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ABSTRACT

Background: Angiopoietin-like 4 (ANGPTL4) has been suggested to play a role in lipid
metabolism as a regulatory protein of lipoprotein lipase activity. Intestinal secretion of
ANGPTL4, which is regulated by fatty acids, may inhibit the activity of circulating lipoprotein
lipase; but, recent studies suggest that it could also inhibit pancreatic lipase in the gut and
thereby reduce intestinal uptake of lipids. Secretion of the ANGPTL4 protein to either the lumen
or tissue/blood side of the intestinal epithelial layer would indicate possible modes of action.

Methods: Caco-2 cells were grown on permeable membranes and cultured for 21 days to
spontaneously differentiate into an intact monolayer of intestinal cells, mimicking the epithelial
cell layer lining the intestinal wall. Cells were treated with 9 mM butyrate and the time
dependent gene expression and protein secretion to the apical and basolateral side was analysed
over a time-course of 24 hours. Possible feedback from ANGPTL4 protein was investigated by
adding 0.25 ng/ml recombinant ANGPTL4 protein to culture media.

Results: Butyrate-induced ANGPTL4 gene expression increased in Caco-2 cells after 2 hours,
reaching a plateau of approximately 6 fold after 6-24 hours, while the ANGPTL4 protein
secretion to both the apical and basolateral sides was increased 18-24 hours after stimulation. A
negative feedback on apical and basolateral secretion was observed in the presence of
recombinant ANGPTL4 on the apical and basolateral sides, respectively.

Conclusion: The present study indicates that, upon exposure to butyrate, the monolayer of
epithelial cells secretes the ANGPTL4 protein to both the tissue/blood (basolateral) side and the
luminal (apical) side of the monolayer which, in an in vivo situation, may be interpreted as
potential inhibition of both the circulating and pancreatic lipase.

Keywords: Angiopoietin-like 4, Caco-2, Permeable membrane, Protein, Secretion, Intestine,
Negative feedback.
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BACKGROUND:

A diet with excess calorie intake combined with physical inactivity contributes significantly to
the increased incidence of obesity in the industrialised world [1]. Intake of especially saturated
fat has been associated with increased risk of obesity-related metabolic diseases [1, 2]. However,
results from epidemiological studies [3, 4] have not been consistent, suggesting a more complex
mechanism [5]. Hence, there has been an increasing interest into the pathways involved in lipid
metabolism.

More than a decade ago, angiopoietin-like 4 (ANGPTL4) was found to play a role in the
lipid metabolism and this protein was abundantly expressed in the liver, fat and intestinal tissues
[6]. ANGPTLA is a regulatory protein of lipoprotein lipase (LPL) activity [7, 8]. It suppresses the
clearance of circulating triglycerides and reduces the uptake of free fatty acids to the surrounding
tissue. Recent advances in understanding ANGPTL4 function suggest that intestinal secretion of
ANGPLT4 may reduce pancreatic lipase activity, [9] which is responsible for the hydrolysis of
dietary triacylglycerides to monoacylglycerides and free fatty acids, making these available for
absorption by the intestinal tissue. Therefore, increased levels of ANGPTL4 may reduce dietary
fat uptake and thus increase excretion of fat with feces [9], suggesting that ANGPTL4 could
function as a negative feedback mechanism on fat uptake. In addition, increased levels of
ANGPTL4 in plasma may have beneficial effects on weight loss [10], diabetes [11] and
atherosclerosis [12].

Amongst the fatty acids studied, butyrate has been found to be a potent inducer of intestinal
ANGPTLA4 gene expression and protein secretion [13, 14]. The butyrate level is high in the colon,
resulting from bacterial fermentation of undigested polysaccharides; but, dietary sources such as
milk also make butyrate available for uptake by cells lining the intestinal wall. Though butyrate
has been extensively studied in different intestinal cell lines, current information on release of
ANGPTLA4 to the apical and basolateral side of the intestine after exposure is unavailable. The
present study aims to investigate the release of ANGPTL4 to either side of the intestinal
epithelial layer in a time-dependent manner in order to indicate possible modes of action upon
intestinal induction of the ANGPTL4 gene.

METHODS:

Cell Culture: Human intestinal Caco-2 (ATCC, HBT-37) cells were cultured in 75 cm? flasks in
25 mL culture medium containing Dulbecco's Modified Eagle Medium, 10% foetal bovine serum
(Gibco), 1% penicillin/streptomycin (Gibco) and 1% non-essential amino acids (Gibco). Cells
were seeded on permeable membranes (0.4 um PCF, Millicell) and placed in a 24 well plate at a
density of 6.5 x 10* cells cm™ with 800 pl culture medium on the basolateral side and 400 pl on
the apical side. After two days the cells were confluent and left for spontaneous differentiation
over 21 days, with regular change of culture medium approximately every second day. After the
21 days the culture medium was changed and transepithelial resistance (TER) values were
measured twice across each permeable membrane and a mean TER was calculated (TER =
(Qexperimental medium — Qcontrol medium) X ¢m?). The Qcontrol medium was the Q
value across a filter membrane with culture medium on both sides, but no cells. Only monolayers
with TER values above 300 Q cm?were used for experiments [15].
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Time Experiments: Culture medium was changed on the apical side to experimental medium
consisting of 9 mM sodium butyrate (Sigma-Aldrich) dissolved in cell culture medium, and
incubated for different times (1 h, 2 h, 3 h, 6 h, 18 h, 21 h and 24 h) at 37 °C and 5% CO..

Negative Feedback Experiments: 0.25 ng/ml recombinant human ANGPTL4 (3485-AN, R&D
Systems) (concentration based on realistic secretion levels obtained in the present study) was
added to culture medium with or without 9 mM sodium bytyrate on the apical side, or to the
culture medium on the basolateral side. Cells were incubated at 37°C and 5% CO, for 24h in
order to study the effects of ANGPTL4 on ANGPTL4 gene expression and protein secretion.

Upon completion of the experiments, the experimental medium from the apical side and the
culture medium with or without recombinant ANGPTL4 from the basolateral side was collected
for analysis of ANGPTL4 protein concentration. The collection of media cells were then lysed
with 350 pl lysis buffer (RNeasy Mini Kit, Qiagen, Copenhagen, Denmark) and RNA was
purified according to manufacturer’s instructions.

Besides TER values, the integrity of the Caco-2 monolayer was validated with the
fluorescent dye (lucifer yellow), which was incubated with the experimental medium on the
apical side. After the experiment, the medium on both sides of the permeable membrane was
analysed for lucifer yellow content. Absence of lucifer yellow on the basolateral side indicated
an intact monolayer of cells throughout the experiment [15]. In the present study lucifer yellow
at the basolateral side ranged from 2.3 % to 6 % with an average of 3.03 % and standard
deviation of 0.60 %. Cell viability was tested using WST-1 (Roche Hvidovre, Denmark), and the
9 mM butyrate had no harmful effect on cells.

ELISA: ANGPTL4 levels in experimental and culture medium was determined using a
sandwich ELISA protocol as described by Kersten et al [6], with minor modifications. Samples
were prepared by adding 25 pl 10 x TBS to 225 pl cell culture medium from Caco-2 cells. 100 pul
of samples and standards (recombinant human ANGPTL4; 3485-AN, R&D Systems) prepared in
TBS containing 0.1 % BSA was applied on anti-ANGPTL4 coated ELISA plates (1.6 pg/ml
polyclonal goat 1gG in 0.1 M bicarbonate/carbonate buffer, AF3485, R&D Systems) for two
hours at room temperature. After washing the plate thoroughly with 1 x PBS containing 0.1 %
Tween 20, samples were incubated with a biotinylated anti-ANGPTL4 detection antibody (0.8
pg/ml polyclonal goat 19G; BAF3485; R&D Systems) for two hours at room temperature. After
another washing step, 100 ul of streptavidin-horseradish peroxidase (1:200, DY998, R&D
Systems) was added to each well for 20 minutes, followed by incubation with TMB solution for
10 minutes. The reaction was stopped by adding H,SO, (0.2 M) and absorbance was measured at
450 nm on a microtiter plate spectrophotometer (Synergy 2, Bio-Tek). The ANGPTL4
concentration was determined by interpolation to the concentrations of the standard solutions
ranging from 0.0 ng/ml to 0.9 ng/ml, after subtraction of either background absorbance or
absorbance from 0.25 ng/ml ANGPTL4 in culture medium, with or without 9 mM sodium
byturate. The range of the assay was approximately 0.05-1.0 ng/ml.

Real-time gPCR: 500 ng total RNA was reverse transcribed using iScript® (Biorad,
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Copenhagen, Denmark) and real-time gPCR housekeeping gene. Data analysis was performed as
previously described [16] to estimate the relative ANGPTL4 mRNA levels in Caco-2 cells. The
sequences of forward primers, reverse primers and hydrolysis probes were as follows: Human
ANGPTL4; 5’GACCCGGCTCACAATGTCA’3, 5’ATCTTGCAGTTCACCAAAAATGG’3
and 5’TGCACCGGCTGCCCAGGG’3, B-actin; 5- ACCCAGATCATGTTCGAGACCTT-3,
5- TCACCGGAGTCCATCACGAT-3",5- CTGTATGCCTCTGGCCGCACCA-3".

Statistical Analysis: The statistical analysis was carried out using the statistical software R
version 2.14.0. An ANOVA test with Tukey’s HSD Post Hoc test was used to test for significant
different values between treatments. The level of significance was defined as P<0.05.

RESULTS:

Caco-2 cells were incubated 21 days to spontaneously differentiate and create an intact
monolayer after which caco-2 cells were incubated with 9 mM butyrate for 1 h, 2 h, 3 h, 6 h, 18
h, 21 h and 24 h, respectively. The constitutive level of ANGPTL4 mRNA expression (control
cells harvested at the same time) was slightly increased with time; but, the expression of butyrate
exposed cells was significantly higher than the constitutive expression at 2-24 h of exposure. The
level of ANGPTL4 mRNA was 3-4 fold increased after 2-3 h and 8-10 fold increased after 6-24 h
incubation with butyrate. The constitutive expression was increased by 2-4 fold after 6-24 h
which indicated an effective butyrate induction of ANGPTL4 by approximately 6-7 fold (Fig. 1).
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Figure 1: Butyrate induced ANGPTL4 gene expression. ANGPTL4 gene expression of
differentiated Caco-2 cell grown on permeable membranes after treatment with butyrate (9 mM)
for 1 h, 2 h, 3 h, 6 h, 18 h and 24 h. Results are shown as means + SE, n=3. Different letters
indicate significant different values between butyrate treated cells and asterisks (*) indicate
significant difference between the treated cells and their respective control cells (P<0.05).
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Constitutive secretion of ANGPTL4 protein was slightly increased with time; but, an
approximate two fold increase was observed from both the apical (Fig. 2A) and basolateral (Fig.
2B) side after 18-24 h of butyrate exposure.
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Figure 2: Butyrate induced ANGPTL4 protein secretion. ANGPTL4 protein section to the apical
(A) and basolateral (B) side of differentiated Caco-2 cells (on permeable membranes) after
treatment with butyrate (9 mM) for 1 h, 2 h, 3 h, 6 h, 18 h and 24 h. Results are shown as means
+ SE, n=3. Asterisks (*) indicate secretion different from the control at the respective time point

(P<0.05).

The effect of adding recombinant ANGPTL4 protein to either the apical or basolateral side of the
Caco-2 monolayer on both ANGPTL4 gene expression and protein secretion was investigated.
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The ANGPTL4 gene was induced by butyrate exposure but was not affected by the presence of
recombinant ANGPTL4 protein at either the apical or basolateral side (Fig. 3).
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Figure 3: Recombinant ANGPTL4 protein feedback on apical and basolateral ANGPTL4 gene
expression. ANGPTL4 gene expression of differentiated Caco-2 cells (on permeable membranes)
after exposing the cells to 0.25 ng/ml recombinant human ANGPTL4 to the apical and
basolateral sides (as indicated below the bars) for 24 h. Results on constitutive ANGPTL4
expression (media on one side and ANGPTL4 protein on the other) and butyrate (9 mM) induced
expression are shown as means + SE, n=3. Different letters indicate significantly different
expression (P<0.05).

Protein secretion to both sides of the cell monolayer was stimulated by butyrate exposure,
but the presence of the ANGPTL4 protein to both the apical and basolateral sides affected the
secretion. When adding the recombinant ANGPTL4 protein to the basolateral side, both the
constitutive and the butyrate-induced secretion of ANGPTL4 protein to the basolateral side were
reduced while the secretion to the apical side was unaffected (fig. 4). The values in fig. 4 show
only the secreted protein as the added recombinant protein concentration was subtracted. This
correction resulted in a negative value for constitutive basolateral secretion which merely shows
that the recombinant ANGPTL4 protein degradation was greater than the newly secreted
ANGPTLA4 protein. However, when adding the recombinant ANGPTL4 protein to the apical side
only the butyrate-induced apical secretion was reduced (fig. 5). Secretion to the basolateral side
was not affected by addition of recombinant ANGPTLA4 to the apical side.
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Figure 4: Apical and basolateral ANGPTL4 secretion upon basolateral exposure to ANGPTLA4.
ANGPTL4 protein secretion to the apical and basolateral side of differentiated Caco-2 cells (on
permeable membranes) after exposing the cells to 0.25 ng/ml recombinant human ANGPTL4 to the
basolateral side for 24 h. Results on constitutive ANGPTL4 secretion (media on apical side) and butyrate
(9 mM) induced secretion are shown as means + SE, n=2. Different lower and upper case letters indicate
significantly different secretion to the apical and basolateral sides, respectively. Asterisks (*) indicate
different secretion to apical and basolateral sides (P<0.05).
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Figure 5: Apical and basolateral ANGPTL4 secretion upon apical exposure to ANGPTLA4.
ANGPTL4 protein secretion to the apical and basolateral side of differentiated Caco-2 cells (on
permeable membranes) after exposing the cells to 0.25 ng/ml recombinant human ANGPTLA4 to the apical
side for 24 h. Results on constitutive ANGPTL4 secretion (media on apical side) and butyrate (9 mM)
induced secretion are shown as means + SE, n=2. Different lower and upper case letters indicate
significantly different secretion to the apical and basolateral sides, respectively. Asterisks (*) indicate
different secretion to apical and basolateral sides (P<0.05).
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DISCUSSION:

Short chain fatty acids produced by bacterial fermentation in the colon have been associated with
the beneficial effects of dietary fibres. More specifically, butyrate has been suggested to have
positive effects on obesity-related metabolic diseases [17]. ANGPTL4 expression has been
suggested as a factor linking the intestinal microbiota to fat storage in adipose tissue [18].
Among the short chain fatty acids released from bacterial fermentation, previous studies have
shown that butyrate was the most potent inducer of ANGPLT4 gene expression and protein
secretion [13].

In the present study the increased ANGPLT4 gene expression correlated well with the
increased ANGPTLA4 protein secretion as ANGPTL4 gene expression reached its maximum after
6 h of butyrate exposure, followed by a significant increase of the protein secretion after 18-24 h.
ANGPTL4 protein is secreted to both the apical and basolateral side. Basolateral secretion of
ANGPTL4 protein could potentially function as endocrine regulation of LPL, as LPL is only
expressed in very low levels in the intestinal tissue [19]. Hence, the released ANGPTL4 protein
may be circulated with the blood and inhibit LPL in tissue with high expression of this enzyme
[19]. Previously, Backhed and colleagues suggested that intestinal induced gene expression of
ANGPTL4 could result in the inhibition of adipose tissue associated LPL activity [18].
Furthermore, increased plasma levels of ANGPTL4 have been associated with beneficial effect
on atherosclerosis, diabetes [11, 20] and obesity [10, 21].

Suppression of both the constitutive and butyrate-induced basolateral secretion of
ANGPTL4 protein after basolateral addition of recombinant ANGPTL4 protein suggest a
negative feedback mechanism, potentially reducing the inhibition of LPL in an in vivo situation
and thereby increasing the clearance of circulating triglycerides. A similar negative feedback was
observed for the apical secretion where only the butyrate-induced ANGPTL4 protein secretion
was reduced which, in an in vivo situation, would result in a reduced inhibition of pancreatic
lipase and hence increased release of free fatty acids from dietary fat.

Dietary intake of butyrate containing food items (like milk) may be able to induce
ANGPTL4 in the small intestine where both apical and basolateral secretion are relevant,
whereas fermentation of dietary fibres causing high colonic levels of butyrate [22] seems only
relevant for basolateral release.

CONCLUSION:

The effective butyrate-induced ANGPTL4 gene is increased 6 fold after 6 h followed by protein
secretion after 18 h from both the basolateral and apical side of a Caco-2 mono layer. In an in
vivo context the butyrate-induced ANGPTL4 protein secretion initially suggests a suppression of
the clearance of circulating triglycerides and secondly as a reduced fat uptake as consequences of
basolateral and apical ANGPTL4 secretion, respectively. Collectively, this suggests that
ANGPTL4 could play a contributory role in alleviating symptoms that can be associated with
obesity.

List of Abbreviations Used: ANGPTL4, angiopoietin-like 4; LPL, lipoprotein lipase; TER,
transepithelial resistance
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