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Simple Summary: Animal experiments are limited owing to concerns such as the ethics of animal
use. To address the issue, an in vitro model for the stimulation of digestibility has been proposed.
In the model, the physiological conditions of the oral cavity, stomach, small intestine, and ileum
are selectively simulated, requiring careful consideration of the physiological parameters in each
step. However, to date, the physiological roles and actions of digestive enzymes during the in vitro
digestion of food ingredients remain unclear. In the present study, the effects of pancreatin and bile
salts, which are the main digestive enzymes of the digestive tract, were evaluated. During in vitro
digestion, the digestibility of crude protein, fat, and dry matter were influenced by the addition of
various concentrations of pancreatin and bile salts. Therefore, the concentrations of pancreatin and
bile salts should be carefully considered when applied in a static in vitro digestion model.

Abstract: The addition of pancreatin and bile salts in different concentrations during in vitro digestion
causes changes in the digestibility of crude protein (CP), fat, and dry matter (DM). The effects of
bile salts and pancreatin on the digestibility of ether extract (EE), CP, and DM in developing a static
in vitro digestion model for dogs were assessed using different concentrations of pancreatin (0, 1,
2.5, 5, and 10 g/L digestive solution) and bile salts (0, 2.5, 6.25, 12.5, and 25 g/L digestive solution).
The data were analyzed using one-way analysis of variance. Digestibility of EE increased with the
addition of bile salts (p < 0.05), whereas that of CP decreased with ≤0.25 g (1.0 g/L digestive solution)
pancreatin. The digestibility of DM decreased significantly in all groups supplemented with ≥3.125 g
(12.5 g/L digestive solution) bile salts and 0.25–2.5 g (1–10 g/L digestive solution) pancreatin and
was the lowest with 6.25 g (25 g/L digestive solution) of bile salts (p < 0.05). These findings could
facilitate the development of effective static in vitro digestion models for dogs.

Keywords: beagle dog; static in vitro digestion model; bile salts; pancreatin; digestibility

1. Introduction

Active competition in the pet food market has led to the indiscriminate introduction of
novel ingredients that have not been verified for safety or nutritional value in pets [1]. Al-
though the ingredients are nutritionally exceptional and functional in humans, confirming
their safety and functionality in pets is essential [2]. However, this requires significant eco-
nomic investment and experimentation with animals, thereby hindering the development
of feed/ingredients suitable for pets.

Animal research has been controversial owing to ethical concerns along with the
reliability of animal experiments [3]. Reduction, refinement, and replacement (3R) of
animal experiments have been the major strategy in research fields regarding animal
ethics [4]. In an effort to support 3R, an alternative method has been encouraged [5]. As
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an alternative to in vivo studies, in vitro simulation of digestion has been used to analyze
digestibility. An in vitro digestion model mimics the digestion process of an in vivo system
and has advantages such as reproducibility and controlled selection of conditions. The final
reactant can be easily collected and facilitates the assessment of bio-accessible fractions
(absorbable nutrients) and predicts digestibility [6–8]. Therefore, it has become a popular
alternative to ethically controversial animal testing in the field of food and nutrition. Static
in vitro digestion models are commonly used, in which the ratio of food and enzyme is
constant at each digestion step. Sophisticated computer-aided in vitro digestion models are
capable of simulating physical or physiological aspects, such as the movement of digested
food, real-time enzyme concentrations, and pH changes [9,10]. The in vitro simulation of
digestion that mimics the physiology of the digestive system in humans is used to study the
digestion and absorption of micronutrients with functional properties and major nutrients
(e.g., proteins, carbohydrates, and fats) contained in various food types [11–16].

Commercial pet food contains over 10% crude fat [17], which is more than that in pig
feed [18]. Previously, in animal research, pigs were the most used animals to study the
in vitro simulation of digestion. The difference of the crude fat portion between dog food
and pig feed means that previously reported protocols need to be modified if they are to be
applied to studies with dogs [19]. There are only a few studies of static in vitro digestion
models of crude fat, some of which suggest that pancreatic enzymes and bile salts are
necessary to promote fat digestion [6]. The main role of pancreatin, which contains various
digestive enzymes including lipase, is to digest fat, while bile salts emulsify fats that help
lipase hydrolyze fats [16]. In the in vivo digestion process, bile salts were either re-absorbed,
taken up by microbiota, or excreted [20]. On the other hand, those in vivo events did not
happen during the in vitro digestion process. Therefore, it is important to obtain optimized
concentrations of bile salts and pancreatin in in vitro digestion to establish an accurate
model for the in vitro simulation of digestion. This study investigated the effects of bile
salts and pancreatin on ether extract (EE), crude protein (CP), and dry matter (DM) in
the in vitro digestion of dog food. The findings will contribute to the development of an
optimized protocol for the in vitro digestion of dog food.

2. Materials and Methods
2.1. In Vivo Digestion
2.1.1. Experimental Animals

This study was conducted on beagle dogs owned by the National Institute of Animal
Science (NIAS). All animal experiments were performed in accordance with methods
approved by the Animal Care and Use Committee, NIAS (NIAS-220-438). The experimental
animal sample consisted of 24 neutered beagle dogs (12 females and 12 males). Dogs used
in the present study had similar body weight (BW; 11.79 ± 0.49 kg, mean ± SD) and age
(three-year-old) and were disease free, to avoid any untargeted effects on digestibility. The
dogs were maintained in separate rooms (170 × 210 cm) at constant room temperature
(22–23 ◦C) and lighting (16 h light and 8 h dark cycle). Food was provided twice daily
(10:00 and 16:00), and an unlimited supply of drinking water was provided. The dogs
were allowed approximately 6 h of outdoor activity per day. An extruded, pellet-type
commercial feed (Iskhan All-life33, Wooriwa Ltd., Seoul, Korea) was provided at an amount
that meets the maintenance energy requirements, which were estimated using the formula
(ME, kcal/day; 132 × BW0.75 kg) presented by the Association of American Feed Control
Officials (Table 1) [21].

2.1.2. Apparent Total Tract Digestibility (ATTD)

The evaluation of ATTD was estimated using an indirect method using 0.5% Cr2O3.
Feces, feed moisture, CP, and EE were analyzed according to the standard methods of
the Association of Official Analytical Chemists [22]. Digestibility was calculated from the
Cr2O3 concentration in the feces according to the following formula [23]:
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Digestibility (%) = 100 −
(

Cr input( f ood)× Nutrient output( f ecal)
Cr output( f ecal)× Nutrient input( f ood)

)
× 100 (1)

Table 1. Analyzed chemical composition of the experimental diet.

Items Experimental Diet

Moisture, % 12
Crude Protein, % 37.5
Ether Extract, % 22.7
Crude Fiber, % 3.41
Crude Ash, % 14.8

Ca, % 1
P, % 0.8

Metabolic Energy, kcal/kg 4100
Values are calculated on dry matter basis. Ca, calcium; P, phosphorus.

2.2. In Vitro Simulation of Digestion
2.2.1. Static In Vitro Digestion Model

The in vitro digestion model consisted of two stages of digestion in the stomach and
small intestine [6,16,24–26]. Digestion was carried out sequentially from the gastric phase
to the small intestinal phase. This method can be briefly summarized as follows.

1. Sample preparation: We used an extruded commercial dog food that is identical to
the one used for the in vivo digestion test. The sample was finely pulverized (<1 mm
particle size) after being dried in an oven (65 ◦C) to a constant weight.

2. Gastric digestion phase: In Erlenmeyer glass flasks (500 mL), 5 g of dog food sam-
ple (<1 mm), 125 mL (25 mL/g feed) 0.1 M phosphate buffer (pH 6.0), and 50 mL
(10 mL/g feed) 0.2 M HCl were added, and the pH was adjusted to 2.0 using 0.1 M
HCl. We then added 1 mL pepsin–HCl (50 mg/mL 0.075 N HCl and pepsin from
porcine gastric mucosa, ≥250 units/mg, P7000, Sigma Aldrich, St. Louis, MO, USA)
and 1 mL chloramphenicol (2.5 mg/mL in ethanol, C-0378, Sigma Aldrich, St. Louis,
MO, USA) solutions and incubated the mixture in a shaking water bath (39 ◦C,
130 rpm) for 6 h.

3. Small-intestinal phase: Once gastric digestion was completed, 50 mL (10 mL/g feed)
0.2 M phosphate buffer (pH 6.8) and 25 mL (10 mL/g feed) 0.6 M NaOH were added,
and the pH was adjusted to 6.8 using 0.1 M NaOH. Thereafter, 6.250 g (100%, 25 g/L
digestive solution), 3.125 g (50%, 12.5 g/L digestive solution), 1.563 g (25%, 6.25 g/L
digestive solution), 0.625 g (10%, 2.5 g/L digestive solution), and 0 g (0%) of bile salts
(13805, Sigma Aldrich, St. Louis, MO, USA) as well as 2.50 g (100%, 10 g/L digestive
solution), 1.25 g (50%, 5 g/L digestive solution), 0.625 g (25%, 2.5 g/L digestive
solution), 0.250 g (10%, 1 g/L digestive solution), and 0 g (0%) of pancreatin (P7545,
8 × USP specifications, Sigma Aldrich, St. Louis, MO, USA) were, respectively, added
to each flask. This was incubated in a shaking water bath (39 ◦C, 150 rpm) for 18 h.

4. Collection of undigested fraction: The undigested fraction was collected using a
bottle-top vacuum filter (pore size 0.22 µm, PES membranes, TPP), dried in a dry oven
(65 ◦C), and then weighed.

2.2.2. Calculation of In Vitro Digestibility

The digestibility of DM in dog food was determined by weighing the undigested
fraction after in vitro digestion obtained from each experimental group using the following
equation [6]:

DM digestibility (%) =

(
f ood, g − undigested f raction, g

f ood, g

)
× 100 (2)
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We followed the methods of the AOAC (2006) to measure the CP (AOAC method
984.13) and EE (AOAC method 920.39) contents in the undigested fraction, and their
digestibility was calculated using the following equations [6]:

CP digestibility (%) =

(
f ood CP, g − undigested f raction CP, g

f ood CP, g

)
× 100 (3)

EE digestibility (%) =

(
f ood EE, g − undigested f raction EE, g

f ood EE, g

)
× 100 (4)

2.3. Statistical Analysis

The data were confirmed to not depart from normality significantly, using the Shapiro–
Wilk method (p > 0.05).

One-way analysis of variance was performed with the data obtained from each mea-
surement using SPSS (version 17.0, SPSS Statistics, IL, USA, 2009), and significant difference
between the means was analyzed at p < 0.05 with Tukey test. All data are expressed as
mean ± standard error (SE).

3. Results
3.1. Apparent Total Tract Digestibility in Beagle Dogs

To determine the in vivo digestibility of a commercial dog food, we measured the
ATTD of adult beagles (n = 24) using an indicator method with 0.5% chromium ox-
ide. The ATTD of an adult beagle was 96.75% ± 0.21% for DM, 91.71% ± 0.62% for
CP, 97.90% ± 0.23% for EE, 90.12% ± 0.91% for crude fiber, 74% ± 19% for crude ash, and
87.12% ± 0.82% for nitrogen-free extract.

3.2. Static In Vitro Digestion for Dogs
3.2.1. In Vitro EE Digestibility

First, EE digestibility was evaluated based on different combinations of pancreatin and
bile salt concentrations from 0 to 100%. A gradual increase in EE digestibility was observed
at each pancreatin concentration (0, 10, 25, 50, and 100%) when bile salts were added from 0
to 100% (p < 0.05; Figure 1a–e). The digestibility of the EE was lowest when bile salts were
not added to any of the pancreatin groups (p < 0.05; Figure 1a–e) and highest when 100%
bile salts were added. This trend was observed regardless of the pancreatin concentrations,
while no significant change in EE digestibility was observed with the addition of pancreatin
(p < 0.05; Figure 2a). At 25, 50, and 100% bile salt concentration, EE digestibility was similar
for any concentration of pancreatin added. However, when pancreatin was not added, EE
digestibility significantly decreased (Figure 2a–c). At 0 and 10% bile salt concentrations,
no significant difference in EE digestibility was observed in groups treated with different
pancreatin concentrations (p > 0.05; Figure 2d,e).
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Figure 1. The effect of different concentrations of pancreatin and bile salts on the digestibility of
ether extract (EE) in a commercial extruded dog food in in vitro digestion. Commercial extruded
dog food digested with (a) 100% (10 g/L digestive solution) pancreatin and 0–100% (0–6.25 g/L
digestive solution) bile salts; (b) 50% pancreatin (5 g/L digestive solution) and 0–100% bile salts;
(c) 25% (2.5 g/L digestive solution) pancreatin and 0–100% bile salts; (d) 10% pancreatin (1 g/L
digestive solution) and 0–100% bile salts; and (e) 0–100% bile salts only. The values are expressed as
mean ± SEM from three independent experiments. a–e Different superscript letters denote significant
differences among the experimental groups (p < 0.05).
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Figure 2. The effect of different concentrations of pancreatin and bile salts on the digestibility of EE in
a commercial extruded dog food in in vitro digestion. Commercial extruded dog food digested with
(a) 100% bile salts (25 g/L digestive solution) and 0–100% (0–10 g/L digestive solution) pancreatin;
(b) 50% bile salts (12.5 g/L digestive solution) and 0–100% pancreatin; (c) 25% bile salts (6.25 g/L
digestive solution) and 0–100% pancreatin; (d) 10% bile salts (2.5 g/L digestive solution) and 0–100%
pancreatin; and (e) 0–100% pancreatin only. The values are expressed as mean ± SEM from three
independent experiments. a–c Different superscript letters denote significant differences among the
experimental groups (p < 0.05).

3.2.2. In Vitro CP Digestibility

The digestibility of CP using different concentrations of pancreatin and bile salts is
shown in Figures 3 and 4. The digestibility of CP was observed in all bile-salt-treated groups,
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with no differences based on the concentration of added bile salts (p > 0.05; Figure 3a–d).
However, a CP digestibility of 73.94% ± 0.44% (maximum) and 67.97% ± 1.66% (minimum)
was observed at 0% pancreatin when 0 or 100% bile salts were added, respectively. Further-
more, for all bile-salt-treated groups, the observed digestibility was 80% or less without
the addition of pancreatin (p < 0.05, Figures 3e and 4a–e). In the commercial dog food
(CP, 37.5%) used in this study, CP digestibility was reduced in the absence of pancreatin,
regardless of the amount of bile salts added (Figure 4a–e).
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Figure 3. The effect of different concentrations of pancreatin and bile salts on the digestibility of crude
protein (CP) in a commercial extruded dog food in in vitro digestion. Commercial extruded dog food
digested with (a) 100% (10 g/L digestive solution) pancreatin and 0–100% bile salts (0–25 g/L diges-
tive solution); (b) 50% pancreatin (5 g/L digestive solution) and 0–100% bile salts; (c) 25% pancreatin
(2.5 g/L digestive solution) and 0–100% bile salts; (d) 10% pancreatin (1 g/L digestive solution) and
0–100% bile salts; and (e) 0–100% bile salts only. The values are expressed as mean ± SEM from three
independent experiments. a–c Different superscript letters denote significant differences among the
experimental groups (p < 0.05).
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Figure 4. The effect of different concentrations of pancreatin and bile salts on the digestibility of CP in
a commercial extruded dog food in in vitro digestion. Commercial extruded dog food digested with
(a) 100% bile salts (25 g/L digestive solution) and 0–100% pancreatin (0–10 g/L digestive solution);
(b) 50% bile salts (12.5 g/L digestive solution) and 0–100% pancreatin; (c) 25% bile salts (6.25 g/L
digestive solution) and 0–100% pancreatin; (d) 10% bile salts (2.5 g/L digestive solution) and 0–100%
pancreatin; and (e) 0–100% pancreatin only. The values are expressed as mean ± SEM from three
independent experiments. a–c Different superscript letters denote significant differences among the
experimental groups (p < 0.05).

3.2.3. In Vitro DM Digestibility

The changes in DM digestibility with the addition of pancreatin and bile salts are
shown in Figures 5 and 6. The digestibility of DM was significantly reduced in groups
treated with 50 and 100% concentrations of bile salts at 10–100% of pancreatin and was
lowest at 100% bile salts (p < 0.05; Figure 5a–d). However, when bile salts were added
at 0–100% without pancreatin, the digestibility of all groups reduced to <40% (p < 0.05;
Figure 5e). Interestingly, when 0–100% pancreatin was used together with 100% bile
salts, all experimental groups showed <40% DM digestibility with no observed changes
owing to different concentrations of pancreatin (Figure 6a). In addition, when 10–100%
pancreatin was used with 0–50% bile salts, the group without pancreatin showed the lowest
digestibility, and no apparent change in digestibility was observed for groups with 10–100%
pancreatin (Figure 6b–e).
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Figure 5. The effect of different concentrations of pancreatin and bile salts on the digestibility of dry
matter (DM) in a commercial extruded dog food in in vitro digestion. Commercial extruded dog food
digested with (a) 100% pancreatin (10 g/L digestive solution) and 0–100% bile salts (0–25 g/L diges-
tive solution); (b) 50% pancreatin (5 g/L digestive solution) and 0–100% bile salts; (c) 25% pancreatin
(2.5 g/L digestive solution) and 0–100% bile salts; (d) 10% pancreatin (1 g/L digestive solution) and
0–100% bile salts; and (e) 0–100% bile salts only. The values are expressed as mean ± SEM from three
independent experiments. a–c Different superscript letters denote significant differences among the
experimental groups (p < 0.05).
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Figure 6. The effect of different concentrations of pancreatin and bile salts on the digestibility of DM in
a commercial extruded dog food in in vitro digestion. Commercial extruded dog food digested with
(a) 100% bile salts (25 g/L digestive solution) and 0–100% (0–10 g/L digestive solution) pancreatin;
(b) 50% bile salts (12.5 g/L digestive solution) and 0–100% pancreatin; (c) 25% bile salts (6.25 g/L
digestive solution) and 0–100% pancreatin; (d) 10% bile salts (2.5 g/L digestive solution) and 0–100%
pancreatin; and (e) 0–100% pancreatin only. The values are expressed as mean ± SEM from three
independent experiments. a–c Different superscript letters denoted significant differences among the
experimental groups (p < 0.05).

4. Discussion

The in vitro simulation of digestion is an alternative and effective method of evaluating
in vivo digestion indirectly. Although it has been used in pet food development, further
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methodological improvements are required. Therefore, in the present study, we investigated
the digestive conditions of in vitro simulations of dog food digestion. Prior to the in vitro
digestion experiment, ATTD was evaluated in beagle dogs. The level of digestibility was
relatively higher than that reported earlier [27,28], probably owing to differences in types
of ingredients (animal or plant-derived) [29,30], age of the dogs [31], and body type [32].

The results of static in vitro digestion study show that EE digestibility is influenced
by the addition of pancreatin and bile salts. To date, static in vitro models simulating fat
digestion are limited. In a particular study involving the static in vitro digestion model
of dogs, similar to our results, high EE digestibility was observed upon the addition of
bile salts at 25 g/L, regardless of the pancreatin concentrations (10 and 12.5 g/L) [6]. This
is the only study that evaluated the effects of different concentrations of pancreatin and
bile salts on EE digestibility. In addition, the observed fat digestion (>10% fat digestibility)
despite the absence of pancreatin, which contains lipase, indicates the presence of an
unexpected factor in the feed or buffer that influences EE digestion. Therefore, to infer
in vitro digestibility accurately, analysis of the concentrations of pancreatin and bile salts
and a consideration of the steps of a process (freezing, heating, or chemical treatment before
in vitro digestion) that can eliminate unintended digestion reactions are both necessary.

Bile salts did not influence in vitro CP digestibility in the test under different concen-
trations of pancreatin and bile salts. However, ≤10% pancreatin can affect the digestibility
of protein. Pancreatin contains various digestive enzymes, including proteases and pro-
teolytic enzymes, which may explain its digestive effects [33]. To control CP digestibility,
the concentration of added pancreatic enzymes in the small-intestinal phase should be
considered along with the amount of pepsin added during the gastric digestion phase.

Next, DM digestibility was affected by bile salts. Pancreatin did not affect the DM
digestibility when bile salts were applied at concentrations of 0–25%. The digestibility of
DM was significantly reduced when >50% concentrations of bile salts were added with
10%–100% pancreatin. In addition, when bile salts were not added, a DM digestibility
of approximately 60% was maintained, although EE digestibility decreased to less than
20%, which might increase DM digestibility. Bile salts are essential for fat emulsification
and the formation of mixed micelles that solubilize and transport lipophilic products to
the gut wall for absorption [16]. Furthermore, bile salts are reabsorbed into the body
during digestion and can be lost owing to absorption by microorganisms or excretion [20].
Additionally, bile salts may be excreted in combination with dietary fibers [34]. During
the digestive process in the body, the substrate-to-enzyme ratio changes owing to the
digestion and absorption of substrates, whereas static in vitro digestion models do not
include the process of removal (absorption) of enzymes or bile salts [16]. Such differences in
digestive environments should be considered in the in vitro simulation of digestion process.
Therefore, the appropriate concentrations of bile salts should be investigated further to
facilitate the accurate estimation of digestibility.

Overall, the digestibility of a commercially extruded dog food analyzed by the static
in vitro digestion model of our study (EE digestibility, 91.50% ± 1.11%; CP digestibility,
88.34% ± 0.58%; and DM digestibility, 60.61% ± 1.40%) was relatively lower than that of
the ATTD in beagles (EE digestibility, 97.90% ± 0.23%; CP digestibility, 91.71% ± 0.62%;
and DM digestibility, 96.75% ± 0.21%). Such differences may be due to the absorption
of nutrients or fermentation of DM by intestinal microorganisms during the digestion
process in the ileum and the residual bile salts in the undigested contents of a static in vitro
digestion model. In addition, the results showed that pancreatin and bile salts affect the
digestibility of DM, CP, and EE. Bile salt, particularly, affected the digestibility of EE in a
concentration-dependent manner. The lowest digestibility of EE observed was 10%, even
when no pancreatin and bile salts were added. Therefore, it can be implied that there
could be a non-specific effect, such as loss of the digested phase during filtration. For
more accurate in vitro digestibility, any unwanted effect on digestibility during in vitro
processes should be minimized; for instance, by removing non-specific digestive reactions
(freezing, heating, chemical treatment, etc.) or improving the harvesting technique of the
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digested fraction. Thus far, various in vitro digestion models for mimicking in vivo models
have been suggested that are not restricted to nutrient digestibility research [12,13,35,36],
medicine [37], toxicity [38], or plant-derived compounds [14,39] for application in biological
evaluations. However, in vitro simulation models for dogs are few. The findings of the
present study could facilitate the development of accurate, static in vitro models, especially
for the digestion of EE in dog food.

5. Conclusions

The results of the present study highlight the importance of digestive enzymes during
static in vitro simulation to mimic in vivo digestion and identify the potential optimal
concentrations of pancreatin and bile salts required to digest crude proteins, fats, and dry
matter. CP and DM digestibility was reduced significantly without pancreatin and EE
digestibility was reduced significantly when there was no bile salts. Pancreatin and bile
salts are crucial factors influencing the in vitro simulation of digestion in dog food, which
contains higher proportions of crude proteins and crude fats. Although improvements are
still required, the suggested conditions of the static in vitro digestion model could facilitate
the development of a standard protocols for the in vitro digestion of dog food.
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