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Abstract

Long-term endurance training for a relatively short duration (~1 h) is

reported to increase pancreatic amylase activity in rats, suggesting that chronic

exercise training enhances carbohydrate digestive capacity. However, it

remains unknown whether longer exercise training duration results in greater

adaptation in the pancreas and small intestine. Thus, this study aimed to

examine the effects of long-term endurance training for a longer duration on

pancreatic amylase activity and intestinal glucose transporter content in rats.

Male Sprague–Dawley rats were subjected to swimming exercise training for

1 h (Ex-1h group) or 6 h (Ex-6h group, two 3-h sessions separated by 1 h of

rest) each day, 5 days a week, for 6 weeks. Sedentary rats were used as a con-

trol (Con group). Total pancreatic amylase activity in the Ex-6h group was

significantly lower than that in the Con and Ex-1h groups immediately after

the last training session. After 24 h of recovery, total pancreatic amylase activ-

ity was significantly higher in the Ex-1h group (~46%) than in the Con group,

and a further increase was observed in the Ex-6h group (~98%). In addition,

the Ex-6h group, but not the Ex-1h group, showed significantly greater intesti-

nal sodium-dependent glucose transporter 1 (SGLT1) content compared with

the Con group after 24 h of recovery. However, no significant difference was

observed in glucose transporter 2 (GLUT2) content among the three groups.

In conclusion, chronic endurance exercise training for a longer duration

results in larger increases in pancreatic amylase activity and intestinal SGLT1

content in rats.

Introduction

During prolonged intense exercise (and the most compet-

itive events), carbohydrate (CHO) is the major energy

fuel. Fatigue during endurance exercise is often correlated

with glycogen depletion in muscles and reduced glucose

concentrations in blood (Bergstrom et al. 1967; Coyle

et al. 1986; Holloszy et al. 1998). Thus, to improve per-

formance during prolonged intense exercise, intake of

CHOs before and during exercise is generally necessary to

increase glycogen stores and CHO oxidation in skeletal

muscle (Coggan et al. 1991; Jeukendrup 2004).

The gastrointestinal (GI) tract is an important step in

the delivery of exogenous CHO to skeletal muscle, and

digestive and absorptive capacity in the GI tract can

therefore be a major determinant of endurance exercise

performance. Because ingested CHOs are digested by pan-

creatic amylase and then absorbed in the small intestine by

sodium-dependent glucose transporter 1 (SGLT1) and glu-

cose transporter 2 (GLUT2) (Shirazi-Beechey 1995), the

digestive and absorptive capacities for CHO might be

determined by pancreatic enzyme activity and intestinal

transporter content. A large body of evidence suggests that

these GI systems are highly adaptable (Jeukendrup 2017).

However, only a few studies have explored the effects of

long-term endurance training on pancreatic amylase activ-

ity and intestinal glucose transporter content (Zsinka and

Frenkl 1983; Kugino and Kishino 1991; Minato 1997). For

instance, Minato (1997) demonstrated that performing

1 h of running exercise per day, 5 days per week, for
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6 weeks induced an increase in pancreatic amylase activity

and pancreas hypertrophy in rats. These results indicate

that long-term endurance training induces adaptation in

the digestive capacity of the pancreas. However, it remains

unknown whether the more strenuous endurance exercise

training that is usually performed by athletes can induce

more substantial adaptation in the pancreas, and whether

intestinal glucose transporter content can also adapt to

long-term endurance exercise training. In addition,

although long-term endurance exercise training increased

total pancreatic protein content (Minato 1997), which

reflects digestive enzyme content including amylase (Logs-

don and Ji 2013), the effects of endurance training on the

protein synthesis and degradation (e.g., autophagy) path-

ways in pancreas have been less clear.

Against this background, this study examined the effect

of long-term endurance exercise training for different

durations on pancreatic amylase activity, total pancreatic

protein content, and intestinal glucose transporter content

in rats and clarify the mechanism by which endurance

exercise training induces the adaptations in rat pancreas.

Materials and Methods

Animals and exercise protocol

Six-week-old male Sprague–Dawley (SD) rats (CLEA

Japan, Tokyo, Japan) with body weights of 130–150 g

were kept in individual cages. The environment was

maintained at 22 � 1°C, with 50 � 5% humidity with

lights turned on from 09:00 to 21:00. All animals were

treated in accordance with national guidelines for the care

and use of laboratory animals (Notification of the Prime

Minister’s Office of Japan). The Animal Experimental

Committee of The University of Tokyo approved this

experimental protocol.

After a 7-day acclimatization period, the rats were

divided into three groups: a control (Con) group, a 1-h

swimming training (Ex-1h) group, and a 6-h swimming

training (Ex-6h) group. All animals were acclimated to

swimming exercise for 10 min per day on the 3 days before

being divided into these groups. Mean body weight and

food efficiency during the acclimatization period were

matched among the three groups. While rats in the Con

group remained sedentary, rats in the Ex-1h and Ex-6h

groups performed swimming exercise for 1 h (Ex-1h group)

or 6 h (Ex-6h group, two 3-h exercise sessions separated by

1 h of rest) each day, 5 days a week. This level of training

was maintained for 6 weeks. Rats in both training groups

swam in a barrel filled to a depth of 45 cm in groups of 6

or 7. The average surface area was 200–230 cm2/rat. The

temperature of the water was kept at 35 � 1°C during the

swimming exercise. Previous studies demonstrated that 1 h

of exercise each day, 5 days a week, for 6 weeks induced an

increase in pancreatic amylase activity and pancreas hyper-

trophy in rats (Minato 1997), and 6-h swimming exercise

training has been considered the strongest stimulus for

inducing biochemical adaptations in rat skeletal muscle

(Ren et al. 1994; Nakatani et al. 1997; Terada et al. 2001).

All the rats were fed an AIN-93G-based diet (Tousen

et al. 2016) (composition in g/kg): corn starch 529.486 g,

casein 200 g, sucrose 100 g, canola oil 70 g, cellulose

powder 50 g, mineral mix (AIN-93G) 35 g, vitamin mix

(AIN-93) 10 g, L-cystine 3 g, choline bitartrate 2.5 g, tert-

Butyl hydroquinone 0.014 g. They were allowed free

access to food and water, except for 7 h while rats in the

Ex-6h group were exercising. Food intake and body

weight were recorded every other day.

Following the last training session, rats in each group

were further separated into two groups and were then

sacrificed either immediately after or 24 h after the last

training session. Rats that were to be sacrificed 24 h after

the last training session (after a 24-h recovery period)

were returned to the cage and were allowed free access to

food and water.

Rats were sacrificed under anesthesia with isoflurane.

Blood samples were collected from the heart and then

centrifuged at 4000 9 g for 10 min. The epitrochlearis

muscle, intra-abdominal fat, and pancreas were removed

and weighted. The epitrochlearis muscle and pancreas

samples were frozen in liquid N2. The jejunum was dis-

sected and washed in 0.9% NaCl, after which its mucosa

was scraped with a spatula and stored in a Radio-

Immuno Precipitation Assay (RIPA) lysis buffer (Merck

Millipore, Billerica, MA) containing 50 mmol/L Tris-HCl

pH 7.4, 150 mmol/L NaCl, 0.25% deoxycholic acid, 1%

NP-40 and 1 mmol/L Ethylenediaminetetraacetic acid

(EDTA) with protease inhibitor cocktail (Sigma-Aldrich,

St. Louis, MO), previously dispensed in a 1.5 mL micro-

tube. The samples were stored at �80°C until analysis.

Pancreatic amylase activity measurement

A portion of the pancreas was homogenized in an ice-

cold assay buffer and centrifuged at 12000 9 g for 5 min

at 4°C. Amylase activity in the supernatant was analyzed

with the Amylase Assay kit (Abcam, Cambridge, UK)

according to the manufacturer’s instructions.

Sample homogenization

Another portion of the pancreas, epitrochlearis muscle,

and jejunum were homogenized in an ice-cold RIPA lysis

buffer with a protease inhibitor cocktail. Phosphatase

inhibitors (PhosSTOP; Roche, Basel, Switzerland) were

added to the RIPA lysis buffer for the pancreas samples.
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The homogenates were subjected to three freezing-thaw-

ing cycles to disrupt intracellular organelles before being

rotated end-over-end at 4°C for 60 min to solubilize the

protein. A bicinchoninic acid (BCA) protein assay kit

(Thermo Fisher Scientific, Waltham, MA) was used to

measure total pancreas protein content. The homogenized

samples were centrifuged at 700 9 g for 5 min at 4°C
after which the supernatants were collected.

Western blot analysis

A BCA protein assay kit was used to measure the protein

concentrations in supernatants of epitrochlearis muscle,

pancreas, and jejunum. Samples were prepared in a

Laemmli buffer consisting of 0.25 mol/L Tris-HCl, 0.02%

(w/v), Bromophenol Blue (BPB), 8% (w/v) Sodium dode-

cyl sulfate (SDS), 40% (w/v) Glycerol, and 20% (v/v) 2-

mercaptoethanol, at a pH of 6.8 (FUJIFILM Wako Pure

Chemical Corporation, Osaka, Japan). The mixture was

heated at 95°C for 5 min in a heating block. The epitro-

chlearis muscle sample for GLUT4 measurement was pre-

pared without using 2-mercaptoethanol and boiling. The

protein sample was evenly divided and subjected to SDS-

polyacrylamide gel electrophoresis (% of polyacrylamide

in resolving gels: 7.5% for SGLT1 and phospho-p70S6k,

10% for GLUT2 and GLUT4, and 15% for microtubule-

associated protein light chain 3 [LC3]) (Laemmli 1970)

and then transferred to polyvinylidene difluoride mem-

branes (Merck Millipore) at 200 mA for 90 min. Follow-

ing transfer, membranes were blocked for 1 h at room

temperature in Tris-buffered saline (TBS) with 0.1%

Tween20 (TBS-T; 20 mmol/L Tris base, 137 mmol/L

NaCl, pH 7.6) supplemented with 5% (w/v) nonfat pow-

dered milk. The membranes were incubated at 4°C over-

night with a primary antibody dilution of 1:1000 or

1:10,000 in TBS-T containing 5% bovine serum albumin

using: anti-GLUT2 (#07-1402; Merck Millipore), anti-

SGLT1 (#07-1417; Merck Millipore), anti-LC3 (#PM036;

Medical & Biological Laboratories, Nagoya, Japan), anti-

phospho p70S6k (#9234; Cell Signaling Technology, Dan-

vers, MA) and polyclonal antiserum specific for GLUT4

from the laboratory of Dr. John O. Holloszy (Washington

University, St. Louis, MO). The membranes were then

incubated at room temperature for 1 h with secondary

antibodies (anti-mouse IgG or goat anti-rabbit IgG; Jack-

son ImmunoResearch, West Grove, PA) at a dilution of

1:5000 in TBS-T containing 1% nonfat powdered milk.

Bands visualization was performed using an enhanced

chemiluminescence prime reagent (GE Healthcare, Buck-

inghamshire, UK) and quantified by Image Studio Digits

(Ver. 5.2; LI-COR Biosciences, Lincoln, NE). To verify

equal protein loading across lanes, membranes were

stained with Ponceau (Sigma-Aldrich).

Glycogen measurement

The epitrochlearis muscles were homogenized with

0.3 mol/L perchloric acid. After acid hydrolysis, the glyco-

gen concentration was measured using enzymatic meth-

ods described by Lowry and Passonneau (1972).

Intestinal fatty acid binding protein (I-FABP)
measurement

Serum I-FABP concentration was measured with Rat

intestinal fatty acid binding protein (iFABP) ELISA Kit

(MBS265971; MyBioSource, San Diego, CA).

Statistical analysis

Data are presented as the mean � standard error of the

mean (SEM). One-way analysis of variance (ANOVA;

Social Survey Research Information, Tokyo, Japan) was

used to compare differences among the three groups.

When ANOVA detected a significant main effect, post

hoc analyses were performed using Tukey-Kramer tests.

Associations between variables were determined using

Pearson’s correlation coefficient. A value of P < 0.05 was

defined as the threshold of statistical significance.

Results

Final body weight, total food intake, and
intra-abdominal fat weight

Final body weight, total food intake, and intra-abdominal

fat weight are shown in Table 1. In the Ex-6h group, final

body weight was significantly lower than that in the Con

and Ex-1h groups both immediately (vs. Con: P < 0.001,

vs. Ex-1h: P = 0.008) and 24 h after the last exercise ses-

sion (vs. Con: P < 0.001, vs. Ex-1h: P = 0.002). Total food

intake during the 6-week intervention was not significantly

different among the three groups of rats sacrificed either

immediately or 24 h following the last exercise session.

Intra-abdominal fat weight in rats sacrificed immediately

after the last exercise session was significantly lower in the

Ex-1h and Ex-6h groups than in the Con group (vs. Ex-1h:

P = 0.001, vs. Ex-6h: P < 0.001). Moreover, intra-abdomi-

nal fat weight in the Ex-1h and Ex-6h groups were signifi-

cantly lower compared with that in the Con group after 24-

h recovery (vs. Ex-1h: P < 0.001, vs. Ex-6h: P < 0.001).

GLUT4 content and glycogen concentration
in the epitrochlearis muscle

To confirm whether the endurance exercise training regi-

men examined in this study elicited adaptations in rats,
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we evaluated the GLUT4 content and glycogen concentra-

tion in skeletal muscle. Consistent with several previous

studies (Ploug et al. 1990; Rodnick et al. 1992; Ren et al.

1994; Nakatani et al. 1997; Terada et al. 2001), the

GLUT4 content in the epitrochlearis muscle was signifi-

cantly higher in the Ex-1h and Ex-6h groups compared

with the Con group after 24-h recovery (vs. Ex-1h:

P = 0.023, vs. Ex-6h: P = 0.020, Fig. 1A). The glycogen

concentration in the epitrochlearis muscle was signifi-

cantly higher in both training groups (Ex-1h and Ex-6h)

than in the Con group after 24-h recovery (P < 0.001,

Fig. 1B). Furthermore, the Ex-6h group had a significantly

greater glycogen concentration compared with the Ex-1h

group after 24-h recovery (P < 0.001, Fig. 1B).

Pancreas weight, pancreas protein content
and pancreatic amylase activity

There was no significant difference in pancreas weight

among the three groups immediately after the last exercise

session (Fig. 2A) but the Ex-6h group showed a signifi-

cantly higher pancreas weight than that of the Con group

after 24-h recovery (P = 0.002, Fig. 3A).

Immediately after the last exercise session, no signifi-

cant differences were found among the three groups with

respect to pancreatic protein concentration (µg/mg) and

total pancreatic protein content (mg), which was calcu-

lated by multiplying the pancreatic protein concentration

(µg/mg) and pancreas weight (Fig. 2B). By contrast, pan-

creatic protein concentration (µg/mg) in the Ex-6h group

after 24-h recovery was significantly higher than that in

the Con group (130.9 � 5.0 vs. 150.1 � 5.4 µg/mg,

P = 0.038). Total pancreatic protein content (mg) was

significantly greater in the Ex-6h group compared with

the other two groups after 24-h recovery (vs. Con:

P < 0.001, vs. Ex-1h: P = 0.016, Fig. 3B).

While no significant difference in amylase activity

(mU/mg) was observed between the Con and Ex-1h

groups, the Ex-6h group showed a significantly lower

amylase activity (mU/mg) compared with the Con group

immediately after the last exercise session (P = 0.013,

Fig. 2C). Total pancreatic amylase activity (U), which was

calculated by multiplying the pancreatic amylase activity

(mU/mg) by the pancreatic weight, was not significantly

different between the Con and Ex-1h groups; however,

the Ex-6h group showed a significantly lower total

Table 1. Final body weight, total food intake, and intra-abdominal fat weight.

Immediately after exercise 24 h after exercise

Con Ex-1h Ex-6h Con Ex-1h Ex-6h

Final body weight (g) 457.7 � 13.4 411.4 � 9.5 345.5 � 14.1***,†† 457.4 � 12.6 411.2 � 9.2* 345.1 � 5.4***,††

Total food intake (g) 949.9 � 31.9 924.6 � 22.6 962.3 � 41.5 945.9 � 26.2 906.1 � 15.8 970.4 � 17.0

Intra-abdominal fat weight (g) 25.3 � 2.1 14.6 � 1.6** 8.5 � 0.8*** 28.6 � 2.5 14.8 � 1.8*** 8.7 � 1.0***

Con, control group; Ex-1h, 1-h swimming training group; Ex-6h, 6-h swimming training group.

Rats were sacrificed immediately or 24 h after the last exercise session, respectively.

Values are presented as means � SEM. n = 6–8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Con. ††P < 0.01 vs. Ex-1h.

Figure 1. Effects of 6-week swimming exercise training on GLUT4 content (A) and glycogen concentration (B) in the epitrochlearis muscle after

24-h recovery. Con, control group; Ex-1h, 1-h swimming training group; Ex-6h, 6-h swimming training group; AU, arbitrary unit. Values are

means � SEM. n = 6–8. *P < 0.05, ***P < 0.001 vs. Con. †††P < 0.001 vs. Ex-1h.
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pancreatic amylase activity (U) compared with the Con

group immediately after the last training session

(P = 0.010, Fig. 2D).

After 24-h recovery, amylase activity (mU/mg) in the

Ex-6h group was significantly higher than that in the Con

group (P = 0.007, Fig. 3C). Similarly, total pancreatic

amylase activity (U) in the Ex-1h group was significantly

greater than that in the Con group (P = 0.046). Further-

more, the Ex-6h group had a significantly higher total

pancreatic amylase activity (U) compared with the other

two groups after 24-h recovery (vs. Con: P < 0.001, vs.

Ex-1h: P = 0.036, Fig. 3D).

Figure 2. Effects of 6-week swimming exercise training on pancreas weight (A), total pancreatic protein content (B), pancreatic amylase

activity (C), total pancreatic amylase activity (D), LC3-I content (E), LC3-II content (F), LC3-II/LC3-I ratio (G), and phospho-p70S6k content (H) in

the pancreas immediately after the last exercise session. Con, control group; Ex-1h, 1-h swimming training group; Ex-6h, 6-h swimming

training group; AU, arbitrary unit. Values are means � SEM. n = 6–8. *P < 0.05, ***P < 0.001 vs. Con.
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LC-3 and p70S6k content in the pancreas

Autophagy is one of the major proteolytic systems acti-

vated in various organs in response to exercise (He

et al. 2012). LC3-II levels are associated with the for-

mation of autophagosomes; accordingly an increased

LC-3II/LC-3I ratio may be indicative of enhanced

autophagy–lysosome activity (Mizushima & Yoshimori

2007). As shown in Figure 2, there were no significant

differences among the three groups in LC3-I content,

LC3-II content, and LC3-II/LC3-I ratio in the pancreas

immediately after the last training session (Fig. 2E–G).
However, the LC3-II/LC3-I ratio was significantly lower

in the Ex-1h and Ex-6h groups compared with the Con

Figure 3. Effects of 6-week swimming exercise training on pancreas weight (A), total pancreatic protein content (B), pancreatic amylase

activity (C), total pancreatic amylase activity (D), LC3-I content (E), LC3-II content (F), LC3-II/LC3-I ratio (G) and phospho-p70S6k content (H) in

the pancreas 24 h after the last exercise session. Con, control group; Ex-1h, 1-h swimming training group; Ex-6h, 6-h swimming training

group; AU, arbitrary unit. Values are means � SEM. n = 6–8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Con. †P < 0.05 vs. Ex-1h.
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group after 24-h recovery (vs. Ex-1h: P = 0.012, vs. Ex-

6h: P = 0.002, Fig. 3G).

Activation of p70S6K, a part of the signaling pathway

downstream of mechanistic target of rapamycin (mTOR),

is involved in the stimulation of protein synthesis (Glass

2005). Immediately after the last exercise session, pancre-

atic phospho-p70S6k content in the Ex-1h group was sig-

nificantly lower than that in the Con group (P = 0.048,

Fig. 2H). In addition, the Ex-6h group had a significantly

lower phospho-p70S6k content compared with the Con

group (P < 0.001, Fig. 2H). However, no significant dif-

ferences were observed in phospho-p70S6k content

among the three groups after 24-h recovery (Fig. 3H).

Glucose transporter (GLUT2 and SGLT1)
content in the small intestine (jejunum)

No significant difference was observed in GLUT2 content

among the three groups of rats sacrificed either immedi-

ately (Fig. 4A) or 24 h after the last exercise session

(Fig. 4B). However, SGLT1 content was significantly

greater in the Ex-6h group compared with the Con group

after 24-h recovery (P = 0.016, Fig. 4D).

Serum I-FABP concentration

I-FABP levels can be used to gauge the progression of

damage in intestinal epithelial cells (van Wijck et al. 2011;

van Wijck et al. 2013; Costa et al. 2017). Most of the

samples were below the detection limit (20 pg/mL)

immediately and 24 h after the last exercise session.

Discussion

This study showed that long-term endurance exercise

training for a relatively longer duration (~6 h) transiently

decreased total pancreatic amylase activity immediately

after exercise, but also markedly increased total pancreatic

amylase activity and intestinal SGLT1 protein content

after 24-h recovery. These results suggest that digestive

Figure 4. Effects of 6-week swimming exercise training on GLUT2 (A, B) and SGLT1 (C, D) content in the jejunum. Con, control group; Ex-

1h, 1-h swimming training group; Ex-6h, 6-h swimming training group; AU, arbitrary unit. Values are means � SEM. n = 6–8. *P < 0.05 vs.

Con.
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and absorptive capacity were enhanced by this more

strenuous form endurance exercise training.

Previous studies have reported that pancreatic amylase

activity increased in response to 6 weeks of endurance

swimming (Zsinka and Frenkl 1983) or running (Minato

1997) training for 1 h per day. Consistent with the previ-

ous studies, we found that total pancreatic amylase activ-

ity after 24-h recovery was significantly higher in the Ex-

1h group than in the Con group (Fig. 3D), providing

additional evidence that chronic exercise training for a

relatively short duration (~1 h) may induce adaptation in

CHO digestive capacity. In addition, total pancreatic

amylase activity in the Ex-6h group increased above that

of the Control and Ex-1h group rats after 24-h recovery

(Fig. 3D) despite decreasing immediately after the last

training session (Fig. 2D). These results suggest that the

longer the exercise training duration, the greater the

adaptation of the pancreatic digestive capacity obtainable.

As shown in Figure 3A and B, we also found that long-

term endurance exercise training for a longer duration

induced substantially increases in total pancreatic protein

content and pancreas weight after 24-h recovery. Total

pancreatic protein content reflects digestive enzyme con-

tent (Logsdon and Ji 2013). It thus seems plausible that

other digestive enzyme levels besides amylase might be

increased in the pancreas after long-term endurance exer-

cise training of longer duration, although we measured

only pancreatic amylase activity.

To elucidate the mechanisms by which long-term

endurance training induced these adaptations in the pan-

creas, we evaluated signaling pathways in the pancreas

involved in the synthesis and degradation protein.

Whereas a previous study reported that an acute bout of

exercise increased the LC3-II/LC3-I ratio in the pancreas

(He et al. 2012), suggesting that exercise may activate the

autophagic protein degradation pathway, we did not

observe any changes in the LC3-II/LC3-I ratio immedi-

ately following exercise (Fig. 2G). The reasons for the dif-

ference in results between the previous study and our

study are unclear but could be due to interspecies differ-

ences (mouse vs. rat), and/or exercise type (running vs.

swimming) and so on. Instead, the Ex-6h group had

lower phospho-p70S6k content in the pancreas compared

with the Con group immediately after the last exercise

session (Fig. 2H), suggesting that pancreatic protein syn-

thesis may be suppressed after prolonged endurance exer-

cise, resulting in lower pancreatic amylase activity,

although no significant difference in total pancreatic pro-

tein content was observed. In contrast, while there was no

difference in phospho-p70S6k content among the three

groups after 24-h recovery (Fig. 3H), both training groups

showed lower LC3-II/LC3-I ratio in the pancreas

(Fig. 3G). It is therefore likely that these training-induced

increases in pancreatic amylase activity and protein con-

tent after 24-h recovery were, at least in part, due to sup-

pression of protein degradation. Because we were unable

to measure pancreatic protein synthesis and degradation

pathways throughout the 24-h recovery, we cannot rule

out the possibility that we missed the highest values of

phospho-p70S6k and LC3-II levels during exercise and

24-h recovery. More detailed time-course measurements

will be required in future studies.

Digested CHOs are transported across the brush border

membrane by SGLT1, and passing through the basolateral

membrane into the circulation via GLUT2-mediated facil-

itated diffusion (Shirazi-Beechey 1995). Because 90% of

glucose absorption in the small intestine is mediated by

these glucose transporters (Pencek et al. 2002), its trans-

porter contents are likely to be a determinant factor for

intestinal glucose absorptive capacity. Our results showed

that the Ex-6h group had significantly higher SGLT1 con-

tent (Fig. 4D) but not GLUT2 (Fig. 4B) after 24-h recov-

ery, suggesting that long-term prolonged endurance

exercise training may induce adaptations in absorptive

and digestive capacities in rats. A recent study demon-

strated that a 2-week low-carbohydrate diet substantially

decreased SGLT1 content in the jejunum without GLUT2

content being altered (Higashida et al. 2019). Based on

these findings, it is likely that intestinal SGLT-1 content is

more susceptible to the effects of exercise training or

diets.

To obtain preliminary information on the physiological

role of the adaptive increase in pancreatic amylase activity

and SGLT1 content, we evaluated the relationship among

variables. As shown in Table 2, strong significant correla-

tions were observed between muscle glycogen concentra-

tions and both total pancreatic amylase activity and

SGLT1 content after the 24-h recovery. These results sug-

gest that increases in both digestive and absorptive capac-

ity may be involved in the elevated muscle glycogen levels

induced by chronic exercise training. It has long been

believed that muscle GLUT4 content plays a key role in

muscle glycogen synthesis, and our findings of a

Table 2. Associations between muscle glycogen concentration

and GLUT4 content, total pancreatic amylase activity and SGLT1

content after the 24-h recovery.

Correlation coefficient P value

GLUT4 content (AU) r = 0.461 P = 0.035

Total pancreatic

amylase activity (U)

r = 0.868 P < 0.001

SGLT1 content (AU) r = 0.673 P = 0.001

AU, arbitrary unit.
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significant relationship between GLUT4 content and

glycogen concentration in skeletal muscle after 24-h

recovery (Table 2) support this notion. However, in this

study, the correlation coefficient between muscle glycogen

concentration and total pancreatic amylase activity was

significantly higher than that between the glycogen con-

centration and muscle GLUT4 content (P = 0.013). It is

therefore likely that long-term endurance exercise training

increased pancreatic digestive capacity, which resulted in

enhanced glucose delivery to muscle and the promoted

muscle glycogen synthesis.

Strenuous exercise increases the supply of blood to

working muscles as well as to the cardiopulmonary sys-

tem in order to meet the increased demand for oxygen

and nutrients while simultaneously decreasing blood flow

to the gut by at least 20% (Qamar and Read 1987; van

Wijck et al. 2012). This reduced flow of blood to the gut

causes gastrointestinal ischemia and small intestinal

injury, concomitant with an increased blood I-FABP con-

centration (van Wijck et al. 2011; van Wijck et al. 2013;

Costa et al. 2017). However, serum I-FABP concentra-

tions in most of our samples were below the detection

limit immediately and 24 h after exercise. While plasma

I-FABP level was increased in response to acute strenuous

exercise in some studies (van Wijck et al. 2011; van Wijck

et al. 2013; Costa et al. 2017), others have reported that it

was below the detection limit (Kanda et al. 2014), as in

this study. In addition, as mentioned above, no deleteri-

ous effect on the glucose transporter content in the small

intestine was observed after the endurance exercise train-

ing (Fig. 4). It is therefore unlikely that the swimming

exercise training sessions used in this study caused

ischemic damage in the small intestine in rats.

In conclusion, this study demonstrated that long-term

endurance exercise training for a longer duration induces

substantial adaptations in digestive capacity in the pan-

creas and absorptive capacity in the small intestine in

rats.

Conflict of Interest

The authors have no conflicts of interest to disclose.

References

Bergstrom, J., L. Hermansen, E. Hultman, and B. Saltin. 1967.

Diet, muscle glycogen and physical performance. Acta

Physiol. Scand. 71:140–50. https://doi.org/10.1111/j.1748-

1716.1967.tb03720.x

Coggan, A. R., and E. F. Coyle. 1991. Carbohydrate ingestion

during prolonged exercise: effects on metabolism and

performance. Exerc. Sport Sci. Rev. 19:1–40.

Costa, R. J. S., A. Miall, A. Khoo, C. Rauch, R. Snipe, V.

Cam~oes-Costa, et al. 2017. Gut-training: the impact of two

weeks repetitive gut-challenge during exercise on

gastrointestinal status, glucose availability, fuel kinetics, and

running performance. Appl. Physiol. Nut.r Metab. 42:547–
557. https://doi.org/10.1139/apnm-2016-0453

Coyle, E. F., A. R. Coggan, M. K. Hemmert, and J. L. Ivy.

1986. Muscle glycogen utilization during prolonged

strenuous exercise when fed carbohydrate. J. Appl. Physiol.

61:165–172. https://doi.org/10.1152/jappl.1986.61.1.165
Glass, D. J. 2005. Skeletal muscle hypertrophy and atrophy

signaling pathways. Int. J. Biochem. Cell Biol. 37:1974–1984.
https://doi.org/10.1016/j.biocel.2005.04.018

He, C., M. C. Bassik, V. Moresi, K. Sun, Y. Wei, Z. Zou, et al.

2012. Exercise-induced BCL2-regulated autophagy is

required for muscle glucose homeostasis. Nature 481:511–
515. https://doi.org/10.1038/nature10758

Higashida, K., S. Terada, X. Li, S. Inoue, N. Iida, S. Kitai,

et al. 2019. Low-carbohydrate high-protein diet diminishes

the insulin response to glucose load via suppression of

SGLT-1 in mice. Biosci. Biotechnol. Biochem. 83:365–371.

https://doi.org/10.1080/09168451.2018.1533803.

Holloszy, J. O., W. M. Kohrt, and P. A. Hansen. 1998. The

regulation of carbohydrate and fat metabolism during and

after exercise. Front. Biosci. 3:D1011–D1027.

Jeukendrup, A. E. 2004. Carbohydrate intake during exercise

and performance. Nutrition 20:669–677. https://doi.org/10.

1016/j.nut.2004.04.017

Jeukendrup, A. E. 2017. Training the gut for athletes. Sports

Med. 47(Suppl 1):101–110. https://doi.org/10.1007/s40279-
017-0690-6

Kanda, K., K. Sugama, J. Sakuma, Y. Kawakami, and K.

Suzuki. 2014. Evaluation of serum leaking enzymes and

investigation into new biomarkers for exercise-induced

muscle damage. Exerc. Immunol. Rev. 20:39–54.

Kugino, K., and Y. Kishino. 1991. Effect of voluntary exercise

on pancreatic function of rats. Nutr. Res. 11:1273–1283.

Laemmli, U. K. 1970. Cleavage of structural proteins during

the assembly of the head of bacteriophage T4. Nature

227:680–5. https://doi.org/10.1038/227680a0
Logsdon, C. D., and B. Ji. 2013. The role of protein synthesis

and digestive enzymes in acinar cell injury. Nat. Rev.

Gastroenterol. Hepatol. 10:362–370. https://doi.org/10.1038/
nrgastro.2013.36

Lowry, O. H., and J. V. Passonneau. 1972. Pp. 189–193 in A

flexible system of enzymatic analysis. Academic Press, New

York.

Minato, K. 1997. Effect of endurance training on pancreatic

enzyme activity in rats. Eur. J. Appl. Physiol. Occup.

Physiol. 76:491–494. https://doi.org/10.1007/s004210050280

Mizushima, N., and T. Yoshimori. 2007. How to interpret LC3

immunoblotting. Autophagy 3:542–545. https://doi.org/10.

4161/auto.4600

Nakatani, A., D. H. Han, P. A. Hansen, L. A. Nolte, H. H.

Host, R. C. Hickner, et al. 1997. Effect of endurance exercise

training on muscle glycogen supercompensation in rats. J.

ª 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2019 | Vol. 7 | Iss. 20 | e14255
Page 9

S. Kondo et al. Exercise Training, Digestive and Absorption

https://doi.org/10.1111/j.1748-1716.1967.tb03720.x
https://doi.org/10.1111/j.1748-1716.1967.tb03720.x
https://doi.org/10.1139/apnm-2016-0453
https://doi.org/10.1152/jappl.1986.61.1.165
https://doi.org/10.1016/j.biocel.2005.04.018
https://doi.org/10.1038/nature10758
https://doi.org/10.1080/09168451.2018.1533803
https://doi.org/10.1016/j.nut.2004.04.017
https://doi.org/10.1016/j.nut.2004.04.017
https://doi.org/10.1007/s40279-017-0690-6
https://doi.org/10.1007/s40279-017-0690-6
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/nrgastro.2013.36
https://doi.org/10.1038/nrgastro.2013.36
https://doi.org/10.1007/s004210050280
https://doi.org/10.4161/auto.4600
https://doi.org/10.4161/auto.4600


Appl. Physiol. 82:711–715. https://doi.org/10.1152/jappl.
1997.82.2.711

Pencek, R. R., Y. Koyama, D. B. Lacy, F. D. James, P. T.

Fueger, K. Jabbour, et al. 2002. Transporter-mediated

absorption is the primary route of entry and is required for

passive absorption of intestinal glucose into the blood of

conscious dogs. J. Nutr. 132:1929–1934. https://doi.org/10.

1093/jn/132.7.1929

Ploug, T., B. M. Stallknecht, O. Pedersen, B. B. Kahn, T.

Ohkuwa, J. Vinten, et al. 1990. Effect of endurance training

on glucose transport capacity and glucose transporter

expression in rat skeletal muscle. Am. J. Physiol. 259(6 Pt

1):E778–E786. https://doi.org/10.1152/ajpendo.1990.259.6.

E778

Qamar, M. I., and A. E. Read. 1987. Effects of exercise on

mesenteric blood flow in man. Gut 28:583–587. https://doi.
org/10.1136/gut.28.5.583

Ren, J. M., C. F. Semenkovich, E. A. Gulve, J. Gao, and J. O.

Holloszy. 1994. Exercise induces rapid increases in GLUT4

expression, glucose transport capacity, and insulin-

stimulated glycogen storage in muscle. J. Biol. Chem.

269:14396–14401.
Rodnick, K. J., E. J. Henriksen, D. E. James, and J. O.

Holloszy. 1992. Exercise training, glucose transporters, and

glucose transport in rat skeletal muscles. Am. J. Physiol. 262

(1 Pt 1):C9–C14. https://doi.org/10.1152/ajpcell.1992.262.1.
C9

Shirazi-Beechey, S. P. 1995. Molecular biology of intestinal

glucose transport. Nutr. Res. Rev. 8:27–41. https://doi.org/

10.1079/NRR19950005

Terada, S., T. Yokozeki, K. Kawanaka, K. Ogawa, M. Higuchi,

O. Ezaki, et al. 2001. Effects of high-intensity swimming

training on GLUT-4 and glucose transport activity in rat

skeletal muscle. J. Appl. Physiol. 90:2019–2024. https://doi.

org/10.1152/jappl.2001.90.6.2019

Tousen, Y., Y. Matsumoto, C. Matsumoto, Y. Nishide, Y.

Nagahata, I. Kobayashi, et al. 2016. The combined effects of

soya isoflavones and resistant starch on equol production

and trabecular bone loss in ovariectomised mice. Br. J. Nutr.

116:247–257. https://doi.org/10.1017/S0007114516001537
van Wijck, K., K. Lenaerts, L. J. van Loon, W. H. Peters, W.

A. Buurman, and C. H. Dejong. 2011. Exercise-induced

splanchnic hypoperfusion results in gut dysfunction in

healthy men. PLoS ONE 6:e22366. https://doi.org/10.1371/

journal.pone.0022366

van Wijck, K., K. Lenaerts, J. Grootjans, K. A. P. Wijnands, M.

Poeze, L. J. C. van Loon, et al. 2012. Physiology and

pathophysiology of splanchnic hypoperfusion and intestinal

injury during exercise: strategies for evaluation and

prevention. Am. J. Physiol. Gastrointest. Liver Physiol. 303:

G155–G168. https://doi.org/10.1152/ajpgi.00066.2012

van Wijck, K., B. Pennings, A. A. van Bijnen, J. M. Senden, W.

A. Buurman, C. H. Dejong, et al. 2013. Dietary protein

digestion and absorption are impaired during acute

postexercise recovery in young men. Am. J. Physiol. Regul.

Integr. Comp. Physiol. 304:R356–R361. https://doi.org/10.
1152/ajpregu.00294

Zsinka, A. J., and R. Frenkl. 1983. Exocrine function of the

pancreas in regularly swimming rats. Acta Physiol. Hung.

62:123–129.

2019 | Vol. 7 | Iss. 20 | e14255
Page 10

ª 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Exercise Training, Digestive and Absorption S. Kondo et al.

https://doi.org/10.1152/jappl.1997.82.2.711
https://doi.org/10.1152/jappl.1997.82.2.711
https://doi.org/10.1093/jn/132.7.1929
https://doi.org/10.1093/jn/132.7.1929
https://doi.org/10.1152/ajpendo.1990.259.6.E778
https://doi.org/10.1152/ajpendo.1990.259.6.E778
https://doi.org/10.1136/gut.28.5.583
https://doi.org/10.1136/gut.28.5.583
https://doi.org/10.1152/ajpcell.1992.262.1.C9
https://doi.org/10.1152/ajpcell.1992.262.1.C9
https://doi.org/10.1079/NRR19950005
https://doi.org/10.1079/NRR19950005
https://doi.org/10.1152/jappl.2001.90.6.2019
https://doi.org/10.1152/jappl.2001.90.6.2019
https://doi.org/10.1017/S0007114516001537
https://doi.org/10.1371/journal.pone.0022366
https://doi.org/10.1371/journal.pone.0022366
https://doi.org/10.1152/ajpgi.00066.2012
https://doi.org/10.1152/ajpregu.00294
https://doi.org/10.1152/ajpregu.00294

