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Effects of dietary proteins on some
pancreatic mRNAs encoding digestive
enzymes in the pig
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The response of pancreatic protease synthesis to fish meal-enriched diets was investigated in the pig, which
is generally held to be a suitable model for human digestive physiology. In three sets of experiments, pigs
were fed either 7, 17, 48, or 68% protein diets for 8 days (1st set), or 17 or 48% protein diets for 3, 6,
or 7 days (2nd set), or 7 or 48% protein diets for 4 days (3rd set). At the end of each experiment, the
pancreata were removed for biochemical and gene expression assays. The specific activities of amylase,
lipase, chymotrypsin, trypsin, and elastase decreased as the result of the 7% protein diet after an 8-day
feeding period (Ist set). In the same experiment, all the enzyme-specific activities (those of amylase,
lipase, chymotrypsin, elastase as well as carboxypeptidases A and B) increased in response to the 48%
protein diet, the most strongly affected enzyme being chymotrypsin. Only chymotrypsin and carboxy-
peptidase A-specific activities were further increased after feeding with the 68% protein diet for 8 days as
compared with the 48% protein diet. The amylase, lipase, and trypsinogen mRNA levels remained un-
changed throughout the experiments, but the mRNA encoding procarboxypeptidase A2 decreased, and
that coding for chymotrypsinogen was enhanced after the animals had been fed the experimental diets
for 3 days, but showed no change thereafter. Procarboxypeptidase B mRNA increased slightly only after
a 6-day feeding period. When pigs were fed the 7 and 48% protein diets for 4 days, the enzymes synthesized
in vitro in pancreatic lobules were correlated with the relative levels of the corresponding mRNAs, as
measured by means of an in vitro cell-free reticulocyte-lysate translation system: both amylase and car-
boxypeptidases specific activities and their mRNA levels decreased slightly, while those of serine proteases
increased. It was concluded that the biosynthesis of each serine protease was regulated separately and
transiently at the pre-translational level. On the other hand, it seems very likely that amylase may be
regulated at the translational level, while a multiple-level control process may take place in the case of
procarboxypeptidase A2.
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Introduction

Since the famous report by Paviov! in the late 19th
century, the adaptation of the exocrine pancreas to
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dietary changes in various species including the rat,
chicken, dog, pig, and cow has been extensively stud-
ied.>* A consensus has been reached that pancreatic
protease and amylase secretion as well as their tissue
contents are directly proportional to the amount of
their respective dietary protein and carbohydrate sub-
strates. Lipase secretion and activity depend on dietary
lipid, but their increase is not proportional to the
amount of this substrate. In the rat, the genetic mech-
anisms that mediate these changes have been investi-
gated over the past few years.*® By contrast, the
information available about the molecular basis of pan-
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creatic adaptation in other species is rather scarce. On
that account, it was first necessary to definitely estab-
lish that an increased protein intake leads to increased
rates of proteolytic enzyme synthesis in the pig pan-
creas before elucidating the underlying mechanisms.
Obviously, studies at molecular level on the response
of pancreatic enzymes to nutritional substrates pro-
vided by the diet have not been numerous enough to
be able to predict the mechanism involved in the reg-
ulation of a given enzyme under specific nutritional
conditions in any animal species. Because pancreatic
adaptation is particularly likely to involve different
mechanisms in rodents and humans, we focused in
particular on the pig, which is generally held to be a
suitable model for studying both human nutrition and
gastrointestinal function in view of its physiological
characteristics.!12 The fact that the authors of previous
studies have pointed out a number of discrepancies in
the response of the pancreatic gland to changes in the
composition of the diet between humans and rats'*-'*
further encouraged us to carry out molecular studies
on the pig.

The level of chymotrypsin activity in pig pancreatic
juice has been found to be sensitive to the intake of
dietary protein, whereas that of trypsin is not.'® More-
over, preliminary experiments have suggested that,
although pancreatic secretion and hydrolase tissue con-
tent are maximally increased after feeding high protein
diet for 1 week, proteolytic enzyme synthesis was not
modulated according to the same pattern. In the pres-
ent study, the specific effects of dietary proteins on
the other serine protease (elastase) and the two me-
talloproteases (carboxypeptidases A and B) were in-
vestigated by determining the responses of these
pancreatic enzyme activities and those of their specific
mRNASs to changes in the dietary protein levels in the

pig.

Materials and methods
Diets and animal care

Seventy-two growing castrated male Large White pigs weigh-
ing 40.5 = 0.5 kg, were housed in individual cages. The
conventional diets were gradually replaced by experimental
diets over a 3-day period before the experiment was started
on day 0. The diets (see composition in Table 1) contained
7, 17, 48, and 68% protein in the form of a fish concentrate
and were isocaloric at the expense of carbohydrate. The 17%
protein diet was a standard growing pig diet that was used
as the control diet. Food was given at 9 A.M. and 4 P.M., in
two meals each consisting of 800 g dry food diluted in water
(wtivol: 1/2).

In the first experiment, 36 pigs were divided in four groups
(n = 8-10) and were slaughtered after they had been fed a
given experimental diet (7, 17, 48, or 68% protein) for 8
days. Protein, DNA, RNA, and enzyme activities were as-
sayed. Gene expression was determined by performing dot-
blot hybridization with specific cDNA probes using six pigs
per group unless otherwise indicated in the results section.
In the second experiment, 16 pigs were divided into two
groups (n = 8) and were fed either the 17% or the 48%
protein diet for 3, 6, or 7 days (n = 4) before slaughter.
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Table 1 Composition of diets (% dry weight)

Fish concentrate? 8 20 56 80
Olive oil 9.2 7.2 0.8 02
Starch 55.2 504 27.7 10.0
Glucose 28 24 13 06
Cellulose 16.6 14.4 7.9 36
Vermiculite 46 2.4 4.4 46
Minerals® 2.7 24 1.3 06
Vitaming® 09 0.8 0.4 02
Water 04 3.0 2.3 4.4
Crude energy (J/ 100 g dry weight)e
418 428 418 418

Calories provided as:

protein 7 17 48 68

lipid 19 18 8 12

carbohydrate 72 66 38 15

aFish concentrate (CPSP 90) containing approximately 85% protein,
7% lipid, and 5% minerals, which were taken into account for bal-
ancing the diets.

®Minerals and vitamins complexes were as indicated in reference
17.

°Obtained by caiculation.

Enzyme activities and gene expression were determined. In
the third experiment, 12 pigs were divided into two groups
(n = 6), one of which was fed on the 7% and the other on
the 48% protein diet for 4 days before slaughter. Both
enzyme activity and biosynthesis were determined and gene
expression was assayed by carrying out mRNA translation
assays in a cell-free reticulocyte-lysate system.

At the end of each experiment, pigs were sacrificed by
exsanguination under light anesthesia. The pancreas was
then carefully dissected and weighed. Six 1.5-g pieces were
rapidly excised from the various parts of the gland and
prepared for mRNA extraction. In the third experiment, in
vitro protein biosynthesis was performed immediately. The
remaining pancreatic tissue was stored at —70° C for further
biochemical assays.

DNA, RNA, protein, and enzyme assays

After homogenizing each pancreas in ice-cold distilled water
(1 g/7 mL), its protein content was determined as described
by Lowry et al."” using porcine serum albumin fraction V
(Sigma, St. Louis, MO, USA) as a standard. DNA and RNA
were extracted and assayed as previously described® using
torula yeast RNA and salmon sperm DNA as standards. The
amylase activity was measured using the procedure of Métais
and Bieth” as modified by Corring and Saucier.” Lipase
activity was assayed titrimetrically at pH 9 in the presence
of bile salts and colipase.*® Trypsin and chymotrypsin activ-
ities were assayed according to Reboud et al.?* after 24-hr
tryptic activation in a Tris-(hydroxymethyl)-aminomethane
(Tris-Cl) buffer containing 5 mmol/L Tris, 40 mmol/L. NaCl,
20 mmol/L CaCl, at pH 7.9 and 4° C (trypsin), and 2-hr
activation in a 0.2 M phosphate buffer at pH 7.6 and 4° C
(chymotrypsin). Carboxypeptidase A and B activities were
determined as described by Yamasaki et al.”? and Folk et
al.,” respectively after tryptic activation at 37° C for 2 hr in
either 5 mmol/L Tris-Cl, 40 mmol/L. NaCl, 20 mmol/L CaCl,,
pH 7.9 for carboxypeptidase A, and 25 mmol/L Tris-Cl, 100
mmol/L NaCl, pH 7.9 for carboxypeptidase B. The elastase
activity was assayed using the method of Gertler and Hofman*
after tryptic activation (trypsin 1 mg/ml HCI 1 mmol/L) in 5
mmol/L Tris-Cl, 40 mmol/L NaCl, pH 7.9.



mRNA extraction

Total RNA was prepared using the procedure of Chirgwin
et al.» with slight modifications. Immediately after excision,
1.5-g pancreas pieces were homogenized on ice with a Po-
lytron (15 sec, medium speed) in 12 mL of a buffer containing
5 M guanidinium Tihiocyanate (Fluka AG, Basel, Switzer-
land), 50 mmol/L Tris-Cl (pH 7.5), 25 mmol/L EDTA (ethy-
lenediamine tetraacetic acid, sodium salt), and 0.1 M 2-
mercaptoethanol. After 10 min of centrifugation at 14° C
(8,500 g, Sorval SS-34 rotor) to eliminate the cell debris, the
supernatants were precipitated in 0.75 vol. ethanol and 25
mmol/L acetic acid at —70° C for at least one night. After
an additional 10-min centrifugation at —10° C (5,000 g,
Sorval SS-34 rotor), the pellet was resuspended in 0.5 volume
7.5 M guanidinium hydrochloride (Fluka AG), 200 mmol/L
EDTA, pH 7.5, 5 mmol/L dithiothreitol. RNA was repre-
cipitated in ethanol as described above. This dissolution-
precipitation step was repeated in a two-fold reduced volume
of buffer. The resulting pellet was washed with ethanol to
remove any remaining guanidinium hydrochloride, and fi-
nally dissolved in water (1 mL). To eliminate any remaining
contaminant such as polysaccharides, RNA was precipitated
with 1.25% trichloroacetic acid (TCA) on ice, and the pellet
was successively washed with 66% ethanol, 150 mmol/L NaCl
and 100% ethanol before being diluted in Tris EDTA buffer
at pH 8. Total RNA was quantified spectrophotometrically
at 260 nm. With each pancreas, aliquots from the six extracts
were pooled, reprecipitated in 66% ethanol, 0.2 M potassium
acetate, pH 5.0, and stored at —70° C until assayed.

Qualitative analysis of the total RNA

Quantitative analysis was routinely performed using 1.2%
agarose gel electrophoresis (Northern-blot).* Total RNA
samples (20 pg) and a RNA ladder (Boehringer-Mannheim,
Mannheim, Germany) were denatured prior to electropho-
resis on a 1.2% agarose gel for 4 hours at 80 V. In some
cases, the gel was treated and the RNA transferred onto
nitrocellulose (Schleicher und Schiiell, Dassel, Germany) as
described by the manufacturer. Nitrocellulose filters were
baked for 30 minutes at 80° C.

Quantitative analysis of mRNA

In a few cases, individual mRNAs were quantified by their
biological activity after translation of total RNA extracts in
a rabbit reticulocyte lysate system in the presence of *S-
methionine (100-400 wCi/mL).* In these cases, translated
proteins were separated by a one-dimension sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12—
17% polyacrylamide gel). Quantification of translation prod-
ucts was similar to that of radiolabeled secretory proteins
from pancreatic lobules (see below). In most cases, however,
quantification of individual mRNA was achieved by hybrid-
ization to specific cDNA probes (dot-blot) as described here-
after. mRNA or poly-A- mRNA samples were denatured in
7.4% formaldehyde, 10 X standard sodium phosphate EDTA
(SSPE) by heating at 65° C for 15 minutes and dotted onto
nitrocellulose in sequential dilutions (0.5-6 wg for mRNA
and 0.5-2.5 pg for poly-A- mRNA) using a manifold ap-
paratus (Minifold I, Schleicher und Schiiell). The filters were
then air dried and baked at 80° C for 30 minutes.

Hybridization of filters

Filter hybridization was carried out with cDNA probes la-
beled with («-**P)-dCTP (Amersham, Les Ulis, France) using
a random primer kit (Boehringer-Mannheim). The specific
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activity of the probes was routinely set at 10° cpm/pg after
an overnight incubation at room temperature. The filters
were prehybridized for 4 hours at 42° C in 10 mL hybridi-
zation buffer (5 x SSPE, 50% formamide, 5 X Denhardt’s
reagent, 0.1% sodium dodecylsulfate (SDS), 100 pg/mL den-
atured salmon sperm DNA).? Hybridization was carried out
at 42° C for 20 hours in the above buffer containing the
denatured randomly primed probe (5 X 10° cpm/mL). After
hybridization, the filters were washed in 2 x Standard So-
dium Citrate (SSC), 0.5% SDS at 55° C for 3 X 45 minutes
and then in 0.1 x SSC, 0.1% SDS at 55° C for another 45
minutes.

Filters were blotted dry and exposed to X-ray film. After
film development, the filter-bound radioactivity was deter-
mined by Cerenkov counting in a LKB scintillation spec-
trometer. For each sample, slope of the dot intensity of each
dilution was calculated on the linear portion of the curve by
linear regression.

cDNA library construction and probe cloning

The total porcine RNA was prepared as described above
(omitting the TCA precipitation step) and poly-A + mRNA
was subsequently isolated by chromatography on oligo(dT)-
cellulose (Pharmacia-France, Guyancourt, France).?” Dou-
ble-stranded cDNAs were synthesized using a ¢cDNA syn-
thesis kit (Amersham, Les Ulis, France), and inserted into
the Pstl site of plasmid puC9 after G-C tailing. Escherichia
coli JM 83 was then transformed by the recombinant plasmid
mixture.” Screening of insert-containing colonies (2 x 107)
was performed by hybridization with rat pancreatic cDNA
probes previously *P-labeled using the nick-translation tech-
nique.* Identification of the clones was further checked by
performing Southern hybridization® after agarose electro-
phoresis of Pstl-digested plasmids and by partial sequencing
using the Sequenase system (United States Biochemical Corp.,
Cleveland, OH USA). Rat amylase (1400 bp), lipase (930
bp), chymotrypsinogen (600 bp), trypsinogen (745 bp), and
procarboxypeptidase Al (1000 bp) probes were kindly pro-
vided by C. Wicker-Planquart (CNRS, Marseille, France).
Rat procarboxypeptidase B (pcXp 48: 600 bp) was a gift
from R. MacDonald.* The rat beta-actin clone was a 700
bp sequence of the 3’ end of the messenger. The lengths of
the isolated porcine probes were as follows: a 700-bp lipase
¢DNA sequence, a 650-bp chymotrypsinogen c¢DNA se-
quence, a 600-bp trypsinogen cDNA sequence, a 750-bp
procarboxypeptidase A2 cDNA sequence, and a 600-bp pro-
carboxypeptidase B cDNA sequence. All of these sequences
contained the 3’ end of the messengers. The amylase probe
used in the porcine RNA hybridization assays was from a
rat pancreas cDNA library.

In vitro protein synthesis using pancreatic lobules

Pancreatic lobules were prepared according to Scheele and
Palade.™ They were incubated in 1 mL Krebs-Ringer solution
containing 3.7 MBg/mL *S-methionine at 37° C for 30 min-
utes. Incorporation of labeled amino acid has been checked
to be linear for at least 2 hours when using rat lobules (data
not shown). Following incubation, lobules were homoge-
nized in 0.5 mL 0.1 M NaHCO.. Pancreatic proteins (about
200,000 cpm) were then separated by one-dimension SDS-
PAGE (12-17% polyacrylamide gel electrophoresis). Iden-
tification of pancreatic protein bands, as separated by one-
dimension gel electrophoresis, has been achieved by Scheele™
using antibodies against each protein. One-dimension gel
electrophoresis clearly separates amylase, lipase, the group
of procarboxypeptidases, and the group of serine proteases
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(elastases, chymotrypsins, trypsins). Secretory proteins, which
have been shown to represent more than 95% of total pan-
creatic proteins,” were quantitated by measuring radioactiv-
ity in each group of enzymes. Prior to counting in 10 mL
scintillation liquid cocktail, each protein band was sliced and
solubilized in 100 wL 30% hydrogen peroxide with overnight
incubation at 60° C.

Statistical analysis
An analysis of variance followed by a Duncan test (multiple
groups, i.e., first and second experiment) or a Bonferroni
test (two groups, i.e., third experiment) was used on all
biochemical parameters assayed.

A Mann-Whitney U test was used to analyze data from
protein biosynthesis, mRNA translation, and dot-blot.

Results

Effects of changes in dietary composition on pig
growth, pancreatic weight and total protein,
RNA, and DNA contents

Pigs with the same starting body weight (40.5 = 0.5
Kg) were used throughout this study, and all the diets
were well accepted by the animals. Data from the first
experiment are reported in Table 2. The other two
experiments gave comparable results (data not shown).
The weight gains observed were slightly, but signifi-
cantly, smaller in the 7% protein-diet group than in
the others (P < 0.05). The pancreas weight and its
total protein, DNA, and RNA contents were therefore
expressed as a function of body weight. The total
weight of the pancreatic gland slightly decreased in
animals fed the 7% protein diet but increased when
feeding the 48% and 68% protein diets, as compared
with the control (17%) diet. These effects were still
more pronounced when expressed in terms of the total
protein content of the pancreas (1.4-fold increase after
feeding the 48% protein diet, P < 0.01, as compared
with the control diet). The total RNA was slightly, but
not significantly changed, while the total DNA de-
creased as much as 60% after feeding the 48% and

68% protein diets (P < 0.05 as compared with the 7%
protein diet).

The total DNA, which reflects cell number, as well
as the pancreatic weight:DNA, protein:DNA, and
RNA:DNA ratios reflecting cell size, were expressed
as a function of the values obtained with 17% protein-
fed pigs. However, statistical analysis was performed
on nonnormalized data. In addition, total DNA was
expressed as a function of body weight. The decrease
in the total DNA (mg/100 g BW) observed in the high-
protein groups as compared with the control group
(0.4-fold, P < 0.05), indicated that the total cell num-
ber decreased, because the amount of DNA in a cell
is constant. In none of these parameters was any dif-
ference noted between the 48% and 68% protein diets.
Administration of the 7% protein diet induced a de-
crease in cell size (hypotrophy), while high-protein
diets induced cellular hypertrophy. This effect was less
pronounced in the case of the 68% protein diet than
in the 48% protein diet because the DNA levels were
slightly higher in the latter than in the former group.
In conclusion, the small increase in pancreatic size
observed with high-protein diets may have been due
to cellular hypertrophy (high protein content) along
with some decrease in the DNA content (reflecting a
decrease in cell number).

Effects of changes in dietary composition on the
exocrine pancreatic enzyme levels

The specific activities (U/g protein) of seven pancreatic
hydrolases derived from the first experiment are shown
in Figure 1. The amylase specific activity decreased by
30% in pigs fed the 7% protein diet as compared with
controls (P < 0.05). The lipase and, to a minor extent,
serine protease specific activities also decreased (al-
though not significantly) while the two carboxypepti-
dases A and B were not affected by the 7% protein
diet. Amylase level increased moderately as the result
of the 48% protein diet (1.2-fold, not significant) but

Table 2 Effect of feeding experimental diets containing 7, 17, 48, or 68% protein for 8 days on body weight gain, pancreatic weight, total
protein, DNA and RNA contents, and parameters reflecting cell size and cell number

Diet (% protein) 7 17 48 68 P value
Body weight gain 1.08+0.012 1.13+0.02° 1.16+£0.01b 1.14+0.01° 0.05
Pancreatic weight (g) 45+5 53=7 62=+7 63x6 N.S.
PW/BW (g/kg) 9.9+10 11.3+13 131215 13.0=1.3 N.S.
Protein/BW (mg/kg) 180+ 202 209 = 262 297 =320 285+ 280 0.01
RNA/BW (mg/kg) 176=x23 21.2=x3.1 23.3x29 23425 N.S
DNA/BW (ng/kg) 633+1182 550+ 1322 238 =690 253 +62° 0.05
DNA g7a 1003° 43P 46° 0.05
PW/DNA 682 1002 412b 347° 0.05
Protein/DNA 622 10020 3430¢ 275¢ 0.05
RNA/DNA 552 10030 241b 220° 0.05

PW, pancreatic weight; BW, body weight.
Body weight gain is the ratio: (BWO—-BWS) x 100/BWO.
BWO, body weight on day 0; BWS, body weight on slaughter day.

DNA, PW/DNA, Protein/DNA, and RNA/DNA ratios were calculated relative to control (17% protein).
Groups not sharing a common superscript are significantly different at the P value indicated.

N.S., not significant.
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Figure 1 Changes in the specific activities of some pancreatic hydrolases in pigs fed experimental diets containing 7, 18, 48, or 68% protein

for 8 days. Results are means = S.E.M. of six animals. The P values are <0.05 (*) and <0.01 (**). Comparisons are indicated by horizontal
bars. Carboxy, carboxypeptidase.

Table 3 Effect of feeding experimental diets containing 7, 48, and 68% protein for 8 days on total enzyme activities relative to the control

diet (17% protein).

Diet (% protein) 7 17 48 68 P value
Amylase 51a 100820 80¢ 260 0.01
Lipase 482 1002 520 76b 0.01
Chymotrypsin 562 1008 368° 4570 0.01
Trypsin 682 10036 208¢ 173pe 0.01

a b c c 0.05
Elastase 672 1002 2470 225° 0.01
Carb. A 792 1002 203 246> 0.01
Carb. B 452 10Q2e 11Qve 122¢ 0.05

Carb., Carboxypeptidase.

Groups not sharing a common superscript are significantly different at the P value indicated.

showed no increase in the animals fed the 68% protein
diet. Lipase specific activity increased progressively in
the groups fed 48% and 68% protein diets (1.7- and
2.1-fold, respectively, P < 0.05). The specific activities
of the serine proteases increased in the case of the
48% protein diet, chymotrypsin being the most no-
ticeably affected (2.6-fold, P < 0.05 as compared with
control; while 1.7-fold for elastase, P < 0.05; 1.5-fold
for trypsin, P < 0.05; and 1.4-fold for carboxypepti-

dases A and B, P < 0.05). The specific activities of
chymotrypsin and carboxypeptidases further increased
as the result of the 68% protein diet (P < 0.05 with
chymotrypsin and carboxypeptidase A as compared
with the 48% protein diet), but those of trypsin and
elastase showed no change, while that of amylase re-
mained below the control value. When total pancreatic
enzyme activity is considered (Table 3), the patterns
of enzyme activity were not very greatly modified,
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Figure 2 Northern blot of pancreatic RNA samples. After electro-
phoresis and transfer onto nitrocellulose, denartured MRNA samples
were hybridized to amylase (A), lipase (B), chymotrypsinogen (C),
trypsinogen (D), and procarboxypeptidase B (E) cDNAs. Radio-
activity was detected by autoradiography for 1 night (amylase, chy-
motrypsinogen, trypsinogen) or 2 days (lipase, procarboxypeptidase
B). Standard molecular weight markers are indicated in kb by arrows.
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Figure 3 Autoradiography (top) and typical hybridization curves
(bottom) obtained from dot-blot analyses of increasing amounts of
pancreatic mRNA from pigs fed 17 or 48% protein diet for 3 days.
For each pig, 0.5-6 g of pancreatic mMRNA was dotted onto nitro-
cellulose and hybridized to a chymotrypsinogen probe. After au-
toradiography, dots were punched out and radioactivity measured
by Cerenkov counting. Lines were obtained by linear regression for
each pig.
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although quite striking differences could be observed
between the groups. The same conclusion was drawn
from enzyme activities per unit DNA (not repre-
sented). In the second and third experiments, a similar
pattern of enzyme activity was observed, although both
experiments were carried out over a shorter period
than the first one (data not shown).

Effects of changes in dietary composition on the
exocrine pancreatic protein mRNA levels

The hybridization specificity of the mRNAs with the
corresponding cDNA probes was first assessed by per-
forming Northern-blot analysis. The electrophoreti-
cally separated mRNAs were identified as single bands,
the migration of which corresponded to those of am-
vlase, lipase, chymotrypsinogen, trypsinogen, and pro-
carboxypeptidase B (Figure 2).

The specific mRNAs were quantified by carrying
out dot-blot hybridization on all the pancreatic mnRNA
samples with the specific cDNA probes. One-half to 6
png of mRNA from individual pigs were dotted onto
nitrocellulose, hybridized to specific probes, and au-
toradiographed. Thereafter, the dots were cut out and
counted using Cerenkov’s method. Figure 3 shows a
representative audiograph of dot-blots hybridized with
chymotrypsinogen c¢DNA and the corresponding
regression lines. Correlation coefficient was regularly
>0.97. For each pig, the radioactivity relative to amount
of total mRNA (cpm/pg) was deduced from these lines
and represents the amount of chymotrypsinogen rela-
tive to total mRNA.

In some cases, actin cDNA was hybridized to dot-
blots as control. Figure 4 shows autoradiographs of
poly-A* mRNAs (0.5-2.5 pg) dotted onto nitrocel-
lulose and hybridized to chymotrypsinogen and actin.
Actin mRNA was not modified by diets, while chy-
motrypsinogen was increased after feeding pigs with
48% protein diet for 3 days. These data are consistent
with those obtained with mRNA.

The effect of dietary protein on pancreatic mRNA
expression is illustrated in Tables 4 and 5. In the first
experiment (Table 4), we studied the gene expression
of pancreatic enzymes after an 8-day feeding period

Chymotrypsinogen Actin

05 | 15 2 25 05 1 15 2 25ug
7 e © @ ® @ e 0000
7 « & © ©® 0000
o 90090 s 000

‘e 000®

Figure 4 Autoradiography obtained from dot-blot analyses of in-
creasing amounts of pancreatic poly-A*mRNA from four pigs fed
with 17 or 48% protein diet for 3 days. For each pig, 0.5-2.5 ng of
poly-A+ mRNA was dotted onto nitrocellulose and hybridized to actin
or chymotrypsinogen probes.

e 000



Table 4 Effect of feeding experimental diets containing 7, 48, and
68% protein for 8 days on the mRNA levels expressed as a function
of control diet (17% protein = 100)

Diet (% protein) 7 48 68

Chymotrypsinogen 95=+9 123+16 129+15
Procarboxypeptidase B 112+30 169+ 64 17171
Procarboxypeptidase A2 158 =21 65+12 116+18

Table 5 Effect of feeding experimental diets containing 17 and
48% protein for 3 or 6 days on mRNA levels (cpm/u.g)

Diet (% protein) 17 48 P value
3 days

Amylase 52+9 55+ 11 N.S.
Lipase 142 19+4 N.S.
Trypsinogen 124 +20 131+8 N.S.
Chymotrypsinogen 59+9 94=+9 0.05
Procarboxypeptidase B 567 44+4 N.S.
Procarboxypeptidase A2 16+3 9=+1 0.05
6 days

Trypsinogen 767 49+9 N.S
Chymotrypsinogen 87+11 93+16 N.S
Procarboxypeptidase B 163+29 295+ 56 N.S

with diets containing 7, 17, 48, or 68% protein. No
significant difference in the levels of the specific mRNAs
was observed among the four groups. In the second
experiment, the gene expression of pancreatic enzymes
was studied after a feeding period of 3, 6, or 7 days
with diets containing 17 or 48% protein. Data for 3
and 6 days of treatment are represented in Table 5.
When the 48% protein diet had been administered for
3 days, the amylase, lipase, trypsinogen, and procar-
boxypeptidase B mRNA levels remained unchanged,
whereas chymotrypsinogen mRNA level increased (P
< 0.05) and that of procarboxypeptidase A2 mRNA
decreased significantly (40%, P < 0.05) as compared
with 17% protein diet. Likewise, when the 17% and
48% protein diets had been fed for 6 or 7 days, all
mRNA levels showed practically no change. The levels
of mRNA after 7 days of treatment were equivalent
to those after 8 days and were not represented.

Effects of changes in dietary composition on the
levels of exocrine pancreatic proteins synthesized
in vivo and in vitro

The protein biosynthesis levels in pancreatic lobules
and the in vitro mRNA translation levels after a 4-day
feeding period with 7% and 48% protein diets are
shown in Table 6 (third experiment). The amylase
biosynthesis decreased moderately (20%, P < 0.01) in
animais fed the 48% protein diet versus the 7% protein
diet. The serine protease biosynthesis level increased
(1.2-fold, P < 0.05), while that of procarboxypepti-
dases decreased (0.8-fold, P < 0.01) and that of lipase
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remained unchanged. In vitro translation assays yielded
similar amylase and serine protease patterns, whereas
the procarboxypeptidase translation products were sig-
nificantly enhanced (1.4-fold, P < 0.01).

Discussion

In the present study we investigated the levels of ac-
cumulation of some specific proteins in pig pancreatic
tissue under low and high conditions of dietary protein
intake. We also examined the effects of in vitro enzyme
biosynthesis after a 4-day feeding period with diets
containing 7% and 48% protein, and measured the
mRNA levels specific to these enzymes, in pigs fed
diets containing 17% and 48% protein for 3, 6, and 7
days, on the one hand, and diets containing 7, 17, 48,
and 68% protein for 8 days, on the other hand.
After an 8-day dietary intake, the body weight gain
was slightly, but significantly, lower in the groups fed
low protein diets and higher in those fed the high
protein diets. This finding is consistent with previous
data.’® A low protein diet induced a slight decrease in
the pancreatic weight, due to cell atrophy as shown by
the decrease in total protein content, whereas high
protein diets induced an increase in pancreatic weight
due to cell hypertrophy and a decrease in the cell
number as indicated by the enhanced protein content
and decreased DNA content, respectively. This effect
was more discrete than those previously observed in
rats, where 30-80% increases in pancreatic mass were
measured in response to a high protein diet for only a
few days.’>* The same authors showed that high di-
etary protein diets induce pancreatic hypertrophy and
hyperplasia in the rat. Moreover, Imondi and Bird*
demonstrated that in the chick both proteolytic and
mitotic activities increased as the result of high protein
diets. Unfortunately, these authors did not measure
the DNA content, which may have decreased due to
extensive cell death. The phenomenon of pancreatic
growth as an adaptive response seems to be peculiar
to smaller species. Although very recently Buchler et

Table 6 Effect of feeding 7% and 48% protein diets for 6 days on
the relative protein biosynthesis levels in lobules and translational
activity of the corresponding mRNAs (expressed as the percentage
of total incorporation of 35S-methionine)

Diet (% protein) 7 48

Protein biosynthesis

Amylase 37.5x05 2=
Serine proteases 26.1=14 31.1+1.81
Procarboxypeptidases  20.3x0.5 16.1+1.5¢t
Lipase 8.6+09 96+1.1(N.S)
mRNA assayed by in vitro translation
Amylase 332=x2 26+ 3"
Serine proteases 20.7x1.4 228+x1.1(NS)
Procarboxypeptidases  25.4+3.3 348+23"
*P < 0.01.
1P < 0.001.

N.S., not significant.
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al.* described an increase in pancreatic size in humans,
it has not yet been established whether this effect was
due to pancreatic growth or cell hypertrophy. Further
information, such as the thymidine incorporation and
cell death data, is certainly required before we can
fully interpret the present findings on DNA content.

The main purpose of this study was to determine
the molecular mechanisms underlying pancreatic ad-
aptation to protein-rich diets in the pig. First we meas-
ured enzyme specific activities and total tissue contents.
The enzyme contents and specific activities did not
specifically decrease in response to a low protein diet
and increased as the result of high protein diets. This
is consistent with previous data on pig pancreatic se-
cretion after several days of feeding high protein diets. '
However, the lipase and serine protease specific activ-
ities increased more noticeably than those of other
enzymes. In the rat, previous authors have reported
that high protein diets mainly increased the protease
(chymotrypsin, trypsin, elastase, and carboxypeptidase
B but not carboxypeptidase A) activities and only
slightly affected the lipase activity.”-?1.343-31 [n the pres-
ent study we demonstrated that serine proteases and
carboxypeptidase A (but not carboxypeptidase B) in-
creased in response to fish meal-enriched diets in pigs.

It is not yet clear whether the above discrepancies
are due to differences between the species investigated
or to differences in the composition and duration of
the diets. In the present study we increased the dietary
protein content at the expense of carbohydrate, while
the lipid content was stable in quantity but not in
quality because corn oil was gradually replaced by fish
fat. In rats most authors have used casein as the protein
source and have suggested that high quality proteins
such as casein or fish, unlike low quality proteins such
as zein or gluten, increase the chymotrypsin levels.?#
In rats, we recently observed that the effects of a high
protein diet on the pancreatic enzyme activities and
their corresponding mRNAs varied depending on the
dietary protein used [unpublished data]. We therefore
suggest that not only the nutritive value, but also the
protein composition and its interaction with other nu-
tritional components (casein is a pure protein as op-
posed to fish concentrate) may influence the pancreatic
adaptation to dietary proteins. Another issue to be
addressed is the importance of sex hormones on these
differences. For practical purposes, we had to perform
all of these experiments on castrated pigs. The effect
of steroid hormones on pancreatic function is not known
in the pig. However, we demonstrated previously that,
in rats, orchiectomy had little effect on pancreatic
growth and no effect on enzyme levels while testos-
terone administration to castrated rats induced an in-
crease in amylase and chymotrypsin contents [Lhoste
et al., unpublished].

To establish whether the specific increase in pan-
creatic protease activity observed after a high protein
dietary intake was regulated at the level of gene
expression in the pig, we measured the concentrations
of the corresponding mRNAs in the pancreas of pigs
fed diets containing 17% or 48% protein for 3-7 days,
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and 7, 17, 48, or 68% protein for § days. In pigs fed
7% or 48% protein diets for 4 days, the pancreatic
enzyme biosynthesis was quantified by performing in
vitro incubation of pancreatic lobules with 3S-methi-
onine, and the mRNA levels were determined by car-
rying out in vitro translation assays in cell-free
reticulocyte lysate systems. When the in vitro trans-
lation products of equal amounts of pancreatic RNA
from pigs fed 7% or 48% protein diets were separated
on sodium dodecy! sulfate-polyacrylamide gels (SDS-
PAGE), the *S-methionine incorporation increased
with the amount of protein in the diet in the bands
corresponding to serine proteases and decreased in
those corresponding to amylase. A good correlation
was found to exist between the amylase activity, its
specific biosynthesis in lobules, and the mRNA trans-
lation level in vitro. In the case of the serine proteases,
the biosynthesis in lobules (and mRNA translation
level) was parallel to the enzyme specific activities
although somewhat lower (1.2-fold with serine pro-
teases versus 2.6-fold with chymotrypsin, 1.8-fold with
elastase and 1.1-fold with trypsin). It was not possible
to determine whether the enzymes chymotrypsin, tryp-
sin, and elastase underwent equivalent changes be-
cause of the lack of resolution of the proteases in the
biosynthetic studies using one-dimensional SDS-PAGE.
Assuming that chymotrypsinogen is the major form of
serine proteases in the pig, our data strongly suggested
that its regulation is at least partly pre-translational.
The control of serine protease synthesis may therefore
involve similar pathways in both the pig and rat.”#-#
In the rat, it has been demonstrated however that the
procarboxypeptidase levels were poorly affected by
high dietary protein diets.*’ In the pig, the procarbox-
ypeptidase biosynthesis decreased slightly but signifi-
cantly by 20%, while the in vitro mRNA translation
products and enzyme specific activities increased after
feeding a diet containing 48% as compared with 7%
protein. The differences observed in the enzyme bio-
synthesis and activities may be attributable to a dif-
ference in protein stability between the two groups.
Here we quantified pig pancreatic mRNAs by car-
rying out hybridization assays with their specific cDNA
probes on animals fed the 17% and 48% protein diets
for 3 days to differentiate between the mRNAs specific
to serine proteases and procarboxypeptidases. An in-
crease was observed in the chymotrypsinogen mRNA
but not in the trypsinogen mRNA levels in pigs fed
high protein diets. The chymotrypsinogen mRNA in-
creased only 1.6 fold, whereas its specific activity in-
creased 2.6 fold, suggesting that only part of the increase
in biosynthesis was due to gene expression. Moreover,
the increase in gene expression was only transient. As
we know that chymotrypsin secretion is maximally
stimulated after 2 days of feeding high protein diet,'
we must suggest that the increase in chymotrypsin
specific activity is regulated at the level of protein
biosynthesis. Because the trypsinogen mRNA showed
no change after feeding the 48% protein diet for 3
days, its biosynthesis may be controlled at the trans-
lational level. It is worth noting, however, that serine



proteases are present in the pancreas in several isoen-
zymic forms (three trypsinogens, three chymotrypsi-
nogens, and two proelastases).* Moreover, upon the
pancreatic stimulation resulting from a protein-rich
diet¥ or from the decapeptide caerulein,* the synthesis
of the anionic isoforms of trypsinogen increased while
that of the cationic trypsinogen showed no change in
the rat. Because it could not be determined whether
our probe was anionic or cationic, it was difficult to
compare the enzymatic assay data with those on the
mRNA levels. The procarboxypeptidase A2 mRNA
levels decreased, although the enzyme specific activity
(corresponding to procarboxypeptidase Al and A2 gene
expression) was enhanced after feeding the high pro-
tein diet for 3 days. Similar effects have already been
described in the calf pancreas* and may be attributable
to a multiple-level regulation involving the simulta-
neous inhibition of transcription of one gene and stim-
ulation of translation leading to an increase in the
enzyme content.

When pigs were fed the high protein diets for 7 or
8 days, mRNA levels remained unchanged, although
the protease specific activities were raised. The adap-
tation was therefore under translational control. The
dramatic increase in the enzyme specific activities may
have been due to some derepression of inhibited mRNA
in the control pigs. This hypothesis might be tested by
measuring the translationally active mRNAs (i.e., po-
lysomal RNAs). It is also possible that in the control
pigs the amount of preproteins synthesized may not
have been entirely activated, whereas this pool was
activated in pigs fed high protein diets. The develop-
ment of a specific protein assay for each enzyme in-
stead of measuring their activities would enable us to
check the activation step directly.

It seems likely that the transcriptional control of
enzyme adaptation to dietary protein is a transient
phenomenon in the pig. In fact, studies performed on
rats have demonstrated that the mRNAs were modu-
lated after 815 days of high protein diet,*’ but no
kinetic studies have been performed in this connection.
However, Lahaie and Dagorn* have shown that the
increase in protease synthesis induced by a protein-
rich diet was complete within 24 hr of feeding and
persisted for up to 10 days. We are presently perform-
ing a careful kinetic study with a view to drawing up
a detailed picture of the molecular pancreatic adap-
tation to a 48% protein diet in the pig.

The aim of this study was to determine the regula-
tory steps involved in pancreatic adaptation to dietary
protein in the pig. Our conclusions can be summarized
as follows: (1) the molecular regulation of adaption
appears to be highly species-dependent, and it is con-
sequently very important to further investigate this
phenomena in the pig, which is a suitable model for
human digestive physiology; (2) pancreatic adaptation
in the pig results in the conjunction of complex phe-
nomena and must therefore be carefully analyzed: the
present data suggest that transcriptional control is rapid
and transient; (3) each enzyme is regulated via differ-
ent pathways because the specific mRNAs are not
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affected to the same extent and in the same way.
Chymotrypsinogen, for example, is mostly regulated
via transcription, while amylase is probably regulated
at a posttranscriptional level. Other proteolytic en-
zymes such as procarboxypeptidases, elastases, and
trypsinogens show different patterns, but more data
on isoenzymes are necessary before the importance of
each level of regulation can be established.
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