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Abstract We previously reported that adding a
concentrate of transgenic tomatoes expressing the
apoA-I mimetic peptide 6F (Tg6F) to a Western diet
(WD) ameliorated systemic inflammation. To deter-
mine the mechanism(s) responsible for these obser-
vations, Ldlr−/− mice were fed chow, a WD, or WD
plus Tg6F. We found that a WD altered the taxo-
nomic composition of bacteria in jejunum mucus. For
example, Akkermansia muciniphila virtually disappeared,
while overall bacteria numbers and lipopolysaccha-
ride (LPS) levels increased. In addition, gut perme-
ability increased, as did the content of reactive
oxygen species and oxidized phospholipids in
jejunum mucus in WD-fed mice. Moreover, gene
expression in the jejunum decreased for multiple
peptides and proteins that are secreted into the mu-
cous layer of the jejunum that act to limit bacteria
numbers and their interaction with enterocytes
including regenerating islet-derived proteins, defen-
sins, mucin 2, surfactant A, and apoA-I. Following
WD, gene expression also decreased for Il36γ, Il23, and
Il22, cytokines critical for antimicrobial activity. WD
decreased expression of both Atoh1 and Gfi1, genes
required for the formation of goblet and Paneth cells,
and immunohistochemistry revealed decreased
numbers of goblet and Paneth cells. Adding Tg6F
ameliorated these WD-mediated changes. Adding
oxidized phospholipids ex vivo to the jejunum from
mice fed a chow diet reproduced the changes in gene
expression in vivo that occurred when the mice were
fed WD and were prevented with addition of 6F
peptide. We conclude that Tg6F ameliorates the
WD-mediated increase in oxidized phospholipids that
cause changes in jejunum mucus, which induce dys-
biosis and systemic inflammation.

Supplementary key words Apolipoprotein A-I (apoA-I) mimetic
peptides • atherosclerosis • regenerating islet-derived family
members 3 alpha (Reg3a), 3 beta (Reg3b), and 3 gamma (Reg3g) •
lipopolysaccharide (LPS) • mucin 2 (Muc2) • surfactant A •
*For correspondence: Srinivasa T. Reddy, sreddy@mednet.ucla.edu.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY-NC-ND license (http://creativecommon
Interleukins 36 (IL-36), 23 (IL-23), and 22 (IL-22) • Paneth cells •
goblet cells • Akkermansia muciniphila

The main protein in high density lipoprotein (HDL)
is apolipoprotein A-I (apoA-I), which contains 243
amino acids. Peptide mimetics of apoA-I with 10% or
less of the number of amino acid residues in apoA-I
have been reported by multiple laboratories to bind
lipids similar to apoA-I. Most of our work has focused
on apoA-I mimetic peptides that are class A amphi-
pathic helical peptides with 18 amino acid residues ar-
ranged in a sequence that is not homologous with any
portion of the amino acid sequence of apoA-I. How-
ever, these mimetic peptides have a tertiary structure
that allows them to bind nonoxidized lipids similar to
apoA-I. Mimetic peptides with 18 amino acid residues
that contained 4–6 phenylalanine residues on the hy-
drophobic face (named 4F, 5F, and 6F) were found to
bind oxidized lipids (particularly oxidized phospho-
lipids) with much higher affinity than apoA-I. Despite
their much smaller size, the cost of chemically synthe-
sizing these memetic peptides is prohibitively high for
the treatment of chronic diseases (1). Consequently, our
laboratory developed a transgenic tomato that ex-
presses the 6F peptide (1). As a control, a transgenic
tomato without the 6F peptide was also generated and
named EV (1). The content of the potent tomato anti-
oxidant, lycopene, was slightly higher in wild-type and
in the EV control tomatoes compared with the trans-
genic tomatoes expressing the 6F peptide. However,
adding the transgenic tomatoes expressing the 6F
peptide to a Western diet (WD) that was fed to Ldlr−/−

mice inhibited aortic atherosclerosis, but adding the
control EV tomatoes did not (1). After feeding WD to
which transgenic tomatoes expressing the 6F peptide
had been added, intact 6F peptide was found only in
the lumen of the small intestine and not in the plasma
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(1). Despite the absence of 6F peptide in plasma, feeding
the transgenic tomatoes expressing the 6F peptide
dramatically improved disease processes in animal
models in which inflammation plays an important role
(1–9). Zhao et al. (10) (with commentary by Wool, Rear-
don, and Getz (11)) reported similar findings regarding
the efficacy of administering apoA-I mimetics by the
oral route despite having undetectable plasma levels of
peptide after oral administration. They added HDL-like
nanolipid particles containing a peptide mimetic of
apoA-I, (which is not structurally related to the 6F
peptide) to the drinking water of Ldlr−/− mice fed a
high-fat high-cholesterol diet and observed a dramatic
reduction in aortic atherosclerosis. The reduction in
aortic atherosclerosis after oral administration was
similar to that obtained after injection of the particles
(10, 11). Administering the particles by injection resulted
in high plasma peptide levels, but when the peptide was
given in the drinking water, despite the similar reduc-
tion in aortic atherosclerosis, the peptide could not be
detected in plasma (10, 11).

The apoA-I mimetic peptide 4F is structurally related
to 6F but not structurally related to the peptide used by
Zhao et al. (10). The 4F peptide differs from 6F by
having two fewer phenylalanine residues and is more
water soluble than 6F. When 4F was administered to
mice by the oral route or by subcutaneous injection, at
equal doses there was a similar reduction in plasma
serum amyloid A (SAA) levels, and a similar reduction
in HDL inflammatory properties, despite peptide
plasma levels that were ∼1,000-fold higher after injec-
tion compared with after oral administration (12). In
these experiments, the amount of peptide found in the
feces was similar at each dose of 4F regardless of
whether the peptide was administered by the oral route
or by subcutaneous injection (12). It was concluded that
the intestine was a major site of action for the peptide,
regardless of the route of administration (12). Subse-
quently it was found that, after injection of 4F into the
tail vein of mice, the peptide rapidly appeared in the
lumen of the duodenum and jejunum at levels greater
than that found in the liver and promoted tran-
sintestinal cholesterol efflux (13). Together these
studies strongly suggested that oral apoA-I mimetic
peptides act on the luminal side of enterocytes to
reduce systemic inflammation. These studies, however,
did not provide mechanistic insight into how the pep-
tides could profoundly decrease systemic inflammation
without being absorbed.

The mucous layers of the small and large intestines
provide a critical interface between enterocytes and the
bacteria rich lumen. In the colon, there are two mucous
layers; the inner layer is dense and prevents bacteria
from directly interacting with the enterocytes (14, 15). In
contrast, the mucous layer in the small intestine is much
less of a barrier to bacteria (16). Ermund et al. (16)
concluded that, in the small intestine, instead of a
physical barrier as is the case in the colon, separation of
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bacteria from enterocytes is more dependent on an
array of antibacterial peptides and proteins that are
secreted into the mucus to regulate the number of
bacteria and their interaction with the enterocytes.

The experiments reported here surprisingly
demonstrate that WD contains lower levels of oxidized
phospholipids compared with the chow diet. However,
when WD was fed to Ldlr−/− mice the content of reac-
tive oxygen species (ROS) and oxidized phospholipids
in jejunum mucus increased and the content of anti-
bacterial peptides and proteins in jejunum mucus
decreased compared with when the mice were fed the
chow diet. As a consequence, dysbiosis, increased gut
permeability, and systemic inflammation resulted from
feeding WD. All of these changes were ameliorated by
adding to WD a concentrate of transgenic tomatoes
expressing the apoA-I mimetic peptide 6F (Tg6F). The
experiments reported here also show that adding
oxidized phospholipids ex vivo to jejunum from mice
fed a chow diet reproduced the gene expression
changes seen in vivo when Ldlr−/− mice were fed WD,
and these changes were prevented when 6F peptide was
added ex vivo with the oxidized phospholipids. The
data in this article identify an important role for
oxidized phospholipids in the mucus of the jejunum in
causing dysbiosis and systemic inflammation and pro-
vide strong evidence that the mechanism of action of
oral apoA-I mimetic peptides in mice fed WD is to
protect against the increased levels of oxidized phos-
pholipids that are formed on this diet.
MATERIALS AND METHODS

Materials
Transgenic tomatoes expressing the 6F peptide and con-

trol transgenic tomatoes expressing a marker protein,
(β-glucuronidase) were grown and freeze-dried at the Uni-
versity of California, Davis as previously described (1). The
composition of the freeze-dried tomatoes has previously
been reported (1). The freeze-dried tomatoes were shipped
on dry ice to UCLA where a concentrate of the transgenic
tomatoes expressing the 6F peptide (Tg6F) and a concentrate
of the control transgenic tomatoes (EV), which express
β-glucuronidase instead of the 6F peptide, were prepared as
described (8). Table 1 shows the sources for ELISA assay kits
and materials. Nontransgenic 6F peptide was synthesized as
described previously (1). In ex vivo experiments, a control
peptide with 18 amino acid residues that was biologically
inactive in preventing sphingomyelinase-induced LDL ag-
gregation (17) was used. Oxidized 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphocholine (Ox-PAPC) was purchased
from Avanti Polar Lipids (catalog #870604P). Unless other-
wise stated, other materials were from previously cited
sources (8).

Mice and diets
Ldlr−/− mice (originally purchased from Jackson Labora-

tories on a C57BL/6J background) were from the breeding
colony of the Department of Laboratory and Animal



TABLE 1. Source and details of ELISA kits used in accordance with manufacturer’s instructions

Protein Assayed Tissue Source Tissue Dilution Kit Source Catalog #

ATOH1 Whole jejunum 1:100 Aviva System Biology OKEH05889
ApoA-I Jejunum mucus 1:20 Abcam ab221440

Mesenteric lymph 1:10
Plasma 1:10,000

DLL4 Whole jejunum 1:2 Abcam Ab213860
GFI1 Whole jejunum 1:100 Abbexa abx525156
IgA Jejunum mucus 1:100 Abcam ab157717
IL-22 Whole jejunum 1:2 Biolegend 436307
IL-23 Whole jejunum 1:2 Biolegend 433704
IL-36γ Whole jejunum 1:10 Aviva Systems Biology OKEH03002
LBP Jejunum mucus 1:10 Enzo Life Sciences

Jackson Immuno Research
ALX-804-502-C100
315-035-0031Mesenteric lymph 1:10

Plasma 1:10
Lysozyme Jejunum mucus 1:10 Lifeome E91193Mu-1
Mucin2 Jejunum mucus 1:100 Lifeome E15065m-96
NOTCH2 Whole jejunum 1:2 Aviva Systems Biology OKEH05163-96W
Osteopontin Jejunum mucus No dilution Abcam ab100734
REG3A Jejunum mucus No dilution Lifeome E94675Mu-1
REG3B Jejunum mucus No Dilution Lifeome E99541Mu-1
Surfactant A Jejunum mucus 1:100 Lifespan Biosciences LS-F4286-1
Medicine at the David Geffen School of Medicine at UCLA.
Mice had unlimited access to standard mouse chow (Ralston
Purina Rodent Laboratory Chow catalog #5001; 4.5% fat by
weight) prior to the start of experiments. As described pre-
viously (8), to ensure that the mice ate all of their food, during
the experiments the mice did not have unlimited access to
food, as was the case prior to starting the experiment. During
the 2 weeks when the mice were on the experimental diets,
the mice were given precisely 4 g of diet per mouse each night
(each cage contained 4 mice; each cage received 16 g of diet
each night). When the mice were switched to a Western Diet
(WD), it was from Teklad, Harlan, (catalog #TD88137; 21.2%
fat by weight). Tg6F or EV was added to WD at 0.06% by
weight of diet as described (8). In each experiment, the mice
received one of four diets for 2 weeks. One group continued
on chow. A 2nd group was switched from chow to WD. A 3rd
group was switched from chow to WD plus the EV control
(WD + EV). The 4th group was switched from chow to WD
plus Tg6F (WD + Tg6F). The dose of 6F peptide was 6.9 mg/
kg/day for mice receiving WD + Tg6F. After receiving the
diets for 2 weeks, all four groups gained weight. Mice
receiving WD or WD + EV had greater weight gain compared
with chow. Despite eating the same amount of WD each day,
the mice receiving WD + Tg6F had significantly less weight
gain compared with those receiving WD or WD + Tg6F
(supplemental Fig. S1). This experimental design assured that
all of the mice ate the same amount of food each day and that
all four groups gained weight over the course of the 2 weeks
indicating that the caloric intake even on the chow diet was
sufficient. The gender and number of mice in each group is
stated in the figure legends or in a supplemental table. If the
age range did not exceed 1 month (e.g., age 2–3 months), only
the age range of the mice is stated. If the age range of the
mice used in the experiment exceeded 1 month, the mean ±
SEM of the group’s age in months is reported. In each
experiment, the number of mice of each age was the same for
each of the four-diet groups. For example, if there were 16
mice per group with ages ranging between 4 and 7 months,
there could be 4 mice age 4 months, 4 mice age 5 months, 4
mice age 6 months and 4 mice age 7 months in each of the
four diet groups. In this example, the age of the mice would
be stated as 5.5 ± 0.3 months. The UCLA Animal Research
Committee approved all experiments prior to initiation of the
study, and the UCLA Division of Laboratory Animal
Ox
Medicine monitored the mice daily to ensure compliance with
all applicable rules and regulations.
Tissue and cell collection
Collecting jejunum mucus and isolation of enterocytes from the same

segment of jejunum. Mice were euthanized using isoflurane
immediately prior to removing the small intestine. The small
intestine was washed twice by flushing gently with ice-cold
phosphate buffered saline (PBS). The duodenum was
removed, and the following ∼14 cm of jejunum was carefully
opened longitudinally and pinned at the edge of one side
using a supportive Styrofoam base. Any residual luminal
content was removed by another gentle wash with PBS. The
gelatinous mucosal surface was washed with 2 ml of a solution
containing 10 mM Tris-HCl; pH 7.4 and 5 mM CaCl2. The
gelatinous mucosal surface was then scraped gently with a
disposable cell lifter (Fisher Scientific Catalog #08-100-240).
The gelatinous material was transferred from the cell lifter
into a 1.5 ml Eppendorf tube containing 500 μl of lysis buffer
[50 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA, 50 mM Na-
orthovanadate, 1% Triton X-100, and one protease inhibitor
tablet (Sigma-Aldrich Catalog #04693159001)] and was centri-
fuged for 10 min at 13,000 rpm to remove debris. The su-
pernatant was transferred to another tube and centrifuged
again for 10 min at 13,000 rpm. This supernatant was trans-
ferred to a new tube, and protein content was determined
using the Bradford assay; absorbance was measured at 595 nm
before storing the samples at −20◦C. Prior to the addition of
the lysis buffer, the gelatinous material contained few cells as
shown by DAPI staining (∼100 cells/ml) compared with
enterocytes isolated from the same segment (∼1.6 × 107 cells/
ml), which were isolated as previously described (6).

Collecting mesenteric lymph. The method used was a modifi-
cation of methods described previously (18, 19). To stimulate
lymph flow and to facilitate identification of the mesenteric
lymphatics draining the jejunum, 200 μl of Kroger heavy
whipping cream (refrigerated and used within 24 h of pur-
chase) was administered to each mouse by stomach gavage.
Two hours later, under isoflurane anesthesia, the abdomen
was opened. The mesenteric lymphatics were identified by
their white lucent color. Using a single-edge razor blade
idized phospholipids cause changes in jejunum mucus 3



(Fisher Scientific, Catalog #12-640) a mesenteric lymphatic
vessel immediately adjacent to the jejunum was incised and
Whatman Grade 3MM Chr Cellulose Chromatography Paper
(Sigma-Aldrich catalog #3030917) was inserted into the incised
lymph vessel to allow the lymphatic fluid to be absorbed. The
paper was removed and transferred to a 1.5 ml Eppendorf
tube containing 1 ml of methanol (Fisher Scientific Catalog
#A456-4) and was placed on ice for 10 min. The tube was
vortexed for 1 min, the paper was removed, and the tube
contents were dried under argon gas, after which 250 μl of
PBS was added and the tube was vortexed for 1 min prior to
distributing aliquots of the sample and storing them at −20◦C.

Collecting adipose tissue. Epididymal adipose tissue was
collected as described (20).

Ex vivo studies of jejunum
After an overnight fast, the intestines of Ldlr−/− mice on a

chow diet were gently washed with cold PBS being careful to
avoid perforation. The jejunum was isolated and carefully cut
into 2 cm sections. The jejunum sections were cut open and
added to tubes containing 1 ml of PBS or 1 ml of PBS with
25 μg of Ox-PAPC with or without 25 μg of 6F peptide or the
control peptide. The tubes were incubated at 37◦C for 4 h
with gentle mixing on a nutating mixer. The tubes were
centrifuged at 13,000 rpm at 4◦C for 5 min. The supernatant
was carefully aspirated, the tissue was homogenized for 15 s,
and RNA was isolated for RT-qPCR as described below.

Assays
Determination of oxidized phospholipids in jejunum mucus. Oxi-

dized phospholipids were determined in jejunum mucus us-
ing an ELISA with the E06 antibody (Avanti Polar Lipids,
catalog #33001S), a PC-BSA standard (Biosearch Technologies,
catalog #PC-1011-10), and a 1:10 dilution as described previ-
ously (5).

Determination of nonoxidized lipids in jejunum mucus. Jejunum
mucus lipids were extracted and analyzed at the UCLA Lip-
idomics Core by direct infusion shotgun mass spectrometry
utilizing the Sciex Lipidyzer Platform (21).

Determination of intestinal fat absorption. Intestinal fat ab-
sorption was measured by a modification of a previously
published method (22).

Determination of reactive oxygen species in jejunum mucus. DCFH-
DA (dichlorofluorescein; Thermo Fischer Scientific, catalog
#D-399) was dissolved in fresh methanol at 2.0 mg/ml, vor-
texed 2 min, and incubated at room temperature for 30 min
(protected from light) to release DCFH. On interaction with
lipid oxidation products DCFH forms DCF, which produces
intense fluorescence. Ten microliters of mucous material and
1x PBS were incubated for 30 min in a 37◦C incubator. A
volume of 500 μl of DCFH was dried under argon, suspended
in 5 ml of 1x PBS, and vortexed for 2 min to make a working
stock of 200 μg/ml. A volume of 25 μl of the 200 μg/ml stock
solution was added per well and incubated (1 h) in a 37◦C
incubator. Fluorescence intensity was determined with a
scanning Spectra Max Gemini XS Fluorescence plate reader
set at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm. The fluorescence values were
normalized to protein concentration.
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Determination of gut permeability. After a 4 h fast, the mice
were weighed. Fluorescein-5-isothiocyanate (FITC)-dextran
(Sigma-Aldrich, catalog #FD4-1G) was dissolved in PBS and
administered to each mouse by stomach gavage at 44 mg/
100 g of body weight. Control mice received 200 μl of PBS.
Water bottles were removed immediately after gavage. Four
hours after gavage, blood was collected by retro-orbital
bleeding into a plasma collection tube (Fisher Scientific, cat-
alog #02-675-187). The tube was centrifuged for 3 min at
15,000 g and plasma was collected. A standard curve was pre-
pared by serially diluting FITC-dextran to the following
concentrations: 0, 125, 250, 500, 1,000, 2,000, 4,000, and
8,000 ng/ml. Plasma was diluted with PBS at a dilution of 1:4
and measured in duplicate samples. Background subtraction
was performed using plasma from mice that did not receive
FITC-dextran. Filter settings were 485 nm for excitation and
520 nm for emission. Fluorescence intensity was measured in
a Spectra Max Gemini XS Fluorescence plate reader. Fluo-
rescence readings were normalized to protein concentration.

Isolation of RNA and gene expression analysis. Total RNA was
isolated from mouse enterocytes or from whole jejunum or
from jejunum segments using a Qiagen RNA extraction kit
(catalog #74106) according to the manufacturer’s instructions.
The yield and purity of the isolated RNA was determined
using a Nano-Drop spectrophotometer. Samples for real-time
qPCR (RT-qPCR) had A260/A280 ratios between 1.9 and 2.05.
First-strand cDNA was synthesized from 1 μg of total RNA
using a cDNA synthesis kit (Bio-Rad, catalog #1708890). The
cDNA was diluted 1:10 with nuclease-free water. RT-qPCR was
performed on a Bio-Rad CFX96 real-time PCR detection
system using SYBR Green Supermix (Bio-Rad, catalog
#1708880). Relative abundance of mRNA was calculated by
normalizing to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Primer sequences are shown in supplemental
Table S1.

Determination of proteins in jejunum mucus, whole jejunum, mesen-
teric lymph, and plasma. Protein levels in jejunum mucus were
determined for ApoA-I, IgA, lipopolysaccharide binding
protein (LBP), lysozyme, mucin2, osteopontin, regenerating
islet-derived family members 3A (REG3A) and 3B (REG3B),
and surfactant A. Protein levels in whole jejunum were
determined for atonal homolog 1 (ATOH1), growth factor
independent protein 1 (GFI1), IL-36γ, IL-23, IL-22, NOTCH2,
and DLL4. Protein levels in mesenteric lymph and in plasma
were determined for ApoA-I and LBP. The levels of these
proteins were determined by ELISA using kits according to
the instructions of the manufacturer as shown in Table 1.

16S rRNA sequencing. DNAextraction and sequencing of the
16S ribosomal RNA gene was performed for jejunum mucus
samples as described previously (23). In brief, bacterial DNA
was extracted using a kit (ZymoBIOMICS, catalog #D4300) with
bead beating. TheV4 region of the 16S gene was amplified and
barcoded using 515f/806r primers then 250x2 bp sequencing
was performed on an Illumina NovaSeq 6000 system. DADA2
wasused toperformquality-filtering (451,039 reads per sample)
and assign reads to amplicon sequence variants, with taxonomy
based on the Silva database (24).

Quantitative 16S and Akkermansia muciniphila PCR. Bac-
terial DNA was extracted using a kit (ZymoBIOMICS, catalog
#D4300) with bead beating. The total number of copies of the



Fig. 1. Feeding Ldlr−/− mice a Western diet (WD) increased 16S
rRNA copy numbers and LPS levels in jejunum mucus. Adding
a concentrate of control transgenic tomatoes (EV) to WD did
not prevent the increase, but adding a concentrate of transgenic
tomatoes expressing the 6F peptide (Tg6F) to WD
prevented the increase. Female (A) or male (B) Ldlr−/− mice
aged 5–5.5 months (n = 14 mice per group) (A) or 3.5–4 months
(n = 8 mice per group) (B) were fed the four diets and 16S rRNA
copy numbers (A) were determined in mucus samples con-
taining the same amount of DNA (50 ng) from each mouse or
LPS (B) was determined in the mucus as described in Materials
and methods. *P < 0.05; **P < 0.01; ***P < 0.001.
bacterial 16S rRNA gene was determined by a TaqMan-based
quantitative PCR (qPCR) approach using previously published
universal primers (25). The primer set included the forward
primer, 5′-TCCTACGGGAGGCAGCAGT-3′; the reverse
primer, 5′-GGACTACCAGGGTATCTAATCCTGTT-3′; and
the probe, (6-carboxyfluorescein)-5′-CGTATTACCGC
GGCTGCTGGCAC-3′-(carboxytetramethy- lrhodamine).
A. muciniphila - Forward 5′AGAGGTCTCAAGCGTTGTTCG
GAA-3′; A. muciniphila - Reverse 5′TTT CGC TCC CCT GGC
CTT CGT GC-3′.

Using 5 μl of an iTaq Universal Probes Supermix (Bio-Rad,
catalog # 1725131), 0.2 μM of forward and reverse primers,
0.25 μM of probe, 1 μl of sample DNA, and PCR-grade water, a
total volume of 20 μl was used for each qPCR reaction. All
samples were run in duplicate, and a stock Escherichia coli sample
of a known quantity (1.7 × 1010 colony-forming units) was used
to create a standard dilution curve for 16S rRNA. A. muciniphila
standard curve was made from microbial DNA standard
(Sigma-Aldrich, catalog #MBD001). The PCR reaction was
performed using a Bio-Rad CFX384 or Bio-Rad CFX96 Touch
Real-Time PCR Detection System. The reaction conditions for
amplification ofDNAwere 50◦Cfor 2min, 95◦Cfor 10min, and
40 cycles of 95◦C for 15 s and 60◦C for 1min. A linear regression
model was fitted to threshold cycle values of the dilution curve
and then used to determine the number of copies of the 16S
rRNA gene present in each sample.

Immunohistochemistry. Fresh jejunum tissues (1 cm in length)
were carefully excised, placed into a precooled (on dry ice)
OCT containing cassette (Fisher Scientific Catalog #
NC1466760), and stored at −80◦C. The UCLA Pathology Core
Facility prepared 5 μm thick tissue sections, which were thawed
at room temperature for∼30min before staining. The sections
were fixed with 4% PFA for 10 min and washed with 1X PBS.
Blocking buffer was prepared with 10% BSA in 1X PBST (1X
PBS with 0.1%TritonX-100) and was added to the slides and
incubated at room temperature for 90min. Primary antibodies
for mucin 2 (MUC2) (Santa Cruz Biotechnology, Catalog #
sc15334), E-Cadherin (R&D systems, Catalog# AF748), and
Lysozyme (Invitrogen, Catalog# PA5-16668) were added (1:200
dilution) to the sections in blocking buffer and incubated
overnight at 4◦C. The slides werewashed twicewith 1XPBS and
then stained with secondary antibodies (Invitrogen, Catalog #
A32814 and Catalog # A10042) and with DAPI (Invitrogen,
Catalog #D1306) for 90 min at room temperature. The slides
were washed twice with 1X PBS followed by addition of
mounting solution (ThermoFisher, Catalog # P36931) and a
coverslip. The negative control omitted the primary antibodies.
Images were captured with 10× objective on a Zeiss LSM880
confocal microscope with ZEN software (Carl Zeiss Micro-
scopy) for acquisition.MUC2-positive goblet cells were counted
by evaluating 28 crypt-villus units per mouse (n = 3 mice/
group) and Lysozyme-positive cells per crypt were counted by
evaluating 40 crypts per mouse (n = 3 mice/group).

Other assays. Lymph and plasma lipids were determined as
previously described (8). LPS in lymph and plasma was
determined using a LAL Chromogenic Endotoxin Quantita-
tion Kit (Thermo Fisher Scientific Pierce, catalog #88282)
following the manufacturer’s instructions. Plasma levels of
IL-6 and SAA were determined as described previously (5).

Statistical analyses
For studies using the 16S sequencing method, alpha di-

versity was assessed by the Chao1 index of microbial richness
Ox
and the significance of differences was calculated by Kruskal-
Wallis with post hoc “Dunn’s multiple comparison test.” Beta
diversity was calculated using square root Jensen-Shannon
divergence and visualized by principal coordinates analysis.
Significance was determined using multivariate Adonis in the
R package vegan with batch as a covariate. Differential
abundance of individual taxa was evaluated using DESeq2 in
R, which employs an empirical Bayesian approach to shrink
dispersion and fit nonrarified count data to a negative bino-
mial model (26). P-values for differential abundance were
converted to q-values to correct for multiple hypothesis
testing (<0.05 for significance) (27).

For other studies, in comparing more than two groups,
ANOVA was performed and followed by multiple compari-
son tests using version 9.1.2 (GraphPad Software, San Diego,
CA). Statistical significance was considered achieved if P <
0.05. Unless otherwise stated, values are presented as the mean
± SEM.

RESULTS

WD increased the number of bacteria and the
content of LPS in jejunum mucus of Ldlr−/− mice.

WD increased 16S rRNA copy numbers (Fig. 1A) and
increased levels of LPS (Fig. 1B) in jejunum mucus. In
each case, adding Tg6F (but not the EV control) to WD
prevented the increase.

WD changed the microbiome, and Akkermansia
muciniphila virtually disappeared from jejunum
mucus of Ldlr−/− mice.

Figure 2A demonstrates that the taxonomic compo-
sition of the bacteria in jejunum mucus at the phylum
level was changed on feeding the mice WD compared
with chow. Adding Tg6F toWD resulted in a taxonomic
composition closer to chow compared with adding the
EV control. Figure 2B demonstrates that the taxonomic
composition of the bacteria in jejunum mucus at the
idized phospholipids cause changes in jejunum mucus 5



Fig. 2. Feeding Ldlr−/− mice a Western diet (WD) changed the microbiome in jejunum mucus. A: At the phylum level, feeding
Ldlr−/− mice WD changed the taxonomic composition of the bacteria in jejunum mucus compared with chow. Adding a concentrate
of transgenic tomatoes expressing the 6F peptide (Tg6F) to WD maintained the taxonomic composition closer to chow compared
with adding a concentrate of control transgenic tomatoes (EV). Female Ldlr−/− mice aged 4.8 ± 0.1 months (n = 10 mice per group)
were fed the four diets and taxonomic composition at the phylum level was determined in the mucus as described in Materials and
methods. Significance of differences across groups was determined by DESeq2 analysis as described in Materials and methods: *WD
versus chow; †WD versus EV; ‡WD versus Tg6F; #EV versus Tg6F. B: The taxonomic composition at the genus level was determined
in the jejunum mucus as described in Materials and methods for the mice described in (A). Significance of differences across groups
was determined by DESeq2 analysis as described in Materials and methods: *WD versus chow; †WD versus EV; ‡WD versus Tg6F;
#EV versus Tg6F. C: Beta diversity analysis demonstrated that feeding Ldlr−/− mice WD resulted in distinct microbial profiles in
jejunum mucus compared with chow. Using the Adonis test, the differences across all four groups was significant (P < 0.0001), and
there was a significant difference in microbial composition between WD + EV compared with WD + Tg6F (P = 0.012). Beta-diversity
in jejunum mucus was determined as described in Materials and methods. The groups in (A) comprised six female mice aged
4.5–5.5 months, and in a 2nd experiment four female mice aged 4.0–5.0 months. The data from the two experiments were combined
and beta diversity analyses were adjusted for each experiment as a covariate as described in Materials and methods. D: Alpha
diversity in jejunum mucus was determined using the Chao1 index as described in Materials and methods. **P < 0.01.
genus level was also changed by feeding the mice WD
compared with chow. Adding Tg6F to WD resulted in a
taxonomic composition closer to chow compared with
adding the EV control. Figure 2C presents the beta-
diversity (28) for the bacteria in the jejunum mucus
on the four diets. WD resulted in distinct microbial
profiles in jejunum mucus compared with chow; this
difference was reduced by adding Tg6F to WD.
Figure 2D shows reduced alpha-diversity using the
Chao1 index (29) in jejunum mucus on WD compared
with chow, which was ameliorated by adding EV or
Tg6F to WD, with greater effect of Tg6F.

To confirm that our sampling strategy was successful
in obtaining the microbiome from jejunum mucus, we
sequenced the microbiome from jejunum lumen and
compared it with the microbiome in jejunummucus. As
shown in supplemental Fig. S2A, we found that across
all four diet groups, jejunum mucus had a distinct
microbiome composition by beta diversity analysis
when compared with the microbiome in the lumen of
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the jejunum (P = 0.005). To confirm that these micro-
biome differences followed previously reported pat-
terns, we assessed the abundance of members of the
Proteobacteria phylum, which contains aerotolerant
microbes that are known to be enriched in the mucous
layer due to the higher oxygen content in this layer
compared with the lumen (30). As expected, Proteo-
bacteria phylum was enriched in jejunum mucus
compared with jejunum lumen across the dietary
groups (supplemental Fig. S2B).

Adding Tg6F to WD compared with adding the EV
control to WD resulted in an increase in the phylum
Verrucomicrobia (Fig. 2A). The phylum Verrucomicro-
bia contains thegenusAkkermansia, which increasedwhen
Tg6F (but not the EV control) was added toWD (Fig. 2B).
A.muciniphila is an inhabitant of intestinalmucusdeemed
essential for maintaining a healthy mucous layer and
providing protection from obesity, diabetes, and
atherosclerosis inmousemodels (31–37).A.muciniphilahas
also been shown to be important in humans (31, 38–43).



Figure 3A and B demonstrate that, on WD in male
and female mice, respectively, A. muciniphila virtually
disappeared from jejunum mucus; after adding Tg6F
(but not the EV control) to WD, the difference
compared with chow was not significant.

Ottman et al. (41) reported that administration of
pasteurized A. muciniphila protected mice from body
weight gain and protected them from increased adi-
pose tissue mass on a high-fat diet. We found that
addition of Tg6F (but not the EV control) to WD pro-
tected against body weight gain (supplemental Fig. S1).
Therefore, we determined if Tg6F protected against
increased adipose tissue mass on WD. As shown in
supplemental Fig. S3, this was indeed the case.
Depommier et al. (37) reported that protection from
weight gain by administration of pasteurized
A. muciniphila was not due to protection from increased
fat absorption on the high-fat diet as determined by
gene expression studies. We measured fat absorption
using a more direct method and found that Tg6F
protection against body weight gain and increased ad-
ipose tissue mass on WD was also not due to protection
from increased fat absorption. As shown in
supplemental Figs. S4–S6, fat absorption in mice fed
WD versus WD + EV versus WD + Tg6F was not
different. Thus, the ability of Tg6F to ameliorate the
WD-mediated loss of A. muciniphila (Fig. 3) may explain
the ability of Tg6F to protect against WD-mediated
body weight gain and increased adipose tissue mass.

WD altered gene expression in jejunum for peptides
and proteins secreted into the mucous layer that
limit the number of bacteria in the mucous layer
and/or regulate their interaction with enterocytes

Unlike the colon where the dense inner mucous layer
separates bacteria from enterocytes, the small intestine
Fig. 3. Akkermansia muciniphila virtually disappeared from
jejunum mucus when Ldlr−/− mice were fed a Western diet
(WD). Adding a concentrate of control transgenic tomatoes (EV)
to WD did not ameliorate the loss, but after adding a concen-
trate of transgenic tomatoes expressing the 6F peptide (Tg6F) to
WD, the difference compared with chow was not significant.
Male (A) or female (B) Ldlr−/− mice aged 4.3 ± 0.2 months (n =
12 mice per group) (A) or 5–5.5 months (n = 22 mice per group)
(B) were fed the four diets and Akkermansia muciniphila was
determined in the mucus by RT-qPCR as described in Materials
and methods. *P < 0.05.
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has a mucous layer that is less thick, less dense, and
more porous (16). Consequently, the jejunum is much
more dependent on antimicrobial peptides and pro-
teins to protect the enterocytes from bacteria (16).

We selected 14 genes to study based on reports in the
literature that their products limit the number of bac-
teria in intestinal mucus and/or regulate the in-
teractions of intestinal bacteria with enterocytes. The
data in Fig. 4 are presented as a heat map. For 12 of the
14 genes, the heat map appears to show decreased
expression when the mice were fed WD compared with
chow. For 10 of these 12 genes, the decrease reached
statistical significance; there were two cases with P
values of 0.0531 and 0.0654 (supplemental Table S2). For
11 of these 12 genes, adding Tg6F to WD resulted in
gene expression that was equal to or greater than in
mice fed chow; in one case it was less than chow
(supplemental Table S2). For 11 of these 12 genes, add-
ing Tg6F to WD resulted in gene expression that was
greater compared with adding the EV control to WD.
(supplemental Table S2). Two of the 14 genes studied
showed increased expression compared with chow
when the mice were fedWD with the EV control added,
but the increased expression was prevented when Tg6F
was added to WD (supplemental Table S2).

We previously reported that adding the 6F peptide to
WD or adding the 6F peptide to wild-type tomato ho-
mogenate in WD gave the same results as adding
transgenic tomatoes expressing the 6F peptide to WD
(1). To rule out the possibility that the difference be-
tween the EV control and Tg6F was due to factors other
than the 6F peptide, we comparedWD + EV with WD +
EV to which chemically synthesized 6F peptide was
added at a dose equal to that obtained when Tg6F was
added to WD (6.9 mg/kg/day of the 6F peptide). As
shown in supplemental Fig. S7, the results are consistent
with our prior results (1) and demonstrate that the dif-
ferences between EV and Tg6F are due to the 6F
peptide in the latter.

Regenerating islet-derived 3 genes (Reg3a, Reg3b, and
Reg3g) (Fig. 4A) encode a family of proteins synthesized
and secreted from Paneth cells in the intestine that play
a major role in regulating the microbiota of the intes-
tine (44–49).

The defensins (Fig. 4A) are antimicrobial peptides
synthesized and secreted by Paneth cells in the intestine
(50–53).

Lysozyme (Lyz) (Fig. 4A) is a major component of the
antimicrobial defense in the intestine. It is also synthe-
sized and secreted by Paneth cells in the intestine (54).

Intestinal alkaline phosphatase (Alp1) (Fig. 4A) is
synthesized by enterocytes, stored in their brush border,
and upon release has the ability to detoxify LPS and
prevent bacterial invasion across the gut mucosal bar-
rier (55, 56).

Deleted in malignant brain tumor 1 (Dmbt1) (Fig. 4A)
has the capacity to agglutinate several gram-negative
and gram-positive bacteria and, in concert with
idized phospholipids cause changes in jejunum mucus 7



Fig. 4. Fourteen genes were selected for study based on reports in the literature that their products limit the number of bacteria in
intestinal mucus and/or regulate the interactions of intestinal bacteria with enterocytes. Gene expression in the jejunum for these 14
genes was determined by RT-qPCR as described in Materials and methods. The data are presented as a heat map, which compares
expression of each gene on WD or WD + EV or WD + Tg6 with Chow. A: Shows 12 genes that appear to decrease on WD or WD +
EV. B: Shows 2 genes that appear to increase on WD or WD + EV. Supplemental Table S2 contains the experimental details for each
gene.
surfactant proteins, can agglutinate virus particles (57)
and is upregulated by IL-22 in intestinal cells (58). Dmbt1
is also regulated by nucleotide-binding oligomerization
domain-containing 2 (Nod2) (59) (Fig. 4A) and toll
receptor 4.

Mucin 2 (Muc2) (Fig. 4A) is a major component of
intestinal mucus that is synthesized and secreted by
goblet cells (60); it binds bacteria in intestinal mucus
(61).

ApoA-I (Fig. 4A) is synthesized and secreted by
enterocytes in the small intestine and has antimicrobial
properties that are in part due to its ability to bind LPS
(62–64).

Surfactant A (Sftpa1) (Fig. 4A), which is synthesized
and secreted by enterocytes (65, 66), inhibits the growth
of gram-negative bacteria (67).

The protein product of Lpb (Fig. 4B) plays an
important role in the response to LPS in the intestine.
The major cell type producing LBP in the mouse
small intestine was reported to be the Paneth cell (68),
but intestinal epithelial cells can also produce LBP
(69).

Osteopontin (also known as secreted phosphoprotein
1) is the protein product of the Spp1 gene (Fig. 4B).
Osteopontin has been shown to be important for in-
testinal intraepithelial lymphocyte regulation of the
microbiota in mice (70, 71).

Confirmation of the gene expression data by ELISA
We were able to obtain reagents to allow us to

quantify a number of the protein products of the genes
shown in Fig. 4. Figure 5A shows the ELISA data for
REG3A. Figure 5B shows the ELISA data for REG3B.
Figure 5C shows the ELISA data for lysozyme.
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Figure 5D shows the ELISA data for MUC2. Figure 5E
shows the ELISA data for ApoA-I. Figure 5F shows the
ELISA data for surfactant A. Figure 5G shows the
ELISA data for LBP. Figure 5H shows the ELISA data
for osteopontin. The proteins that we were able to test
by ELISA confirmed the gene expression data in Fig. 4.
However, not all antimicrobial agents secreted into
jejunum mucus changed. As shown in Fig. 5I, the con-
tent of IgA in jejunum mucus was not altered by any of
the four diets.

WD altered the expression of genes that regulate the
production and function of goblet and Paneth cells
and the levels of antimicrobial peptides and
proteins in intestine

We selected 10 genes to study based on reports in the
literature that their products regulate the production
and function of goblet and Paneth cells and the levels
of antimicrobial peptides and proteins in the intestine.
The data are presented as a heat map, which shows the
expression of each gene when the mice were fed WD
orWD + EV or WD + Tg6 compared with chow (Fig. 6).
Supplemental Table S4 shows the gender, age, number
of mice per group, the source of the mRNA, and the P
value for each WD containing diet (WD or WD + EV or
WD + Tg6F) compared with chow for each gene in
Fig. 6.

IL-36γ, IL-23, and IL-22 have been shown to be
required for the expression of a number of genes
shown in Fig. 4 (72–76). Figure 6 shows that the
expression in jejunum of the genes for these in-
terleukins (Il36γ, Il23, and Il22, respectively) were
decreased by WD, and the decrease was prevented by
adding Tg6F to WD (but not the EV control).



Fig. 5. ELISA confirms gene expression data in Fig. 4. Ldlr−/− mice were fed the four diets, and the levels of protein in jejunum
mucus (except for osteopontin, which was determined in whole jejunum) were determined by ELISA as described in Materials and
methods. The gender, age, and number of mice per group for each protein are shown in supplemental Table S3. A: Regenerating
islet-derived family member 3 alpha (REG3A). B: Regenerating islet-derived family member 3 beta (REG3B). C: Lysozyme. D: Mucin 2
(MUC2). E: ApoA-I. F: Surfactant A. G: LPS-binding protein (LBP). H: Osteopontin. I: Immunoglobulin A (IgA). *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
Ngo et al. (75) reported that Il36γ-induced Il23
expression was highly dependent on Notch2. Figure 6
shows that the expression of Notch2 was decreased by
feeding the mice WD or WD + EV compared with
Fig. 6. Ten genes were selected for study based on reports in
the literature that their products regulate the production and
function of goblet and Paneth cells and the levels of antimi-
crobial peptides and proteins in the intestine. Gene expression
in the jejunum for these 10 genes was determined by RT-qPCR
as described in Materials and methods. The data are presented
as a heat map, which compares expression of each gene on WD
or WD + EV or WD + Tg6 with Chow. Supplemental Table S4
contains the experimental details for each gene.

Ox
feeding the mice WD + Tg6F, which was not different
from feeding the mice chow.

Bohin et al. (77) reported that loss of Notch signaling
led to Paneth cell apoptosis, which would be expected
to lead to a decrease in a number of antimicrobial
peptides and proteins shown in Figs. 4 and 5. Figure 6
shows that gene expression of Notch1 was also
decreased by WD, and the decrease was partially pre-
vented by adding Tg6F to WD (but not the EV control).
Figure 6 shows similar gene expression for the Notch
target genes Dll4, Jag1, and Hes1 on the four diets.
Deficiency of Hes1 was reported to cause dysbiosis (61).

The formation of functional goblet and Paneth cells
requires the basic helix-loop-helix transcription factor
atonal homolog 1 (Atoh1) also known as Math1 (78–80).
The expression of Atoh1 was decreased by WD, and the
decrease was prevented by adding Tg6F to WD (but not
the EV control) (Fig. 6). Growth factor independent
protein 1 (Gfi1), a zinc-finger protein family member, is
a direct target gene of Atoh1 and is required for the
formation of Paneth cells (80, 81), and together with an
ETS transcription factor (SPDEF) is required for goblet
cell formation (82). Figure 6 demonstrates that expres-
sion of Gfi1 on the four diets was similar to that for
Atoh1.

ELISA and immunohistochemistry confirm gene
expression data

Consistent with the gene expression data in Figs. 6
and 7A–C show the ELISA data for IL-36γ, IL-23, and
idized phospholipids cause changes in jejunum mucus 9



Fig. 7. ELISA and immunohistochemistry confirm gene expression data in Fig. 6. Ldlr−/− mice were fed the four diets, and the
levels of protein in jejunum were determined by ELISA or the number of goblet cells or Paneth cells in jejunum were determined by
immunohistochemistry as described in Materials and methods. The gender, age, and number of mice per group for each panel are
shown in supplemental Table S5. A: IL-36γ. B: IL-23. C: IL-22. D: NOTCH2. E: DLL4. F: ATOH1. G: GFI1. H: Goblet cells/crypt. I: Goblet
cells/villus axis. J: Paneth cells/crypt. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
IL-22, respectively. Figure 7D and E show the ELISA
data for NOTCH2 and DLL4, respectively. Figure 7F
and G show the ELISA data for ATOH1 and GFI1,
respectively. Consistent with the gene expression data,
by immunohistochemistry, WD caused a decrease in the
number of goblet cells (Fig. 7H and I), and Paneth cells
(Fig. 7J) in jejunum, and the decrease was largely pre-
vented by adding Tg6F to WD (but not the EV control).

WD increased oxidized phospholipids and ROS in
jejunum mucus

The data in Fig. 8A demonstrate that WD increased
the content of oxidized phospholipids in jejunum
mucus, which was prevented by adding Tg6F to WD
(but not the EV control). One might expect WD to have
a high level of oxidized phospholipids compared with
the chow diet or the WD + Tg6F diet. However, this was
not the case. Indeed, the oxidized phospholipid content
in the chow diet was the highest of the four diets
(supplemental Fig. S8A). The mice in Fig. 8A were fe-
male; male mice showed similar results (supplemental
Fig. S8B).

Lipidomics analysis of nonoxidized phospholipids in
jejunum mucus revealed that, compared with the chow
diet, feeding WD resulted in increased levels of non-
oxidized phosphatidylcholine (supplemental Fig. S9A),
nonoxidized phosphatidylethanolamine (supplemental
Fig. S9B), and nonoxidized phosphatidylinositol
(supplemental Fig. S9C), but in each case and in contrast
to the case for oxidized phospholipids, there was no
difference in the levels of these nonoxidized
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phospholipids in the mice fed WD versus WD + EV
versus WD + Tg6F. In addition, there was no difference
in the levels of nonoxidized phosphatidylserine in
jejunum mucus from mice on any of the four diets
(supplemental Fig. S9D). The results in Fig. 8A and in
supplemental Figs. S8 and S9 indicate that the increased
content of oxidized phospholipids in jejunum mucus of
the mice fed WD was due to the digestion and meta-
bolism of WD, and was not due to the content of
oxidized or nonoxidized phospholipids in WD prior to
feeding WD to the mice.

Feeding WD to Ldlr−/− mice also resulted in increased
levels of ROS in jejunum mucus (Fig. 8B), which was
prevented by adding Tg6F to WD (but not the EV
control). The mice in Fig. 8B were female; male mice
showed similar results (supplemental Fig. S8C).

WD increased gut permeability
Gut permeability is an important measure of the

ability of the intestine to perform as a selective barrier.
We previously reported that loss of this barrier func-
tion occurs earlier than signs of inflammation in mouse
models of inflammatory bowel disease (9). However, in
these studies, we did not determine if oral apoA-I
mimetic therapy altered the changes in barrier func-
tion (9). As shown in Fig. 8C, feeding Ldlr−/− mice WD
for 2 weeks resulted in increased gut permeability that
was prevented if Tg6F was added to WD (but not the
EV control). Enterocyte gene expression was decreased
on WD for claudin 4 (Cldn4) (Fig. 8D) and occludin
(Ocln) (Fig. 8E), two genes known to be involved in tight



Fig. 8. Feeding Ldlr−/− mice aWestern diet (WD) increased the oxidized phospholipid and reactive oxygen species (ROS) content of
jejunum mucus, increased gut permeability, decreased gene expression for tight junction proteins in jejunum enterocytes, increased
LBP and LPS content of mesenteric lymph, and increased plasma levels of SAA and IL-6. Adding a concentrate of control transgenic
tomatoes (EV) to WD did not prevent these changes, but adding a concentrate of transgenic tomatoes expressing the 6F peptide
(Tg6F) to WD prevented the increase. The content of oxidized phospholipids (A) and ROS (B) was determined in jejunum mucus as
described in Materials and methods. Gut permeability (C) and gene expression in jejunum enterocytes for claudin4a (Cldn4a) (D) and
occludin (Ocln) (E) were determined as described in Materials and methods. LBP (F) and LPS (G) were measured in mesenteric lymph
draining from jejunum as described in Materials and methods. Levels of SAA (H) and IL-6 (I) were determined in plasma as
described in Materials and methods. The gender, age, and number of mice per group for each panel are shown in supplemental
Table S6. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
junction formation (83, 84). Adding Tg6F to WD (but
not the EV control) prevented the decrease.

WD increased LBP and LPS levels in mesenteric
lymph draining the jejunum and in plasma

Based on the literature (69, 85, 86), and the increased
levels of LBP and LPS in jejunum mucus on WD
(Figs. 5G and 1B, respectively), we might expect to find
increased levels of LBP and LPS in the mesenteric
lymph draining the jejunum in mice fed WD. A com-
mon method to identify mesenteric lymph vessels em-
ploys the administration of a single dose of cream by
stomach gavage 2 h prior to collecting lymph. This
stimulates chylomicron formation and renders the
mesenteric lymphatic vessels visible. The data in
supplemental Fig. S10A and B demonstrate that after
feeding the four diets for 2 weeks, administration of
cream 2 h before sacrifice did not change the pattern
of response to the four diets in jejunum enterocytes.
Moreover, despite all groups receiving a single dose of
cream by stomach gavage 2 h prior to lymph collection,
the levels of lymph triglycerides, lymph total choles-
terol, and lymph apoA-I still reflected the diet admin-
istered in the prior 2 weeks (supplemental Fig. S11A–F).

As expected, LBP was increased in mesenteric lymph
from mice that received WD, but LBP levels were not
Oxi
different from that of mice on chow when Tg6F was
added to WD (Fig. 8F). LPS was similarly increased in
mesenteric lymph from mice that received WD, but
LPS levels were not different from that of mice on
chow when Tg6F was added to WD (Fig. 8G). The mice
in Fig. 8F and G were female. Male mice showed similar
results (supplemental Fig. S12A and B for LBP and LPS,
respectively). Plasma levels of LBP and LPS paralleled
those in mesenteric lymph (supplemental Fig. S12C–F).

WD increased plasma markers of systemic
inflammation

As shown in Fig. 8H and I, plasma levels of SAA and
IL-6, respectively, were increased by WD, but the levels
were not different from that of mice on chow when
Tg6F was added to WD. The data shown in Fig. 8H and
I were from male mice; female mice showed similar
results (supplemental Fig. S13A and B).

Exposing jejunum to oxidized phospholipids
ex vivo recapitulated gene expression changes
in vivo

Figures 9–11 demonstrate that adding oxidized
phospholipids ex vivo to jejunum from Ldlr−/− mice on
a chow diet reproduced the changes in gene expression
in vivo that occurred when Ldlr−/− mice were fed WD.
dized phospholipids cause changes in jejunum mucus 11



Fig. 9. Adding oxidized phospholipids ex vivo to jejunum from mice fed a chow diet reproduced the decrease in gene expression
seen in jejunum from Ldlr−/− mice fed WD for genes whose protein products regulate levels of antimicrobial peptides and proteins
or are required for the formation of cells that produce these antimicrobial agents. Adding oxidized phospholipids together with
chemically synthesized 6F peptide to jejunum ex vivo prevented the decrease, and in some cases increased gene expression above
that seen in the absence of additions to the incubation. Jejunum segments from male Ldlr−/− mice on a chow diet aged 3 months (n =
5 per group) were incubated with no additions, or with oxidized phospholipids (Ox-PAPC) or with Ox-PAPC together with a control
(Cont.) peptide or with Ox-PAPC together with chemically synthesized 6F peptide as described in Materials and methods. After 4 h
of incubation gene expression was determined in the jejunum segments by RT-qPCR as described in Materials and methods for
Notch1 (A), Notch2 (B), Atoh1 (C), Gfi1 (D), Il36γ (E), and Il22 (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Figure 9 shows results for genes whose protein products
regulate levels of antimicrobial peptides and proteins
or are required for the formation of the cells that
produce these antimicrobial agents in jejunum.
Figure 9A shows the data for Notch 1, which encodes a
signaling protein that is required to prevent Paneth cell
apoptosis. Figure 9B shows the data for Notch2, which
encodes a signaling protein that is required for IL-36
production. Figure 9C shows the data for Atoh1, which
encodes a protein that is required for the formation of
functional goblet and Paneth cells. Figure 9D shows the
data for Gfi1, which encodes a protein required for the
formation of functional Paneth cells. Figures 9E and F
show the data for Il36γ and Il22, respectively, which
encode the IL-36 and IL-22 proteins that are required
for maintaining the levels of many antimicrobial pro-
teins. Figures 10 and 11 show results for genes whose
protein products limit bacterial numbers or regulate
the interaction of bacteria with enterocytes. Figure 10A
and B show the data for Reg3b and Reg3g, which encode
important antimicrobial proteins. Figure 10C shows the
data for Alp1, which encodes intestinal alkaline phos-
phatase that regulates LPS levels in the gut.
Figure 10D–F show the data for the genes encoding
apoA-I, surfactant A, and lysozyme, respectively, all of
which have antimicrobial properties. Figure 11A shows
the data for Lbp, which encodes the LPS-binding pro-
tein that increases in response to increased levels of
LPS. Figure 11B shows the data for the gene encoding
the osteopontin protein, which is required for intra-
epithelial lymphocyte regulation of the microbiota. In
every case in Figs. 9–11, adding oxidized phospholipids
ex vivo to jejunum from mice on a chow diet resulted
directionally in the same changes in gene expression
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that were seen in vivo when the mice were fed WD. All
of the 12 genes in Figs. 9 and 10 showed decreased
expression upon addition of oxidized phospholipids
ex vivo to jejunum from mice on a chow diet. All of
these 12 genes showed decreased expression in jejunum
in vivo when the mice were fed WD. The two genes in
Fig. 11 showed increased expression upon addition of
oxidized phospholipids ex vivo to jejunum from mice
on a chow diet. Both of these genes showed increased
expression in jejunum in vivo when the mice were fed
WD. In every case except for one in Figs. 9–11, adding
chemically synthesized 6F peptide together with the
oxidized phospholipids prevented the ex vivo changes
significantly better than the control peptide. Indeed,
adding the 6F peptide often resulted in levels of gene
expression that were significantly better compared
with No Addition (e.g., in the case of genes with
decreased expression on exposure to oxidized phos-
pholipids, adding Tg6F with the oxidized phospholipids
often resulted in higher values compared with No
Addition). Figure 10F shows the data for a single
exception in comparing the control peptide to the 6F
peptide. In the case of lysozyme, adding oxidized
phospholipids ex vivo significantly decreased the
expression for the lysozyme gene in jejunum. However,
adding either the control peptide or the 6F peptide
prevented the decreased gene expression similarly. The
implications of this isolated finding are considered in
the Discussion section.

DISCUSSION

In a previous publication (2) we performed micro-
array analysis on whole jejunum from Ldlr−/− mice fed



Fig. 10. Adding oxidized phospholipids ex vivo to jejunum from mice fed a chow diet reproduced the decrease in gene expression
seen in jejunum from Ldlr−/− mice fed WD for genes whose protein products limit bacteria numbers or regulate the interaction of
bacteria with enterocytes. Adding oxidized phospholipids together with chemically synthesized 6F peptide to jejunum ex vivo
prevented the decrease, and in some cases increased gene expression above that seen in the absence of additions to the incubation.
Jejunum segments from the mice described in Fig. 9 were incubated with no additions, or with oxidized phospholipids (Ox-PAPC) or
with Ox-PAPC together with a control (Cont.) peptide or with Ox-PAPC together with chemically synthesized 6F peptide as described
in Materials and methods. After 4 h of incubation gene expression was determined in the jejunum segments by RT-qPCR as
described in Materials and methods for Reg3b (A), Reg3g (B), Alp1 (C), ApoA-I (D), Sftpa1(E), and Lyz (F). *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.
chow or WD. There were 28 genes identified whose
expression was significantly decreased on WD and 36
genes whose expression was significantly increased on
Fig. 11. Adding oxidized phospholipids ex vivo to jejunum
from mice fed a chow diet reproduced the increase in gene
expression seen in jejunum from Ldlr−/− mice fed WD for two
genes whose protein products limit bacteria numbers or regu-
late the interaction of bacteria with enterocytes. Adding
oxidized phospholipids together with chemically synthesized 6F
peptide to jejunum ex vivo prevented the increase. Jejunum
segments from the mice described in Fig. 9 were incubated with
no additions, or with oxidized phospholipids (Ox-PAPC) or with
Ox-PAPC together with a control (Cont.) peptide or with Ox-
PAPC together with chemically synthesized 6F peptide as
described in Materials and methods. After 4 h of incubation
gene expression was determined in the jejunum segments by
RT-qPCR as described in Materials and methods for Lbp (A),
and Spp1 (B). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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WD, and in each case the change was ameliorated by
adding freeze-dried tomato powder to WD from
transgenic tomatoes expressing the 6F peptide, but was
not ameliorated by adding freeze-dried tomato powder
to WD from control transgenic tomatoes (EV). Only 2
of these 64 genes (Reg3b and Reg3g) were involved in
controlling bacterial proliferation or the interaction of
bacteria with enterocytes (2). The vast majority of the
genes identified by this microarray analysis were
involved in lipid metabolism. In contrast, in the studies
reported here, feeding WD to Ldlr−/− mice resulted in a
remarkable reduction in many (but not all) peptides
and proteins that limit bacteria numbers in jejunum
mucus and prevent their interaction with enterocytes.
Why were not the gene expression changes reported
here also seen in the previous microarray analysis?
There are many possibilities including the fact that the
previous studies were conducted with freeze-dried to-
mato powder added to WD, whereas in the current
studies, we used a concentrate of the tomatoes that is
much more potent than the freeze-dried preparations
(4).

The changes reported here resulted in dysbiosis and
the virtual elimination of A. muciniphila from jejunum
mucus (Fig. 3), but with an increase in overall bacteria
numbers (Fig. 1A), and increased levels of LPS in
jejunum mucus (Fig. 1B). These changes in jejunum
mucus were associated with increased gut permeability
(Fig. 8C–E) and increased LPS levels in the lymph
draining the jejunum (Fig. 8G and supplemental
Fig. S12B) and in plasma (supplemental Fig. S12C–F).

We found several mechanisms that could explain
these changes. WD decreased IL-36γ, IL-23, and IL-22
levels in jejunum (Fig. 7A–C, respectively). These
dized phospholipids cause changes in jejunum mucus 13



interleukins have been shown to control the levels of
many antimicrobial peptides and proteins in the intes-
tine (72–76). This may have resulted because WD
decreased NOTCH2 in jejunum (Fig. 7D), which is
required to maintain levels of IL-36γ and IL-23 (75),
which control the levels of IL-22 that is required to
maintain the levels of many antimicrobial peptides and
proteins in intestine. Future studies utilizing Notch2
knockout mice could definitively test this hypothesis.

WD also decreased jejunum levels of the Notch target
gene,Hes1 (Fig. 6), which when deficient in mice leads to
dysbiosis (61). Moreover, WD decreased the helix-loop-
helix transcription factor Atoh1 in jejunum (Figs. 6 and
7F) that is required for the formation of goblet cells
and Paneth cells (78–80). In addition, WD decreased the
expression of a direct target gene of Atoh1, the zinc-
finger protein family member Gfi1 (Figs. 6 and 7G),
which is required for the formation of Paneth cells (80,
81). Consistent with these changes, WD decreased the
number of goblet cells (Fig. 7H and I) and Paneth cells
(Fig. 7J) in jejunum. Our findings in Ldlr−/− mice
regarding a decrease in jejunum goblet and Paneth cells
on WD are consistent with the findings of Lee et al. (87)
who found such changes in the small intestine of wild-
type C57BL/6 mice that were fed a similar high-fat
high-cholesterol diet.

Adding Tg6F to WD (but not the EV control)
ameliorated these WD-mediated changes. What could
be the mechanisms by which Tg6F partially or
completely prevented all of the many changes reported
in this manuscript? Our prior work in endothelial cells
(88) demonstrated that oxidized phospholipids pro-
foundly decreased Notch pathway signaling and led to
increased inflammation. In the current studies, feeding
WD resulted in a marked increase in oxidized phos-
pholipids in jejunum mucus, and adding Tg6F to WD
(but not the EV control) resulted in levels in jejunum
mucus similar to that in chow-fed mice (Fig. 8A and
supplemental Fig. S8B). The 6F peptide is one of three
18-amino-acid apoA-I mimetic class A amphipathic he-
lical peptides that have the ability to bind oxidized
lipids with such high affinity that the oxidized lipids
are unable to interact with cells in the presence of the
peptides (89). The three peptides 4F, 5F, and 6F have 4,
5, or 6 phenylalanine residues on the hydrophobic face
of the peptide, respectively (89). The ability of these
apoA-I mimetic peptides to bind oxidized phospho-
lipids is many orders of magnitude greater than that of
human apoA-I (90). Both the E06 antibody and the
apoA-I mimetic peptide 4F block the activity of
oxidized phospholipids in vitro and in vivo (91, 92). In
addition, these apoA-I mimetic peptides were shown to
bind and block oxidized phospholipid proin-
flammatory responses in human macrophages and in-
testinal epithelium and directly clear proinflammatory
lipids from mouse intestinal tissue and plasma (9).
Therefore, it is possible that Tg6F ameliorated the
biologic effects of the oxidized phospholipids in
14 J. Lipid Res. (2022) 63(1) 100153
jejunum mucus, because the 6F peptide bound the
oxidized phospholipids with such high affinity that it
prevented their interaction with the enterocytes, and
promoted their destruction by the microbiota and/or
their excretion in the feces.

Thus, it is possible that in the present studies many of
the WD-mediated changes in jejunum were due to the
increased content of oxidized phospholipids in jejunum
mucus. The data in Figs. 9–11 strongly support that this
is indeed the case since ex vivo exposure of jejunum
from mice fed a chow diet to oxidized phospholipids
resulted in gene expression that was remarkably similar
to that seen in vivo when Ldlr−/− mice were fed WD. In
every case, gene expression that decreased in jejunum
of mice fed WD decreased ex vivo upon addition of
oxidized phospholipids to jejunum of mice fed a chow
diet (Figs. 9 and 10). In both cases in which gene
expression increased when the mice were fed WD, they
also increased ex vivo upon addition of oxidized
phospholipids (Fig. 11). With only one exception, adding
the 6F peptide with oxidized phospholipids ex vivo
ameliorated the changes better than a control peptide
and often resulted in levels of gene expression that
were better than that seen when oxidized phospho-
lipids were not added to jejunum ex vivo (ie, compared
with No Additions). The only exception was the gene
encoding lysozyme where the control peptide was
equally as effective as 6F (Fig. 10F). The control peptide
that we used was selected because in a different model
it was shown to be biologically inactive in preventing
sphingomyelinase-induced LDL aggregation (17). This
control peptide has the same 18-amino-acid residues as
in the 4F peptide, but the sequence of the residues is
such that α-helix formation is not promoted. In previ-
ous studies, this control peptide inhibited LDL oxida-
tion by artery wall cells much less efficiently than the
4F sequence; however, we did not directly test the
ability of this peptide to bind oxidized phospholipids
(90). The oxidized phospholipids added in the ex vivo
studies (Figs. 9–11) are a mixture of oxidized phospho-
lipids that are generated by the oxidation of
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine.
One possibility is that the decreased gene expression
for lysozyme resulted from a specific oxidized phos-
pholipid in the mixture that bound to this “control”
peptide with similar affinity to 6F. Conversely, one
would conclude that the oxidized phospholipids in the
mixture that altered the expression of the other genes
did not bind to the “control” peptide with the same
affinity as they bound to the 6F peptide. Future
research will be required to determine if this is the
explanation for the lysozyme exception.

Mu et al. (93) recently reported that, in humanized
mouse models of HIV that were maintained on a chow
diet and treated with antiretroviral therapy to sup-
press plasma HIV to below detectable levels, there was
evidence of gut barrier dysfunction and increased
levels of LPS in plasma, which were ameliorated by



adding Tg6F (but not the EV control) to the mouse
chow. Mu et al. (93) did not investigate intestinal mucus,
they did not measure oxidized phospholipids or ROS,
but they did find increased levels of oxidized lipo-
proteins in gut tissue in these chow-fed mice that was
reduced by the addition of Tg6F. Based on the data
presented here, we think that the addition of Tg6F in
the studies of Mu et al. (93) may well have prevented an
increase in oxidized phospholipids, ROS, and LPS in
jejunum mucus that was responsible for their observed
increase in gut permeability and increased plasma LPS
levels (93).

In the studies reported in this article, addition of
Tg6F to WD (but not the EV control) maintained
plasma levels of SAA and IL-6 at or below those found
in chow-fed mice (Fig. 8H and I, respectively, and
supplemental Fig. S13A and B, respectively). However,
adding Tg6F to WD only partially ameliorated the in-
crease in plasma total cholesterol levels (supplemental
Table S7). Therefore, we hypothesize that the levels of
LPS largely determined the plasma levels of SAA and
IL-6 in these mice. In the absence of control mice with
similar plasma cholesterol levels to those in the WD +
Tg6F group, we cannot definitively determine the
contribution of the reduced plasma cholesterol levels in
the mice receiving Tg6F to the reduced plasma levels of
SAA and IL-6, but the work of Li et al. (35) provides
support for our hypothesis.

Li et al. (35) found that feeding WD to Apoe−/− mice
significantly reduced the abundance of A. muciniphila in
feces, while increasing aortic atherosclerosis. To deter-
mine if the decreased levels of A. muciniphila in the
microbiota of the intestine played a role in the WD-
mediated increase in atherosclerosis in these mice, Li
et al. administered A. muciniphila by daily stomach
gavage while the mice were fed WD. This resulted in a
significant reduction in aortic atherosclerosis without
affecting hypercholesterolemia. Oral administration of
A. muciniphila reduced serum endotoxin levels, pre-
vented WD-induced decreases in occludin levels in in-
testinal villi, increased ZO-1 levels (a tight junction
protein) in intestinal villi, and largely prevented the
WD-induced increase in gut permeability. To deter-
mine the role of LPS, they continued daily oral
administration of A. muciniphila but infused LPS into
the mice during the last 4 weeks of the 8 weeks during
which WD was fed. This protocol achieved LPS levels
similar to those seen on WD without A. muciniphila
supplementation. Despite continuing oral administra-
tion of A. muciniphila during the LPS infusion, markers
of systemic inflammation and the degree of aortic
atherosclerosis were similar to that on WD without
A. muciniphila supplementation. Li et al. (35) concluded
that the beneficial effects of A. muciniphila were mainly
due to its ability to ameliorate the WD-mediated in-
crease in LPS levels.

Adding Tg6F to WD resulted in plasma triglyceride
and plasma apoA-I levels similar to those in mice fed
Oxi
chow (supplemental Table S7). However, although the
WD-mediated changes in plasma total cholesterol and
HDL-cholesterol levels were significantly ameliorated
by adding Tg6F to WD, these levels were substantially
higher and lower, respectively, compared with chow-
fed mice (supplemental Table S7). Lipid absorption
was not affected by adding Tg6F to WD compared with
adding the EV control to WD (supplemental
Figs. S4–S6). In previous studies we reported that class
A amphipathic helical peptides such as 6F promoted
transintestinal cholesterol efflux and promoted the
removal of other lipids from intestinal tissue (9, 13), and
we also reported that Tg6F increased fecal neutral
sterol excretion (6). The studies reported here showed
that gene expression for apoA-I in enterocytes (Fig. 4A)
was higher than in chow-fed mice when Tg6F was
added to WD and the content of apoA-I protein in
jejunum mucus (Fig. 5E) was preserved at levels seen in
chow-fed mice when Tg6F was added to WD. The
maintenance of apoA-I levels after adding Tg6F to WD
may explain the lower plasma total cholesterol levels
and the higher HDL-cholesterol levels in mice fed
WD + Tg6F compared with mice fed WD or WD + EV.

The studies reported here focused on the micro-
biome in jejunum mucus. The data in supplemental
Fig. S2 confirm that the microbiome in jejunum
mucus was distinctly different from that in the lumen
of the jejunum across all four diet groups. Recent
studies demonstrated that the microbiome and bile
acids in the small intestine of mice can be strongly
influenced by self-inoculation with fecal flora by
coprophagy (94). Preventing coprophagy in mice by
the use of tail cups changed the composition in the
small intestine to be more similar to humans (reduced
total microbial load, low abundance of anaerobic
microbiota, and bile acids predominantly in the con-
jugated form) (94). We did not use tail cups in the
experiments reported here. The comparisons between
mice on the four diets used in our studies remain valid,
but in extrapolating our data to humans, these dif-
ferences between mice and humans must be
considered.

All of the studies reported here utilized Ldlr−/− mice.
We previously reported that the response to the four
diets in wild-type C57BL/6 mice was similar to that in
Ldlr−/− mice on a C57BL/6 background (5). However,
the time required to see the changes after feeding the
diets was considerably less in the Ldlr−/− mice and the
magnitude of the changes was considerably less in the
wild-type mice (5). Thus, Ldlr−/− mice allowed us to
reduce the time for feeding the diets to only 2 weeks,
which provides a substantial experimental advantage
and was the reason for using these mice in the present
studies.

Jejunum mucus from Ldlr−/− mice fed WD or WD +
EV had increased levels of oxidized phospholipids
compared with chow-fed mice or mice receiving WD +
Tg6F (Fig. 8A and supplemental Fig. S8B). The levels of
dized phospholipids cause changes in jejunum mucus 15



oxidized phospholipids in jejunum mucus were not
different in mice fed chow compared with mice fed
WD + Tg6F. In contrast to the findings in jejunum
mucus, before feeding the diets to the mice, the highest
level of oxidized phospholipids was in the chow diet
and the 2nd highest level was in WD + Tg6F
(supplemental Fig. S8A). The lowest levels of oxidized
phospholipids in the diets prior to feeding the diets to
the mice were in WD andWD + EV, which was opposite
to the findings in jejunum mucus. By lipidomics, we
found that in jejunum mucus the content of non-
oxidized phosphatidylcholine, nonoxidized phosphati-
dylethanolamine, and nonoxidized phosphatidy
linositol significantly increased on WD compared with
chow, but the levels were not different for mice
receiving WD or WD + EV or WD + Tg6F
(supplemental Fig. S9). The jejunum mucus content of
nonoxidized phosphatidylserine was not different on
any of the four diets (supplemental Fig. S9). Given these
data, where do the increased oxidized phospholipids in
jejunum mucus originate? There are at least three
possibilities.

1) Exposing phospholipids to molecular oxygen is a
standard method for preparing biologically active
oxidized phospholipids (95). The molecular oxy-
gen content of the lumen of the intestine is
highest near the enterocytes and the lowest levels
are in the center of the lumen (96). The molecular
oxygen content of the lumen of the proximal
small intestine of mice (pO2 60 mmHg) is high
compared with that in the stomach (pO2

25 mmHg) and ileum (pO2 5 mmHg); that of the
Fig. 12. A schematic representation of how the metabolism of a W
systemic inflammation, and how apoA-I mimetics such as in a conce
could prevent this sequence of events. The metabolism of WD in t
(ROS) and oxidized phospholipids in jejunum mucus. This leads
functional goblet and Paneth cells in jejunum (ATOH1 and GFI1) a
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of bacterial lipopolysaccharide (LPS) in mucus. This leads to increas
turn leads to systemic inflammation (increased levels of serum am
increase in ROS and oxidized phospholipids, thus ameliorating this
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cecum is even lower (pO2 1 mmHg) (30). Dietary
phospholipids are absorbed in the proximal small
intestine where the pO2 in the mucus would favor
phospholipid oxidation compared with the stom-
ach, ileum, or cecum.

2) We previously reported finding products of
mouse lipoxygenase pathways in the lumen of the
proximal small intestine of Ldlr−/− mice fed WD
(97). Lipoxygenase pathway products are known
to enhance the generation of biologically active
oxidized phospholipids (95, 98).

3) The normal life cycle of enterocytes also likely
leads to the formation of oxidized phospholipids.
Enterocytes constantly migrate along the villus
walls until they are shed from the villus tips
3–5 days after they emerged from the crypts (99).
Dietary fat can induce apoptosis of enterocytes
and increase gut permeability (100). Apoptotic
cells express oxidized phospholipids that are
recognized by the E06 antibody (101). Vesicles and
blebs from apoptotic cells contain biologically
active oxidized phospholipids (102).

Thus, there are multiple potential sources that could
account for the increased levels of oxidized phospho-
lipids and ROS that we found in the jejunum mucus of
Ldlr−/− mice fed WD.

We hypothesize that by preventing the WD-mediated
increase in oxidized phospholipids and ROS in jejunum
mucus, Tg6F preserves levels of A. muciniphila in mucus
sufficient to prevent the increase in gut-derived LPS in
mesenteric lymph and plasma that drives systemic
inflammation on WD.
estern diet (WD) in the jejunum of Ldlr−/− mice could lead to
ntrate of transgenic tomatoes expressing the 6F peptide (Tg6F)
he jejunum leads to increased levels of reactive oxygen species
to decreased levels of proteins required for the formation of
nd decreased levels of signaling molecules (Notch1 and Notch2)
intaining antimicrobial activity in jejunum. As a result, there are
robials in jejunum. Consequently, dysbiosis results including the
ortant for maintaining healthy mucus and regulating the levels
ed levels of LPS in jejunum mucus, lymph, and plasma, which in
yloid A [SAA] and IL-6 in plasma). Tg6F protects against the
sequence of events.



The ability of the oxidized phospholipids that are
generated on feeding WD to profoundly decrease
A. muciniphila in jejunum mucus may be direct or indi-
rect. WD resulted in dysbiosis in jejunum mucus. The
data in Figures 9–11 show that adding oxidized phos-
pholipids ex vivo to jejunum from mice on a chow diet
reproduced the changes in vivo in jejunum from mice
that were fed WD. These changes very likely explain
the dysbiosis in jejunum mucus that occurred when the
mice were fedWD (Fig. 2). The ability of WD-generated
oxidized phospholipids to induce dysbiosis could
explain the decrease in A. muciniphila even without a
direct effect of oxidized phospholipids on
A. muciniphila. Future studies to determine the effect of
oxidized phospholipids on A. muciniphila growth and
viability in vitro would help to determine if oxidized
phospholipids have a direct effect on A. muciniphila.

The importance of LPS entering through the small
intestine was recently emphasized by Han et al. (103).
These authors demonstrated that HDL3 generated in
the small intestine is directly transported into the portal
circulation. They showed that HDL3 bound LBP and
LPS in such a way as to prevent the LPS from binding
to TLR4 and activating liver macrophages to cause
hepatic inflammation. We did not study this pathway in
our experiments. However, our data apply to their ob-
servations in that the burden of LPS in small intestine
mucus would affect both the chylomicron to lymphatic
and the HDL to portal vein pathways. The fact that two
pathways evolved for managing small intestine derived
LPS speaks to the potential negative impact that this
source of LPS must have. The ability of Tg6F to pre-
vent the WD-mediated increase in oxidized phospho-
lipids in the small intestine that leads to an increased
burden of LPS in small intestine mucus, lymph, and
blood suggests that preventing the increase in oxidized
phospholipids in small intestine mucus may be another
potential therapeutic means to protect the liver against
gut-derived LPS.

In summary, the metabolism of WD in the jejunum
of Ldlr−/− mice led to increased levels of ROS and
oxidized phospholipids in jejunum mucus. Feeding WD
to Ldlr−/− mice resulted in decreased levels of proteins
in jejunum required for the formation of functional
goblet and Paneth cells, and the number of goblet and
Paneth cells in jejunum decreased. Feeding WD to
Ldlr−/− mice also resulted in decreased levels of pro-
teins that are critical for signaling pathways, which are
required for maintaining antimicrobial activity in
jejunum. Dysbiosis accompanied the loss of antimicro-
bial activity in jejunum, and A. muciniphila virtually
disappeared from jejunum mucus, but overall numbers
of bacteria in jejunum mucus increased, and LPS
increased in jejunum mucus, as well as in mesenteric
lymph and plasma. Plasma markers of systemic
inflammation increased. Remarkably, adding Tg6F to
WD ameliorated these changes. Addition of oxidized
phospholipids ex vivo to jejunum frommice fed a chow
Oxi
diet reproduced the changes in jejunum gene expres-
sion that were seen in vivo when the mice were fed WD,
and adding 6F peptide prevented the changes.
Figure 12 presents a schematic representation of the
data. The data in this article identify an important role
for oxidized phospholipids in the mucus of the jejunum
in causing dysbiosis and systemic inflammation and
provide strong evidence that the mechanism of action
of oral apoA-I mimetic peptides in mice fed WD is to
protect against the increased levels of oxidized phos-
pholipids that are formed on this diet.
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