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Capsaicin, nonivamide and trans-pellitorine
decrease free fatty acid uptake without TRPV1
activation and increase acetyl-coenzyme A
synthetase activity in Caco-2 cells

Barbara Rohm,?® Annett Riedel,” Jakob P. Ley,® Sabine Widder,®
Gerhard E. Krammer© and Veronika Somoza*®®

Red pepper and its major pungent component, capsaicin, have been associated with hypolipidemic
effects in rats, although mechanistic studies on the effects of capsaicin and/or structurally related com-
pounds on lipid metabolism are scarce. In this work, the effects of capsaicin and its structural analog noni-
vamide, the aliphatic alkamide trans-pellitorine and vanillin as the basic structural element of all vanilloids
on the mechanisms of intestinal fatty acid uptake in differentiated intestinal Caco-2 cells were studied.
Capsaicin and nonivamide were found to reduce fatty acid uptake, with ICsq values of 0.49 pM and 1.08 M,
respectively. trans-Pellitorine was shown to reduce fatty acid uptake by 14.0 + 2.14% at 100 pM,
whereas vanillin was not effective, indicating a pivotal role of the alkyl chain with the acid amide group in
fatty acid uptake by Caco-2 cells. This effect was associated neither with the activation of the transient
receptor potential cation channel subfamily V. member 1 (TRPV1) or the epithelial sodium channel (ENaC)
nor with effects on paracellular transport or glucose uptake. However, acetyl-coenzyme A synthetase
activity increased (p < 0.05) in the presence of 10 yM capsaicin, nonivamide or trans-pellitorine, pointing
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Introduction

Dietary fats are essential for normal body function, since they
not only provide energy, but also essential fatty acids and
facilitate the uptake of fat-soluble vitamins. However, the rec-
ommended total fat intake of 20-35% of total calories for
adults is exceeded by large proportions of Western popu-
lations, despite longstanding dietary recommendations." An
excessive energy (including fat) intake over energy expenditure
has been demonstrated to be a major risk factor for various
cancers, osteoporosis, dementia, and chronic diseases, such as
obesity, diabetes, hyperlipidemia or hypercholesterolemia
associated with macrovascular disease."” Dietary measures to
reduce the total energy or total fat uptake not only include a
reduced food intake, but also administration of satiating com-
pounds or compounds that limit intestinal lipid digestion.
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to an increased fatty acid biosynthesis that might counteract the decreased fatty acid uptake.

Lipase inhibitors prevent the enzymatic cleavage of triacylgly-
cerols, which results in a reduced intestinal fatty acid uptake.
However, inhibition of lipase activity in the gut has been
associated with side effects, e.g. impaired availability of lipid
soluble vitamins. Compounds specifically targeting the mecha-
nisms of fatty acid uptake might allow intestinal digestion of
lipids, maintaining lipid soluble nutrient availability.® In
addition, dietary compounds increasing the total energy
demand via thermogenesis or compounds promoting the util-
ization of lipids as primary substrates for cellular energy for-
mation may help prevent body weight gain in a sedentary
lifestyle.”

In this context, red pepper and its major pungent com-
pound, capsaicin, are often considered as anti-obesity agents,
since administering them to animals and humans has been
associated with a decreased food intake, an increased energy
metabolism, and with hypolipidemic effects.*> Although red
pepper and capsaicin have been shown to be effective in redu-
cing body fat, yet when used clinically,® a strong compliance to
a specific dosage is required, which has not been shown to be
feasible yet due to their intense pungency. In a recent pre-clinical
trial, we could demonstrate that nonivamide, a capsaicinoid
with about half the pungency as that of capsaicin, reduced
the ad libitum food and energy intake from a standardized
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breakfast in healthy overweight male subjects.” However, the
mechanisms of action for the hypolipidemic effects have not
yet been elucidated for capsaicinoids. The present study aimed
to investigate whether capsaicin and the less pungent struc-
tural analog nonivamide, the aliphatic relative trans-pellitorine
and vanillin as the parent structural motif of vanilloids affect
the intestinal fatty acid uptake to help combat hyperlipidemia
and body weight gain.

The pungent sensation of capsaicin is caused by the
depolarization of mechano-heat sensitive afferent trigeminal
or dorsal neurons by lowering the temperature threshold
through binding to the transient receptor potential cation
channel subfamily V member 1 (TRPV1), also known as the
capsaicin receptor or the vanilloid receptor 1 (2, Fig. 1). As a
consequence, the calcium ion influx via TRPV1 is increased at
body temperature, causing a pain signal. Nonivamide is
another TRPV1-agonist that differs from capsaicin in one
double bond and one methyl group in the carbon chain only
(Fig. 1), and may exhibit similar effects on lipid metabolism as
capsaicin. The aliphatic alkamide trans-pellitorine is structu-
rally related to capsaicin as well, but is lacking the vanillyl
group (Fig. 1). Because of its tingling effect on the tongue,
trans-pellitorine is also discussed as an agonist of TRPV1 and
TRPA1.%° The widely-used aroma compound vanillin is, like
capsaicin and nonivamide, a vanilloid, but is not an amide
and lacking the alkyl chain (Fig. 1). Since it is not clear
whether the vanillyl-amide part of capsaicin is a necessary
structural component for its effect on intestinal fatty acid
uptake, vanillin was also included as a target compound in
this study.

Mechanistically, activation of TRPV1 leads to an increased
Ca*™-influx into the cell. An increased intracellular Ca** con-
centration has been shown to affect membrane permeability in
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Fig. 1 Chemical structures of capsaicin (1), nonivamide (2), t-pellitorine
(3), and vanillin (4).
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human intestinal Caco-2 cells in culture.'’ Caco-2 cells are
widely used for studying lipid metabolism as they exhibit
many characteristics of mature villus epithelial cells of the
small intestine upon differentiation, including the formation
of a brush border membrane and intracellular tight junctions,
and the expression of fatty acid binding proteins.'*'?

Since capsaicin and nonivamide have not only been demon-
strated to act as TRPV1 ligands but also to increase Ca** mobil-
ization in neural SH-SY5Y cells,"® we hypothesize that the
selected compounds affect fatty acid uptake in differentiated
Caco-2 cells via paracellular diffusion induced by TRPV1
activation.

To test whether a compound-induced effect on cellular fatty
acid uptake was associated with functional changes of the cell
membrane and related proteins, activation of the TRPV1 recep-
tor or the epithelial Na* channel (ENaC), specific inhibitors
were used. In addition, we further studied parameters of mem-
brane function including barrier function via trans-epithelial
electrical resistance (TEER) and changes in the activity of
glucose transporters via glucose uptake, as well as gene
expression of fatty acid transport- and binding-proteins after
incubation with the target compounds in the presence and
absence of fatty acid uptake inhibitors. Target compounds for
which the results revealed a decrease of fatty acid uptake in
differentiated Caco-2 cells were studied for their effects on the
enzymatic activity of acetyl-coenzyme A synthetase as an indi-
cator of intracellular fatty acid biosynthesis.

Results
Cell viability

Cell viability was assessed using the MTT assay after treatment
of differentiated Caco-2 cells with the test compounds capsai-
cin, nonivamide, trans-pellitorine, and vanillin in a concen-
tration range of 0.1-100 pM, as well as the inhibitors
capsazepine (1-100 uM), BCH (25-100 uM) and benzamil
(1-100 pM) or a combination thereof. No significant difference
(p > 0.05) between treatment for 90 min with the test com-
pounds/inhibitors and the non-treated control was detected
(one-way ANOVA vs. control, Holm-Sidak post-hoc test; data
not shown).

BODIPY-C,,-uptake after capsaicin, nonivamide, trans-
pellitorine and vanillin treatment

The effects of capsaicin, nonivamide, trans-pellitorine and
vanillin on BODIPY-C;,-uptake are displayed in Fig. 2. Since
stock solutions of the four test compounds were prepared in
ethanol, cells treated with the respective ethanol concen-
trations were also studied. As a result, there was no difference
between treatment with buffer (HBSS-HEPES) solely and treat-
ment with buffer supplemented with 0.1% ethanol (p = 0.552,
Student’s t-test). Treatment with capsaicin reduced fatty acid
uptake to 93.5 + 2.68% (p < 0.05 vs. control) at 0.1 pM and to
63.5 + 1.77%, 51.9 + 2.06% and 48.0 + 1.35% (each p < 0.001
vs. control) at 1 pM, 10 pM and 100 pM, respectively. Addition

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 BODIPY-Cy, uptake by differentiated Caco-2 cells after 30 min
of pre-treatment with 0.1-100 yuM capsaicin, nonivamide and trans-pel-
litorine compared to non-treated control cells (= 100%, dotted line).
ICs0 values for capsaicin and nonivamide were calculated using one site
competition (max = 100) curve fitting in SigmaPlot 11.0. Values are pre-
sented as means + SEM for three to four experiments assayed in tripli-
cates. Significant differences between test concentrations within were
tested using a one-way ANOVA with a Holm—-Sidak post-hoc test and are
marked with distinct letters (control = a).

of 0.1 uM of nonivamide had no effect on fatty acid uptake,
whereas addition of 1 to 100 pM of nonivamide reduced fatty
acid uptake in a dose-dependent manner as well (75.6 + 3.59 at
1 uM to 54.9 + 1.32% at 100 pM), although to a weaker extent
than capsaicin (p < 0.05 vs. capsaicin). In contrast, incubation
with trans-pellitorine increased fatty acid uptake by 7.77 +
2.77% (p < 0.05 vs. control) at the lowest test concentration of
0.1 uM, but showed a decreasing effect at the highest test con-
centration of 100 pM by 14.0 + 2.14% (p < 0.001 vs. control).
This decrease was significantly weaker compared to the
decrease after incubation with 100 uM nonivamide (p < 0.001)
or capsaicin (p < 0.001). Incubation with 0.1 to 100 pM of
vanillin did not change fatty acid uptake (p = 0.075) and was
therefore not further investigated. For further mechanistic
studies, a test concentration of 10 pM instead of the highest
and most effective concentration of 100 pM was chosen for
capsaicin, nonivamide and ¢rans-pellitorine since the test con-
centration of 10 pM is closer to physiological conditions after
the dietary intake of 5 g of C. frutescens."*

TRPV1-dependence of fatty acid uptake in Caco-2 cells

Capsaicin and nonivamide are known agonists for the TRPV1
cation channel. Activation of TRPV1 leads to an increased
intracellular Ca®" concentration, which may affect membrane
permeability’® and thus paracellular fatty acid transport. To
investigate whether the reduction in fatty acid uptake induced
by capsaicin, nonivamide and t¢rans-pellitorine depends on
TRPV1 activation, the effect of two different well-established
TRPV1 antagonists, capsazepine'®'>'® and BCH"'’ with/
without the presence of the test compounds, on BODIPY-Cy,-
uptake was assessed (Fig. 3).

This journal is © The Royal Society of Chemistry 2015
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Treatment of the cells with the TRPV1 antagonist capsaze-
pine reduced free fatty acid uptake in a dose dependent
manner to 92.5 + 2.42% (p < 0.05 vs. control = 100%) at 1 uM
down to 49.1 + 2.59% (p < 0.001 vs. control) at a concentration
of 100 uM (data not shown in figures).

Concomitant addition of 1 uM capsazepine to the incu-
bation medium containing 10 pM of capsaicin, nonivamide
or trans-pellitorine did not alter fatty acid uptake in compari-
son to a treatment with capsaicin, nonivamide or trans-pelli-
torine alone (Fig. 3A). Also, co-incubation with 10 puM
capsazepine did not significantly affect the reduction of fatty
acid uptake induced by capsaicin and nonivamide, but
reduced fatty acid uptake in combination with trans-pellito-
rine by 25.7 + 1.68% (p < 0.001) in comparison to treatment
with trans-pellitorine alone. Co-incubation with the highest
test concentration of 100 pM capsazepine and capsaicin,
nonivamide and trans-pellitorine further decreased fatty acid
uptake by 9.39 + 1.91% (capsaicin, p < 0.01), 10.5 + 2.63%
(nonivamide, p < 0.001) and 47.2 + 2.99% (trans-pellitorine,
p < 0.001), respectively. In further experiments, capsazepine
was added to the incubation medium 30 min before the
addition of any of the other test substances (Fig. 3B). Pre-
incubation with capsazepine alone for 30 min did not alter
fatty acid uptake at 1 pM, but reduced fatty acid uptake by
26.5 + 1.01% (p < 0.001) at 10 uM and by 44.4 + 2.47% (p <
0.001) at 100 uM (data not shown in the figure). The effect of
10 uM capsaicin (—48.0 + 2.06%) was not reduced by pre-
treatment with 1 and 10 pM, but with 100 pM of capsazepine
(—61.1 £ 1.96%, p < 0.001 vs. capsaicin). However, the effects
of nonivamide and trans-pellitorine were significantly ampli-
fied by pre-treatment with capsazepine at all test concen-
trations (1-100 pM) (Fig. 3B). The selective TRPV1 antagonist
BCH was applied at 25, 50 and 100 pM, with no effect on
fatty acid uptake at concentrations of 25 pM and 50 uM (data
not shown in the figure). Application of 100 uM BCH reduced
the fatty acid uptake by 13.7 + 2.19% (p < 0.001 vs. control,
data not shown). However, co-incubation of 25-100 uM BCH
with capsaicin did not affect fatty acid uptake compared to
treatment with capsaicin alone, but led to a reduced fatty
acid uptake when co-incubated with nonivamide by up to
13.6 + 1.37% at 100 uM and trans-pellitorine by up to 13.0 +
2.18% compared to a treatment with nonivamide and trans-
pellitorine alone (Fig. 3C). Pre-incubation with BCH for
30 min led to a decrease of fatty acid uptake not only at 100
UM (—14.9 + 1.67%, p < 0.001), but also at the lower test con-
centrations of 50 pM (—12.4 + 1.14%, p < 0.001) and 25 uM
(=7.78 £ 1.47%, p < 0.01, data not shown). Addition of 25-100
puM BCH 30 min prior to the application of 10 pM capsaicin
led to a further reduction of fatty acid uptake at 100 uM
(—6.74 + 0.81%), but not at 25 and 50 pM, compared to the
application of capsaicin solely (Fig. 3D). The effect of noniva-
mide on fatty acid uptake was increased by pre-treatment
with 50 uM (=11.5 + 1.04%, p < 0.001) and 100 pM (—13.6 +
1.37%, p < 0.001) BCH, and the effect of ¢rans-pellitorine by
up to —13.0 + 2.18% (100 uM BCH, p < 0.001) at all test
concentrations.
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Fig. 3 ABODIPY-C;, uptake by differentiated Caco-2 cells after treatment with the TRPV1 inhibitors capsazepine (CZE) (A, B) or trans-tert-butyl-
cyclohexanol (BCH) (C, D). Inhibitors were added concomitantly with (A, C) or 30 min prior to (B, D) the addition of 10 pM capsaicin (CAP), nonivamide
(NV) and trans-pellitorine (PEL). Data are presented as A means compared to cells treated with CAP, NV or PEL solely + SEM from three different
experiments with three technical replicates each. Significant differences between the treatments with CAP/NV/PEL and different concentrations of
the inhibitors were tested using a two-way ANOVA with a Holm-Sidak post-hoc test and are marked with distinct letters (control = a).

Glucose uptake after capsaicin, nonivamide, and trans-
pellitorine treatment

The fatty acid uptake inhibition caused by capsaicin, noniva-
mide and ¢rans-pellitorine does not depend on TRPV1 acti-
vation. However, a reduction in fatty acid uptake may still be
caused by changes in membrane permeability. In order to
investigate whether the reduced fatty acid uptake is
accompanied by an altered glucose uptake, 2-NBDG uptake
after 30 min pre-treatment with capsaicin, nonivamide and
trans-pellitorine was measured (Fig. 4) as an additional par-
ameter for membrane integrity. Insulin independent 2-NBDG
uptake in Caco-2 cells was not affected by treatment with
0.1-100 uM of capsaicin (p = 0.503) or nonivamide (p =
0.277). Incubation with trans-pellitorine reduced glucose
uptake by 14.4 + 3.77% (p = 0.004) at a concentration of
0.1 pM, but did not affect glucose uptake in higher concen-
trations (p > 0.05).

176 | Food Funct, 2015, 6, 173-185

Trans-epithelial electrical resistance (TEER)

Glucose uptake was not affected by capsaicin and nonivamide
treatment and only reduced at the lowest test concentration
after treatment with trans-pellitorine. Changes in membrane
permeability might affect larger molecules like fatty acids,
without affecting the transport kinetics of small molecules like
glucose. In order to exclude a reduction of fatty acid uptake by
modified membrane integrity and thus paracellular transport,
the TEER was determined after 0, 15, 30, 60 and 90 min of
incubation with 10 pM capsaicin, nonivamide and trans-pelli-
torine (Fig. 5). Untreated, differentiated Caco-2 cells demon-
strated a mean TEER of 514 + 12.9 Q x em® (n = 23) after
60 min of starving. ATEER of control cells (treated with HBSS-
HEPES buffer) remained stable after 15 min, but was
decreased after 30, 60 and 90 min of incubation by 40.1 + 7.89,
63.1 + 4.35 and 72.4 + 8.12 Q x em? (p < 0.001 for all time
points) in comparison to the initial TEER value (¢t = 0).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 2-NBDG uptake by differentiated Caco-2 cells after 30 min of
pretreatment with 0.1-100 pyM capsaicin, nonivamide and trans-pellitor-
ine compared to non-treated control cells (= 100%). Values are pre-
sented as means + SEM for three to four experiments assayed in
triplicates. Significant differences between test concentrations were
tested using a one-way ANOVA with a Holm-Sidak post-hoc test. **p <
0.01 vs. control.
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Fig. 5 Evaluation of the trans-epithelial electrical resistance (TEER) of
differentiated Caco-2 cells after treatment with 10 uM capsaicin, noniva-
mide or trans-pellitorine for 15, 30, 60 and 90 min or non-treated
control cells. Values are presented as means + SEM for three to four
experiments assayed in duplicates. Significant differences were analyzed
with a two-way ANOVA followed by a Holm-Sidak post hoc test. Time-
dependent effects are marked with distinct letters and differences
between treatments using the following code: **p < 0.01, ***p < 0.001.

Addition of 0.1% ethanol to the incubation medium did not
change ATEER at any time point in comparison to treatment
with HBSS-HEPES solely. Also, incubation medium sup-
plemented with 10 pM capsaicin or nonivamide did not
change ATEER in the time course experiment in comparison
to control cells. However, after 90 min, ATEER was signifi-
cantly higher (p < 0.01) after treatment with 10 uM ¢rans-pelli-
torine (—40.5 + 12.8 Q x cm?”) in comparison to untreated
control cells (-72.4 = 8.12 Q x cm?), treatment with 0.1%

This journal is © The Royal Society of Chemistry 2015
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ethanol (-=73.3 + 11.9 Q x cm?) or 10 pM nonivamide (—85.5 +
5.09 Q x ecm?), but was not significantly higher compared to
capsaicin (—62.2 + 6.60 Q x cm?, Fig. 5).

Effect of epithelial Na'-channel (ENaC) inhibition on fatty acid
uptake reduction by capsaicin, nonivamide, trans-pellitorine,
capsazepine and BCH

Sodium homeostasis of the cells is mediated by different
sodium-selective channels and transporters, like the ENaC or
SLC5A8, whose sodium transport is coupled to short chain
fatty acids."® Activation of ENaC leads to an increased sodium
resorption,'® which may reduce the activity of sodium trans-
porters like SLC5A8, thereby affecting fatty acid uptake.

Since long chain fatty acids like arachidonic acid,”® and
also capsazepine,*! influence the ENaC activity, the effect of
the specific ENaC inhibitor benzamil, a potent analog of ami-
loride,* on the fatty acid uptake reduction caused by capsai-
cin, nonivamide, ¢rans-pellitorine, capsazepine and trans-tert-
butylcyclohexanol was examined. Treatment with 10 pM benza-
mil alone, which was added 30 min prior to the addition of
other test substances, did not alter the fatty acid uptake in
Caco-2 cells (Fig. 6). Treatment with 10 uM benzamil had no
impact on the reduced fatty acid uptake evoked by capsaze-
pine, BCH, capsaicin or trans-pellitorine treatment. However,
pre-treatment with benzamil followed by incubation with noni-
vamide reduced the fatty acid uptake by 10.4 + 1.82% (p <
0.01, Student’s t-test), compared to an incubation with noniva-
mide solely.

15
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N
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Control CZE BCH CAP NV PEL

+ 10 uyM benzamil

Fig. 6 ABODIPY-Cy, uptake by differentiated Caco-2 cells after treat-
ment with 10 uyM of the endothelial sodium channel (ENaC) inhibitor
benzamil. Benzamil was added 30 min prior to the addition of 10 pM
capsaicin (CAP), nonivamide (NV) and trans-pellitorine (PEL), capsaze-
pine (CZE) and 100 pM trans-tert-butylcyclohexanol (BCH). Data are
presented as the relative means compared to capsaicin, nonivamide or
trans-pellitorine treatment + SEM from three different experiments with
three technical replicates each. Significant differences (*p < 0.05)
between treatment solely with the test compounds (CAP/NV/PEL/CZE/
BCH) and addition of benzamil to the test compound were tested with a
Student’s t-test.
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Gene expression analysis of modulators of fatty acid uptake in

Caco-2 cells

Passive transport mechanisms were affected after treatment
with trans-pellitorine solely, which might at least partly explain
the reduction in fatty acid uptake. However, paracellular trans-
port mechanisms were not affected by nonivamide and capsai-
cin-treatment, pointing to a direct action on active fatty acid
transport mechanisms. To address whether fatty acid uptake
modulation by capsaicin, nonivamide or trans-pellitorine is
accompanied by changes in gene expression of fatty acid trans-
port proteins and other factors involved in fatty acid metab-
olism, time-dependent gene expression of genes encoding for
fatty acid transport proteins 2 and 4 (FATP2 & FATP4), intesti-
nal fatty acid binding protein (IFABP), fatty acid translocase
(CD36), and peroxisome proliferator-activated receptor y and o
(PPARy and PPAR«x) were determined after treatment with 10
UM capsaicin, nonivamide or trans-pellitorine for 15, 30, 60
and 90 min (Table 1).

FATP2 gene expression significantly peaked after 60 min of
treatment with capsaicin (1.47 + 0.11, p < 0.001), nonivamide
(1.51 + 0.14, p < 0.001) or trans-pellitorine (1.33 + 0.06, p =
0.004) in comparison to control cells (1.00 + 0.02). However,
there was no difference between the three different treatments.
Likewise, FATP4 expression peaked after 60 min of treatment
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with capsaicin (1.29 + 0.09, p = 0.003) or nonivamide (1.32 +
0.08, p = 0.001), but not after ¢trans-pellitorine treatment. Fur-
thermore, treatment with capsaicin increased IFABP
expression after 30 min by 1.37 + 0.04 (p < 0.001), whereas
treatment with nonivamide led to increased gene expression
after 60 min (1.32 + 0.08, p < 0.01). Furthermore, treatment
with nonivamide for 30 min and 60 min promoted CD36 gene
expression in comparison to control cells to 1.82 + 0.23 (p <
0.01) or 3.97 + 0.59 (p < 0.001), respectively. This effect was
more pronounced (p < 0.001) compared to the effect of capsai-
cin (1.89 + 0.14, p < 0.01 vs. control) and trans-pellitorine-treat-
ment (1.71 + 0.16, p < 0.05 vs. control), which demonstrated
increased CD36 gene expression after 60 min in comparison to
control cells as well. PPARx and PPARy gene expressions were
most pronounced after 60 min incubation time with capsaicin,
nonivamide and ¢rans-pellitorine compared to control cells
(each p < 0.001) as well. Treatment with capsaicin increased
the PPARa expression to 1.29 + 0.08 and PPARy by 1.29 + 0.07,
whereas nonivamide promoted PPARa expression to 1.28 +
0.08 and PPARy to 1.50 + 0.05. trans-Pellitorine led to an
increase of PPARa gene expression up to 1.31 + 0.05 and
PPARy gene expression up to 1.40 + 0.03 (Table 1).

The time course experiment showed the most pronounced
effects on gene expression of modulators of fatty acid uptake

Table 1 Relative gene expression levels for FATP2, FATP4, IFABP, CD36, PPARa and PPARy after incubation with 10 uM capsaicin, nonivamide or

trans-pellitorine for 15, 30, 60 and 90 min using qRT-PCR?

Gene Time (min) Control Capsaicin Nonivamide trans-Pellitorine
FATP2 15 1.00 + 0.02 0.99 £ 0.08 0.86 £0.11 1.09 £ 0.05

30 1.00 = 0.02 1.08 £ 0.03 1.04 + 0.06 0.98 + 0.08

60 1.00 + 0.02 1.47 £ 0.11%** 1.51 £ 0.14*** 1.33 £ 0.06**

90 1.00 = 0.02 1.03 £ 0.10 1.15 £ 0.10 1.09 + 0.12
FATP4 15 1.00 = 0.01 0.91 + 0.04 1.17 £ 0.06 0.98 + 0.07

30 1.00 + 0.01 1.05 + 0.04 0.99 £ 0.03 0.92 +0.01

60 1.00 + 0.02 1.29 + 0.09** 1.32 + 0.08** 1.22 +0.10

90 1.00 + 0.01 1.01 + 0.09 1.10 + 0.11 1.15+£0.13
IFABP 15 1.00 + 0.01 1.18 +0.11 0.94 £ 0.03 1.12 + 0.05

30 1.00 = 0.03 1.37 + 0.04*** 1.12 +£ 0.09 1.06 + 0.07

60 1.00 + 0.03 1.19 +0.13 1.32 £ 0.08** 1.08 £ 0.04

90 1.00 + 0.03 1.03 £ 0.11 1.08 £ 0.08 0.90 + 0.05
CD36 15 1.00 = 0.03 1.17 £ 0.12 1.38 £0.13 1.31+0.11

30 1.00 + 0.02 1.46 + 0.25 1.82 + 0.23** 1.17 £ 0.09

60 1.00 + 0.02 1.89 + 0.14*** 3.97 £ 0.59*** 1.71 £ 0.16***

90 1.00 + 0.02 1.26 + 0.16 1.72 + 0.04 1.51 + 0.05
PPARa 15 1.00 + 0.03 0.80 £ 0.03 1.04 + 0.07 0.95 £ 0.05

30 1.00 + 0.01 1.07 £ 0.07 1.02 + 0.05 0.96 + 0.02

60 1.00 + 0.03 1.29 + 0.08*** 1.28 £ 0.08*** 1.31 £ 0.05%**

90 1.00 = 0.02 1.04 + 0.07 0.94 + 0.04 1.15+0.10
PPARy 15 1.00 = 0.03 1.00 £ 0.11 1.04 = 0.07 0.95 + 0.05

30 1.00 + 0.02 1.16 + 0.08 1.05 + 0.04 1.01 + 0.04

60 1.00 = 0.02 1.29 + 0.07*** 1.50 + 0.05%** 1.40 + 0.03***

90 1.00 + 0.03 0.99 £ 0.08 1.00 + 0.08 1.15 £ 0.10

“Relative gene expression after treatment with 10 pM capsaicin, nonivamide or trans-pellitorine compared to non-treated control cells. Gene
expression was normalized to HPRT expression levels. Data are shown as mean fold change + SEM from 3-4 experiments assayed in triplicates.
Significant differences between treatments are tested with two-way ANOVA and pairwise multiple comparison between treatments using the
Holm-Sidak post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. non-treated cells).
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after 60 min. Therefore, further gene expression experiments
were carried out after 60 min of incubation, exactly mimicking
the incubation conditions used during the fatty acid uptake
experiments. Cells were incubated after 60 min of starving,
using a mixture of serum-free DMEM and test substance dis-
solved in HBSS-HEPES (9 : 1) with or without addition of 5 pM
lauric acid to investigate the effects of substrate addition on
gene expression of modulators of fatty acid uptake (Table 2).

Comparison of the control, capsaicin, nonivamide and
trans-pellitorine treatments with or without 5 uM lauric acid
demonstrated no impact of substrate addition on FATP2,
PPARy, and IFABP gene expression. However, the addition of
lauric acid to capsaicin-containing incubation medium signifi-
cantly decreased PPAR«a expression from 1.19 + 0.04 to 0.96 +
0.02 (p < 0.05) and CD36 gene expression from 1.68 + 0.18 to
1.21 £ 0.06 (p < 0.05). Furthermore, the FATP4 gene expression
of control cells was slightly up-regulated by 0.18 + 0.06 (p <
0.05) on adding lauric acid to the buffer control (Table 2).

Changes in acetyl-coenzyme A synthetase activity after
capsaicin, nonivamide and trans-pellitorine incubation

As demonstrated above, incubation with capsaicin, noniva-
mide and ¢rans-pellitorine in the uM range decreased the fatty
acid uptake without compensating for this lack of energy by
altering the glucose uptake. In order to investigate whether
Caco-2 cells compensate for a possible intracellular lack of
fatty acids by an increased fatty acid de novo synthesis, acetyl-
coenzyme A synthetase activity was assessed using an enzy-
matic assay. This enzyme catalyses the activation of acetate by
conversion into acetyl-coenzyme A, which is used for de novo
fatty acid synthesis.>® Acetyl-CoA synthetase activity in differen-
tiated Caco-2 cells in comparison to non-treated control cells
was significantly increased after 90 min of incubation with 10
UM of capsaicin (+3.00 + 1.10 mU per mg of protein, p < 0.05),
nonivamide (+3.96 + 0.72, p < 0.05) and trans-pellitorine (+3.90
+0.70, p < 0.05) to the same extent (Fig. 7).

Discussion

Red pepper and its major pungent compound capsaicin have
been associated with hypocholesterolemic and hypotriglyceri-
demic effects in rats®**® and humans.”’ Although a
decreased cholesterol absorption combined with an increased
expression of hepatic LDL receptors and enhanced fecal
excretion of bile acids has been reported to account for hypo-
cholesterolemic effects of capsaicin,?® the effect of capsaicin
on intestinal fatty acid uptake has not been studied so far. The
present study aimed to investigate whether capsaicin, noniva-
mide, trans-pellitorine or vanillin affects intestinal fatty acid
uptake via activation of TRPV1 in vitro. Differentiated Caco-2
cells were chosen as a cell model for epithelial cells of the
small intestine.

The results demonstrate that capsaicin and nonivamide
reduce fatty acid uptake in differentiated Caco-2 cells. Noniva-
mide differs from capsaicin only in one double bond and one

This journal is © The Royal Society of Chemistry 2015

Table 2 Relative gene expression levels for FATP2, FATP4, IFABP, CD36, PPARa and PPARy after 60 min of starving followed by incubation with 10 uM capsaicin, nonivamide or t-pellitorine for

60 min with or without addition of 10 pM lauric acid using qRT-PCR?

PPARy

PPARa

CD36

IFABP

FATP4

FATP2

with LA wo LA with LA wo LA with LA wo LA with LA wo LA with LA wo LA with LA

wo LA

1.06 + 0.06
0.94 £ 0.05

1.15 + 0.07 1.00 + 0.01 1.18 + 0.06* 1.00 + 0.03 1.17 + 0.02 1.00 + 0.04 1.21 £ 0.12 1.00 + 0.02 1.17 £ 0.03 1.00 + 0.02
1.19 £ 0.04 1.05 + 0.07 1.31 +0.02 1.42 £ 0.02 1.68 + 0.18 1.19 £ 0.04 1.04 £ 0.03

0.89 +0.03

1.00 + 0.03
1.12 + 0.05

Control

Capsaicin

0.96 * 0.02*

1.21 + 0.06*
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Fig. 7 Acetyl-coenzyme A synthetase activity of differentiated Caco-2
cells after 90 min of treatment with 10 uM of capsaicin, nonivamide or
trans-pellitorine. Values are presented as mean + SEM from three
different measurements with multiple technical replicates. Significant
differences between the treatments were tested using a one-way
ANOVA with a Student—Newman—Keuls post hoc test and are marked
with distinct letters.

methyl group. This slight structural difference led to a major
decrease in the potency to reduce fatty acid uptake, with ICs,
values of 0.49 pM and 1.08 uM calculated for capsaicin and
nonivamide, respectively. Statistical comparison confirmed
that capsaicin decreased fatty acid uptake more potently than
nonivamide at concentrations of 0.1 to 10 pM. Incubation with
the alkamide trans-pellitorine, which bears a carbon chain
with an amide group like capsaicin and nonivamide but is
lacking the vanillyl group, increased fatty acid uptake in the
lowest tested concentration of 0.1 uM, but reduced fatty acid
uptake at 100 pM by 14% (p < 0.001). Vanillin, which was
tested to exploit the function of the vanillyl group, did not
alter fatty acid uptake. These data led us to the conclusion that
the carbon chain or the amide group or the combination
thereof - as opposed to the vanillyl-group - might play a
pivotal role in the reduction of fatty acid uptake by Caco-2 cells
in culture.

Molecular mechanisms underlying intestinal fatty acid
absorption have not been fully understood so far. However,
diffusion seems to coexist with protein-mediated mecha-
nisms.?® Paracellular diffusion relies on membrane per-
meability, which is associated with tight junction
permeability.® In addition, increased intracellular Ca*" levels
have been associated with changes in membrane per-
meability, possibly via protein kinase C activation.”® Since
activation of the TRPV1 receptor leads to an increased Ca*'-
influx,>* a modulation of paracellular fatty acid uptake via a
TRPV1 dependent pathway seemed likely. Capsaicin, noniva-
mide and trans-pellitorine have been shown to stimulate intra-
cellular Ca** mobilization in SH-SY5Y cells,"*** and a TRPV1-
associated increase in intracellular Ca*>" levels following cap-
saicin exposure has also been reported in Caco-2 cells.** To
investigate whether TRPV1 receptor activation plays a role in
the capsaicinoid-induced decrease in fatty acid uptake, the
effect of two different TRPV1 antagonists, capsazepine and
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trans-tert-butylcyclohexanol (BCH), on BODIPY-C;, uptake was
assessed. Hence, capsazepine and BCH were applied in
different concentrations concomitantly or 30 min prior to
treatment with capsaicin, nonivamide or trans-pellitorine.
Concomitant application of capsazepine and BCH led to a
further reduction of fatty acid uptake. When Caco-2 cells were
pre-incubated with capsazepine and BCH for 30 min at con-
centrations that did not affect fatty acid uptake, the reducing
effect on fatty acid uptake demonstrated for nonivamide and
trans-pellitorine was amplified. These results indicate that one
or more other receptors than TRPV1 mediate the reduction of
fatty acid uptake induced by capsaicin, nonivamide and ¢rans-
pellitorine, while TRPV1 activation might not be mandatory.
However, an increased fatty acid uptake is also facilitated by
modulation of membrane permeability and paracellular
diffusion. In order to investigate whether reduction of fatty
acid uptake is accompanied by an altered glucose uptake,
possibly through changes in the activity of glucose transpor-
ters or membrane permeability as well, 2-NBDG uptake after
30 min of pre-treatment with capsaicin, nonivamide and
trans-pellitorine was assessed. However, there was no change
in glucose uptake after treatment with capsaicin and noniva-
mide. In contrast, glucose uptake was decreased after treat-
ment with 0.1 pM trans-pellitorine. This concentration led to
an increased fatty acid uptake, a result that could argue for a
compensatory mechanism rather than disruption of mem-
brane-specific processes like changes in permeability or
modulation of glucose transporters. However, a slight
decrease in tight junction pore size would reduce the per-
meability for larger molecules like fatty acids, but not necess-
arily affect the transport of small molecules like glucose.'’
Modulation of paracellular diffusion can, thus, not be
excluded and needs further investigation. A good measure of
paracellular diffusion is the trans-epithelial electrical resist-
ance (TEER). A decrease in TEER is associated with an
increased paracellular membrane permeability as a parameter
for tightjunction permeability.*® Tsukura et al.*’ found that
treatment with 100 pM of capsaicin for 2 h caused a signifi-
cant decrease in TEER without effects on cell viability. To
exclude that fatty acid uptake inhibition by 0.1 to 100 uM cap-
saicin, nonivamide and trans-pellitorine is caused by an
increase in TEER, which would point to a decrease in paracel-
lular transport, TEER was monitored in differentiated Caco-2
cells after 15, 30, 60 and 90 min of treatment. Untreated,
differentiated Caco-2 cells showed a mean TEER of 585 Q x cm?,
which is comparable to those described in other studies.**
Although the TEER decreased over time, the values measured
never decreased below ~330 Q x cm?, a value which indicates
an intact monolayer.””*® Since there was no difference
between the control and capsaicin or nonivamide treatments,
effects of capsaicin and nonivamide on barrier function and
paracellular fatty acid transport can be excluded. In contrast,
after 90 min of treatment with trans-pellitorine, TEER was sig-
nificantly increased compared to control cells, which could
partly account for fatty acid uptake inhibition after ¢rans-pelli-
torine treatment.

This journal is © The Royal Society of Chemistry 2015
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As a further measure of membrane function, a possible
involvement of the epithelial sodium channel in the regulation
of fatty acid uptake in Caco-2 cells was excluded. The sodium
transport of some sodium transporters like SLC5A8 is coupled
to short chain fatty acids.'® Caco-2 cells were previously shown
to express delta, alpha, beta and gamma subunits of the epi-
thelial sodium channel (ENaC),*® whose activation leads to an
increased sodium resorption.’® Recently, Yamamura et al.*!
demonstrated that capsazepine modulates ENaC activity. But
also long chain fatty acids like arachidonic acid led to an
altered ENaC activity,>® which could, in return, possibly affect
the activity of sodium transporters like SLC5A8 and, thereby,
also fatty acid uptake. Thus, the impact of a specific ENaC
inhibitor, benzamil,'® to which Caco-2 cells were shown to be
sensitive,'" on fatty acid uptake reduction caused by capsaicin,
nonivamide and trans-pellitorine was investigated. There was
no impact on fatty acid uptake reduction caused by capsaze-
pine, BCH, capsaicin and trans-pellitorine. Co-incubation of
benzamil with nonivamide further decreased fatty acid uptake
compared to a treatment with nonivamide alone. Hence, the
influence of the ENaC activity on fatty acid reduction by the
test substances in Caco-2 cells can be excluded.

Besides diffusion, protein-mediated mechanisms account
for fatty acid uptake. Intracellular fatty acid concentrations are
two- or three-fold higher than external unbound fatty acid con-
centrations;*” therefore fatty acid uptake into cells against a
concentration gradient requires effective transport systems.
Members of the fatty acid receptor family include fatty acid
translocase (CD36), plasma membrane associated fatty acid
binding proteins (FABP), fatty acid transport proteins (FATPs)
and long chain acyl-CoA synthetase (ACSI).* In the present
study, the influence of capsaicin, nonivamide and trans-pelli-
torine on genes encoding fatty acid transport mechanisms was
examined using qPCR. In detail, gene expression of CD36,
IFABP, FATP2, FATP4 and PPARa and PPARy was determined in
a time course experiment. FATP2 and FATP4, which both have
ACSI activity and transport long chain fatty acids,” were
shown to be the predominant FATPs in Caco-2 cells.** In
addition, gene expression of the intestinal fatty acid binding
protein (IFABP, also called gut FABP) was determined, since
FABPs are thought to mediate intracellular binding and trans-
port of fatty acids. A pivotal role in fat absorption and also in
fat perception is discussed for CD36,>° whose gene expression
was previously shown in Caco-2 cells.*> Additionally, gene
expression of PPARa and PPARy was assessed as representatives
for modulators of fatty acid metabolism. The time course
experiment revealed the most pronounced effects after 60 min
of treatment with the three compounds with a tendency to up-
regulation. Given that capsaicin and its analogs reduced fatty
acid uptake without markedly changing the glucose uptake,
the up-regulating effect of the compounds might be a counter-
action of the cell towards a lack of energy. In order to exactly
mimic the conditions used during fatty acid uptake exper-
iments with BODIPY-C;, and to investigate the effect of sub-
strate addition, further gene expression experiments were
carried out, with or without the addition of 5 uM lauric acid.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

No effect was demonstrated for lauric acid addition on FATP2,
PPARy and IFABP gene expression and only partial effects were
found on the expression of other genes. Overall, the treatment
with capsaicin, nonivamide and ¢rans-pellitorine resulted in a
slight up-regulation of CD36, IFABP, FATP2, FATP4 and PPARa
and PPARy gene expression, which was not markedly influ-
enced by the substrate (lauric acid) addition, pointing to a
counteraction towards fatty acid uptake reduction.

The strong decrease of fatty acid uptake after incubation
with capsaicin and the related compounds presumably led to a
major lack of fatty acids, which is, in the experiments shown
here, energetically not compensated by an increase in glucose
uptake. However, after 90 min of incubation with capsaicin,
nonivamide and t¢rans-pellitorine, the enzymatic activity of the
acetyl-CoA synthetase was increased compared to non-treated
control cells. Acetyl-CoA synthetase catalyzes the conversion of
acetate into acetyl-CoA, which is used, amongst others, for the
de novo fatty acid synthesis.> It is therefore likely that Caco-2
cells compensate for the reduced fatty acid uptake by an
increase in endogenous fatty acid biosynthesis.

To summarize, the present study demonstrates that capsai-
cin, nonivamide and trans-pellitorine reduce fatty acid uptake
in differentiated Caco-2 cells, with the capsaicinoids being the
most potent compounds. In contrast to our hypothesis, there
is no change in membrane integrity caused by TRPV1 acti-
vation or disruption of other membrane specific processes,
like glucose uptake and tight junction permeability caused by
nonivamide and capsaicin. In addition, the reduction in fatty
acid uptake was not related to ENaC activation, excluding also
sodium-coupled transport mechanisms as the major target of
capsaicin, nonivamide and trans-pellitorine. Therefore, it can
be hypothesized that capsaicin, nonivamide and trans-pellitor-
ine induce a decrease in the activity of one or more fatty acid
transporters, which is accompanied by a counter-regulation on
a genetic level and an increase in acetyl-CoA synthetase
activity, pointing to an increased endogenous fatty acid biosyn-
thesis. However, the conclusion of the study is limited to an
exclusion principle. Elucidation of the underlying mechanisms
and downstream signalling pathways is warranted in future
studies. In addition, the effects of ¢rans-pellitorine might be
partly explained by an increased TEER compared to the
control, pointing to a slight decrease in membrane per-
meability. Fig. 8 offers a schematic overview of the examined
parameters and potential pathways.

Capsaicin is often referred to as an anti-obesity compound,
not only because of its hypolipidemic effect, but also because
its potential to reduce energy intake.* However, due to its high
affinity to the TRPV1 receptor resulting in a pungent sen-
sation, oral intake of capsaicin is limited and demands less
pungent alternatives. It was recently demonstrated that dietary
administration of 0.15 mg of the less pungent capsaicinoid
nonivamide in an oral glucose tolerance test reduced ad
libitum energy intake from a standardized breakfast in slightly
overweight male subjects.” The here presented results demon-
strate that nonivamide, and even the alkylamide ¢rans-pellitor-
ine, although less pronounced, reduce intestinal fatty acid
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Fig. 8 Schematic overview showing the examined parameters and
potential activation and inactivation pathways of fatty acid uptake inhi-
bition induced by capsaicin/nonivamide and trans-pellitorine in intesti-
nal Caco-2 cells. The first hypothesis was an activation of TRPV1 by
capsaicin, nonivamide and trans-pellitorine, leading to an increased
intracellular Ca®* concentration, which impacts membrane permeability
via phosphokinase C activation, leading finally to a decreased paracellu-
lar diffusion. However, a TRPV1-dependence was experimentally
excluded. In contrast to an incubation with capsaicin and nonivamide,
incubation with trans-pellitorine led to an increased membrane per-
meability (on other pathways than TRPV1-activation) and a reduced
glucose uptake, which may partly explain the inhibitory effect of trans-
pellitorine. Fatty acid uptake inhibition caused by capsaicin, nonivamide
and trans-pellitorine does not depend on activation of the endothelial
sodium channel (ENaC). This was investigated to exclude that Na*-influx
following ENaC activation reduces the activity of Na*/SFCA (short chain
fatty acid) symporters due to an increased intracellular Na* concen-
tration. In summary, we hypothesize that capsaicin, nonivamide and
trans-pellitorine directly act on the activity of fatty acid transporters
(FATPx), which is supported by time-dependent gene regulation of
FATP2 and FATP4 after incubation with the test compounds. In addition,
incubation with capsaicin, nonivamide and trans-pellitorine increased
the activity of the enzyme acetyl-CoA synthetase, increasing the amount
of acetyl-CoA in the cell. Acetyl-CoA may be used by the cell for an
increased fatty acid biosynthesis to compensate for the lack of fatty
acids. An in vitro entry of nonivamide into the cell has been shown
before,* and nonivamide and the structurally similar compounds cap-
saicin and trans-pellitorine may thus unfold effects also intracellularly.

uptake by intestinal Caco-2 cells. This mechanism might con-
tribute to the hypolipidemic effects described for capsaicin,>>”
whereas activation of the TRPV1 receptor does not seem to be
mandatory. Since the ICs, values of capsaicin and the less
pungent nonivamide were in the same order of magnitude,
nonivamide might be a promising capsaicinoid to be tested
for its hypolipidemic effects in healthy volunteers to elucidate
its clinical relevance. In addition, the present study could help
explain the hypolipidemic effects of red pepper and capsaicin
on a mechanistic level.

Materials & methods
Materials

trans-tert-Butylcyclohexanol (BCH), nonivamide (NV) and trans-
pellitorine (PEL) were provided by Symrise AG (Germany). All
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other chemicals were purchased from Sigma Aldrich (Austria),
unless stated otherwise. The human colon carcinoma cell line
Caco-2 was obtained from ATCC.

Cell culture

Caco-2 cells were maintained at 37 °C and 5% CO, in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum, 2% r-glutamine and 1% penicillin/strepto-
mycin under a humidified atmosphere. Cells were passaged at
80-90% confluence and used until passage 20. For differen-
tiation into an enterocyte cell model, cells were seeded in the
desired format reaching confluence after two days. Medium
was changed every second to third day and the differentiated
cells were used for the different assays on day 21.

Stock solutions (1000x) in ethanol (0.1-100 mM) of the test
compounds capsaicin (CAP), nonivamide, trans-pellitorine,
vanillin (VAN), capsazepine (CZE) and butylcyclohexanol (BCH)
were prepared freshly each time. The final ethanol concen-
tration on the cells during the assays never exceeded 0.2%.

Cell viability

Negative effects on cell viability of any of the test compounds
capsaicin, nonivamide, trans-pellitorine, vanillin, capsazepine,
BCH, and benzyl-amiloride (benzamil) were excluded using
the MTT assay in a 96-well format. This assay is based on the
reduction of the yellow tetrazolium salt MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to a
purple formazan by mitochondrial and ER enzymes.*® For this
purpose, cells were starved in serum free medium for one
hour, followed by addition of the different test compounds or
a combination of those, respectively, diluted in Hank’s
balanced salt solution supplemented with 20 mM HEPES
(HBSS-HEPES). After 90 min of treatment, the medium was
replaced by a MTT working solution, which contained a final
concentration of 0.83 mg per mL of MTT diluted in PBS-
serum-free medium (1:5). The reaction was stopped after 10
to 20 min by removal of the MTT working solution. The purple
formazan formed during incubation was solved in 150 pL
DMSO per well and the absorbance was measured at 550 nm
with 690 nm as the reference wavelength using a multiwell
plate reader (Tecan infinite M200, Tecan Austria). Cell viability
was assessed relative to untreated control cells (100%).

Fatty acid uptake

Free fatty acid uptake in differentiated Caco-2 cells was
measured in 96-well plates using the QBT™ fatty acid uptake
kit (Molecular Devices Germany GmbH, Germany), according
to the manufacturer’s protocol. This assay measures the trans-
port of the fluorescent fatty acid analog BODIPY-C;, into the
cells, leading to an increase in fluorescence, while extracellular
fluorescence is quenched. Differentiated, one-hour serum-
deprived Caco-2 cells were pretreated with the test compounds
diluted in HBSS-HEPES for 30 min at 37 °C. The inhibitors
capsazepine, BCH and benzamil were added 30 min prior to or
simultaneously with the addition of the test compounds. After
the addition of the loading dye, containing BODIPY-C,, and
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0.2% essentially fatty acid free BSA diluted in HBSS-HEPES,
fluorescence was recorded every 20 s at 515 nm emission and
485 nm excitation for 60 min. The area under the curves (AUC)
from corresponding signal/time plots for each test compound
were calculated using SigmaPlot 11.0 and the data are calcu-
lated relative to control cells (100%).

Glucose uptake

Glucose uptake in the absence of insulin was assessed using
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
(2-NBDG) as described before.*> Briefly, differentiated Caco-2
cells were starved in DMEM w/o serum, glucose, r-glutamine
and phenol red for one hour at 37 °C, before incubation with
the test compounds diluted in HBSS-HEPES for a further
30 min. 2-NBDG was added to the cells at a final concentration
of 200 pM and incubated at 37 °C for 30 min. Cells were
washed three times with ice-cold PBS and fluorescence was
measured at 550 nm emission and 480 nm excitation. Data are
calculated relative to non-treated control cells (100%).

Trans-epithelial electrical resistance (TEER)

TEER of differentiated Caco-2 cells was assessed using the
EVOM resistance meter (World Precision Instruments,
Germany) in combination with the EndOhm-24SNAP chamber
(World Precision Instruments, Germany). Caco-2 cells were
grown in Snapwell™ culture cups (Corning Costar, Austria)
and, after differentiation, starved for one hour in serum-free
DMEM. Capsaicin, nonivamide and trans-pellitorine dissolved
in HBSS-HEPES were added to the upper compartment at a
final concentration of 10 pM and the resistance was measured
in duplicates after 15, 30, 60 and 90 min of incubation at
37 °C. Resistance was normalized to the initial resistance prior
to test compound addition and the corresponding unit area
resistance (Q x cm?®) was calculated by multiplying with the
surface area of the Snapwell membrane.

qPCR

Gene expressions of fatty acid transport protein 2 (FATP2) and
4 (FATP4), fatty acid translocase (CD36), intestinal fatty acid
binding protein (IFABP), and peroxisome proliferated activated
receptor alpha (PPARa) or gamma (PPARy) were measured
using a two-step quantitative real-time polymerase chain reac-
tion (qPCR). Therefore, differentiated Caco-2 cells were incu-
bated with 10 uM capsaicin, nonivamide or ¢rans-pellitorine in
serum free DMEM for 15, 30, 60 and 90 min. Alternatively,
cells were starved for one hour in serum-free DMEM and the
test compound, diluted in HBSS-HEPES, to a final concen-
tration of 10 pM, was added for a further 60 min with or
without addition of 5 pM lauric acid as the substrate. After
washing with ice-cold PBS, total RNA was isolated using the
PeqGold Total RNA Isolation Kit (Peqlab, Germany). RNA con-
centration and quality was measured using the NanoQuant
Plate on an infinite M200 Tecan reader before reverse tran-
scription using a high capacity ¢cDNA kit (Life Technologies,
Austria) following the manufacturer’s protocol. Real-time PCR
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was subsequently carried out in triplicates on a Step-One Plus
device (Life Technologies) using a Fast SYBR Green Master Mix
(Life Technologies) and primers as described before.*> The
starting concentrations of the respective mRNA used for
transcription were calculated using LinRegPCR
v.12.8"7*® and compared to those of non-treated control cells
(= 1) after normalization to hypoxanthine guanine phosphori-
bosyl transferase (HPRT1) as a reference gene.

reverse

Acetyl-CoA synthetase (ACS) activity

ACS activity was assessed as first described by Brown et al.*’
using the following enzymatic net reaction:

acetate + ATP + L-malate + NAD" — citrate + AMP + NADH/H"

Differentiated Caco-2 cells in 6 cm cell culture dishes were
starved for one hour in serum-free DMEM, before addition of
the test compounds at a final concentration of 10 uM diluted
in HBSS-HEPES for a further 90 min. Residual test compounds
were removed by washing the cells two times with ice-cold
PBS, and the cells were harvested in 65 mM KH,PO, buffer
using a cell scraper. Protein extracts for ACS determination
were obtained by ultrasonic cell dissociation (4x 10 s, 60%
power) followed by centrifugation at 15000xg at 4 °C for
15 min. Protein content of the cell lysate was determined
using a Bradford test.>® A total of 40 pL of the cell-free super-
natant was added to a 140 pL reaction mix containing 7 parts
100 mM Tris/HCl (pH 7.8) and one part each of 50 mM
t-malate, 20 mM ATP, 50 mM MgCl,, 2 mM coenzyme A tri-
lithium salt, 60 mM NAD', 50 U per mL of malate dehydrogen-
ase, and 25 U per mL of citrate synthase. The reaction was
started with the addition of 20 pL 1 M sodium acetate and the
increase in absorbance at 340 nm was recorded immediately
every 10 s for 5 min using a Tecan M200 multiwell plate reader
equipped with injectors (Tecan, Austria). The maximum slope
in the Aabsorbance/time plot was used for the calculation of
ACS activity. Data are expressed in mU per mg protein.

Statistical analysis

Data are presented as means + SEM or fold change (T/C,
treated/control) + SEM from multiple replicates as indicated in
the text or figure and table legends, where n refers to the
number of biological replicates with at least two technical
replicates each. Outliers determined with the Nalimov outlier
test were excluded from calculations. Significant effects versus
non-treated control cells were determined using a Student’s
t-test or one-way ANOVA vs. control followed by a Holm-Sidak
post hoc test. Significant differences between multiple treat-
ments (time- and dose-dependent effects) were assessed by
one- or two-way ANOVA with a Holm-Sidak post hoc test or a
Student-Newman-Keuls post hoc test as noted in the figure
and table legends. Significant differences versus control cells
are indicated in the figures and tables with *p < 0.05; **p <
0.01; ***p < 0.001. Time- and dose-dependent effects are indi-
cated with distinct letters, and no common letter indicates
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significance. ICs, values were calculated using one site compe-
tition (max = 100) curve fitting in SigmaPlot 11.0.

Abbreviations

BCH trans-tert-Butylcyclohexanol

CAP Capsaicin

CoA Coenzyme A

CZE Capsazepine

ENaC Epithelial sodium channel

FAU Fatty acid uptake

NV Nonivamide

PEL trans-Pellitorine

TRPV1 Transient receptor potential cation channel subfamily

V member 1
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