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Abstract

The integrity of the intestinal barrier is crucial for regulating the passage of pathogens and toxins, while facilitating nutrient absorption. The
everted gut sac technique, an ex-vivo technique, can be used to study interventions on barrier function. This cost-effective approach utilizes
relatively large gut segments to study specific intestinal regions. Typically, intact (non-stripped) intestinal segments are used, but their use may
underestimate permeability due to the medial positioning of blood vessels relative to the seromuscular layer and serosa. However, removing
these layers risks physical damage, resulting in an overestimation of intestinal permeability. Therefore, we investigated the impact of stripping
jejunal segments on permeability to fluorescein isothiocyanate-dextran (FITC, 4 kDa) and tetramethylrhodamine isothiocyanate-dextran (TRITC,
40 kDa), and on the absorption of glucose, lysine, and methionine in jejunal segments from 80 piglets at 8 d postweaning. Piglets were sub-
jected to either high or low sanitary housing conditions and diets provoking intestinal protein fermentation or not, expected to influence intes-
tinal permeability. Stripping of the seromuscular layer and serosa increased the passage of 4 kDa FITC-dextran (stripped vs. non-stripped; 1.1
vs. 0.9 pmol/cm?/min, P < 0.001), glucose (40.0 vs. 19.1 pmol/cm?/min, P < 0.001), lysine (2.5 vs. 2.0 nmol/cm?/min, P < 0.001), and methionine
(4.1 vs. 2.7 pmol/cm?min, P < 0.001). As permeability increased, the differences in methionine passage between stripped and non-stripped
intestinal segments also increased (slope = 1.30, P = 0.009). The coefficients of variation were comparable between stripped and non-stripped
intestines (over all treatments, stripped vs. non-stripped 38% vs. 40%). Stripping, by isolating mucosal processes without introducing additional
variation, is thus recommended for studies on intestinal permeability or absorption.

Lay Summary

The intestinal barrier is vital for nutrient passage, while impeding pathogen and toxin translocation. The everted gut sac technique is used to
study intestinal permeability, incubating an isolated, everted, intestinal segment filled with buffer solution in a medium containing the sub-
stances of interest. After incubation, the translocation of the substances into the created intestinal sac can be measured. Typically, intact intes-
tinal segments are used, but under physiological conditions, nutrients do not need to pass the seromuscular layer and serosa to enter the blood
flow. Therefore, removing these layers may be preferable, but, on the other hand, also risks physical damage. This study compared the use of
non-stripped vs. stripped intestinal segments. Permeability to two markers (FITC-dextran, 4kDa and TRITC-dextran, 40 kDa), and absorption of
glucose, lysine, and methionine were measured in non-stripped and stripped jejunal segments obtained from 80 piglets at 8 d postweaning.
The piglets were housed under different hygiene and dietary conditions, which were anticipated to alter intestinal permeability. Stripping the
seromuscular layer and serosa increased the passage of FITC-dextran, glucose, lysine, and methionine, without reducing assay precision due to
physical damage. Thus, removal of the seromuscular layer and serosa is preferred for studying intestinal permeability or absorption.
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serosa

Abbreviations: FITC, fluorescein isothiocyanate-dextran; TRITC, tetramethylrhodamine isothiocyanate-dextran

Introduction mosomes and adherens junctions play an important role in
the strong adhesion between cells, while tight junctions medi-
ate transport through the intercellular junctions (Groschwitz
and Hogan 2009). Paracellular transport can be regulated by
altering the expression of tight junctions and by modulating
the tension within the actin-myosin ring (Nusrat et al. 2000;
Bruewer and Nusrat 2006). Under healthy conditions, there is

The semipermeable intestinal barrier selectively absorbs nutri-
ents while restricting intraluminal pathogen and toxin trans-
location (Nusrat et al. 2000; Groschwitz and Hogan 2009).
Permeability through this barrier is regulated by intramem-
brane proteins connecting the intestinal epithelium consisting
of desmosomes, adherens junctions, and tight junctions. Des-
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passive diffusion of water, electrolytes, and other small mole-
cules (<600 Daltons) through the intercellular junctions (Wat-
son et al. 2001). When the barrier function is compromised,
larger molecules and antigens can translocate, exacerbating
the risk of local and systemic inflammation.

The everted gut sac technique is a commonly used ex-vivo
technique to study intestinal permeability (Acra and Ghishan
19915 Alametal.2011; Liu et al. 2016). The advantages of this
method are that specific regions of the intestine can be studied
and that relatively large gut segments can be used. Moreover,
this method is relatively easy to perform and cost-effective
(Deferme et al. 2008). Intact (non-stripped) intestinal seg-
ments are commonly used (Alam et al. 2011). However, the
location of blood vessels medial to the seromuscular layer
and serosa suggests that including these layers may lead to
an underestimation of intestinal permeability and absorption
(Wolfe et al. 1973). Therefore, it may be preferable to remove
the seromuscular layer and serosa before analyzing intestinal
permeability. Nevertheless, the process of stripping these lay-
ers is time-consuming and might increase the risk of inducing
physical damage to the everted gut sac segment.

This experiment aimed to assess and compare jejunal
permeability and active nutrient transport using both non-
stripped and stripped jejunal segments in the everted gut sac
technique. The pigs were subjected to either high or low sani-
tary housing conditions and diets high or low in protein, antic-
ipated to influence intestinal permeability and absorption.
Two markers of different sizes (FITC-dextran, 4 kDa, and
TRITC-dextran, 40 kDa) were used to assess permeability,
assuming that the large TRITC-dextran will only pass when
the intestinal epithelium is considerably damaged, whereas
the smaller FITC-dextran will also pass with minor epithe-
lial damage. For active nutrient transport, the transport of a
neutral (methionine) and basic (lysine) amino acid were mea-
sured, together with glucose, which uses different transport-
ers (Broer and Fairweather 2018; Chen et al. 2018; Noorman
et al. 2023). Acidic amino acids were not included, because
they mainly serve as an energy source for the intestines (Broer
and Fairweather 2018). We hypothesized that stripping the
intestinal segments increases both intestinal permeability and
active nutrient transport, but also potentially increases varia-
tion due to physical damage to the intestinal segment.

Material and Methods

A project license was granted by the Central Committee
for Animal Experimentation (AVD1,040,020,209,705, The
Hague, the Netherlands) and the experiment was approved by
the Animal Welfare Body of Wageningen University (2020.W-
0012.001).

Experimental design

This experiment was part of a larger study on the effects
of high-protein diets on protein fermentation and intestinal
health in weaned piglets kept under high and low sanitary
housing conditions (Noorman et al. 2023). The experiment
was designed in a 2 x2x2 factorial arrangement, with
stripped and non-stripped jejunal segments (S + and S-), low
or high dietary indigestible protein contents (LiP and HiP),
and high or low sanitary conditions (HSC and LSC). In
total, 160 female piglets (TN70 x Tempo; Topigs, Helvoirt,
The Netherlands) were selected from a commercial farm in
the Netherlands, in five batches of 32 piglets each. Immedi-
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ately after weaning (mean age + SEM; 29 + 0.3 d, mean body
weight = SEM; 9.1 = 0.21 kg), piglets were transported to the
research facilities of Wageningen University & Research.

The piglets were housed as described previously (Noor-
man et al. 2023). Briefly, piglets were divided over four
climate-controlled respiration chambers with two pens
(220 x 110 cm each) per chamber and four piglets per pen.
In the HSC rooms, feces were removed per pen twice daily.
In LSC, the feces were not removed, and in addition, feces
collected from pens of weaned piglets (<25 kg) and sows on
five commercial farms were spread on the floor twice a week
to enhance antigenic pressure. The rooms of HSC and LSC
were separated and each had its own entrance and barrier
measures to maintain the contrast in hygiene.

For the first 3 d, heat lamps were provided and the tem-
perature was controlled at 26 °C. Subsequently, the tempera-
ture was gradually adjusted to reach 28 °C, and the heat
lamps were removed. The piglets were exposed to 16 h of
light (08.00 to 24.00 hours). Relative humidity was main-
tained at 65%.

Upon arrival, piglets were allocated to eight pens, based on
their initial body weight and litter origin, to minimize varia-
tion in body weight among pens and to exclude littermates in
the same treatment. After one week, half of the piglets (out of
two pairs, the pair with the highest feed intake was selected;
Noorman et al. 2023) were euthanized and two jejunal seg-
ments (non-stripped and stripped) per pig were collected to
study permeability and absorption capacity using the everted
gut sac technique.

Diets and feeding

After arrival, the piglets were allocated to the treatments and
immediately switched to one of the experimental diets (LiP
or HiP). Each diet was provided in four pens; two pens in
LSC and two pens in HSC. The diets and feeding schedule are
described by Noorman et al. (2023). Briefly, two diets were
formulated containing either casein with high-protein digest-
ibility (LiP), or sunflower seed meal with low digestibility
(HiP), as the main protein source (CVB, 2018), creating a dif-
ference in indigestible protein (26 vs. 42 g/kg), thereby influ-
encing the colonic protein influx. All diets met the nutritional
requirements of weaned piglets (CVB, 2020). To habituate the
piglets to the experimental diets, a 50:50 (w/w) mixture of
both diets was introduced on the commercial farm, 2 d before
transport to the research facilities.

Everted sac technique

On day 8, half of the piglets were euthanized as described
by Noorman et al. (2023). The small intestine was extracted,
and a 40 cm segment at the midpoint of the small intestine
(duodenum + jejunum + ileum) was cleared of intestinal con-
tents through gentle squeezing. Two segments of 20 cm per
pig were used to measure intestinal permeability and glucose-,
lysine-, and methionine absorption with the everted gut sac
technique (Wilson and Wiseman, 1954). In one of the two
segments (randomly selected), the seromuscular layer and
serosa were carefully removed manually. This stripping proce-
dure was alternately performed by two trained persons. In the
other segment, no layers were removed. Then, segments were
flushed with phosphate-buffered saline and inverted, filled
with Ringer solution (2.25 g/l NaCl, 0.105 g/L. KCl, 0.06
g/L CaCl,, 0.05 g/ NaHCO,, and 2 mM HEPES) and closed
by means of a ligature with a rubber band. An additional
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ligature was then placed in the center to divide the segments
into two intestinal sacs to minimize sample loss in case of
leakage. The sacs were then placed in an Erlenmeyer flask
filled with 150 mL Ringer solution containing 2 mM HEPES,
5 mM glucose, 30 pg/mL fluorescein isothiocyanate (FITC)-
dextran (4 kD), 30 pg/mL tetramethylrhodamine isothiocya-
nate (TRITC)-dextran (40 kD), 8 mM L-Lysine acetate and
8 mM L-Methionine, and incubated for 60 min at 39 °C. The
Ringer solution was aerated before incubation by adding oxy-
gen in the buffer via an air pump used for aquariums. After
incubation, the sac content was collected and stored at -20
°C pending analyses, and the length and width of the flattened
intestinal segment were measured to calculate the surface
area. Sac contents were thawed at room temperature and ana-
lyzed for 4 kDa FITC-dextran and 40 kDa TRITC-dextran
by a fluorometer (SpectraMax® M3 Multi-Mode Microplate
Reader) and glucose was analyzed using a commercial assay
kit (D-Glucose (glucose oxidase/peroxidase; GOPOD) Assay
Kit; Megazyme, Wicklow, Ireland). Free lysine and methionine
were measured in sac contents according to ISO 13,903:20035,
where amino acids were separated by ion-exchange chroma-
tography, and determined by post-column reaction with nin-
hydrin, using photometric detection at 570 nm.

Calculations

The transport of 4 kDa FITC-dextran, 40 kDa TRITC-
dextran, lysine, methionine, and glucose across the intestinal
wall was calculated as follows:

Transport (nmol or pmol/cm?* / min)

_ Concentration intestinal sac volume added

60
Mucosal surface area / 60,

where concentration intestinal sac is the measured concentra-
tion of the compound of interest in nmol or pmol/mL, volume
added is the amount of buffer added to the intestinal sac in
mL, and mucosal surface area is the length of the intestinal
segment (cm) x circumference (cm).

Statistical analyses

For all statistical analyses, R for Windows 3.6.0 was used
(packages: moments; Komsta and Novomestky 2022;
ggplot2; Wickham 2016; and stats; R Core Team 2023).

Normality of the residuals of the response variables was
checked graphically with quantile-quantile plots, and the Sha-
piro-Wilk test.

The relation between the transport of 4kDa FITC-Dextran,
40 kDa TRITC-dextran, glucose, lysine, and methionine
across the intestinal wall measured in stripped and non-
stripped intestinal segments was analyzed by simple linear
regression, using the model y = a + Bx; where vy is the trans-
port measured in stripped intestinal segments, a is intercept, 8
is slope and x is the transport measured in non-stripped intes-
tinal segments. The difference between y and x (y - x) is the
difference between the average transport in stripped vs. non-
stripped jejunal segments, and the P-values indicate if x = y is
rejected (P < 0.05 means that the hypothesis x =y, taken at
x =X, was rejected). The B represents the slope of the regres-
sion line and the P-value indicates if the slope =1 (P < 0.05
means that the hypothesis slope = 1 was rejected). The coef-
ficient of determination (R?) was adjusted for the number of

terms in the model. Results are described as means. The pig
was considered as experimental unit.

Results and Discussion

The passage of 4 kDa FITC-dextran through non-stripped
jejunal segments varied between 0.4 and 2.3 pmol/cm?/min,
corresponding to 0.2% and 0.8% of 4 kDa FITC-dextrans
added to the buffer. Despite different methodologies used, this
can be considered in the mid-range compared with studies in
rats (Gao et al. 2001; Lambert et al. 2002, Qin and Deitch,
2015). The passage of glucose in stripped jejunal segments
varied between 5.7 and 178.5 pmol/cm?/min, corresponding
t0 0.01% and 0.11% of glucose added to the buffer. The pas-
sage of lysine in stripped jejunal segments varied between 1.3
and 4.6 nmol/cm?min, corresponding to 0.5% and 2.3% of
lysine added to the buffer. The passage of methionine varied
between 1.3 and 8.5 nmol/cm*min, corresponding to 0.6%
and 3.9% of methionine added to the buffer. Despite differ-
ent methodologies used, the passage of glucose, lysine, and
methionine can be considered low compared to studies in
humans (Rey et al. 1974), mice (Hamilton and Butt 2013),
and rats (Rider et al. 1967; Nolles et al. 2007; Ouassou et al.
2018). The intestinal passage of glucose, lysine, and methi-
onine may be influenced by the metabolism in the enterocytes,
where glucose, together with glutamine and glutamate, is the
main energy source for the intestinal epithelial cells (Stoll et
al. 1999; Chen et al. 2018; Guevarra et al. 2018). The dosage
of glucose added to the buffer in our study (5 mM) was rel-
atively low compared to the other studies (10 to 3330 mM),
which might increase the relative contribution of glucose to
enterocyte metabolism.

Treatment effects of sanitary conditions and diet on
intestinal permeability were limited (Noorman et al. 2023).
In stripped intestinal segments, only the HiP diet slightly
increased the intestinal translocation of 4 kDa FITC-dextran
and 40 kDa TRITC-dextran (4 kDa FITC-dextran, HiP
vs. LiP; 1.15 vs. 1.06 pmol/cm*min, and 40 kDa TRITC-
dextran; 0.26 vs. 0.12 pmol/cm?*/min). In this study, the treat-
ment effects of sanitary conditions and diet were independent
of stripping (interaction stripping x diet and stripping x san-
itary conditions P > 0. 10), but interactions may be seen in
studies using interventions with greater effects on intestinal
permeability.

Stripping of the seromuscular layer and serosa increased
the passage of 4kDa FITC-dextran (stripped vs. non-stripped;
1.1 vs. 0.9 pmol/cm?*min, P < 0.001, Figure 1), glucose (40.0
vs. 19.1 pmol/cm?min, P < 0.001), lysine (2.5 vs. 2.0 nmol/
cm?/min, P < 0.001), and methionine (4.1 vs. 2.7 nmol/cm?/
min, P < 0.001). These findings align with the observations
of Wolfe et al. (1973), who reported a 1.5- to 1.8-fold higher
absorption rate of salicylate in stripped intestinal segments
of rats compared to non-stripped counterparts. Glucose,
lysine, and methionine are transported through the mucosa
via active transport mechanisms facilitated by different trans-
porters, whereas 4 kDa FITC-dextran is transported by para-
cellular transport (Broer and Fairweather 2018; Chen et al.
2018). The presence of the seromuscular layer and serosa in
non-stripped intestinal segments may serve as an additional
barrier, impeding the passage of markers and nutrients. The
positioning of blood vessels medial to the seromuscular layer
and serosa in vivo suggests that the use of stripped intestinal
segments more accurately reflects mucosal permeability. No
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Figure 1. Linear regression analyses of intestinal permeability to 4 kDa FITC-dextran and 40 kDa TRITC-dextran (pmol/cm?/min) and transport of glucose
(pmol/cm?/min), lysine (nmol/cm?/min), and methionine (nmol/cm?/min) across the jejunal wall in stripped and non-stripped jejunal segments of weaned
piglets kept under high (HSC) or low (LSC) sanitary conditions and fed a diet low (LiP) or high (HiP) in indigestible proteins. The solid lines through the
origin represent y = x. y — x is the difference between the average permeability in stripped vs. non-stripped jejunal segments and P < 0.05 means that
the hypothesis x =y is rejected. The P-value of the slope indicates if the slope significantly differs from 1. R? is adjusted for the number of terms in the

model.

differences in the passage of 40 kDa TRITC-dextran were
found between stripped and non-stripped intestinal segments
(P =0.16).

To study intestinal paracellular transport, usually, mark-
ers of comparable size to 4 kDa FITC-dextran or smaller are
used (Wolfe et al. 1973; Gao et al. 2001; Lambert et al. 2002).
It may be that 40 kDa TRITC-dextran, due to its relatively
large size, was transported via transcytosis and basolateral
exocytosis rather than via paracellular transport (Maiti 2017;
Meijers et al. 2018; Rousou et al. 2022), presumably not
affected by stripping.

Whether the effect of stripping depends on the degree of
permeability, can be assessed based on the slope of the regres-
sion line (Figure 1). However, using stripped or non-stripped
intestinal segments as a dependent variable potentially influ-
ences the slope, and thus the conclusion. The regression line
is calculated by A y/Ax. For 4 kDa FITC-dextran and 40 kDa
TRITC-dextran, for example, the differences between stripped
and non-stripped intestinal segments decreased as perme-
ability increased in the current analyses (slope # 1, 4 kDa
FITC-dextran P =0.002, 40 kDa TRITC-dextran P < 0.001,
Figure 1; stripped intestinal segments as dependent variable).
In contrast, when non-stripped intestinal segments were used
as the dependent variable, differences between stripped and
non-stripped intestinal segments increased as permeabil-
ity increased (Supplementary Figure S1). For glucose and
lysine, the regression line in Figure 1 was parallel to x =y

(slope = 1), indicating that the effect of stripping is indepen-
dent of the degree of permeability. However, when stripped
intestinal segments were used as the dependent variable, the
differences between stripped and non-stripped intestinal seg-
ments increased with increasing permeability (Supplementary
Figure S1). Based on these contrasting results, we conclude
no permeability-dependent response was demonstrated for
4kDa FITC-dextran, 40 kDa TRITC-dextran, glucose, and
lysine. For methionine, the differences between stripped and
non-stripped intestinal segments increased with increased
permeability (slope = 1, P = 0.009, Figure 1). This trend was
consistent regardless of whether stripped or non-stripped
intestinal segments were used as dependent variable.

The seromuscular layer and serosa were stripped by
careful manual removal. In the majority of intestinal seg-
ments, the seromuscular layer and serosa were successfully
removed as a single intact layer. Nevertheless, variations in
layer thickness were observed, making the removal process
more challenging in certain samples. Consequently, these
instances required additional time and manipulation, poten-
tially leading to unintentional physical damage to the everted
gut sac segment. Furthermore, the stripping procedure may
have been influenced by the individual performing it, but
collective training in layer removal minimized these effects
as much as possible. In this study, no histological imag-
ing was performed to determine whether any damage had
occurred. However, the coefficient of variation was similar
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in non-stripped and stripped intestines for the transport
of 4 kDa FITC-dextran (stripped vs. non-stripped 30% vs.
34%), 40 kDa TRITC-dextran (22% vs. 22%), lysine (27%
vs. 27%), methionine (39% vs. 37%), and glucose (72% vs.
79%), indicating that stripping did not reduce the precision
of the assay. This is in agreement with the results of histologi-
cal imaging performed in the study of Neirinckx et al. (2010)
and Wolfe et al. (1973), in which the procedure of removing
the seromuscular layer and serosa from intestinal segments
in pigs and rats did not substantially alter the integrity of the
epithelium, lamina propria, or submucosa.

In this study, stripping was performed on segments of
the small intestine. No comparison has been made between
stripped and non-stripped segments of the large intestine,
but we experienced that, although more challenging, strip-
ping is also possible in the large intestine (Noorman et al.
2023).

Conclusions

Using stripped intestinal segments resulted in increased perme-
ability to small molecules (<4kDa) and enhanced absorption
of lysine, methionine, and glucose. A permeability-dependent
response was specifically identified for methionine. Notably,
the variation in non-stripped and stripped intestinal segments
remained comparable, affirming that stripping did not com-
promise assay precision. Given that stripping aligns more
closely with the physiological conditions by not passing the
serosa and seromuscular layer, while maintaining assay pre-
cision, the removal of the seromuscular layer and serosa is
recommended to evaluate absorption and permeability using
the everted gut sac technique.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.
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