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Feed deprivation and re-feeding on alterations of proteases in tilapia Oreochromis mossambicus. Zoological
Studies 47(2): 207-214. Regulation of gastrointestinal proteases becomes particularly important when fish
starved. In this work, tilapia (Oreochromis mossambicus) were allotted to various treatments including starvation
times (3, 5, and 7 d) and 1 d of re-feeding after various starvation times to test whether food deprivation causes
changes in protease activities in the gastrointestinal tract. No significant differences in body weights were
found among all groups. The relative stomach weights of the starved groups (3 and 5 d) were significantly
higher than those of the control group. The relative intestinal weight of the starved group after 7 d of starvation
was significantly higher than that of the control group. Additionally, re-feeding resulted in relative stomach and
intestinal weight increases after 5 and 7 d of starvation, respectively. The activity of trypsin (T) in fish subjected
to a short starvation period was lower than that in fish fed normally, whereas chymotrypsin (C) activity increased.
The T/C ratio decreased with starvation time, indicating the possibility that the growth of tilapia is inhibited by
starvation. Furthermore, re-feeding after starvation resulted in increased trypsin and chymotrypsin activities,
and a decrease in the T/C ratio compared to before feeding. These data suggest that short-term starvation
dampens trypsin activity and the T/C ratio in relation to the growth of tilapia, and that re-feeding consequently
stimulates the activities of intestinal proteolytic enzymes in tilapia.
http://zoolstud.sinica.edu.tw/Journals/47.2/207 .pdf
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Digestive enzymes have been studied
in various fish species (Soengas et al. 1996,
Jonsson et al. 1997, Hidalgo et al. 1999, Lo and
Weng 2006). Studies of proteolytic enzymes
in fish have provided knowledge for improving
protein utilization and established the importance
of trypsin as a key enzyme for feed utilization
and growth through its role in the processes of
protein digestion (Rungruangsak-Torrissen et
al. 2006). Trypsin activity has been reported to
be related to the growth rate of fish larvae fed
high-quality diets, such as in goldfish (Carassius
auratus, Abiayad and Kestemont 1994), sea bass

(Dicentrarchus labrax, Cahu et al. 1998, Nolting et
al. 1999), and red drum (Sciaenops ocellatus, Lazo
et al. 2000). Atlantic salmon (Salmo salar) grows
fastest in June and July, when trypsin activity
also reaches a peak (Jonsson et al. 1997). In
rainbow trout (Oncorhynchus mykiss) and Atlantic
salmon, a linear relationship between trypsin
activity and protein digestibility is found (Krogdahl
et al. 1994, Rungruangsak-Torrissen et al. 2006).
Trypsin is a key protease which activates other
pancreatic proteases including chymotrypsin in
mammals and fish (Sunde et al. 2001). Trypsin-
specific activity and the protease ratio of trypsin
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to chymotrypsin (T/C ratio) increase as growth is
promoted. Moreover, increments of chymotrypsin-
specific activity lead to a reduction in the growth
rate, whereas fish with lower growth have a higher
specific activity of chymotrypsin resulting in a lower
T/C ratio (Rungruangsak-Torrissen et al. 2006).
Many factors including species, age, habitat,
temperature, and intestinal pH affect proteolytic
enzyme activities (Hidalgo et al. 1999). In Nile
tilapia (Oreochromis niloticus) kept at different
seawater salinities, trypsin activity reaches the
highest levels in fish with the highest growth rate
and serum thyroxine levels (Woo et al. 1997).
Many studies have demonstrated that
short-term food deprivation (Rueda et al. 1998,
Tian and Qin 2003) or multiple periods of
food deprivation and re-feeding increase feed
efficiency and growth in various fish species
(Hayward et al. 1997, Wu et al. 2002, Zhu et al.
2004). Changes in digestive enzyme activities in
response to periods of starvation reveal the most
critical nutrient and energy reserves, and those
metabolized or conserved in the face of increasing
food deprivation (Harms et al. 1991, Johnston
et al. 2004). Recent data have demonstrated
that starvation or a shortage of food may lead
to increases in enzyme activities in different
sections of the intestines (Harpaz et al. 2005,
Krogdahl and Bakke-McKellep 2005). Long-term
fasting in Atlantic cod (Gadus morhua), however,
led to a drop in digestive enzyme activity levels
in the pyloric caecum and intestine, as well as
trypsin activity in pyloric caecum homogenate,
which are all mostly restored upon re-feeding
(Bélanger et al. 2002). Previously, the activity of
digestive proteases is not significantly reduced
with increasing starvation periods in Atlantic cod
subjected to extended starvation for up to 25 d
(Gildberg 2004). Asian sea bass subjected to
restricted feeding regimes (50% less than the
control) shows higher levels of overall proteolytic
enzyme activities (leucine amino peptidase)
(Harpaz et al. 2005). Digestive enzyme activities
in the gastrointestinal tract of Nile tilapia are found
to increase following short-term (5 d) fasting
(Mommsen et al. 2003). However, alterations of
digestive enzymes in tilapia (O. mossambicus)
particularly during different periods of a single
phase of food deprivation and re-feeding are very
interesting. This work investigated the effects of
various lengths of starvation and re-feeding after
various lengths of starvation on digestive enzyme
activities in tilapia, and compared changes in
pepsin, trypsin, and chymotrypsin before and after

re-feeding.

MATERIALS AND METHODS
Sample and experimental design

Ninety-six tilapia (O. mossambicus) were
originally obtained from the Mariculture Research
Center of the Fisheries Research Institute, Council
of Agriculture, Executive Yuan (Tainan, Taiwan).
Tilapia were reared in circulating fresh water at
25-28°C under a photoperiod of 12 h light: 12 h
dark, and were fed a daily experimental dry diet
at the Institute of Biotechnology, National Dong
Hwa University (Hualien, Taiwan). The animal
experiments were performed according to the
Guide for the Care and Use of Laboratory Animals
of National Dong-Hwa University. Both gender
tilapia of 25-35 g in body weight were chosen for
the experiment.

At the start of the experiment, fish were
starved for 1d to empty the gut. The fish were
randomly divided into tanks (4 fish/tank, 6 tanks/
treatment) containing the normal feeding group,
groups subjected to 3, 5, and 7 d of starvation, and
groups allowed 1d of re-feeding after 3, 5, and 7 d
of starvation. The formulation of the experimental
diet is shown in table 1. The fish were then killed
by ice anesthetic, and the intestines and stomach
were collected. For the 1d of re-feeding after
fasting, fish was given free access to food for
24 h. After weighing, one fish was randomly
caught from every tank of the various treatments,
and its tissues were removed, immediately frozen,
and stored at -80°C until being assayed.

Protein isolation

The frozen stomach and intestines were
separately homogenized in saline with 0.1%
triton X-100 (5 fold volume of tissue), and the
tissues were then homogenized in a polytron
homogenizer. After centrifugation (12,092 xg for
15 min at 4°C), the supernatant was maintained at
-80°C until assays. The total protein concentration
for each sample was obtained using a Bradford
protein assay kit (Sigma, St. Louis, MO, USA) with
bovine serum albumin as a standard expressed in
micrograms of protein per microliter.

Measurement of pepsin enzyme activity

Gastric pepsin activity (EC3.4.23.1) was
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determined by measuring the hydrolysis rate
of hemoglobin (Rick and Fritsch 1974). Before
the pepsin activity assay, the pepsinogen in
the homogenate was activated by incubation at
4°C for 10 min with 0.1 M HCI at pH 2.0. In total,
50 png/100 pL of previously isolated stomach
protein was mixed with 0.5 mL of 0.5% bovine
hemoglobin (Sigma) in 0.1 M citrate acid (pH
2.0), and reacted at 37°C for 2 h. The reaction
was terminated by adding 375 pL of 0.5 M
trichloroacetic acid (TCA) to the mixture, which
was then centrifuged at 12,092 xg for 20 min at
4°C. One unit of enzymatic activity was defined as
the amount of protein that catalyzed an increase
of 1.0 in the absorbance at 280 nm/min using a
spectrophotometer (DU640i, Beckman, Fullerton,
CA, USA) under the assay conditions. Pepsin
activity was expressed as specific activity (U/mg
protein) with 1 U representing 1 mL equivalent
of tyrosine liberated per minute per milligram of
protein.

Measurement of trypsin enzyme activity

Table 1. Formulation of the experimental diet

Ingredients (g/kg diet)

Casein (vitamin free) 380
Maize starch 380
Maize oil 70
Fish oil 40
Vitamin mixture? 20
Mineral mixture® 40
Carboxymethylcellulose 20
a-Cellulose 50

Calculated nutrient proximate composition

Crude protein 308
Diethyl ether extract 110
Crude fiber 37
Ash 35

aVitamin mixture (mg/g mixture): thiamin hydrochloride, 5;
riboflavin, 5; calcium pantothenate, 10; nicotinic acid, 6.05;
d-biotin, 0.003; pyridoxine hydrochloride, 0.825; folic acid, 0.041;
inositol, 200; L-ascorbyl-2-monophosphate-Mg, 2.025; choline
chloride, 44; menadione, 4; a-tocopheryl acetate, 3.35; retinyl
acetate, 0.4; para-aminobenzoic acid, 5; and cholecaliferol,
0.0004685. All ingredients were diluted with a-cellulose to
1g. ®Mineral mixture (mg/g mixture): AICls-6H20, 0.15; KIl, 0.15;
CuSO0s4, 0.1; MnSO4-H20, 0.8; CoCl2:6H20, 1; ZnSO4+7H-0,
3; Ca (H2P0.)2:H20, 135.8; Ca (CHsCHOHCOO)2-5H20, 327;
FeS04-6H20, 2.125; MgSO0.-7H20, 137; KCI, 75; and NaCl,
43.5. All ingredients were diluted with a-cellulose to 1 g.

The pancreatic trypsin (EC3.4.21.4) and
chymotrypsin (EC3.4.21.1) activities were
measured following the methods outlined by
Geiger (1984) and Geiger and Fritz (1984),
respectively. Trypsinogen and chymotrypsinogen
in the homogenates were activated by the addition
of enterokinase at a concentration of 4 mg/mL and
incubated at 4°C for 24 h. Totally 50 pg/100 pL of
previously isolated intestinal protein was mixed
with 0.5 mL of 10 mM p-toluene sulphonyl-L-
arginine methyl ester (TAME, Sigma) in 0.1 M Tris-
HCI (pH 8.0), and reacted in a water bath at 37°C
for 10 min. The absorbance was then measured
at OD,,; using a spectrophotometer (Beckman
DU640i) to quantify the digestive enzyme activity
of trypsin. Trypsin activity was expressed as units/
mg protein.

Measurement of chymotrypsin enzyme activity

Totally 50 pg/100 pL of previously isolated
intestinal protein was mixed with 0.5 mL of 1
mM N-benzoyl-L-arginine ethyl ester (BAEE,
Calbiochem, Darmstadt, Germany) in 0.1 M Tris-
HCI (pH 7.8), and reacted in a water bath at
37°C for 10 min. The absorbance was then
measured at OD,5; using a spectrophotometer
(Beckman DUG640i) to quantity the digestive
enzyme activity of chymotrypsin. Chymotrypsin
activity was expressed as units/mg protein.

Statistical analysis

Experimental data are presented as the mean
* standard error (n = 6). The data were analyzed
as a split-plot design using the GLM procedures
of SAS (1999). When a significant F-value for
treatment means (p < 0.05) was observed by
analysis of variance (ANOVA), treatment means
were compared with Duncan’s multiple-range test
(Duncan 1955).

RESULTS

Changes in gastrointestinal (Gl) tract weight
and final body weight

During the experimental period, no fish died
in any group. No significant differences in body
weights were found among the groups. The
relative stomach weights of starved groups (for
3 and 5 d) were significantly higher than that of
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the control group. Additionally, 1 d of re-feeding
after 7 d of starvation resulted in an increase in
the relative stomach weight (Table 2). The relative
intestinal weight of the starved group after 7 d of
fasting was significantly higher than that of the
control group. Moreover, 1 d of re-feeding after 3
and 5 d of starvation resulted in a relative recovery
of intestinal weight (Table 2).

Changes in the activities of pepsin, trypsin,
and chymotrypsin during starvation and re-
feeding after starvation

The effects of fasting on the expressions
of pepsin in the stomach and of trypsin and
chymotrypsin in the intestines are shown in table
3. The gastric pepsin activity of tilapia fell after
3 d of starvation compared to the control group, but
no significant differences were exhibited among
the tested groups at 5 and 7 d of starvation and
the control group. The stomach pepsin activities
after re-feeding showed no significant differences
compared with that after starvation. In the group
re-fed after 3 d of starvation, the stomach pepsin
activity was lower than that of the control group
(Table 3). The intestinal trypsin activity after 3 d
of starvation decreased, and the intestinal trypsin
activity exhibited the lowest level among all tested
groups after 5 d of starvation. The intestinal
trypsin activity increased with re-feeding after 3, 5,
and 7 d of starvation, and the levels in the re-fed
groups were higher than that of the control (Table
3). The intestinal chymotrypsin activity showed no
significant differences after 3 and 5 d of starvation
compared to the control group, but the intestinal
chymotrypsin activity significantly increased after

7 d of starvation. This resulted in a significantly
reduced activity ratio of trypsin to chymotrypsin
(the T/C ratio) with increasing time from 3 to 7 d
of starvation (Table 3). Re-feeding caused the
intestinal chymotrypsin activity to increase after
3, 5, and 7 d of starvation, and levels were higher
than those of the control group. The intestinal
chymotrypsin activity was higher in the re-fed
group after 7 d of starvation than those of the other
groups. In addition, the intestinal chymotrypsin
activity after re-feeding was also higher than that
of the control. The T/C ratios with re-feeding after
5 and 7 d of starvation were lower than those of
the control group. The decreasing tendency was
greater with re-feeding after 7 d of starvation. In
contrast, the T/C ratio of the re-fed group did not
significantly differ from the fasting group. The
results of re-feeding were compared with the
control, there were significant decreases in both
re-fed after 5 and 7 d of starvation groups (Table 3).

DISCUSSION

Recent studies have demonstrated that
variable food intake and re-feeding lead to
increases in tissue mass, protein content, and
enzyme activities synchronous with the response
to fasting, possibly due to a combination of
increased cellular proliferation (Secor et al. 2000,
Krogdahl and Bakke-McKellep 2005), higher rates
of protein synthesis, and lower levels of protein
degradation (Houlihan et al. 1988, Krogdahl and
Bakke-McKellep 2005). The body weights of
starved tilapia showed no significant changes. The
relative stomach weights of the starved groups

Table 2. Alterations in body weight, stomach weight, and intestinal weight of tilapia after various periods of
starvation and re-feeding after various period of starvation

Starvation periods (d) p value
Control 3 7 SE Starvation Feeding S*F
Starved Re-fed Starved Re-fed Starved Re-fed period (S) (F)
Body weight (g) 29.38 28.59  28.76 28.15  28.63 27.55 27.86 0.79 0.35 0.14 0.08
Stomach weight (g) 0.13¢ 0.16°  0.14 0.182 0.15¢¢ 0.13¢ 0.18® 0.01 0.01 0.62 0.01
Intestinal weight (g) 0.29° 0.30° 0.29° 0.29° 0.33° 0.382° 0.40° 0.02 0.01 0.39 0.39
Relative stomach 4.43¢° 5.60° 4.87° 6.392 5.24bc 4.72b¢ 6.46% 0.42 0.01 0.20 0.05
weight (g/g body weight)
Relative intestine 9.87° 10.49° 10.08° 10.30° 11.53*® 13.79° 14.36° 0.69 0.01 0.78 0.05

weight (g/g body weight)

a.b.eDifferent superscript letters indicate a significant difference between values on a given row (p < 0.05).
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were significantly higher than those of the control
group. Furthermore, the relative intestinal weight
of the starved group after 7 d of starvation was
significantly higher than that of the control group.
Moreover, re-feeding resulted in the relative
stomach weight recovering after 7 d of starvation
and the relative intestinal weight recovering after
5 d of starvation (Table 2). It is recently reported
that fasting caused extensively rapid decreases in
the tissue mass, protein, and enzyme capacities
of Atlantic salmon (S. salar) within 2 d (Krogdahl
and Bakke-McKellep 2005). However, intestinal
wasting slows down during long-term starvation
periods. Protein degradation in other tissues,
particularly white muscle, apparently levels up
at such a time to provide more amino acids for
vital body functions (reviewed by Navarro and
Gutierrez 1995). Previous studies have revealed
that starving fish for periods of 1-2 mo have little
effect on body mass or length (Foster and Moon
1991, Navarro et al. 1992, Bélanger et al. 2002).
Intestinal tissue proteins degrade more intensely
than other tissue proteins in well-nourished fish
during the early phases of starvation (Weatherley
and Gill 1981, Houlihan et al. 1988, Krogdahl
and Bakke-McKellep 2005). In rainbow trout
(O. mykiss) fed a meal after a 6 d fasting period,
fractional rates of protein synthesis in the intestines
are higher than that 3 h after feeding, and these
were brought about by an increase in protein
synthesis per unit of RNA (McMillan and Houlihan
1989, Krogdahl and Bakke-McKellep 2005). Our
study found that the stomach and intestinal weight
to body weight percentages increased after short-
term starvation. It is possible that a greater
decrease in body weight occurred than for the Gl
tract.

Pepsin, a stomach proteolytic enzyme,

digests ingested proteins by preferentially cleaving
carboxylic groups of aromatic amino acids such
as phenylalanine and tyrosine. The digestive
enzymes express strong activity at an optimal
pH, which is previously reported to be pH 2.0 for
pepsin in fish (Clark et al. 1985). The structure of
fish pepsins is quite similar to that of mammalian
pepsins; nevertheless, they are more active at low
temperatures and weakly acidic conditions and
more easily sensible heating (Martinez and Olsen
1989). In general, tilapia (O. mossambicus) can
survive in a pH ranging from 5 to 10 but do best
in a pH range of 6 to 9. The optimal temperature
for tilapia ranges from 20 to 38°C (Ndong et al.
2006). The involvement of the activities of pepsin
in stomach changes during starvation and re-
feeding are inadequately understood in fish,
and have seldom been explored in tilapia. The
results indicated that there was no influence on
the activity of pepsin in tilapia after 5 and 7 d of
starvation, but a decrease was observed after
only 3 d of starvation (Table 3). A similar result is
previously reported of starvation periods of 10 to
25 d producing no significant reductions in pepsin
activities (Gildberg 2004). Furthermore, the activity
of pepsin did not change before or after re-feeding
in this work. However, no data are reported in
relation to alterations in pepsin activities after re-
feeding, and more work is required to explore this.
Trypsin cleaves proteins on the carboxyl
side of the basic amino acids, lysine and arginine,
which show higher digestibility than other amino
acids (Espe et al. 1993, Skrede et al. 1998).
Previously, relationships between the food
conversion efficiency (and/or specific growth
rate) and trypsin-specific activity (Lemieux et al.
1999, Zabielski et al. 1999, Sunde et al. 2001)
are observed in different fish species. Trypsin

Table 3. Activities of pepsin, trypsin, and chymotrypsin, and the ratio of trypsin to chymotrypsin (T/C) in
tilapia after various periods of starvation and re-feeding after various periods of starvation

Starvation periods (d)

p value

Control 3

! SE Starvation Feeding S*F

period (S) (F)

Starved Re-fed Starved Re-fed Starved Re-fed
Pepsin* 1.23% 0.96¢ 0.98¢ 1.27%¢  1.14¢ 1.32% 1.39° 0.05 0.01 0.64 0.17
Trypsin (T) 0.17¢ 0.14¢ 0.242 0.12¢ 0.21° 0.14¢ 0.21° 0.01 0.01 0.01 0.13
Chymotrypsin (C)* 0.58° 0.57¢ 0.94p 0.61°¢ 0.98° 1.07° 1.822 0.06 0.01 0.01  0.01
T/ICY 0.30¢° 0.29° 0.26% 0.20° 0.21° 0.13¢% 0.12¢ 0.03 0.01 059 0.72

*Pepsin, trypsin, and chymotrypsin activities are expressed as specific activities (U/mg protein). YThe T/C ratio value was calculated as
the ratio of trypsin activity to chymotrypsin activity. ¢ “Different superscript letters indicate a significant difference between values on

a given raw (p < 0.05).
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is a sensitive key protease under conditions
favoring growth (Rungruangsak-Torrissen et al.
2006). Our results showed that the activity of
trypsin decreased with starvation time (3 and
5 d) (Table 3). It is possible that starvation inhibits
the growth of tilapia according to the relationship
between specific growth rates and trypsin-
specific activity. Chymotrypsin cleaves proteins
at the carboxyl side of the aromatic amino acids,
phenylalanine, tyrosine, and tryptophan, as well as
of large hydrophobic residues such as methionine.
Higher chymotrypsin-specific activity with limited
or depressed growth can result from starvation
or food deprivation (Rungruangsak-Torrissen et
al. 2006). By contrast to the decreased trypsin
activity, the activity of chymotrypsin increased with
starvation time (5 and 7 d) (Table 3). The protease
activity ratio of trypsin to chymotrypsin (T/C ratio)
is higher during rapid growth and lower during
slower growth periods (Rungruangsak-Torrissen
et al. 2006). In different fish species, relationships
between the food conversion efficiency (and/or
the specific growth rate) and the T/C ratio (Sunde
et al. 2001) have been observed. The T/C ratio
decreased with starvation time (5 and 7 d) in the
present study (Table 3). The T/C ratio seems to
be more sensitive and representative than trypsin-
specific activity for comparing between fish with
potentially different growth rates (Sunde et al.
2001). According to the relationships of growth
and the T/C ratio, the growth of tilapia was inhibited
with short fasting periods based on a reduction
in the T/C ratio. However, no growth inhibition
was found in this work. More work is required to
investigative the effects of starvation on the growth
of tilapia.

Methods for increasing growth have been
explored for years in many studies. One of
these methods, food restriction and re-feeding,
results in increased various extents of growth
(Johansen and Overturf 2006). The activities
of trypsin and chymotrypsin increased after re-
feeding (Table 3). The results indicated that re-
feeding caused a rise in the proteolytic activity in
tilapia with a short starvation period. In previous
studies exposing gibel carp (Carassius auratus
gibelio) to a single period of food deprivation
and re-feeding, the deprived fish exhibit similar
growth rates to control fish during the re-feeding
period (Qian et al. 2000, Xie et al. 2001). Long-
term fasting in Atlantic cod (G. morhua) led to a
fall in metabolic enzyme activities in the pyloric
caecum and intestine, as well as trypsin activity,
which are all largely restored upon re-feeding

(Bélanger et al. 2002). In the channel catfish
(Ictalurus punctatus), overcompensation has been
reported for deprivation periods of 1, 2, and 3 d
(Chatakondi and Yant 2001). Overcompensation
of various parameters upon re-feeding is noted in
rainbow trout (Salmo gairdneri, Weatherley and
Gill 1981), Atlantic salmon (Krogdahl and Bakke-
McKellep 2005), and Atlantic cod (Bélanger et al.
2002) and has been proposed as a mechanism
for compensatory growth. The gross growth
efficiency of deprived fish is marginally higher than
normally fed Chinese longsnout catfish (Leiocassis
longrostris, Zhu et al. 2004) and barramundi (Lates
calcarifer, Tian and Qin 2003). Re-feeding after
deprivation has been reported to improve the
feeding efficiency and induce growth in various fish
species (Hayward et al. 1997, Rueda et al. 1998,
Wau et al. 2002, Tian and Qin 2003, Zhu et al. 2004,
Johansen and Overturf 2006). The T/C ratio was
lower in both starved and re-fed groups, and the
T/C ratio after 1 d of re-feeding was much lower
than that of the starved groups. However, the
contributions of an extending period of re-feeding
to the recovery and activation of growth rate in
tilapia are interesting and need to be investigated
in the future.

In conclusion, the activity of trypsin in fish
subjected to short starvation periods was lower,
but chymotrypsin activity increased. The T/C
ratio decreased with starvation time, revealing
the potential for inhibited growth of tilapia.
Furthermore, re-feeding after starvation increased
the activities of trypsin and chymotrypsin, and
decreased the T/C ratio compared to those before
and after re-feeding. These results reveal that 1 d
of re-feeding after starvation is insufficient to lead
to the recovery and activation of growth in tilapia.
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