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BASIC SCIENCE ARTICLE
Effect of polyunsaturated fatty acids on postnatal ileum

development using the far-1 transgenic mouse model

Pratibha Singh’, Pedro Ochoa-Allemant’, Joanne Brown', George Perides’, Steven D. Freedman' and Camilia R. Martin?

BACKGROUND: Long-chain polyunsaturated fatty acids (LCPUFAs) play a critical role in neonatal health. We hypothesized that
LCPUFAs play an essential role in priming postnatal gut development. We studied the effect of LCPUFAs on postnatal gut
development using fat-1 transgenic mice, which are capable of converting n-6 to n-3 LCPUFAs, and wild-type (WT) C57BL/6 mice.
METHODS: Distal ileum sections were collected from fat-1 and WT mice on days 3, 14, and 28. Fatty acid analyses, histology,
RT-gPCR and intestinal permeability were performed.

RESULTS: Fat-1 mice, relative to WT mice, showed increased n-3 LCPUFAs levels (a-linolenic acid, docosahexaenoic acid, and
eicosapentaenoic acid, p < 0.05) and decreased arachidonic acid levels (p < 0.05) in the ileum. Preweaning fat-1 mice, compared to
WT, showed >50% reduced muc2, Tff3, TLR9, and Camp expression (p < 0.05), markers of the innate immune response. There was a
>two-fold increased expression of Fzd5 and EphB2, markers of cell differentiation (p < 0.05), and Fabp2 and 6, regulators of fatty acid

transport and metabolism (p < 0.05). Despite reduced expression of tight junction genes, intestinal permeability in fat-1 was

comparable to WT mice.

CONCLUSIONS: Our data support the hypothesis that fatty acid profiles early in development modulate intestinal gene expression
in formative domains, such as cell differentiation, tight junctions, other innate host defenses, and lipid metabolism.
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INTRODUCTION

Compared to term infants, preterm infants are at an increased risk
of gastrointestinal complications including feeding intolerance,
necrotizing enterocolitis (NEC), and intestinal bacterial transloca-
tion leading to sepsis."? Altered postnatal gut development,
innate host defense, and intestinal barrier are thought to, in part,
explain the increased risk of gastrointestinal morbidities in
preterm infants.>* Gut development and its physiology are highly
adaptive to nutritional changes and early intestinal adaptation
may persist later in life and affect the responsiveness of the gut to
physiological and pathological challenges.

Long-chain polyunsaturated fatty acids (LCPUFAs) are critical
nutrients for optimal fetal development. However, in the preterm
infant the exposure to these nutrients is abruptly terminated and
the current nutritional practices in the neonatal intensive care unit
(NICU) fail to maintain in utero levels leading to a deficit in
LCPUFAs, notably docosahexaenoic acid (DHA) and arachidonic
acid (AA). These deficits are linked to common neonatal
morbidities, including bronchopulmonary dysplasia, nosocomial
sepsis, and retinopathy of prematurity.>® LCPUFAs have been
shown to play an immunomodulatory role in diseases of
gastrointestinal origin such as inflammatory bowel disease.’”
However, the role of fatty acids on the intestinal development
of a preterm newborn is not well understood. The immunomo-
dulatory function of LCPUFAs has been demonstrated in vitro
using human fetal intestinal epithelial cells, as a model for the
human fetal intestine. Wijendran et al. have shown that, in human
fetal and adult intestinal epithelial cells, DHA supplementation
results in an attenuated interleukin-13-induced pro-inflammatory

response confirming its anti-inflammatory effect. This effect was
more pronounced in fetal cells supporting its potential role in
modulating intestinal inflammation, which is central to the
pathogenesis of NEC2 Animal studies have shown that supple-
mentation of LCPUFAs decreased the incidence of NEC by
downregulating the expression of Toll-like receptor 4 (TLR4),
platelet-activating factor, leukotriene B4, and nuclear factor-xB
signaling pathways.”'® However, their contribution to specific
postnatal intestinal developmental processes before an inciting
event remains unexplored. Understanding the priming effect of
enteral fatty acids on intestinal development during a pre-
injurious state will offer mechanisms by which fatty acids may
modulate the risk of intestinal injury.

The challenge in examining the effect of a specific nutrient on
host responses is that diets are composed of a complex matrix and
any differences in dietary composition can lead to confounding
and unclear interpretations of the data. We took advantage of a
transgenic mouse model in which the fat-1 gene from Caenor-
habditis elegans was inserted into the mouse genome. The fat-1
transgenic mice are capable of converting n-6 fatty acids to n-3
fatty acids and exhibit a lower ratio of n-6:n-3 in various tissues
regardless of their diet.""

We hypothesized that LCPUFAs play an essential role in priming
postnatal gut development by modulating the expression levels of
various gut development markers involved in the intestinal barrier,
cellular differentiation, and innate host defenses such as antimicro-
bial peptides. Our objective was to investigate the morphological
and molecular differences in postnatal intestinal development in
response to changing LCPUFA profiles that reflect the current
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experience of the preterm infant in the NICU. To meet this objective,
we used the fat-1 transgenic mouse model and examined intestinal
morphological growth and changes in gene expression across
different postnatal ages (days 3, 14, and 28) compared to wild-type
(WT) control mice. We chose to focus on the ileum as this is a primary
site of injury in the neonatal gut. Our results begin to elucidate the
role of LCPUFAs in gut morphology and in the transcriptional
regulation of several genes involved in gut development.

METHODS

Animal rearing, model selection, nutrition, and sample collection
All animal studies were approved by the Institutional Animal Care
and Use Committee at Beth Israel Deaconess Medical Center.
C57BL/6 WT mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Transgenic fat-1 mice on a C57BI/6 background were
kindly provided by Dr. Jing Kang, Massachusetts General Hospital,
Boston, MA. The animals were kept under standard laboratory
conditions on a controlled 12-h dark-light cycle, with unlimited
access to food and water.

At approximately 2 weeks, the mouse intestinal development is
equivalent to that of a 24-week gestational age infant. The mouse
intestinal development reaches that of a full-term infant at
approximately 4 weeks of age.'> We chose to study three time
points—day 3 and 14—to reflect the intestinal stage of the most
immature infants who are at greatest risk of neonatal morbidities
and day 28 to reflect the full-term infant.

WT and fat-1 mothers were maintained on an enriched
saturated and monounsaturated fatty acid diet (AIN-76A with
10% corn oil) from TestDiet (St. Louis, MO) before, during, and
after pregnancy. The detailed composition of this diet is shown in
Supplemental Table S1. WT and fat-1 pups were dam fed till
weaning. Fatty acid analysis of the dam milk is summarized by
genotype in Supplemental Table S2. After weaning, the WT and
fat-1 mice were fed the same enriched diet used for their mothers
until the end of the experiment. This diet is also known as a
“western diet” and in a WT mouse the diet induces an n-6
dominant fatty acid profile and, in contrast, induces a n-3
dominant fatty acid profile in a fat-1 mouse due to its unique
metabolism. The differences in the genotype specific fatty acid
profiles allows for comparative analyses on the impact of fatty
acids and the n-3:n-6 ratio on ileum development.

Mice at different ages (3-, 14-, and 28-day old) were euthanized
by CO, asphyxiation and samples collected. The first 2 cm of ileum
proximal to the cecum was used for quantitative reverse
transcription polymerase chain reaction (RT-qPCR) or histology
studies. The second 2 cm ileal section was used for fatty acid profile
analysis. The tissue samples collected were stored at —80 °C. The
samples obtained for histology were fixed in 10% formalin
embedded in paraffin and 5um sections were subjected to
staining as described below.

Genotyping and phenotyping

The genotype of the mouse pups was confirmed by PCR and
validated by the phenotypic change in fatty acid profiles from tail
samples. Genotyping was performed using mouse tail DNA. For
DNA isolation, the mouse tail was incubated with 100 pl of 50 mM
NaOH at 95 °C. After 1 h, 10 pl of 1 M Tris-HCl (pH 8.0) was added.
The samples were vortexed, centrifuged for 15 min at 14,000 x g,
at 4°C. The following primers were used: fat-1 forward,
TGTTCATGCCTTCTTCTTTTTICC; fat-1 reverse, GCGACCATACCTCA
AACTTGGA, and GoTaq® Green Master Mix (Promega, Madison,
WI). PCR products and DNA ladder were subjected to gel
electrophoresis on a 2% agarose gel. Our PCR results showed
the presence of the fat-1 gene only in fat-1 transgenic mice, while
WT mice do not possess the fat-1 gene (Supplemental Figure S1).
The assigned genotypes were confirmed by examining the
induced fatty acid profiles in the tail (Supplemental Table S3).
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Pups who matched the genotype of their mothers were selected
for final analysis (e.g., WT pups born to WT mothers, and fat-1
pups born to fat-1 mothers) to maintain the gene-induced fatty
acid phenotypes throughout the preweaning period.

Dam milk collection
Mouse milk was collected using a homemade suction apparatus
consisting of two tubing segments and a 50 ml conical tube.
Suction was created using the first tubing segment where one end
was connected to vacuum at negative pressures between —18
and —20 mm Hg and the other end of the tubing was inserted into
a sealed 50 mL conical tube. The second tubing segment was
used as the collection system. One end was inserted into the
sealed 50 mL conical tube and the hub end of the tubing was
placed around the teat creating a seal during the milking process.
The milking process of the dams was carried out at 10-14 days’
post-parturition. The dams were separated from their pups for 4-5 h
before milking. Isoflurane (Zoetis, Parsippany, NJ) was used for
anesthesia. Dams were given 51U of oxytocin (Sigma-Aldrich, St.
Louis, MO) intraperitoneally to induce milk flow. After 3-5 min, gentle
finger massage around the mammary glands was used to stimulate
milk ejection. The milk was stored at —80 °C until further analysis.

Determination of fatty acid profiles in tail and ileum

Tissue fatty acids in the tail and distal ileum were isolated and
methylated using a modified Folch method as described pre-
viously."® Total lipids were extracted and quantified by gas
chromatography-mass spectroscopy. Peak identification was based
upon a comparison of both retention time and mass spectra of the
unknown peak to that of known standards. Fatty acid methylated
ester (FAME) mass was determined by comparing areas of unknown
FAMEs to that of a fixed concentration of 17:0 internal standard.
Individual fatty acids are expressed as a percentage of the total fatty
acid mass (mol%). The ratio of all n-3 fatty acids to all n-6 fatty acids
was calculated and expressed as an unitless number.

Intestinal morphometry
Paraffin-embedded sections were stained with hematoxylin and
eosin (H&E) staining. The height of intact villi and depth of crypts
were measured using the Aperio ImageScope software (Leica
Biosystems, Buffalo Grove, IL). In every section, at least five
randomly selected areas were counted to minimize sectioning
variance. Villous height was measured in continuously intact
villous that ended with a rounded tip at x20 magnification from
the tip of villous to the entrance of the crypt opening. The depth
of 20 crypts per mouse was measured for every section. Crypt
depth was measured from crypt base to the villous—crypt junction.
Distal ileum sections were stained with Alcian Blue (AB) and
periodic acid-Schiff (PAS, Sigma-Aldrich) to stain acidic and neutral
mucins. Neutral mucins stained magenta and acidic mucins stained
blue. AB- and PAS-positive goblet cells were counted per 100
villous epithelial cells. Villous epithelial cells were counted from the
entrance of the crypt opening to the beginning of the curve at the
villous tip. Paneth cells were visualized by PAS/AB staining. Positive
Paneth cells were counted per crypt. For counting of Paneth cells,
40 crypts were evaluated that were aligned along the longitudinal
axis, and the lumen of the crypt can be visualized along its length.
Counting was performed at x20 magnification. Quantification for
Paneth and goblet cells was performed by a single investigator
blinded to group and postnatal day.

Immunohistochemistry

The ileal tissues were immunostained using a rabbit anti-Ki67
(Thermo Fisher Scientific, Waltham, MA, Cat. No. RM-9106-51)
antibody followed by a biotinylated donkey anti-rabbit IgG,
(Vector Labs, Burlingame, CA) and then by avidin-horseradish
peroxidase conjugates (Vector Labs). Positive cells were visualized
after incubation with 3,3’-diaminobenzidine (Sigma-Aldrich) for
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Gene role

Motility, proliferation, and differentiation
Receptor for Wnt signaling

Gut barrier function

Gut barrier function

Gut barrier function

Gut barrier function

Mucin production by goblet cells
Stabilize the mucus layer

Bacteriolytic function

Innate immune defense

Encodes a digestive brush-border enzyme, important
component of the gut mucosal defense system

Gut barrier function and microbial homeostasis

Innate immune response

Innate immune response

Fatty acid uptake transport and metabolism

Fatty acid uptake transport and metabolism

Important for uptake, utilization, and catabolism of fatty acids
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Table 1. Gene list for quantitative RT-PCR analysis
Category Gene symbol Gene name
Ephb2 Ephrin type-B receptor 2
Development and tight Fzd5 Frizzled-5
junction Tip1 Tight junction protein-1
Ocln Occludin
Cldn3 Claudin 3
Cldn7 Claudin 7
muc2 Mucin 2
Tff3 Trefoil factor 3
Lyz1 Lysozyme C-1
Innate host defense Camp Cathelicidin antimicrobial peptide
Alpi Intestinal alkaline phosphatase
Akp3 Alkaline phosphatase 3
TLR4 Toll-like receptor 4
TLR9 Toll-like receptor 9
Fabp2 Fatty acid-binding protein 2
Lipid metabolism Fabp6 Fatty acid-binding protein 6
Ppara Peroxisome proliferator-activated
receptor alpha
RT-PCR reverse transcription polymerase chain reaction

2-5min and counterstained with hematoxylin. The total number
of Ki67-positive cells was determined for each villous-crypt axis.
Only well-oriented crypts with the epithelial layer on at least one
side continuous with the villous epithelial layer were counted.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was isolated using the RNeasy Lipid Tissue Mini Kit
(Qiagen, Germantown, MD) following the manufacturer’s instruc-
tions. RNA concentration and purity were measured using a
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA). cDNA
was synthesized with RT2 First Strand Kit (Qiagen). An RT2 profiler
Custom PCR Array was used to simultaneously examine the mRNA
levels of 17 genes characterizing cell differentiation, tight
junctions, innate host defenses, and lipid metabolism (Table 1).
The housekeeping genes HPRT, GAPDH, and Ywhaz and three
controls including mouse genomic DNA control (MGDC) were
included. RT-PCR was performed on an ABI Prism 7000 Sequence
Detector (Applied Biosystems, Foster City, CA) using a standard
cycling protocol.

Intestinal permeability

An intestinal permeability assay was performed as described
previously." Briefly, mice were water-starved for 3.5h and then
gavaged with fluorescein isothiocyanate (FITC)-dextran 4000 (FD-4)
(Sigma-Aldrich) in phosphate-buffered saline (PBS) at a concentra-
tion of 600 mg/kg body weight. Serum samples were collected after
3.5 h and diluted 1/100 in PBS to measure the fluorescence intensity
using a fluorospectrophotometer (Hitachi F-2000, Tokyo, Japan)
with an excitation wavelength of 480nm and an emission
wavelength of 520 nm. The concentration of FITC—dextran in serum
samples was calculated using a known standard of serially diluted
FITC-dextran. Serum samples of mice that did not receive any
FITC-dextran were used to determine the background.

Statistical analysis

Distal ileum fatty acid levels were summarized by genotype and
postnatal day using medians and interquartile range (IQR).
Wilcoxon rank-sum test was used to compare the difference in
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fatty acids at each time point. For histological measurements of
the distal ileum and intestinal permeability, statistical differences
between more than two groups were analyzed by two-way
analysis of variance (ANOVA) with Tukey’s multiple comparison
post hoc tests. Data are presented as bar graphs showing the
mean along with standard deviation (SD).

RT-gPCR results were summarized and displayed as median fold
change (£IQR) of fat-1 gene expression relative to WT for each
postnatal day. Fold changes were calculated using the 2A—AACt
method. A median fold change >1 represents upregulation and a
value <1 represents downregulation. The ACt values for each gene
of interest were used to determine statistically significant
differences in gene expression between groups. A two-way
ANOVA was performed to evaluate differences in gene expression
in the fat-1 group relative to the WT group over time. If the result
of the two-way ANOVA test was statistically significant, then
Tukey’s multiple comparison post hoc tests were used to
determine which genes were differentially expressed between
the two groups at each time point. To determine the relative
contribution of specific fatty acid levels on gene expression, a
correlation matrix was constructed using all fatty acid levels and
genes studied. Significant correlations were used to construct a
correlation network.

All analyses were performed using the R software (version 3.5.1,
R Core Team, Vienna, Austria, 2018) within RStudio (Version
1.1.453, RStudio, Inc) using the tidyverse (Wickham 2017),
PMCMRplus (Pohlert 2018), ggcorrplot (Kassambara 2016), RColor-
Brewer (Neuwirth 2014), and igraph (Csardi and Nepusz 2006)
packages. Results were considered significant at p < 0.05.

RESULTS

Distal ileum fatty acid profiles in WT versus fat-1 transgenic mice
On day 3, the distal ileum of fat-1 versus WT mice had a 10- and
26-fold increase in the n-3 fatty acids a-linolenic acid (ALA) and
eicosapentaenoic acid (EPA), respectively (Table 2). Conversely,
there was a two-fold reduction in the n-6 fatty acid AA in fat-1
mice relative to the WT group. In addition to the individual fatty
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Table 2. Comparison of the fatty acid profiles in the ileal tissue between WT and fat-1 transgenic mice on days 3, 14, and 28 (expressed as mol
percent)
Fatty acid group Day 3 Day 14 Day 28
WT Fat-1 WT Fat-1 WT Fat-1
Median IQR Median IQR Median Median IQR Median IQR Median IQR
n-3
ALA 0.03 0.02, 005 0.3 0.2, 0.3 0.05 0.05, 0.09 0.1 0.1, 0.2 0.4 0.4, 0.5 1.0 0.9, 1.2
EPA 0.05 0.04,0.05 1.3 1.1, 2.2 0.07 0.06, 0.07 2.2 1.9, 2.4 0.04 0.03, 0.04 2.1 1.5, 2.4
DHA 4.2 3.6, 4.8 37 35,5.0 3.4 3.0, 3.5 6.2 5.9, 6.9 1.1 09,13 2.2 1.8, 23
n-6
LA 14.0 135,143 16.0 15.5,16.0 15.0 15.0, 153 155 14.8, 16.3 23.0 21.0,25.0 24.0 23.0, 25.3
GLA 0.3 0.2,03 0.4 03,04 0.1 0.09, 0.1 0.07 0.05,0.09 0.1 0.1, 0.2 0.1 0.1, 0.1
DGLA 1.5 13,17 1.6 13, 1.6 3.6 3.2,37 3.0 2.9, 3.1 1.6 1.5, 1.8 1.0 0.9, 1.1
AA 12,5 11.5,13.0 5.6 5.4, 5.8 16.0 14.8, 16.5 10.5 10.0,11.3 6.9 6.2, 8.0 3.6 3.2, 40
n-3:n-6 ratio 0.14 0.13, 0.16 0.23 0.22, 0.35 0.1 0.09, 0.1 0.35 0.32,0.38 0.05 0.42, 0.53 0.22 0.18, 0.24

n=4-7 in each group

Bold values indicate p < 0.05

Wilcoxon rank-sum test was used to compare the difference in fatty acids for each day

WT wild type, ALA alpha-linolenic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid, LA linoleic acid, GLA gamma-linolenic acid, DGLA dihomo-
gamma-linolenic acid, AA arachidonic acid, QR interquartile range; n-3:n-6 ratio omega 3 to omega 6 ratio

acids highlighted, when compared to WT mice, the fat-1 mice
had a greater n-3:n-6 ratio. As the mice increased in age, the
genotype to fatty acid relationships persisted with the addition
of a two-fold increase in DHA level in fat-1 mice on day 14 and
28 compared to WT mice and an increasing fold change in the n-
3:n-6 ratio from 1.6 on day 3 to 3.5 and 4.4 on days 14 and 28,
respectively. During the neonatal period from day 3 to day 14,
DHA levels declined by 20% in the WT group. In contrast, in the
fat-1 group, DHA levels increased by almost 70%. Both groups
demonstrated the lowest DHA levels at day 28, though the fat-1
group remained two-fold higher compared to WT mice. The
complete ileum fatty acid profiles of fat-1 and WT mice on days
3, 14, and 28 are summarized in Supplemental Tables S4, S5, and
S6, respectively.

Histology

Villous height, crypt depth, and muscular thickness. Villous height,
crypt depth, and muscular thickness were quantified using H&E-
stained distal ileal sections (Fig. 1a). The average villous height was
unchanged across days 3, 14, and 28 for WT mice (183.6 + 26.3 um,
197.3+£16.2ym, and 169.2 +37.9 um, respectively; Fig. 1b). In
contrast to WT mice, the villous height of fat-1 mice decreased
over time relative to the day 3 height with values of 2249+
36.8um, 176.9 = 13.6 um and 150.2+12.7 um on days 3, 14, and
28, respectively (day 28 versus day 3, p < 0.002). Crypt depth on
day 3 for both genotypes appeared as shallow invaginations that
become deeper and well organized on days 14 and 28 (Fig. 1a). In
WT mice, the crypt depth increased over time from 24.3 +3.3 um
on day 3 to 49.9 £ 6.0 um on day 28 (p < 0.0001, Fig. 1c). Similarly,
in fat-1 mice, the crypt depth increased from 23.3 + 3.3 um on day
3 to 435+35um on day 28 (p<0.0001, Fig. 1c). Muscular
thickness increased from day 3 (21.4+4.0um for WT; 226+
2.7 um for fat-1) to day 28 (41.7 £ 5.7 um for WT; 35.08 + 4.1 um for
fat-1) in both groups (p < 0.0001, Fig. 1d). Overall, although there
was an age dependency in villous height, crypt depth, and
muscular thickness, there were no significant differences for these
parameters between WT and fat-1 transgenic mice (Fig. 1).

Goblet and Paneth cells. The number of AB-positive goblet cells/
100 epithelial cells in the intestinal villi were analyzed using AB
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staining (Fig. 2a). We show a genotype-day interaction (p = 0.013)
with decreased numbers of goblet cells containing acidic mucin in
fat-1 compared to WT mice at each day (p < 0.0001, p=0.17, and
p <0.0001, respectively) (Fig. 2b). The number of goblet cells/100
epithelial cells did not change over time in WT mice, while in fat-1
mice there was a decline in goblet cells from day 14 to day 28
(p=0.019).

For the neutral mucins, we also see a genotype—-day interaction
(p < 0.0001) with decreased number of PAS-stained cells on day 3
(p<0.0001) and 28 (p<0.001) in fat-1 compared to WT mice
(Supplemental Figure S2). In contrast to the acidic mucins, both
groups showed a decline in neutral mucins over time.

Paneth cells at the base of crypts were visualized using PAS/AB
staining (Fig. 3a). The appearance of Paneth cells was age
dependent. The number of Paneth cells/crypt were significantly
greater on day 28 compared to day 14 in both groups of mice
(1.8-2.0+£ 0.2 versus 3.3-3.5+0.2, p<0.0001), while no Paneth
cells were identifiable on day 3. We did not observe any
differences in the number of Paneth cells/crypt between fat-1
transgenic and WT mice (Fig. 3b).

Crypt cell proliferation. Crypt cell proliferation was quantified by
Ki67 staining (Supplemental Figure S3). The number of Ki67-
positive cells increased significantly over time within each
genotype (p < 0.0001), with no differences across the two groups.

Effect of fatty acid profiles on gene expression. The impact of fatty
acid profiles on intestinal development was studied by quantify-
ing the differences in the level of gene expression between the
two genotypes across age. Genes were selected to represent
several categories of intestinal development and function includ-
ing cell differentiation and tight junction formation, innate host
defenses, and lipid metabolism (Fig. 4).

Cell differentiation and tight junction. Fzd5 is a receptor for the
Wnt signaling pathway and EphB2 is required for cell proliferation,
differentiation, and cell migration. We found higher expression
level of Fzd5 (3.2-fold) in 3-day-old fat-1 mice (p < 0.0001) relative
to the WT group on the same postnatal day. The expression level
of EphB2 was also higher in fat-1 mice on day 3 and 28 (2.2-fold,
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Effect of genotype-induced fatty acids profiles on intestinal morphology during postnatal growth. Hematoxylin and eosin-stained

sections of distal ileal segments of the small intestine from days 3, 14, and 28 in wild-type and fat-1 transgenic mice. a Representative images
are shown for the indicated ages. Bar graphs show villous height (n = 3-6) (b), crypt depth (n = 4-6) (c), and muscular layer thickness (d) (n =
4-7). Results shown as mean + SD and p values <0.05 were considered statistically significant (**p <0.001 and ***p < 0.0001)

p <0.0001 and 1.7-fold (p < 0.01), respectively). Compared to WT
mice, fat-1 mice showed reduced expression level of claudin3
(Cldn3) and claudin7 (Cldn7), 1.9-fold and 3.0-fold, respectively, on
day 3 (p <0.0001) and reduced expression of Cldn3 on day 28 by
1.4-fold (p < 0.05).

Innate host defense. The expression level of Camp, a gene that
encodes for a secreted peptide that has a pleiotropic function
such as antimicrobial and immunomodulatory effect,'> was lower
in fat-1 transgenic mice compared to WT on day 3 by 3.6-fold (p <
0.0001). The expression level of TLR9 was significantly lower in fat-
1 mice compared to WT with a 2.5-fold downregulation on day 3
and 1.9-fold downregulation on day 28 (p < 0.05). No difference in
TLR9 expression was found on day 14 between the two groups or
TLR4 at any time. The expression level of muc2 and Tff3 was
reduced by >2.0-fold in fat-1 mice on day 14 (p < 0.05).

Lipid metabolism. Membrane-bound fatty acid-binding proteins
(FABPs) are essential for fatty acid uptake, transport, and
metabolism. Alterations in lipid metabolism regulate the expres-
sion of FABPs at the transcription level.'® FABP2 is expressed
throughout the small intestine, and FABP6 is shown explicitly in
the ileal region of the small intestine.'” Our data indicate that the
expression level of Fabp2 in fat-1 mice was increased by 2.9-fold
and 1.8-fold on days 3 and 28 respectively, compared to WT mice
(p <0.0001 and p <0.001, respectively). Similarly, the expression
level of Fabp6 was significantly increased in fat-1 mice on day 3
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(3.5-fold, p < 0.05) while no significant differences were found on
days 14 and 28. Additionally, fat-1 mice showed significant
reductions in the expression level of Ppara on day 3 (2.0-fold, p <
0.001) but not on day 14 or 28.

Intestinal permeability. The observation of decreased Cldn3 and
Cldn7 at day 3 in fat-1 versus WT mice led us to further examine a
functional assay in intestinal permeability using FD-4 (Fig. 5). The
percentage of leak in WT mice did not significantly change from
day 3 to day 28. In contrast, fat-1 mice showed a significant
reduction in percent leak from day 3 to day 28 (0.9% versus 0.4%,
p < 0.001). The main effect of genotype was marginally significant
at p=0.048. Additionally, the interaction effect of time and
genotype was significant (p < 0.01), indicating that the genotype
effect was greater in the fat-1 versus WT mouse in percentage of
leak over time.

Fatty acid-gene expression correlation network. We created a
correlation network to determine the relative contribution of
specific fatty acid on gene expression (Fig. 6). The network naturally
divided into two sub-networks with DHA the primary fatty acid in
the first and ALA the primary fatty acid in the second. DHA appears
to have a direct influence on the expression level of various genes
related to tight junction and Ppara. ALA has a direct link in the
expression of genes related to cellular development (EphB2 and
Fzd5) and the Fabp, which then were correlated with the expression
of other host defense genes, such as muc2, Tff3, and Lyz1.
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Fig. 2 Effect of genotype-induced fatty acids profiles on Alcian Blue (AB)-positive goblet cells. lleal tissue sections from fat-1 transgenic and
wild-type mice were stained with AB to mark goblet cells filled with acidic mucins and counterstained with eosin. a Representative images are
shown for the indicated ages. b The graph shows the number of AB-stained cells per 100 epithelial cells (n = 4-5). Results shown as mean + SD
and p values <0.05 were considered statistically significant (*p < 0.05, ***p < 0.0001)
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Fig. 3 Effect of genotype-induced fatty acids profiles on Paneth cells. lleal sections from fat-1 transgenic and wild-type mice were stained with
periodic acid-Schiff (PAS)/Alcian Blue (AB) to mark Paneth cells and counterstained with eosin. a Representative slides are shown for the
indicated ages. Arrow points to the specific granular PAS/AB staining of Paneth cells. b Graphs show the number of Paneth cells per crypt (n =
4-5). Columns show the mean + SD and p values <0.05 were considered statistically significant (***p < 0.0001)
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DISCUSSION

Our data support the hypothesis that fatty acid profiles early in
development modulate intestinal gene expression in formative
domains, such as cell differentiation, tight junctions, other innate
host defenses, and lipid metabolism. The fat-1 transgenic mouse
allowed us to isolate the effect of fatty acid profiles on gut
development without the potential confounding factor of dietary
composition. By comparing the two genotypes, we were able to
mimic fatty acid profiles observed in the postnatal period in
preterm infants receiving the current standard of nutritional care
to those who receive fish-oil-based nutrition with the goal of
reducing early postnatal DHA deficits experienced by preterm
infants. As predicted, the fat-1 group relative to the WT group had
significantly higher levels of ALA, an initial precursor of the n-3
pathway as well as the downstream products such as EPA and
DHA by day 14. This was accompanied by a reduction in the n-6
fatty acid AA, indicating a conversion of n-6 to n-3 fatty acids, and
an overall increase in the n-3:n-6 ratio. With these divergent fatty
acid levels, differential expression of key genes involved in
intestinal development was seen across time between the two
groups. During the preweaning periods (days 3 and 14),
differential gene expression was most evident on day 3 with an

SPRINGERNATURE

upregulation in markers of cell differentiation and FABPs and a
downregulation in Ppara, Camp, TLR9, and genes related to tight
junctions. Tff3 and muc2 were downregulated on day 14. This
indicates that intestinal development and function in the preterm
infant is highly vulnerable to the specific composition of nutrient
delivery.

Increased expression of Fzd5 in fat-1 mice suggests that
conversion of n-6 to n-3 fatty acids modulate the Wnt signaling
pathways by regulating the expression of Fzd5 at an early phase of
life. EphB2, Eph receptor tyrosine kinase, was also expressed at
higher levels in fat-1 mice possibly due to Wnt signaling.

FABPs are very important for lipid-mediated biological process
and in metabolic and immune response by regulating lipid
signals."” Intestinal FABP (I-FABP), also known as FABP2, is
expressed by mature enterocytes and is released in circulation
as a result of enterocyte injury and thus used as an early
biomarker for intestinal damage.'® In a rat model of ischemia/
reperfusion, n-3 LCPUFAs significantly reduced plasma levels of
I-FABP while increasing its concentration in the intestinal mucosa
and provided protection against intestinal injury.'®?° Our results
showed increased levels of both Fabp2 and 6 in fat-1 transgenic
mice compared to WT mice on day 3, suggesting that n-3 fatty
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Fig. 5 Effect of genotype-induced fatty acids profiles on intestinal
permeability. Wild-type and fat-1 mice of different ages (days 3, 14,
and 28) were administered FITC-dextran 4000 (FD-4) by oral gavage
and data are shown as percentage of leak. Combined results from
independent experiments are shown as a bar graph with mean + SD
(n=28-32 per group). p values <0.05 were considered statistically
significant (***p < 0.0001)

acids modulate the expression of these two genes. In the absence
of injury, upregulation of these genes could be correlated with an
increased turnover of mature enterocytes in fat-1 transgenic mice.

CAMP and TLR9 play a role in neutralizing bacteria and/or
mounting an inflammatory response.?’2* CAMP is expressed by
neutrophils, macrophages, and intestinal epithelial cells and
possesses antimicrobial property. Short chain fatty acids induce
the expression of cathelicidine LL-37 mRNA in human colonic
epithelial cells.?> Besides its antimicrobial properties, CAMP is vital
for intestinal homeostasis®' although the physiological relation-
ship between decreased levels of CAMP level and gut develop-
ment and maturation has yet to be fully elucidated. With regard to
the role of TLR9 in regulating inflammatory responses in the gut,
previous studies have shown conflicting results using the dextran
sodium sulfate (DSS)-induced colitis model.>*?* Rachmilewitz et al.
showed no difference in the severity of DSS-induced colitis
between WT and TLR9-deficient mice.?? In contrast, Lee et al. and
Rose et al. showed enhanced susceptibility of TLR9-deficient mice
to DSS-induced colitis.>?® Moreover, TLR9-deficient mice showed
enhanced severity of NEC, while CpG-DNA, a ligand that activates
TLR9, administration decreased severity.* These latter data suggest
a protective role for TLR9 in these models of intestinal injury. Camp
and TLR9 genes were downregulated in fat-1 compared to WT
mice, indicating that the conversion of n-6 to n-3 LCPUFAs directs
the mouse intestine to a reduced inflammatory state. Whether this
is protective or predisposes the host to an inadequate response to
infection or injury remains to be determined.

In a term infant, the intestinal barrier rapidly develops over days
after the introduction to enteral feedings. In a preterm infant,
intestinal closure is delayed and this is thought to be one
contributing factor to the increased vulnerability to intestinal
injury and NEC?’?® Several in vitro studies have presented
contradictory results about the role of LCPUFAs in tight junction
integrity and gut permeability.?*" In the present study, fat-1
mice showed statistically significant reduced expression of Cldn3
and 7 but did not show any changes in the expression of Oc/n and
Tjp-1. Our results are in agreement with Beguin et al., who
reported that n-6 but not n-3 fatty acids resulted in significant
changes on OclIn, Tjp-1, and intestinal permeability.31 Moreover,
they showed that DHA when used at a very high concentration
induced substantial changes in Tjp-1 expression accompanied
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with a minimal effect on permeability. Our data suggest that the
impact of LCPUFAs on the expression of different tight junction
genes is age dependent and this effect could vary for individual
tight junction proteins. Our permeability assay results confirm that
intestinal permeability may not be dependent solely on the
expression of known tight junction genes. Factors such as other
proteins involved in the formation of tight junctions, the
composition of gut microbiota, epithelial damage, and changes
in mucus layer thickness can all alter intestinal permeability. Our
results do suggest that conversion of n-6 to n-3 can reduce
western diet-induced increased intestinal permeability.>

In contrast to the multiple differences in gene expression
observed between fat-1 and WT mice, there were minimal
differences in the actual morphological structure and cell
populations of the ileum between the two groups. Both groups
did show the expected developmental change in these elements
over time. The one factor that did show a difference was the
presence of goblet cells. Fat-1 mice relative to WT mice of
the same age had a reduced number of goblet cells. Although the
DHA-derived terminal metabolite Resolvin D1 is known to increase
ocular mucin secretion from goblet cells, the role of DHA and its
metabolites on intestinal goblet cells is unknown.** Metabolites
derived from AA impact goblet cell differentiation in airway
epithelial cells>* Although AA metabolites were not shown to
increase mucin production in intestinal goblet cells of a rabbit, the
absolute quantification of the number of goblet cells was not
performed in this in vitro study.®® It is possible that the reduction
in goblet cell number in fat-1 mice was a result of declining AA
levels, which is a known compensatory consequence of n-3
enrichment 3¢

A limitation of our study design was the inability to assign the
gene expression changes to a single fatty acid. The correlation
network revealed the influence of both ALA and DHA that infers to
the importance of multiple fatty acids and their interactions to
exert broad biological effects, not just one. Additional studies
modulating a single fatty acid will still be important to understand
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and will be a natural follow-up to this study. We did not study the
mediating effect of the microbiome in fatty acid-induced changes
in gene expression. It is likely the microbiome plays some role in
these processes. Recent studies have shown the impact of n-3
PUFAs on gut microbiota.3” Additional studies are needed to
investigate the impact of PUFA-driven changes in the microbiome
and subsequent intestinal development during the neonatal
period.

The strengths of the study design were the ability to mimic
postnatal fatty acid levels observed in preterm infants and isolate
the effect of n-6 versus n-3 dominant fatty acid profiles on
intestinal development using the fat-1 transgenic model. This
design was of particular interest given the clinical motivation to
increase the n-3 delivery to preterm infants to overcome the early
postnatal deficit in DHA that occurs. The fatty acid profiles in the
fat-1 mice resemble those observed in preterm infants when n-3
enriched nutrition is provided—an increase in DHA and EPA, with
a concomitant decrease in AA>3® We can conclude that diet not
only changes systemic fatty acid profiles but also affect the gene
expression patterns in the developing gut. Though some of these
changes in expression and function might have desirable effects
such as augmenting cell differentiation and intestinal perme-
ability, other changes may have mixed effects such as down-
regulation of goblet cell formation and innate immune host
defenses. Excessive inflammation is not desirable, but inhibiting
inflammation may not be appropriate either in specific clinical
situations.>® The impact of these host changes that are primed by
early nutrition will need to be evaluated in models of intestinal
stress and injury.

CONCLUSIONS

The fat-1 transgenic mouse model provides a valuable tool to
study the effect of n-3-enriched diets on gut development. This
model allows for well-controlled studies without the interference
of potential dietary confounding factors. Our data confirm that
LCPUFAs act as a regulator for early gut development demon-
strating a broad range of effects on gene expression, goblet cell
number, and intestinal permeability. Future experiments using this
experimental model in induced intestinal injury will be required to
determine the role of different fatty acid profiles in disease risk
and pathogenesis.
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