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Abstract—Hibernation can be considered as a circannual cycle of feeding and fasting. During
winter, the absence of dietary substrates in fat-storing hibernators leads to a reduction in the mass of
fats and digestive organs. We examined the seasonal changes in body mass and activity of digestive
enzymes in the pancreas and small intestine of the torpid Eptesicus nilssonii (Keyserling & Blasius,
1839). Adult females and males were captured in autumn (November, early hibernation), winter
(February, mid-hibernation) and spring (March—April, late hibernation) in northwestern Russia
(Republic of Karelia). Our findings indicated that male and female E. nilssonii reduced body mass
during hibernation, but females exhibited a slower decline in body mass during hibernation period
than males. No significant differences in the activity of digestive enzymes were found between
males and females. Pancreatic protease activity was the highest in autumn, decreased in the mid-
hibernation season, and remained low during hibernation of E. nilssonii. There was no difference in
the activity of amylase and lipase in the pancreas among all periods of hibernation. However, the
activity of protease, amylase and lipase in small intestine was higher before the emergence from
hibernation in spring than during autumn. This study provides new information of the maintenance
of intestinal hydrolytic enzyme activity after months of fasting. E. nilssonii, a fat-storing hibernator,
appears to maintain a digestive function during the hibernation season, apparently to allow efficient
absorption of nutrients that are ingested after terminal arousal in the spring.
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INTRODUCTION The ability to hibernate is a strategy enabling ani-

mals to survive seasons of restricted food supplies

Many mammals living in northern latitudes and extreme cold temperatures [4]. Hibernation is
encounter foraging problems associated with peri-  characterized by torpor bouts that may last from a
ods of adverse environmental conditions [1-3].  few days to weeks. During torpor, animals reduce
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substantially their metabolic rate, body tempera-
ture and other physiological functions. Torpor
bouts alternate with energy-expensive rewarming
episodes where animals achieve normothermia [1,
2]. The majority of hibernating species accumu-
late fat stores during the active season (late sum-
mer—autumn). Lipids are the dominant source of
energy during the metabolic depression charac-
teristic of the hibernating state [2, 4]. In fat-stor-
ing hibernators (Spermophilus tridecemlineatus
Mitchill, 1821 and Marmota marmota L., 1758),
there is reduction in the body mass and the tissue
mass of all digestive organs (stomach, intestine,
caecum and colon) that occurs during the
extended fast periods (6—7 months) [5, 6]. In
addition, hibernation is accompanied by changes
in the morphology of the small intestine (a
decrease in the length and density of the villi of
the jejunum) and the activity of digestive enzymes
[4, 7, 8]. The expression of genes encoding
sucrase, isomaltase and nutrient transporters are
preserved in torpid S. tridecemlineatus despite the
dramatic reduction in mass of the gastrointestinal
tract [4, 9]. Previously, it was shown that the pan-
creatic amylase activity and expression fell only
40—-50% in S. tridecemlineatus during the torpid
state, and it is remarkable that they remain at the
same high level until the end of hibernation [7].
Thus, the digestive organs must retain basal func-
tion (partially or fully) at the low metabolic rate
values during torpor, apparently to allow efficient
immediate absorption of nutrients that are
ingested in spring [2]. The digestive system during
hibernation and metabolic changes are relatively
well studied in large hibernating mammals, espe-
cially rodents [2] but data from smaller, free-liv-
ing bats are sparse [8, 10].

According to the observations in northwestern
Russia, five resident vespertilionid bat species
(Vespertilionidae) hibernate in natural and man-
made roosts: Eptesicus nilssonii (Keyserling & Bla-
sius, 1839), Plecotus auritus (L., 1758), Myotis
brandtii (Eversmann, 1845), M. daubentonii
(Kuhl, 1817) and M. mystacinus (Kuhl, 1817)
[11]. Eptesicus nilssonii, a typical cave-roosting
species in winter, is one of the most known bat
species in the underground roosts (caves and
mines) of northwestern Russia [11—13]. The
hibernation period of E. nilssonii can last more
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than seven months [13]. Studies on P. auritus and
M. daubentonii indicate that maximum and aver-
age duration of torpor bouts can be significantly
shorter than recorded for E. nilssonii [14]. The
Myotis species and E. nilssonii do not feed during
arousals from torpor, since there are almost no
night aerial insects available in winter [15]. Eptesi-
cus nilssonii may provide a natural model system to
study mechanisms that increase the tolerance of
digestive organs to atrophy and dysfunction after a
long-term fast. We estimated changes in body
mass and the activity of digestive enzymes in tis-
sues (pancreas and small intestine) of E. nilssonii
during early (November) and mid-hibernation
(February), and before emergence from hiberna-
tion in the spring (March—April).

MATERIALS AND METHODS

Ethical procedures

The investigation was performed in accordance
with the US National Institute of Health ‘Guide
for the Care and Use of Laboratory Animals’ as
published in the NIH publication No. 85-23,
1996. The Ethics Committee of the Institute of
Biology, Karelian Research Centre approved all
animal care procedures prior to initiation of the
experiment (permit number: 2015-02-12; 2016-
02-01; 2017-01-18). The research was carried out
using the equipment of the Core Facility of the
Karelian Research Centre of the Russian Acad-
emy of Sciences.

Study species

Eptesicus nilssonii belongs to the global genus of
serotine bats, Eptesicus (family Vespertilionidae,
subfamily Vespertilioninae). This species has a
wide trans-continental distribution across the
Eurasian continent. The northern bat utilizes a
variety of different overwintering sites such as
man-made mines, bunkers, cellars and caves.
This study was conducted in the underground
roosts (Fig. 1) of the Republic of Karelia (61—
63° N, 30—-36° E) under the terms of permits
(the Game Management Directorate of the
Republic of Karelia, nos. 00009-2015, 00011-2016
and 00013-2017). The males and females of E. nils-
sonii were captured and weighed (1033 / 1929).

We collected bats in November (early hiberna-
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Fig. 1. Locations of underground sﬁelters of bats in Karelia: 1—Ruskeala (61°57'N, 30°35"E), 2—Sona (4 caves; 61°43"'N,
32°14"E), 3—Pertnavolok (62°10'N, 33°57'E), 4—Gizhozero (62°28 'N, 35°05'E), 5—Medvezhyegorsk (3 underground con-
crete buildings; 62°54'N, 34°26'E), 6—Shcheleiki (61°07 'N, 35°40"E).

tion, 3 43, 3 29), February (mid-hibernation,
4 33,6 99) and March—April (late hibernation,
334,10 29). The bats were induced to a hiber-
nating state in a cold room (4—7°C) and trans-
ported to the laboratory. All the bats were torpid
during collection, transportation and stayed at the
laboratory until sacrifice. Samples of the pancreas
and the small intestine of torpid bats were
obtained after decapitation of animals the day
after transportation. To determine the digestive

enzyme activities, we isolated the pancreas and
the entire length of the small intestine by separat-
ing the tissues from the mesentery. Fresh speci-
mens of the small intestine were cut into
segments, opened longitudinally, rinsed and
placed in Eppendorf tubes, and stored at —80°C
until the analyses were conducted.

Determination of digestive enzyme activities
For determination of digestive enzyme activity,
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tissue samples were homogenized in 2.0 mL ice-
cold buffer solution (pH 6.9, composed of 20 mM
NayHPO4 and 6.7 mM NaCl). Intestinal and
pancreatic homogenates were centrifuged to
eliminate solid tissue residuals (at 6000 x g for
15 min, 4°C).

The digestive enzyme activity was determined
in the supernatant fraction of freshly prepared
homogenate. Amylase activity was assayed spec-
trophotometrically using starch as the substrate.
The principle of the assay was that in the presence
of amylase, a sample of starch will be hydrolyzed
to shorter polysaccharides and iodine forms a blue
to black complex with amylose in starch (starch—
iodine complex). The reaction mixture containing
0.5 mL of 0.08% starch solution, 0.4 mL of 0.1 M
phosphate buffer (pH 7.2), and 0.1 mL of 3%
NaCl solution added to control and test tubes was
incubated at 37°C for 10 min. Then, 0.01 mL of
pancreatic supernatant / small intestine superna-
tant were added to the test tubes and incubated at
37°C for 10 min. The hydrolytic reaction was
stopped by acidification, using 1 mL of 0.1N HCI
which was also added to control tubes followed by
addition of 0.01 mL of pancreatic supernatant /
small intestine supernatant samples. The assay
mixture (for a color reaction) was prepared by
mixing 0.05 mL of 0.1 N HCI, 0.01 mL of iodine
reagent (0.1 N solution of iodine in 0.1 N solution
of KI in distilled water) and 1 mL of distilled
water. Then 1 mL of the assay mixture and 3 mL
of distilled water were added to the test and con-
trol tubes. The absorbance of the formed product
(starch—iodine complex) was assayed spectro-
photometrically at 600 nm (spectrophotometer
Thermo Spectronic Genesys 20, Thermo Fisher
Waltham, USA). All samples were run in dupli-
cate, and the results are expressed as the units of
enzyme that hydrolyse 1 mg of starch per minute
per 1 g of analyzed tissue.

Lipase activity was determined spectrophoto-
metrically, using glycerol tributyrate as a sub-
strate. For this, two mL of the substrate (pH 8.2,
0.4 mL of tributyrin was dissolved in 100 mL of
0.1 M Tris-HCI buffer) was added to all tubes
(test and control) and incubated at 37°C for
I15min (incubation 1). After that, 0.5 mL of
supernatant fraction of homogenate was added to
the test tubes and the mixture was incubated at
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37°C for 20 min (incubation 2). The reaction was
stopped by adding 1 mL of 5% trichloroacetic
acid (TCA) to the tubes. The supernatant fraction
of homogenate was added to the control tube after
incubation 2 following addition of TCA. After the
formation of a white precipitate, the tubes were
centrifuged at 2500 x g for 20 min and 2 mL of the
supernatant fraction was mixed with 0.1 mL of
10 N H»SOy4, 0.5 mL of 0.1 M periodic acid solu-
tion (HIO4) and 0.5 mL of 10% sodium metabi-
sulfite solution (Na,S,05) (reaction mixture).
Next, 2.5 mL of a solution of the disodium salt of
chromotropic acid was added to tubes with
0.5 mL of the reaction mixture and incubated at
100°C for 30 min (incubation 3). Lipase hydro-
lyzes glycerol tributyrate to free fatty acid and
glycerol. The amount of the product of the lipase
activity in the form of glycerol was determined
spectrophotometrically at 530 nm (spectropho-
tometer Thermo Spectronic Genesys 20, Thermo
Fisher Waltham, USA). The concentrations of
glycerol in the test tubes were determined by using
the standard curve of known concentrations of
this substance. Standard tubes were treated simi-
larly to the test and control tubes, but without
incubation 1 and incubation 2. The results were
expressed as pmoles of substrate hydrolysed per
minute per 1 g of analyzed tissue.

Total proteolytic activity (TPA) of pancreas
and small intestine homogenates were evaluated
using the conventional proteinase substrate—
hemoglobin. The reaction mixture containing
2.5mL of 0.1 M Tris-HCI buffer (pH 7.8) and
1 mL of 1% hemoglobin solution (in the same buf-
fer) added to control and test tubes was incubated
at 37°C for 15 min. Then, 0.5 mL of pancreatic
supernatant / small intestine supernatant were
added to the test tubes and incubated at 37°C for
20 minutes. The control tubes were incubated at
37°C for 20 minutes without homogenate. The
reaction was stopped by adding 2 mL of 5% TCA.
The tubes were centrifuged at 1500 x g for 20 min
and the optical density of the supernatant was mea-
sured, at 280 nm (spectrophotometer SF-2000,
Russia). The proteolytic activity is determined by
the difference in optical density between the test
and control samples. One unit of enzyme activity is
defined as the amount of protease, producing an
absorption corresponding to 1 pmole of tyrosine in
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Fig. 2. Changes in body mass of males and females of the Northern bats during hibernation. *—Significant difference from the
early hibernation data (Mann—Whitney U-test, p < 0.05); ¢ —significant difference vs male (Mann—Whitney U-test, p < 0.05).

I min using a calibration curve prepared in the
micromolar range with the 1 mM tyrosine solution.

Statistical analysis

Statistical analysis was performed using MS
Excel and Statgraphics software. Since some data
were not normally distributed, we used median
values (Me), percentiles (25%, 75%), and min/
max indicators for their descriptions. In view of
the small number of samples in each group, the
non-parametric Mann—Whitney U-test was used
to compare body mass as well as enzyme activity
between groups of bats caught in different seasons.
Statistical significance was assumed for values of
p< 0.05. Data were analysed using a three-way
MANOVA, with the effects of season and sex as
factors.

RESULTS

Changes in body mass of adult E. nilssonii cap-
tured in the Republic of Karelia are summarized
in Fig. 2. Bats showed decreases in body mass
from mid-November to late April. In this period,
the average decrease in body mass was 2.7 g for
males (p < 0.05) and 0.4 g for females. The body
mass of females was significantly higher than
males at the end of hibernation (Mann—Whitney
U-test, p < 0.05) (Fig. 2).

We demonstrated the presence of TPA, amy-
lase and lipase activities in the pancreas and small
intestine of E. nilssonii during the whole hiberna-
tion period (Fig. 3). No significant differences in
the activity of digestive enzymes were found
between males and females (MANOVA, p >

0.05), so the data were combined. Pancreatic pro-
tease activity was higher in early hibernation than
in either mid-hibernation or late hibernation
(Mann—Whitney U-test, p < 0.05). The amylase
and lipase activities in the pancreas of the torpid
bats were nearly the same among the three seasons
(p > 0.05). The TPA in small intestine increased
15.3-fold from early to late hibernation (p < 0.05).
The small intestine amylase and lipase activities in
late hibernation were higher than in early hiber-
nation (p < 0.05) (Fig. 3).

DISCUSSION

Mammalian hibernators display strong circan-
nual rhythms in metabolism and body mass. The
vespertilionid bats deposit additional fat in a
short period just before hibernation with a con-
comitant loss of this fat during winter [2, 16].
However, male and female bats may spend their
energy reserves differently throughout the hiber-
nation season [16]. Sexual dimorphism in lipid
metabolism is the result of hormone action and
of other modulators [17]. Our results indicate
that male E. nilssonii decline in body mass at a
faster rate than females within the hibernation
season (Fig. 2). Similarly, females of some spe-
cies such as the big brown bat FE. fuscus (Beau-
vois, 1796) and the tricolored bat Perimyotis
subflavus (F. Cuvier, 1832) also exhibit a slower
decline in body mass during winter than males
[18, 19]. In accordance with previous results
[16], female little brown bats (M. lucifugus
Le Conte, 1831) emerge from hibernation with
greater energy reserves in comparison with male.

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY Vol. 58 No. 4 2022



1060

Pancreas

ANTONOVA et al.

Small intestine

Total proteolytic activity, pumol/min per 1 g

80

40:—
[ ’ * %
20_— I T
—

ok
Early hibernation Mid-hibernation Late hibernation

20 *

16| T

12F .
: -
8 .

4f

of == —

Early hibernation Mid-hibernation Late hibernation

Amylase activity, mg/min per 1 g

100 T

60 [ - AL
a0f
20

Early hibernation Mid-hibernation Late hibernation

*
20

16 F

12fF

8 - M

e

ok

Early hibernation Mid-hibernation Late hibernation

Lipase activity, pmol/min per 1 g

3k

25F L

2f

1.55— L T

1F - :
05k 1

Early hibernation Mid-hibernation Late hibernation

1

0.6
: s
0.4 o
R a— +
[ T T

Early hibernation Mid-hibernation Late hibernation

Fig. 3. Activity of digestive enzymes in the pancreas and small intestine of the Northern bat during hibernation. *—Significant
difference from the early hibernation data (Mann—Whitney U-test, p < 0.05).

These observations are consistent with the “the
thrifty female hypothesis” that adult females
should minimize their energy expenditure and
rely more heavily on the deep torpid state in win-
ter [20]. Kunz et al., [21] suggested that females
must retain sufficient fat upon awakening from
hibernation to mediate the hormonal changes
necessary for reproductive function. Our find-
ings may reflect an evolutionary strategy that
female FE. nilssonii with larger remaining fat
stores may be able to emerge from the torpid
state earlier in the spring. During periods of
inclement weather and when the number of

insects is low, these energy reserves will allow
them to survive [22].

In addition to dietary change, other unfavor-
able environmental factors of the hibernation
could potentially alter body mass. The interbout
arousal is accompanied by intense metabolic
activity with simultaneous depletion of fat stores.
Observation from several laboratories on behav-
ioral changes in bats during the hibernation
period led to the hypothesis that the circadian
rhythm of torpor may be compromised by fungal
infection (White-nose syndrome, WNS), result-
ing in an increase in the number of euthermic

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY Vol. 58 No. 4 2022



SEASONAL CHANGES IN BODY MASS AND ACTIVITY OF DIGESTIVE ENZYMES

arousals in northeastern United States and Can-
ada [23—25]. There are significant decreases in
body fat in a short period of hibernation in WNS-
infected animals, likely contributing to subse-
quent mortality [23]. The large reserves of fat can
contribute to the survival of infected animals
during hibernation.

Seasonal fluctuations in the resource availabil-
ity cause drastic changes in the morphology and
functions of hibernator digestive organs [2, 4].
Bauman et al. [26] have documented that the pro-
tein contents were lower (by 50%) in the pancreas
of torpid M. lucifugus in comparison with active
bats. The pancreatic mass is ~40—50% higher
during the summer season in S. tridecemlineatus
than in hibernating animals [27]. Our results indi-
cate that pancreatic protease activity in torpid
E. nilssonii is reduced during hibernation (Fig. 3).
This study is the first to report a seasonal change
in digestive enzyme activity in the organs of
E. nilssonii during hibernation. The protein bio-
synthesis and denaturation are extremely costly in
energy during the hibernation period [28]. The
structural changes were demonstrated in pancre-
atic acinar cells of the hazel dormouse Muscardi-
nus avellanarius (L., 1758) during torpor [29]. A
marked decrease in protein synthesis occurs
during hibernation in pancreatic acinar cells of
M. avellanarius, with a reduction in the Golgi
apparatus and size of the zymogen granules, as
well as a flattening of the cisternae of the rough
endoplasmic reticulum [29].

In contrast, the amylase and lipase activities in
the pancreas are preserved despite depression in
metabolism of torpid E. nilssonii. Previously it was
shown that the pancreatic amylase activity and
expression decreased by 40—50% in S. tridecem-
lineatus during the torpid state, it is remarkable
that they remain at the same high level until the
end of hibernation [7]. Maintaining a basal amy-
lase activity in the pancreas during the torpor may
allow them to survive seasons of restricted food
supplies in the spring after terminal arousal (a
time when food is of lower quality) [7]. The
changes in pancreatic amylase activity that have
been observed may be the consequence of altered
insulin metabolism during the annual cycle. Insu-
lin, the anabolic hormone, plays a key role in the
transition away from catabolism upon refeeding.
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Previously it was shown that the insulin concen-
tration progressively increased in M. lucifugus
during the deep torpid state (winter—early spring)
[26]. In rodent hibernators (S. tridecemlineatus
and M. flaviventris), the plasma insulin levels sig-
nificantly increase before hibernation [30]. After
reaching maximum values in the autumn, plasma
insulin concentrations then decline to summer
levels during the torpid state [30].

In hibernating rodent species, there is mainte-
nance of the expression of sucrase, isomaltase and
transporters involved in glucose uptake despite a
decrease in mucosal jejunal villi length and den-
sity [9]. Our results demonstrated that the activity
of protease, amylase and lipase in small intestine
of FE. nilssonii were higher in the period of late
hibernation than in either early hibernation or
mid-hibernation (Fig. 3). The molecular mecha-
nism for these changes in the digestive function
during torpor is unknown. Recently, it has been
reported that the activity of amylase, chitobiase,
endochitinase and glucosaminidase are detected
in fresh faeces of the Mediterranean horseshoe bat
Rhinolophus euryale (Blasius, 1853) throughout
the whole winter [8]. However, R. euryale arouse
from hibernation frequently and feed on insects
(Lepidoptera) [8]. It is improbable that the
Northern bats in the North are able to feed during
the winter, since there are practically no noctur-
nal insects available [15]. Previously, it was shown
that the bats have smaller small intestines and sig-
nificantly greater villous amplification of small
intestine surface area than similarly sized non-fly-
ing mammals [31, 32]. The ability to hydrolyze
nutrients in the intestinal lumen directly after feed-
ing restarts, without prior synthesis of new digestive
enzyme protein, may allow the body protein sup-
plies to be used for other functions, such as intesti-
nal growth and membrane transport [7].

In conclusion, we have shown that a prolonged
fast (5—7months) and hypothermia during
hibernation have effects on the body mass and
activity of digestive enzymes in the pancreas and
small intestine of E. nilssonii. Our results suggest
that the male and female reduce body mass from
mid-October to late April, but females use fat
reserves more conservatively during hibernation
to ensure energy availability for spring reproduc-
tion. The pancreatic protease activity was higher
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in early hibernation than in either mid-hiberna-
tion or late hibernation. However, the activity of
amylase and lipase in the pancreas does not
change seasonally. Winter fasting leads to
increases in the activity of hydrolytic enzymes
(protease, amylase and lipase) in the small intes-
tine of E. nilssonii. We conclude that the diges-
tive enzyme activity increased in the organs of
the torpid Northern bats despite the hibernation-
related fasting, which excludes the presence of
insects in the underground roosts in the winter
months. The physiological significance of these
changes has yet to be determined. Apparently,
they might facilitate the rapid resumption of
digestive function after arousal in the spring.
Confirmation of this idea requires further
research to understand the molecular genetic
mechanisms of the adaptations of the digestive
system during the torpid state.
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