboratories after feeding them a high
fat-high carbohydrate (HFHC) diet for two weeks. Metabolic parame-
ters were monitored for eight additional weeks after VSG surgery when
the animals were maintained on the same HFHC diet. As expected, VSG
surgery reduced body weight and body fat mass (Figure 1A,B) as well
as improved glucose tolerance in response to a lipid-sucrose rich
mixed meal (Figure 1C,D). Similar to results reported by others [25],
food intake after recovery from surgery was comparable between
sham- and VSG-operated animals (2.49 � 0.13 vs 2.47 � 0.07 gm/
day). Feeding of the HFHC diet induced changes in gut microbiota with
reduced percentage of Bacteriodetes and increased percentage of
Firmicutes, but these changes were overcame by VSG surgery and led
to a favorable gut microbiota profile similar to that observed in chow-
fed mice (Figure 1E). Additionally, we found that VSG surgery also
lowered plasma levels of the cardiometabolic risk factor LPC in HFHC
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Influence of cohousing on metabolic phenotype of Pla2g1bþ/þ and Pla2g1b�/� mice. Two female Pla2g1bþ/þ and Pla2g1b�/� mice of the same (homologous;
N ¼ 4 per group) or different (heterologous; N ¼ 6 per group) genotype were housed in the same cage and fed the HFHC diet for 8 weeks. Plasma cholesterol (A), triglyceride (B),
glucose (C), and insulin (D) levels were measured after a 6 h fasting period. Data are presented as mean � s.e.m. *P < 0.05 by t test compared to Pla2g1bþ/þ mice.
diet-fed mice (Figure 1F). The lower levels of Firmicutes, a major gut
bacteria that utilizes the LPC metabolic product choline to generate
another cardiometabolic risk factor TMAO [28e30], resulted in
reduced levels of TMAO in HFHC diet-fed mice after VSG surgery
(Figure 1G).
While the VSG-induced TMAO reduction reflects alteration in the gut
microbiota, the mechanism underlying the reduction of LPC levels after
VSG surgery is unknown. It is unlikely that VSG surgery interferes with
LPC generation from phospholipid digestion because this operation
does not affect dietary fat uptake and triglyceride accumulation in
enterocytes [31], a process that requires lipid digestion in the intestinal
lumen [32,33]. Therefore, we examined if VSG surgery alters LPC
usage in the intestine and found that VSG surgery resulted inw10-fold
activation of LPCAT3, an enzyme that is responsible for acylation of
LPC to phosphatidylcholine (Figure 1H).

3.2. PLA2G1B inactivation alters gut microbiota and lowers
lysophospholipid and TMAO levels
The relationship between intestinal phospholipid metabolism and gut
microbiota was explored by comparing gut phospholipid metabolites and
microbiota composition in the cecum of chow- and HFHC diet-fed
Pla2g1b�/� mice, an animal model with genetic inactivation of group
MOLECULAR METABOLISM 16 (2018) 55e64 � 2018 The Authors. Published by Elsevier GmbH. This is an open ac
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1B phospholipase A2, the main enzyme responsible for phospholipid
conversion to lysophospholipid in the gastrointestinal tract [34]. Results
showed significant reduction of LPC levels in the intestine of Pla2g1b�/�

mice (Figure 2A). Analysis of fatty acyl composition of the LPC revealed
that 3 classes of LPC, including those with saturated, monounsaturated,
and polyunsaturated fatty acyl groups [35,36] were all reduced in the
absence of PLA2G1B (Figure 2B). The reduction of phospholipase A2
digested products in the gastrointestinal tract also decreased plasma
TMAO levels in HFHC-fed Pla2g1b�/� mice to levels observed in chow-
fed mice (Figure 2C). Furthermore, Bacteriodetes levels were higher in
HFHC-fed Pla2g1b�/�mice compared to Pla2g1bþ/þmice. Importantly,
PLA2G1B inactivation in Pla2g1b�/� mice also resulted in resistance to
HFHC-induced elevation of Firmicutes levels (Figure 2D), thereby resulting
in a metabolically favorable gut microbiota that mimics those observed in
HFHC-fed mice after VSG surgery. These results indicate that gut
microbiota composition is influenced by intestinal phospholipid meta-
bolism and the metabolites generated from PLA2G1B-mediated phos-
pholipid digestion are responsible for the elevated Firmicutes levels that
have been linked to diabetes and cardiovascular disease risk.
The hypothesis that gut microbiota composition is influenced by me-
tabolites generated from PLA2G1B was substantiated by additional
experiments comparing the metabolic phenotype of Pla2g1bþ/þ and
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 59
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Pla2g1b�/� mice when the animals were cohoused together in the
same cage where coprophagous behavior is expected to result in
similar microbiota transplant. Results showed that the metabolic
phenotype of elevated plasma cholesterol, triglyceride, glucose, and
insulin levels persisted in HFHC diet-fed Pla2g1bþ/þ mice regardless
of whether they were cohoused with Pla2g1bþ/þ or Pla2g1b�/� mice
(Figure 3AeD). These results are consistent with prior observations
that the gut microbiota adapt rapidly to the microenvironment dictated
by nutrients derived from the diet and the host genotype [15,37].
Importantly, the results also showed that metabolic benefits of
PLA2G1B inactivation persisted and Pla2g1b�/� mice remained pro-
tected against HFHC diet-induced hyperlipidemia, hyperglycemia, and
hyperinsulinemia regardless of the genotype of their cohousing partner
(Figure 3AeD). Thus, these data provided additional support for the
hypothesis that LPC derived from PLA2G1B digestion of phospholipids
in the intestinal lumen is an important determinant of the gut micro-
biota composition and metabolic health. Additional studies showed that
whereas plasma cholesterol and triglyceride levels in Pla2g1b�/�mice
were higher with antibiotics treatment with levels comparable to those
observed in Pla2g1bþ/þ mice (Figure 4A,B), fasting plasma glucose
and insulin levels remained lower in Pla2g1b�/� mice and comparable
to those observed in chow-fed mice after antibiotic treatment
(Figure 4C,D). Taken together, these results indicated that PLA2G1B-
derived LPC may have direct influence in regulation of plasma
glucose and insulin levels independent of gut microbiota but the
protective effects of PLA2G1B inactivation against diet-induced
hyperlipidemia are due to the effects on gut microbiota.

3.3. Phospholipase A2 inhibition reverses hyperlipidemia,
hyperglycemia, and hyperinsulinemia in diet-induced diabetic mice
The resistance of Pla2g1b�/� mice to HFHC diet-induced changes
in gut microbiota profile mimics the effect of bariatric surgery,
Figure 4: Influence of antibiotics treatment on metabolic phenotype of Pla2g1bþ/þ a
(solid bars, N ¼ 4), or a HFHC diet without antibiotics (open bars, N ¼ 4) or with vancomyc
(B), glucose (C), and insulin (D) levels were measured after a 6 h fasting period. Data are p
same genotype without antibiotics treatment; #P < 0.05 compared to chow-fed mice of
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thereby suggesting that PLA2G1B inhibition may be an intervention
strategy for obesity and diabetes treatment after their onset. To
test this hypothesis, wild type C57BL/6J mice were placed on
HFHC diet for 8 weeks until obesity, hyperlipidemia, and hyper-
glycemia were observed. The pan-secretory phospholipase A2 in-
hibitor methyl indoxam was added to the HFHC diet and fed to half
the animals while the other half of the mice continued to be fed
the HFHC diet but without methyl indoxam for an additional 8
weeks (Figure 5A). Methyl indoxam is not cell permeable and is
not absorbed by the intestinal mucosa, hence can be used to
assess its therapeutic potential via PLA2G1B inhibition in the in-
testinal lumen. The inclusion of methyl indoxam in the diet did not
influence food intake [21] but abrogated the HFHC-induced in-
crease of intestinal LPC and plasma TMAO levels, resulting in
levels similar to those observed in chow-fed animals
(Figure 5B,C,D). Analysis of gut microbiota composition revealed
that methyl indoxam treatment significantly reduced HFHC diet-
induced increase in Firmicutes levels, albeit to less extent as
that observed with VSG surgery. However, methyl indoxam invoked
higher levels of Bacteriodetes compared to VSG treatment and
chow-fed animals (Figure 5E). As a consequence, methyl indoxam
treatment also led to a metabolic favorable Bacteroidetes/Firmi-
cutes ratio similar to that observed with VSG surgery. The
reduction of intestinal LPC along with the improvement of Bac-
teroidetes/Firmicutes profile as a consequence of methyl indoxam
treatment also prevented the additional body weight gain and
adiposity with the HFHC diet (Figure 5F,G). Importantly, methyl
indoxam therapy after onset of metabolic diseases normalized
plasma cholesterol and triglyceride levels (Figure 5H,I) to levels
observed in chow-fed mice (Figure 4A,B) as well as eradicated
hyperglycemia, hyperinsulinemia, insulin resistance, and glucose
intolerance induced by the HFHC diet (Figure 5JeM).
nd Pla2g1b�/� mice. Pla2g1bþ/þ and Pla2g1b�/� mice were fed a normal chow diet
in and bacitracin (hatched bars, N ¼ 6) for 8 week. Plasma cholesterol (A), triglyceride
resented as mean � s.e.m. *P < 0.05 by t test compared to HFHC diet-fed mice of the
the same genotype.
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Figure 5: Diabetes and hyperlipidemia remission in HFHC-fed mice with methyl indoxam therapy. (A) Schematics showing the timeline for HFHC feeding and initiation of
methyl indoxam therapy in C57BL/6J wild type mice. (B,C) Total LPC levels and levels of LPC with saturated, monounsaturated, and polyunsaturated fatty acyl moieties in HFHC fed
wild type mice with or without methyl indoxam therapy beginning at week 8. (D) Plasma TMAO levels in HFHC fed wild type mice with or without methyl indoxam therapy beginning
at week 8. (E) Distribution of major bacterial phyla in the cecum of HFHC-fed wild type with or without methyl indoxam therapy beginning at week 8. (F) Body weight, (G) adiposity,
(H) plasma cholesterol, (I) plasma triglyceride, (J) fasting plasma glucose, and (K) fasting plasma insulin levels in group 1 mice with HFHC feeding for 16 weeks and in group 2 mice
with HFHC feeding for 16 weeks with methyl indoxam therapy beginning at week 8. (L) Homeostatic assessment of insulin resistance index calculated from data shown in panels I
and J. (M) Plasma glucose levels in response to a bolus lipid-glucose meal in HFHC-fed C57BL/6J without (filled symbols) or with (open symbols) methyl indoxam therapy beginning
at week 8. All data are presented as mean � s.e.m. from N ¼ 6 in each group. *P < 0.01 by t test compared to mice without methyl indoxam therapy.
4. DISCUSSION

The effectiveness of bariatric surgery for metabolic disease interven-
tion has prompted an extensive search of a pharmacological approach
that can mimic its metabolic benefits without the risk associated with
surgical procedures. A major impediment of these efforts is the
incomplete information regarding the mechanism(s) underlying the
bariatric surgery benefits. One hypothesis is that bariatric surgery-
induced gut microbiota changes may be responsible for its meta-
bolic benefits. Another possibility is that bariatric surgery alters
circulating bile acid composition to improve insulin sensitivity. These
MOLECULAR METABOLISM 16 (2018) 55e64 � 2018 The Authors. Published by Elsevier GmbH. This is an open ac
www.molecularmetabolism.com
two possibilities are not mutually exclusive since bile acid composition
can be modified by bacteria in the gut [38]. In fact, diverting bile flow
from the gallbladder directly to the ileum has been shown to confer
comparable metabolic benefits as bariatric surgery in mice [9]. The
mechanism underlying the metabolic improvement of bile diversion
has been attributed to increased levels of the FXR antagonist tauro-b-
muricholic acid [9]. The metabolic benefits of intestinal FXR inhibition
have also been noted previously [39]. The inhibition of FXR activity is
expected to reduce the levels of the LXRa inhibitor small heterodimer
partner SHP-1 thereby activating LXR signaling in the intestine [40]. In
view of the known metabolic benefits associated with intestinal-
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 61

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: Schematic diagram depicting a unifying model for the metabolic benefits of bariatric surgery, PLA2G1B inactivation, and bile diversion. This diagram depicts
the impact of bariatric surgery and bile diversion in promoting LPCAT3 activity to reduce levels of LPC and its metabolites lysophosphatidic acid (LPA) and choline whereas
PLA2G1B inactivation reduces these metabolites by reducing their production, both of which are expected to reduce obesity, improve diabetes, and reduce atherosclerosis.

Original Article
specific LXR activation [40], the metabolic benefits of VSG surgery, gut
microbiota modification, and bile diversion may at least in part be due
to elevated expression the LXR responsive LPCAT3 that mediates LPC
conversion to phosphatidylcholine (Figure 6).
Another approach to lower LPC levels in the gastrointestinal tract is
through inhibition of its generation by phospholipase A2 inhibition
[22,41]. We have reported previously that PLA2G1B inactivation
suppresses the onset of HFHC diet-induced obesity and hypergly-
cemia [20]. The reduction of diet-induced body weight gain in
Pla2g1b�/� mice was attributed to reduction of lysophospholipids to
alleviate their inhibition of hepatic fatty acid b-oxidation postpran-
dially [41]. The current study extended on these earlier observations
and showed that PLA2G1B inhibition not only suppressed diet-
induced onset of hyperglycemia and hyperlipidemia, but impor-
tantly also reversed and normalized plasma glucose and lipid levels
after diabetes onset in HFHC diet-fed mice. Interestingly, PLA2G1B
inhibition did not reverse adiposity but prevented additional increase
in body fat mass. The ability of methyl indoxam to limit additional
body weight gain is likely due to reducing postprandial lysophos-
pholipid content thereby limiting additional excessive nutrients
transported to adipose tissues for storage, via mechanism similar to
its prevention of obesity onset [41]. Importantly, despite the lack of
obesity improvement, PLA2G1B inhibition effectively normalized
plasma lipid and glucose levels in this diet-induced diabetic mouse
model. Thus, the metabolic benefits of PLA2G1B inhibition are
consistent with the benefits of bariatric surgery, which is known to
improve diabetes independently of fat mass loss. One mechanism
by which PLA2G1B inhibition improves metabolic phenotype may be
due to its modulation of gut microbiota similar to that observed with
bariatric surgery or through bile diversion (Figure 6).
In addition to diabetes remission, the current study showed that
both bariatric surgery and PLA2G1B inhibition reduced plasma
levels of TMAO, a major risk factor of atherosclerosis and cardio-
vascular disease [28]. These results are consistent with previous
reports that metabolites of dietary phosphatidylcholine (and likely
biliary phosphatidylcholine) are major sources of TMA and its
oxidative product TMAO [28,42]. Interestingly, while the phospha-
tidylcholine metabolites together with gut microbes are necessary
for TMA production [28] and TMA-producing bacteria also influences
choline availability for TMA production [43], our data showed that
PLA2G1B inactivation also alters gut microbiota profile suggesting
that metabolites from phospholipid hydrolysis also influences gut
microbiota composition. Since VSG surgery also reduced PLA2G1B
62 MOLECULAR METABOLISM 16 (2018) 55e64 � 2018 The Authors. Published by Elsevier GmbH. T
metabolites, the alteration of gut microbiota with bariatric surgery
may at least in part be mediated via altered phospholipid meta-
bolism in the digestive tract. A schematic diagram depicting the
inter-relationship between PLA2G1B inactivation, gut microbiota,
bile diversion, and LPC generation in improvement of diabetes is
shown in Figure 6.

5. CONCLUSION

In summary, while genetic and pharmacological inactivation of
PLA2G1B have been shown previously to prevent dietary onset of
obesity and diabetes [20,21], this study found that therapeutic
PLA2G1B intervention has similar metabolic benefits as bariatric
surgery with normalization of plasma lipid, glucose, insulin, and
TMAO levels after HFHC-induced onset of these metabolic disorders.
Thus, this pre-clinical study highlighted the potential of PLA2G1B
inhibitor as an alternative option to bariatric surgery for manage-
ment of obesity and obesity-related diabetes and cardiovascular
disease.
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