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Abstract The aim of this study was to characterise the
individual human gastric and duodenal juices to be used in
in vitro model digestion and to examine the storage stability
of the enzymes. Gastroduodenal juices were aspirated, and
individual variations in enzymatic activities as well as total
volumes, pH, bile acids, protein and bilirubin concentra-
tions were recorded. Individual pepsin activity in the gastric
juice varied by a factor of 10, while individual total
proteolytic activity in the duodenal juice varied by a factor
of 5. The duodenal amylase activity varied from 0 to
52.6 U/ml, and the bile acid concentration varied from 0.9
to 4.5 mM. Pooled gastric and duodenal juices from 18
volunteers were characterised according to pepsin activity
(26.7 U/ml), total proteolytic activity (14.8 U/ml), lipase
activity (951.0 U/ml), amylase activity (26.8 U/ml) and bile
acids (4.5 mM). Stability of the main enzymes in two
frozen batches of either gastric or duodenal juice was
studied for 6 months. Pepsin activity decreased rapidly and
adjusting the pH of gastric juice to 4 did not protect the
pepsin from degradation. Lipase activity remained stable

for 4 months, however decreased rapidly thereafter even
after the addition of protease inhibitors. Glycerol only
marginally stabilised the survival of the enzymatic activi-
ties. These results of compositional variations in the
individual gastrointestinal juices and the effect of storage
conditions on enzyme activities are useful for the design of
in vitro models enabling human digestive juices to simulate
physiological digestion.
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Introduction

Several approaches to mimic in vivo digestion have been
suggested over the years. Some of the purposes have been
to investigate whether food components could produce
bioactive components [1, 2], to study the survival of drugs
through the gastrointestinal (GI) tract [3, 4] or to predict the
digestibility of food proteins including allergens [5–9].

A recent review on in vitro human digestion models
by Hur et al. [10] demonstrates the vast variability of
digestive fluids used and emphasises the importance of
using physiologically relevant levels of enzymes and other
minor components when designing these fluids. Most
previously reported in vitro digestion models have been
performed with commercial digestive enzymes of porcine
or bovine origin [2, 11–14]. To increase lipolysis, bile
salts of various concentrations have been added [10], and
also proteolysis has been shown to increase upon the
addition of bile salts [15]. It was recently demonstrated
that whey proteins digested by human gastroduodenal
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juices produced different peptides compared to digestion
with porcine digestive enzymes [16]. Human digestive
juices contain enzymes of various isoforms that may differ
from purified animal enzymes with regard to both
specificity and activity [17–19]. Enzyme activities have
been estimated by different methods in different studies;
thus, the outcomes will vary and will rely on the assay
conditions such as the pH, temperature, substrate, incuba-
tion time and the detection method used [10]. Consequently, a
direct comparison between studies is challenging. Human
digestive juices contain enzymes and cofactors in a
physiological combination and may therefore represent an
advantage over artificial solutions composed of purified
commercial enzymes. However, all physiological mecha-
nisms operative in vivo are not transplantable to any in vitro
setting.

In order to reduce the inter-individual variations and to
be able to perform several comparable in vitro gastrointes-
tinal digestion assays, batches of pooled gastric and
intestinal juices are required. The specific activities of the
enzymes in such pooled samples must be analysed, and
their stability during storage should be monitored so that
the juices are used while the enzymes are still active. Loss
of pepsin activity in frozen gastric juice has been reported
[20]. However, de Gara et al. [20] showed that the activity
could be preserved by the addition of glycerol or by
increasing the pH outside of the optimal pH range for
pepsin. The amylase activity in duodenal juice stored at
−20 °C remained largely stable in a study by Muller and
Ghale [21] whereas lipase and trypsin activities in hormon-
ally stimulated juice decreased to approximately 50% of the
initial activities within 3 weeks. Furthermore, it has been
suggested that adding protease inhibitors would result in a
protective effect on the lipase activity as chymotrypsin has
been shown to digest the lipase [22]. Based on this
knowledge, we designed the present study with the
following aims:

1. To establish a practical and convenient method for the
collection of human intestinal juices from the upper
digestive tract from a number of volunteers

2. To describe the individual variations in enzymatic
activities as well as total volumes, pH, bile acids, total
protein and bilirubin concentrations, of gastric and
duodenal juices

3. To study the stability of enzyme activities in gastric
and duodenal juices using different storage temper-
atures (−20 °C, −80 °C or liquid nitrogen), pH
adjustment or the addition of glycerol or protease
inhibitors

4. To characterise the pooled samples of gastric and
duodenal juices enabling several in vitro digestion
experiments to be carried out under similar conditions

Methods

Collection of Physiological Gastric and Duodenal Juices
from the Upper Digestive Tract

Human gastric (HGJ) and duodenal (HDJ) juices were
collected according to Holm et al. [23] from healthy
volunteers without previous history of health impairments.
Aspirations of in total 20 fasting volunteers (7 men and 13
women) aged between 20 to 42 years (average 25±5 years)
were performed at Moss Hospital. The volunteers were
allowed to drink water ad libitum prior to the placement of
the tube. The aspiration was approved by the Norwegian
Ethics Committee, and all volunteers had given a written
consent to participate in the study. GI juices were collected
by placing a flexible three-lumen silicone tube (Fig. 1a)
developed by Maxter Catheters (Marseilles, France) espe-
cially for this type of study through the nose or mouth of the
volunteer. Correct placement of the tube was monitored by
radiology (Fig. 1b). Continuous instillation, 100 ml/h of an
isotonic stimulatory solution (17.5 g/l sucrose, 450 mg/
l NaCl, 800 mg/l L-phenylalanine and 575 mg/l L-valine in
H2O) [24] and a continuous aspiration of gastric and
duodenal fluids were performed simultaneously. The stimu-
lation solution was instilled close to the papilla of Vater,
while the duodenal juice was aspirated some 10 cm distally.
Juices from the stomach were aspirated from the canalis
ventriculi. The GI juices were collected in 50 ml tubes on
ice, inspected and pH was measured periodically to avoid
samples of mixed duodenal and gastric juices. Digestive
juice collected from the stomach was discarded if the juice
was yellow in colour and had a pH >4. These samples were
found to have low pepsin activity and high total proteolytic
activity. Similarly, digestive juice of clear colour and pH ≤4
collected from the duodenum was also discarded. These
samples had low total proteolytic activity and high pepsin
activity as a result of gastric juice leakage to the duodenum
(results not shown). The experiment lasted approximately 2 h
per individual. The samples were centrifuged (4,500×g for
10 min) to remove mucous, and cell debris before aliquots
were frozen at −20 °C and then stored at −20 °C or −80 °C.

Outline of the Study

The study was designed in three parts

Part I: Recording of individual variations in enzymatic
activities, bile acids, total protein and bilirubin
concentrations as well as pH and total volumes of
gastric and duodenal juices. Due to technical
disorganisation of all the individual aspirates,
some enzyme activities and component analysis
are missing in the data set.
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Part II: Recording of storage stability. In order to examine
the effect of different storage conditions on the
stability of proteolytic, lipase and amylase activities,
we pooled samples of gastric and duodenal juices,
respectively, from two individuals (25 years old, one
female and one male). The pooled gastric juice was
divided into three subsamples: one control sample
(no additions), one sample with glycerol added to a
final concentration of 13% and one sample adjusted
to pH 4 using a 0.2-M citrate buffer. The pooled
duodenal juice was divided into seven subsamples:
one control sample (no additions), one sample
stored in liquid nitrogen (N2, no additions), one
sample with glycerol added to a final concentration
of 13% and four samples with protease inhibitors
added: (a) 29 mg/ml Pefabloc (Pentapharm Ltd,
Basel, Switzerland), (b) 4 mg/ml Camostat mesilate
(1879 China Langchem Inc., China), (c) 4 mg/ml
Bowman Birk inhibitor (BBI; T9777, Sigma-
Aldrich, St. Louis, MO, USA) or (d) a mixture of
4.5 mg/ml BBI and 34 mg/ml Pefabloc. All juices
were aliquoted and stored at −80 °C unless
otherwise is stated. The enzymatic activities were
analysed on the day of collection and every month
for 6 months.

Part III: Recording of changes in enzyme activities in
pooled samples of HGJ and HDJ during long-
term storage. For practical reasons, collection of a
large number of samples may require a long period
of time. Consequently, samples will have to be
stored/frozen for different times before being
pooled. To study this situation, samples of gastric

and duodenal juices from 18 individuals (6 males
and 12 females, average age 24±5 years) were
pooled. The individual juices were collected and
stored at −80 °C from 7 to 15 months prior to
pooling them. The pooled juices were aliquoted
and stored at −20 °C or at −80 °C. Registration of
pH, volume and enzymatic activities as well as
total bile acid, protein and bilirubin concentrations
were performed on the day of making the pooled
samples. Storage stability of the enzymatic activi-
ties in the frozen juices was then observed over a
12-month period after pooling the samples.

Proteolytic Activities of Gastric and Duodenal Enzymes

HGJ was analysed for pepsin activity at pH 3.0 with
haemoglobin (H2625, Sigma, St. Louis, MO, USA) as
substrate according to Sanchez-Chiang et al. [25]. Pepsin
activity was assayed within 2 months after aspiration. HDJ
was analysed for total proteolytic activity at pH 8.0 with
casein (Hammarstein casein,MerckCo., Darmstadt, Germany)
as substrate, as described by Krogdahl and Holm [26] and
Kirschenbaum [27]. In brief, triplicates of human gastric or
duodenal juices in three concentrations were incubated with
substrate for 10 min at 37 °C, and the reactions were stopped
by the addition of trichloroacetic acid. After an overnight
sedimentation at 4 °C, the samples were centrifuged for
10 min at 3,000×g. One unit of enzyme activity was defined
as the amount (in millilitres) of gastric or duodenal juice
giving a difference in absorbance of 1.0 at 280 nm in 10 min
at 37 °C.

Fig. 1 a Detailed description of the three-lumen tube used for the
aspiration of gastric and duodenal juices. HGJ gastric juice, HDJ
duodenal juice (photo: Ellen K. Ulleberg). b Correct placement of the

three-lumen aspiration tube in the stomach and duodenum of a
volunteer as monitored by radiology (photo: Espen B. Herud)
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Lipase Activity

Pancreatic lipase activity in the HDJ was measured in
triplicates using the LIP, lipase colorimetric assay for
serum analysis in automated systems, Roche Diagnostics
GmbH (Mannheim, Germany). This assay is performed
at pH 8 and uses the non-diglyceride chromogenic
lipase substrate 1,2-O-dilauryl-rac-glycero-3-glutaric
acid-(6-methylresorufin) ester. In brief, the samples were
mixed with colipase in N,N-bis(2-hydroxyethyl)-glycine
buffer, in a 96-well plate on ice and incubated at 37 °C for
5 min. After adding the substrate, the colour reaction was
measured photometrically every 10 s for 5 min at 595 nm.
The lipase cleaves the substrate to produce 1,2-O-dilauryl-rac-
glycerol and the unstable glutaric acid-(6-methylresorufin)
ester which then decomposes spontaneously producing the
chromophore methylresorufin. The HDJ samples were
diluted in 0.9% NaCl (1:10–1:100) depending on the activity
of the juices. One unit of lipase activity was defined as the
amount (in millilitres) of HDJ giving a difference in velocity
(ΔOD, rate of methylresorufin production) of 1.0 at 595 nm/
min at 37 °C.

Amylase Activity

HDJ was analysed for pancreatic amylase activity at
Oestfold Hospital Trust using the ADVIA 1650 chem-
istry systems (Siemens Medical Solutions, Erlangen,
Germany). The amylase in the sample splits the
ethylidene-p-nitrophenyl-maltoheptaoside substrate, and
together with added glucosidase, this leads to the release
of free p-nitrophenol which is measured due to its
absorbance at 410/694 nm. Two dilutions (1:5 and 1:10
in 0.9% NaCl) of the HDJ were made, and the average of
the two were used to calculate the amylase activity. One
unit of amylase is defined as that amount of HDJ, which
catalyses the production of 1 μmol of p-nitrophenol per
minute under the conditions of the method.

Bile Acids

Bile acid concentration was analysed in duplicates after
dilution with distilled water (1:50) at the Central Laboratory
of the Norwegian School of Veterinary Science (Oslo,
Norway) using Advia® 1650 (Bayer Healthcare, Tarrytown,
NY, USA), an automated analysis system for clinical
chemistry. Principles of analyses were based on enzymatic
amplification determining total 3α-hydroxy bile acids using
a kit (Bio-stat Diagnostic systems, Stockport, UK). In the
presence of Thio-NAD, the enzyme 3α-hydroxysteroid
dehydrogenase converts bile acids to 3-keto steroids and
Thio-NADH. The rate of formation of Thio-NADH was
measured spectrophotometrically at 410 nm. The bile acid

concentration was determined using a curve generated from
a standardised taurocholic acid solution.

Total Protein Concentration

The total protein concentrations in the gastric and duodenal
juices were measured in triplicates using the QubitTM

Fluorometer (Invitrogen) with the Quant-ITTM protein
assay kit (Invitrogen) according to the manufacturer’s
instructions.

Bilirubin Concentration

Bilirubin concentration in the duodenal juices was analysed
at Oestfold Hospital Trust using the ADVIA 1650
chemistry systems (Siemens Medical Solutions, Erlangen,
Germany). Vanadate is used to oxidize bilirubin and
thereby creating biliverdin. The optical density of the
yellow colour of bilirubin (451/545 nm) is thereby
decreased proportionally to the total bilirubin concentration
in the duodenal juices. Two dilutions (1:5 and 1:10 in 0.9%
NaCl) of the HDJ were made, and the average of the two
were used to calculate the concentration of bilirubin.

Statistical Analysis

Normality of the individual data (volumes, total protein,
enzyme activities, bile acids and bilirubin) was tested using
the Shapiro–Wilk and the Kolmogorov–Smirnov tests using
the SAS software, version 9.2 (SAS Institute Inc., Cary,
NC, USA).

Results

Total volumes and pH of the gastric and duodenal juices
collected from 18 volunteers over a 2-h period are
presented in Table 1. The pH of the gastric juice varied
from 1 to 4. The total volume of the individual gastric
juices varied with a minimum of 2 ml and a maximum
output of 355 ml, with an average of 87±103 ml. The total
volume of duodenal juice for each individual ranged from
10 to 312 ml with an average of 158±91 ml and a pH
between 5 and 9. A normal distribution of the data for HGJ
volumes was only obtained after logarithmic transformation
of the numbers, whereas the original data for HDJ volumes
were normally distributed (data not shown). It was observed
that for ten of the volunteers, substantial volumes of gastric
juice (20 to 123 ml) seemed to leak and mix with the
duodenal juice. Three of the volunteers also experienced
reflux of duodenal juice (10 to 30 ml) to the gastric
compartment (Table 1). These samples were discarded from
further analysis.
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The individual differences in enzymatic activities and the
concentrations of bile acids, total protein and bilirubin are
described in Table 2. Data for the enzymatic activities, bile
acids and total protein showed normal distribution, whereas
bilirubin was only normally distributed if the very high
concentration found for volunteer 17 was removed (data not
shown). The pepsin activities of the gastric juices ranged
from 7 to 70 U/ml, with an average activity of 37±21 U/ml.
A high volume of HGJ did not result in a decreased pepsin
activity or vice versa (r=−0.55). The total proteolytic
activity of the individual duodenal juice did not vary to
the same extent ranging from approximately 5 to 25 U/ml,
with an average of 16±6 U/ml. The correlation between
volume and total proteolytic activity was r=0.14. The
duodenal amylase activity ranged from 0 to 50 U/ml with
an average of 27±15 U/ml. A high variation in total bile
acid and bilirubin concentrations was also observed with
average values of 2.7 (±1.3) mM and 59 (±59) μM,
respectively. Total protein concentrations in gastric and
duodenal juice were 1.1 (±0.3) and 1.4 (±0.7) mg/ml,
respectively. Correlations between gastric and duodenal
output volumes and pepsin versus total proteolytic activity
outputs were r=−0.10 and r=0.20, respectively.

Gastric and duodenal juices from two volunteers were
pooled on the day of aspiration, and the stability of the
enzymatic activities was monitored for 6 months. The
stability of the pepsin activity in the gastric juice and the

amylase, total proteolytic and lipase activities in the
duodenal juice is illustrated in Fig. 2. Two months after
aspiration, approximately 80% of the pepsin activity
remained. Then, after 3 months, the activity seemed to
stabilise at approximately 60% of the initial pepsin activity.
The addition of glycerol or a pH adjustment of the gastric
juice did not protect the pepsin from degradation (data not
shown). The amylase activity in the pooled duodenal juice
did not decrease during storage, and a decay of only
approximately 10% total proteolytic activity was observed.
No decrease in lipase activity in the pooled duodenal juice
was measured during the first 4 months in samples stored at
−80 °C. After 6 months, however, approximately 75% of
the initial activity remained. None of the added protease
inhibitors seemed to protect the lipase from degradation. On
the contrary, the addition of Pefabloc to the duodenal juice
resulted in a rapid decrease in the lipase activity (data not
shown).

We have previously performed in vitro digestion assays
using HGJ and HDJ aspirated from only one individual [16,
28–30]. During five aspiration periods, this individual
produced HGJ with pepsin activities ranging from 12 to
95 U/ml (average 59±34 U/ml) and HDJ with total
proteolytic activities ranging from 19 to 27 U/ml (average
23±4 U/ml). Due to the intra- and intersubject variability
observed and in order to have enough juice to perform
several comparable in vitro digestion studies, aspirated

Table 1 Total volumes and
periodically measured pH during
the collection of the gastric and
duodenal juices from 18
individuals

F female, nd not determined, M
male, SD standard deviation
aAdditional volume aspirated
from the duodenal tube with
pH ≤4
bAdditional volume aspirated
from the gastric tube with pH >4

Volunteer Gastric juice Duodenal juice

No Age Gender pH Volume (ml) –a pH Volume (ml) –b

1 24 F nd 65 nd 161

2 21 F 4 13 7 27

3 22 F 2 17 30 6–7 100

4 42 F 1 355 50 5–9 205

5 20 M 1–2 222 115 7–8 110

6 20 F 2 55 37 6–8 155

7 24 F 3–4 110 6–7 30 14

8 21 F 4 25 6 10 10

9 20 M 2 15 35 5–7 218

10 30 F 1–4 198 6–7 30

11 34 M 3–4 13 5–7 152

12 21 F 1 28 123 7–8 197

13 26 M 3–4 37 5–7 168 30

14 24 F 4 10 99 5–7 285

15 22 M 4 31 5–7 253

16 24 F 2–3 121 20 6–7 244

17 24 F 1 2 73 6–7 312

18 23 M 1 248 73 6–8 185

Average 25 87 158

SD 6 103 91
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gastric and duodenal juices collected from 18 individuals
were pooled. A total of 1,300 ml HGJ and 2,100 ml HDJ
were collected. Table 3 shows the characteristics of the
pooled gastric juice (18p HGJ) and the pooled duodenal
juice (18p HDJ) with respect to pH, volume, enzyme
activities, bile acid, total protein and bilirubin concentra-
tions. The pooled gastric juice had a pH of 1.7, a total
protein concentration of 1.2 mg/ml and a pepsin activity of
26.7 U/ml. The pooled duodenal juice had a pH of 7.0, a
total proteolytic activity of 14.8 U/ml, a lipase activity of
951.0 U/ml and an amylase activity of 26.8 U/ml. The
duodenal juice bile acid concentration was 4.5 mM, and the
total protein and bilirubin concentrations were 2.0 mg/ml
and 67.5 μM, respectively.

The stability of the enzymatic activities in the pooled
gastric and duodenal juices (n=18) were further studied for
a 12-month storage period at −20 °C and −80 °C (Fig. 3).
The individual juices had been stored for 7 to 15 months
prior to pooling the samples. During the first 3 months after
pooling, the pepsin activity decreased rapidly to about 65%
of the original activity at both storage temperatures. The
activity, however, remained more stable thereafter if stored
at −80 °C ending at 55% of the original activity whereas
storage at −20 °C resulted in only 36% of the original

activity remaining after 12 months. In the pooled duodenal
juice, the total proteolytic activity seemed more stable and
decreased by only approximately 15% after 12 months
storage at both −20 °C and −80 °C. The lipase activity,
however, decreased rapidly and only about 40% of the
activity remained 5 months after pooling the duodenal
juice. After 12 months storage at both −20 °C and −80 °C,
approximately 40% of the initial lipase activity still
remained. The amylase activity remained largely stable
throughout the 12-month storage period.

Discussion

Several models simulating in vivo digestion have been
developed using commercial enzymes. Obviously, no
model can internalize all potential variability in enzyme
secretion created by hormonal, peptide and neural regula-
tion in each individual. The amount and composition of
intestinal fluids vary between individuals and according to
the type and amount of food ingested [4, 31, 32]. Any
sampling is therefore only representative of the sampling
moment, reflecting the state in which the volunteer was in
at that time. In the fasting state, secretion of intestinal fluid

Table 2 Individual differences in the composition of human gastric and duodenal juice

Volunteer Total protein in HGJ
(mg/ml)

Pepsin
(U/ml)

Total protein in HDJ
(mg/ml)

Total proteolytic
(U/ml)

Amylase
(U/ml)

Bile acids
(mM)

Bilirubin
(μM)

1 nd nd nd 21.0 nd nd nd

2 nd 70.5 nd 16.0 nd nd nd

3 nd 20.6 nd 16.4 nd nd nd

4 nd 7.4 nd 14.4 nd nd nd

5 nd nd nd 19.6 nd nd nd

6 nd 7.3 nd 16.6 nd nd nd

7 1.0 32.4 2.0 13.0 24.9 3.2 47.5

8 1.0 55.9 1.0 12.0 49.8 0.9 22.5

9 1.3 59.5 2.4 19.8 35.5 3.6 57.1

10 0.8 nd 1.3 11.7 0.0 1.3 5.5

11 1.3 nd 2.6 25.4 33.0 3.4 47.3

12 0.9 nd 1.4 11.5 22.0 3.3 69.0

13 1.4 nd 1.1 23.9 52.6 4.2 85.2

14 1.5 nd 0.5 10.4 29.2 2.2 39.8

15 0.9 nd 1.4 5.6 10.0 3.3 58.0

16 1.1 42.2 2.2 24.7 25.8 4.5 32.8

17 1.7 45.2 0.6 22.8 28.6 1.6 232.6

18 0.5 32.0 1.0 9.4 13.0 1.0 17.9

Average 1.1 37.3 1.4 16.3 27.0 2.7 59.6

SD 0.3 21.5 0.7 5.8 15.2 1.3 58.9

Pepsin activity (n=10) and total protein concentration (n=12) in individual human gastric juices. Total proteolytic activity (n=18), amylase
activity, bile acid, protein and bilirubin concentrations (n=12) in individual human duodenal juices

HGJ human gastric juice, HDJ human duodenal juice, nd not determined, SD standard deviation
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is scarce [33], and collection of larger amounts requires an
extended collection period. In our study, the volunteers had
fasted for a minimum period of 12 h prior to collection of
GI juices, so in order to stimulate pancreatic secretion, a
stimulation solution was used. Test meals containing
protein, carbohydrates and lipids would have enhanced
the secretion but would at the same time have “contami-
nated” the gastric and duodenal juices intended for in vitro
digestion of food components. To circumvent this problem,
we used a combination of amino acids and salt known to
stimulate pancreatic enzyme and bile secretion [24] during
the aspiration. The volunteers were therefore neither in a
fasting nor in a fed state at the time of aspiration.

The variation in composition of human gastric and
duodenal juices in both fasting and fed stages has
previously been characterised [31, 32]. Our study showed
that the individual variations in pH, aspiration volumes,
enzymatic activities and bile acids are substantial. The
volunteers displayed a gastric pH ranging from 1 to 4 which
is in accordance with the fasting pH of healthy young
individuals reported by others to be in the range of 1.0–3.5
[34, 35]. However, this may also vary especially according
to age as young children tend to have elevated gastric pH
and lower amount of pepsin compared to adults [33].

Ingestion of food also temporarily raises the pH in the
stomach and leads to increased secretion of pepsin [32, 36].
Our pooled HDJ had a pH of 7 while Dressman et al. [35]
showed that the duodenal juice of fasting healthy young
individuals had a median pH of 6.1. However, intersubject
variations could be substantial [32].

The large variations in the volumes of gastric and
duodenal juice observed were partly due to dilution by the
stimulatory solution as shown by Holm et al. [23]. Under
similar conditions, the average dilution of infusates was
1:1.64 and gastric reflux was less than 5% [23]. In addition,
the emotional states of the volunteers during the aspiration
could also change the secretions [37]. We observed that the
more relaxed volunteers would generally produce more
juice and that individuals being very uncomfortable in the
situation were more likely to produce less. Furthermore, the
mere thought of food seemed to increase the juice output.
However, no correlation between the production volumes
of gastric and duodenal juices was observed. Approximately
24-ml gastric juice is, according to Lydon et al. [38], present
in the fasting stomach. We measured an average total volume
of 87 ml after 2 h aspiration which is in agreement with the
reported flow rate of 0.9 ml/min [33]; however, considerable
intersubject variation (2 to 355 ml) was observed. Daily

Table 3 Characterisation of the pooled gastric juice sample (18p HGJ) and the pooled duodenal juice sample (18p HDJ) from 18 volunteers

pH Volume
(ml)

Total protein
(mg/ml)

Pepsin
activity (U/ml)

Total proteolytic
activity (U/ml)

Lipase
activity (U/ml)

Amylase
activity (U/ml)

Bile acids
(mM)

Bilirubin
(μM)

18p HGJ 1.7 1,300 1.2 26.7 – – – – –

18p HDJ 7.0 2,100 2.0 – 14.8 951.0 26.8 4.5 67.5

18p HGJ pooled human gastric juice from 18 individuals, 18p HDJ pooled human duodenal juice from 18 individuals

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7
%

 r
em

ai
n

in
g

 a
ct

iv
it

y

Time (months)

Pepsin Total proteolytic Lipase AmylaseFig. 2 Percentage remaining
pepsin activity in a pooled
sample of human gastric juice and
remaining amylase, lipase and
total proteolytic activities in a
pooled sample of human
duodenal juice stored at −80 °C
for 6 months

58 Food Dig. (2011) 2:52–61



outputs of duodenal juice have previously been reported to
be in the range of 700–2,500 ml [39] which is in accordance
with the 158-ml average volume within the 2-h collection
period in this study. The duodenal juice volumes were highly
variable ranging from 10 to 312 ml. This is in accordance
with Moreno et al. [40] who reported that duodenal juice
volumes collected over a 2-h period ranged from 40 to
355 ml.

In order to standardise the composition of the juices with
the purpose of performing in vitro model digestion of food,
we pooled the GI juice samples from all volunteers. The pH
in the gastric juice was 1.7, and the pH of the duodenal
juice was 7.0 which correlated well with the aforemen-
tioned normal pH values observed by others [32, 34, 35,
40]. Basal pepsin output has previously been reported to be
approximately 0.87 mg/ml pepsin [33, 41]. The pooled
gastric juice (n=18) had a pepsin activity of 27 U/ml with
an individual variation of 7 to 70 U/ml. According to Holm
et al. [42], average basal total proteolytic activity in
duodenal juice is approximately 45 U/ml (ranging from 11
to 135 U/ml). Our pooled duodenal juice, however,
displayed a total proteolytic activity of 15 U/ml with less
intersubject variation (5 to 25 U/ml). The total bile acid
concentration in the pooled duodenal juice (n=18) was
4.5 mM with an individual variation from 0.9 to 4.5 mM in
12 of the 18 subjects. This is in agreement with the values
reported by Moreno et al. [40] and Clarysse et al. [31]
showing fasting state bile acid concentration in duodenal
juice ranging from 0.6 to 5.1 and 0.3–9.6 mM, respectively.
Lindahl et al. [43] measured a mean protein concentration
of 1.8 ranging from 0.7 to 3.9 mg/ml in the fasting gastric
juice of 24 individuals. This agrees with the present study
measuring a total protein concentration in the pooled gastric
juice to be 1.2 mg/ml (from 0.5 to 1.7 mg/ml). The total
protein concentration in the pooled duodenal juice was
measured to be 2.0 mg/ml, which is somewhat lower than
the 3.1-mg/ml median value observed by Kalantzi et al.
[32]. We measured an amylase activity of 27 U/ml and a
lipase activity of 951 U/ml in the pooled duodenal juice.
Others have used different assays to measure these

enzymatic activities in duodenal juice, and a comparison
of the values obtained is therefore hampered.

Enzymatic activities in digestive juices have been known
to deteriorate during storage [20–22, 44]. In order to use
pooled gastroduodenal juices in in vitro digestion studies,
the stability of the individual enzyme activities needs to be
monitored and preferably stabilised to avoid substantial
decrease in activities. Glycerol has by many been used as a
cryoprotector to avoid loss of enzyme activities in stored
gastric and duodenal juice [20, 44, 45]. The addition of
13% glycerol to freshly isolated gastric and duodenal juices
only marginally protected the enzymes from degradation
compared to the control in this study. This is contrary to the
results by Sivakumaran et al. [44] demonstrating no loss in
pepsin activity when adding glycerol in the range of 20 to
280 ml/l. In our study, the pepsin activity in the pooled
gastric juice (n=18) was reduced to approximately 40–55%
remaining activity after 12 months frozen storage. Some of
this loss may be due to the ambient pH 1.7 in the pooled
juice as the critical lowest pH of 1.8 has been demonstrated
to avoid loss in pepsin activity [20]. We were, however, not
able to preserve the pepsin activity by increasing the gastric
juice pH to 4. Gastric juice should therefore not be stored
for more than 1–2 months before being used for protein
digestion to avoid loss in pepsin activity.

In the frozen pooled duodenal juice stored for 12 months,
only the amylase activity remained stable. This is in
agreement with the study by Muller and Ghale [21]. We
observed that about 80–90% of the original total proteolytic
activity remained in the pooled duodenal juice. Kelly et al.
[22] showed that whereas the chymotrypsin activity
remained rather stable in duodenal juice stored for 56 days,
the trypsin activity displayed intersubject variability ranging
from 0% to 25% decrease in activity. In the study by Muller
and Ghale [21], the trypsin activity decreased to less than
60% in a third of the samples. This could indicate that a loss
in trypsin activity could account for some of the loss in the
total proteolytic activity observed in this study. The lipase
activity appeared to remain stable up to 4 months after
aspiration but then decreased steadily during storage. A
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Fig. 3 Long-term storage
stability of pepsin in a frozen
sample of pooled human gastric
juice and stability of total
proteolytic, amylase and lipase
activities in a frozen sample of
pooled human duodenal juices
stored at −20 °C or −80 °C. The
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significant loss in lipase activity upon frozen storage was
also observed by Kelly et al. [22] who concluded that the
loss in lipase activity was caused by chymotryptic digestion
as the lipase activity remained stable if the duodenal juice
was incubated with a chymotrypsin inhibitor. This is also in
agreement with Thiruvengadam and DiMagno [46] who
confirmed this and also reported that tryptic activity had little
or no effect on lipase degradation. After adding several
protease inhibitors (all inhibitors of both chymotrypsin and
trypsin) to freshly aspirated duodenal juice, we did, however,
not observe any protection of the lipase activity during
frozen storage. The addition of casein, acting as an
alternative substrate for the chymotrypsin, could also have
been used to protect the lipase from degradation [22].
However, as we intend to use the duodenal juice for in vitro
digestion of milk proteins, the addition of any protease
inhibitor or foreign protein would be out of the question.

Several models simulating in vivo digestion have been
established [8, 47] including both simple static models and
more sophisticated dynamic models such as the TNO
gastrointestinal tract model (TIM) [48] and the dynamic
gastric model and small intestinal simulation developed at
the Institute of Food Research (Norwich, UK) [8]. All of
these models have so far used simulated gastrointestinal
fluids with commercial enzymes of animal origin and
commercial bile salts. The use of human GI juices may
present several advantages. The complex composition of
these physiological digestive fluids better reflects the in
vivo ratio of the different enzymes and isoenzymes as well
as other minor components. Previous results demonstrating
that human gastric and duodenal juices produce different
digestion products compared to porcine purified digestion
enzymes strongly support this view [16]. The inter- and
intrasubject variability should always be taken into consid-
eration. A range of concentrations of HGJ and HDJ could
possibly be used to reflect the individual variability in the
amounts of enzymes and bile salts as observed in this study
and by others [43]. A simulation of fasted and fed situations
could also be obtained by varying the amount of juices
added.

Conclusions

Characterisation of individual gastrointestinal juices
gives a valuable overview of the large variation in the
composition, pH and volumes that can be valid during
digestion and is an important tool when designing
simulated digestion of foods. In order to enable the
comparison of results from several digestion studies, large
pooled samples of individual digestive juices have to be used.
Since both pepsin and lipase activities were reduced during
frozen storage, even when preservatives were added, fresh

juices or juices frozen for only a short period (1–2 months) is
to be preferred.
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