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Abstract—The state of the antioxidative defense system in the hepatopancreas and central nerve
ganglia was investigated in the mollusk Lymnaea stagnalis in the normal conditions and one day
after acute experimental hyperglycemia induced by a 2�h incubation in 100 mM glucose solution. It
was established that hyperglycemic exposure caused a 1.6� and 1.5�fold increase in the reduced
glutathione (GSH) level and superoxide dismutase (SOD) activity, respectively, as observed against
the background of a 1.3�fold decrease in the total protein level. At the same time, activity of Se�
dependent glutathione peroxidase (Se�GP) and the level of TBA reactive substances (TBARS)
remained intact. Hepatopancreatic tissues were characterized by a 1.3�fold decrease in TBARS, as
detected against the background of a 1.1�fold increase in the total protein level, while other
antioxidative defense components (SOD, GSH, Se�GP) remained invariable. It is assumed that the
more developed antioxidative system in central ganglia is essential for providing sustained
functioning of nerve cells in L. stagnalis under dramatic disturbances of glucose homeostasis in the
internal environment.
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INTRODUCTION

The maintenance of the glucose level constancy
in the internal environment is one of the priorities
of the organism’s functional systems. Neverthe�
less, the neural mechanisms providing this con�
stancy, specifically determining animal responses
to the dietary sugar level, are still quite obscure [1,
2]. It is well known that nervous tissue is charac�

terized by an exceedingly high level of metabo�
lism: for instance, the human brain consumes 20–
25% of the total dissolved oxygen concentration
(50% at maximum activity) and 70% of free glu�
cose. At the same time, 85–90% of the latter
undergo aerobic oxidation to carbon dioxide and
water, while 95% of the total ATP are produced in
brain tissue [3].

A high degree of reliability with which a desired
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glucose concentration is controlled and main�
tained in the internal environment also indicates
the signaling properties of this substance, includ�
ing towards nerve cells [4]. In invertebrates, spe�
cifically mollusks, the hemolymph sugar (glucose)
level can vary by several orders of magnitude,
depending on the actual functional state (satiated
vs. hungry and actively feeding individuals) [5],
season and ambient temperatures [6], as described
for Lymnaea stagnalis. In turn, a change in glu�
cose homeostasis, specifically an elevated glucose
level, is associated with enhanced defense
responses in terrestrial gastropods (Cepaea nemor�
alis) and alters the response of neurons to the
application of gastrointestinal peptides [7]. In
streptozotocin�induced diabetes mellitus, ade�
nylate cyclase activity was noted to decrease in
smooth muscles of the swan mussel (Anodonta
cygnea) [8] and the snail (Coretus corneus) [9],
leading to modify cellular responses to hormones
(insulin, relaxin, somatostatin) and low�molecu�
lar�weight neurotransmitters/neuromodulators
(octopamine, dopamine, serotonin) [9], the well�
known regulators of mollusk behavior.

Nerve cells abound in mitochondria. A byproduct
of the activity of their electron�transporting chain,
which obviously intensifies with increasing glucose
level, is the production of reactive oxygen species
(ROS), including superoxide anion (•O2

–), hydro�
gen peroxide (H2O2), and hydroxyl radical (•OH),
the signaling properties of which are well known
[10]. On the one hand, this requires the presence
of a more robust antioxidant defense system com�
pared to other organs, not that active metaboli�
cally. On the other hand, a change in the redox
balance can determine the organism’s response to
various (including transient) shifts in the glucose
level, particularly in invertebrates (mollusks).
Hypothetically, a drastic transient impairment of
glucose homeostasis in the internal environment
serves a signal that initiates modification of activ�
ity of the major components of neuronal antioxi�
dant defense and thereby determines a new redox
status of nervous tissue. This study was aimed at
the verification of this hypothesis.

MATERIALS AND METHODS

Animals and experimental procedures. Mollusks

(pond snails Lymnaea stagnalis L.) were collected
in shallow flowing reservoirs (meliorative and
drainage channels) during the autumn season. In
the laboratory, they were kept in aquaria (with no
less than 1 L of water per individual) at 20 ± 1°C.
Water was changed at a weekly basis. Mollusks
were fed ad libitum with lettuce leaves. We used
equidimensional mollusks, which were divided
into two groups, control (n = 37) and experimen�
tal (n = 36), sharing the same morphometric
characteristics: weight—3.08 ± 0.67 and 3.17 ±
0.71 g for the control and experimental groups,
respectively (t = 0.58, P = 0.5645), shell height—
3.7 ± 0.30 and 3.7  0.32 cm for the control and
experimental groups, respectively (t = 0.67, P =
0.5024).

Mollusks of both groups were transferred to 10�L
aquaria, where they were incubated for 2 h in aque�
ous 100 mM glucose solution (analytically pure,
Five Oceans, Belarus) (experimental group) or
pure desilted water (control group). After incuba�
tion, animals were returned to regular aquaria,
where they stayed for another 24 h until sampling
the experimental material.

Preparing tissue homogenates. The shell was
removed, and the cavity of the cephalopedal sinus
was uncovered, allowing sampling of the hemo�
lymph, central ganglionic ring and buccal ganglia,
and hepatopancreas. Hemolymph and hepatopa�
ncreatic tissue samples were obtained separately
for each individual (three nervous systems from
different mollusks per one sample of nerve gan�
glia). The material thus obtained was frozen, then
stored at –20°C, and used as needed. The pre�
weighed samples (analytical balance VLR�200,
measurement accuracy 0.05 mg) were ground in a
glass homogenizer. Homogenates of the hepato�
pancreas (diluted 1:20) and nerve ganglia (diluted
1:140) were prepared in cold (4°C) distilled water.
Hemolymph samples were left undiluted.

Determining glucose concentration. The glucose
concentration was determined by a glucose oxi�
dase method (Analysis X reagent kit, Belarus)
with allowance for all the preceding dilutions of
the material. Optical density was measured at λ =
520 nm (optical path length: 1 cm) and 20°C using
a spectrophotometer Cary 50 (Variant Inc., Aus�
tralia). The volume of the material to be analyzed
was 100 μL, the time of incubation with the
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reagent (1 mL) was 30 min. As a standard, there
were used 100 μL of 1 mM glucose solution pre�
pared ex tempore. When evaluating the glucose
level in homogenates of the hepatopancreas and
nerve ganglia, 250 and 100 μL of them were
added, respectively, with 50 and 15 μL 50% TCA
(trichloroacetic acid). The bound protein was pre�
cipitated by centrifugation (6000 rpm, 1 min), and
100 μL of the resulting supernatant were used for
further analysis.

Antioxidant defense system in homogenates of the
hepatopancreas and nerve ganglia. Superoxide dis�
mutase (SOD; EC 1.15.1.1) activity was deter�
mined by a spectrophotometrical method [11]
based on the evaluation of the autooxidation rate
of a flavonoid quercetin at λ = 406 nm and an
optical path length of 1 cm. For each sample,
measurements were repeated twice. In the control
sample, an equivalent volume of water was used.
While preparing a sample, the pre�obtained
homogenates of the hepatopancreas (additionally
diluted 1:10) or nerve ganglia were centrifuged
(6000 rpm, 1 min) to precipitate suspended parti�
cles. The outcome was expressed in the units of
enzyme activity per mg of the total protein (U/mg
protein).

The activity of Se�dependent glutathione per�
oxidase (Se�GP; EC 1.11.1.9) was assayed by its
ability to detoxify tert�butyl peroxides (2 mM) in
the presence of reduced glutathione (G�SH,
2 mM) [12]. The reaction mixture was incubated
for 5 min (hepatopancreas) or 10 min (nerve gan�
glia) at 25°C, and the peroxidase reaction was
stopped by the addition of 50% TCA solution. The
G�SH concentration was determined by the reac�
tion with Ellman’s reagent (see below) 10 min
after its addition. Each sample was paralleled by a
control, but while doing this, homogenates of the
hepatopancreas or nerve ganglia were introduced
to the reaction mixture after the addition of TCA.
The specific enzyme activity was presented as a
quantity of reduced glutathione per mg of the total
protein and oxidized for 1 min (nmol G�SH/mg
protein/min).

The level of reduced glutathione was deter�
mined spectrophotometrically at λ = 412 nm and
an optic path length of 1 cm by the reaction with
5.5’�dithiobis�(2�nitrobenzoic acid) (DTNB, Ell�
man’s reagent) using the molar extinction coeffi�

cient [13700 (mol/L)–1 cm–1] according to [13].
During sample preparation, the protein from
homogenates of hepatopancreas or nerve ganglia
was precipitated by 50% TCA solution followed by
centrifugation (6000 rpm, 15 min). The reaction
with Ellman’s reagent (50 μL) was carried out in
the alkaline medium (pH 8.9). The sample con�
taining an equivalent volume of distilled water
served as a control. The result was expressed as a
quantity of G�SH per mg of the total protein
(nmol G�SH/mg protein).

The intensity of lipid peroxidation was deter�
mined by the production of TBA (thiobarbituric
acid)�reactive substances (TBARS) using a modi�
fied method described elsewhere [14]. During
sample preparation, homogenates of the hepato�
pancreas or nerve ganglia were added to freshly
prepared 0.5% TBA solution, then left for 5 min,
and finally added with 50% TCA solution and
placed onto a water bath (100°C) for 15 min. After
that, the samples were centrifuged (6000 rpm,
10 min). The supernatant optical density was mea�
sured at λ = 532 nm and an optical path length of 1
cm, considering the molar extinction coefficient
for malone dialdehyde [MDA; 156000 (mol/L)–1

cm–1]. The sample containing distilled water
instead of a homogenate served as a control. The
result was expressed as a quantity of TBARS per
mg of the total protein (nmol/mg protein).

The protein level was quantified by the Bredford
protein assay [15] at λ = 595 nm and an optical
path length of 1 cm with a single repeat of the
measurement for each sample. Calculations were
made using a calibration curve (BSA; from 100 to
1000 μg/mL with a pitch of 100 μg/mL) and a
resultant linear regression equation for 30 min
after the addition of homogenates of the hepato�
pancreas or nerve ganglia to the reagent. In the
control sample, a volume of distilled water equiva�
lent to that of the homogenate was used.

Statistical analysis. Experimental data were pro�
cessed by the conventional methods of medico�
biological statistics [16] using Statistica 6.0. The
distribution normality for each series of experi�
mental data was pre�tested by the Shapiro–Wilk
W�test. In the case of a normal distribution of
parameters across all groups compared, the
paramertric Student’s t�test for independent sam�
ples was applied, and the data were presented as
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M ± SEM. If the distribution normality was not
confirmed for all experimental groups, the non�
parametric methods were used—the Mann–Whit�
ney U test (z) or the Kruskal–Wallis H test (one�
way ANOVA) while comparing two or more inde�
pendent samples, respectively; in this case, the
data were presented as the median (upper and
lower quartiles). The number of observations (n)
was indicated separately for each experimental
group. Differences were considered significant at
p < 0.05.

RESULTS

Glucose content. A day after the end of animal
incubation in a highly concentrated glucose solu�
tion, no statistically significant differences in the
glucose level in hemolymph compared to nerve
ganglia were revealed in both (experimental and
control) groups of mollusks (Table 1). By contrast,
hepatopancreatic tissue exhibited a 1.6�fold
increase in the glucose concentration in the exper�
imental group. Notably, glucose levels varied in
different organs (tissues). Specifically, in the con�
trol group, there was a 88� and 256�fold increase
in nerve ganglia and the hepatopancreas, respec�
tively, as compared to hemolymph (H = 51.7; p <
0.0001). A comparative analysis of this parameter
in nerve ganglia and the hepatopancreas of con�
trol animals revealed its statistically significant
2.9�fold increase in the latter group. In experi�
mental animals, the proportion of glucose con�
centrations in hemolymph, nerve ganglia and
hepatopancreas was 1:106:418 (H = 52.9; p <

0.0001), i.e. virtually indistinguishable from the
control, reflecting the above�mentioned glucose
elevation in the hepatopancreas.

Antioxidant defense system. 24 h after exposure,
hepatopancreatic tissues of the experimental ani�
mals showed a small, although statistically signifi�
cant, 1.1�fold increase in the total protein
concentration from 65.3  10.4 (n = 32) in the con�
trol to 72.4  14.0 (n = 28) mg/mL (t = 2.26, P =
0.0274). In the same animals, there was a statisti�
cally significant 1.3�fold decrease in the TBARS
level. At the same time, no significant changes in
the activity of SOD and Se�GP, as well as G�SH
level, were detected (Fig. 1).

The response of the antioxidant defense system
in nerve ganglia was particularly apparent. As with
the hepatopancreas, the total protein concentra�
tion in the ganglia of experimental animals
decreased 1.3�fold—from 41.0  9.4 (n = 12) in
the control to 32.5  16.3 (n = 12) mg/mL (t =
2.08, p = 0.0377). These animals also demon�
strated a 1.6 increase in the G�SH level and a 1.5�
fold increase in SOD activity. No statistically sig�
nificant changes in the activity of Se�GP and the
TBARS level were revealed in experimental ani�
mals compared to control (Fig. 1).

The differences between the analyzed parame�
ters across different organs deserve special atten�
tion. In the nerve ganglia of control animals, as
compared to the hepatopancreas, there was a
1.6�fold decrease in the total protein level (t =
2.08, p = 0.0377). On the other hand, the nerve
ganglia revealed a 1.5�fold increased SOD activity
(t = 7.03, p < 0.0001) and a 2.5�fold increased Se�

Table 1. Glucose concentration in tissues (organs) of Lymnaea stagnalis one day after acute experimental
hyperglycemia

Tissue (organ)
Glucose concentration, mM Mann–Whitney U test (a com�

parison of 2 experimental 
groups) Control (aquarium water) Experiment (glucose, 100 mM)

Hemolymph 0.12 (0.07; 0.20), n = 37 0.12 (0.06; 0.15), n = 36 z = 0.63, p = 0.5294

Nerve ganglia 10.6 (9.0; 13.7), n = 9 12.7 (10.9; 14.8), n = 10 z = 0.82, p = 0.4142
† z = 4.61, p < 0.0001 † z = 4.60, p < 0.0001

Hepatopancreas 30.7 (19.5; 48,4), n = 22 50.2 (39.1; 56.6), n = 22 * z = 2.96, p = 0.0031
† z = 6.38, p < 0.0001 † z = 6.34, p < 0.0001
# z = 2.92, p < 0.0035 # z = 4.09, p < 0.0001

Differences are statistically significant between control and experimental groups (*) or compared to the hemolymph (†) and
nerve ganglia (#) value for the given experimental group.
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GP activity (z = 2.45, P = 0.0143), as well as a
1.4�fold increase in the G�SH level (z = 2.64, p =
0.0084). However, an increase in the TBARS
level was most apparent, exceeding that in hepa�
topancreatic tissue 8.4�fold (z = 4.99, p < 0.0001).
The inter�organ differences were similar for all
the parameters analyzed in this study, being also
statistically significant for the material obtained
from experimental mollusks.

DISCUSSION

The incubation of L. stagnalis in highly concen�
trated (100 mM) glucose solution led to develop

transient (over 2 h) hyperglycemia associated with
a manyfold (about an order of magnitude) increase
in the hemolymph glucose level (from 0.17 to
1.3 mM) [17]. These values revert to the initial
level (0.14 mM) as soon as 2 h after transferring
animals to pure water. At the same time, the nor�
malization of the hemolymph sugar level in
L. stagnalis that followed its peaking may be due to
the peculiarities of water exchange in the pond
snail, leading to a washout of excess hemolymph
glucose over a relatively short lapse of time. As is
well known, the amount of water excreted during
1 h is equal to almost a 4�fold weight of adult pond
snails [18].

Fig. 1.  Antioxidant system in cells of the Lymnaea stagnalis hepatopancreas and nerve ganglia: in control and after acute
experimental hyperglycemia. (a) Reduced glutathione (G�SH) level, (b) glutathione peroxidase (Se�GP) activity, (c) TBARS
level, (d) superoxide dismutase (SOD) activity. Light columns—control group, gray columns—experimental group. Presented
are values of the analyzed parameters (numbers above columns) and the number of samples (n) for each experimental series.
For all comparison pairs of the control and experimental groups, indicated a value of the Mann–Whitney U test (nonpara�
metric distribution) or Student’s t�test (normal distribution) for independent groups and significance level p. Statistically sig�
nificant differences are additionally marked by asterisks.
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In cannot be ruled out that the glucose level con�
stancy in the nerve ganglia in experimental animals
owed the production of the molluscan insulin�
related peptides (MIPs) a major source of which in
L. stagnalis are neuroendocrine light�green cells
(LGCs) [19]. Four clusters of LGCs comprise
about 150 peptide�containing neurons involved in
the neurohormonal control of growth and repro�
duction [20]. The enhancement of their electrical
activity is associated with glucose influx due to
activation of the electrogenic Na+�glucose trans�
porter [21]. Injection of MIPs to Aplysia californica
results in a reduced glucose level in hemolymph
[22]. Activation of the appropriate receptors
induces modification of ion currents in the A. cali�
fornica neuronal membrane [23], thereby modify�
ing the properties on neurons and providing
utilization of excess glucose. In addition, MIPs are
involved in the development of long�term changes
in the synaptic efficiency [24]. In the latter case,
this may be about a variation in the number of syn�
aptic contacts between neurons [25] because insu�
lin and MIPs are well known to be able to initiate
sprouting and ramification of neural processes [26,
27]. Without question, these processes require
energy supply, the source of which can be an
increased interstitial level of glucose. With regard
to hepatopancreatic cells, the effect proved to be
not than pronounced, and it is exactly what
accounts for the observed increase in the glucose
level in experimental animals, as well as the differ�
ences in the glucose level between tissues of the
hepatopancreas, nerve ganglia and hemolymph.

Thus, the decreased glucose level in ganglionic
vs. hepatopancreatic cells reflects the differences in
the metabolic level of these organs: an intense sub�
strate utilization (oxidation) in the brain in con�
trast, e.g., to glycogen deposition in the digestive
gland. Specifically, the synthesis of glycogen in
glycogen�depositing mantle cells of L. stagnalis is
stimulated by an elevation of the glucose concen�
tration in hemolymph [28]. In the Black Sea
bivalve mollusk Anadara kagoshimensis, a maxi�
mum glucose content was found in hepatopancre�
atic and gill cells and a minimum in the foot, i.e.
the organ with a high functional activity [29].
Besides, the foot is characterized by the highest
values of the G�SH level and Se�GP activity,
which, as the authors believe, is related with mol�

lusk adaptation to hypoxia, i.e. conditions favor�
able for the ROS production. Predominant
utilization of additional glucose portions in L. stag�
nalis nerve ganglia leads to an observed elevation of
the G�SH content and SOD activity, allowing ani�
mals to successfully counteract lipid peroxidation
and preserving the functional properties of nerve
cells, including ROS�sensitive neurons that express
peptides [30]. In hepatopancreatic cells, in the case
of experimental hyperglycemia, it is about an
enhancement of anabolic processes. This is indi�
rectly indicated by an observed increase in the total
protein content and a decrease in the TBARS level,
as manifested in the invariable activity of Se�GP
and SOD, as well as the G�SH level. Similar rea�
soning is also applicable to the differences between
levels of oxidant defense: the higher in nerve tissue
(as a reflection of the processes of oxidation of
energy substrates) and the lower in the hepatopan�
creas (as a result of the predominantly anabolic
activity).

In pulmonary mollusks, the hyperglycemic
state (in the hemolymph, but not in ganglionic
neurons) can be induced by hypoxic exposure and
is associated with the effect of the putative central
hyperglycemic factor produced in cells of the
cerebral ganglia, as reported for L. stagnalis [28],
Megalobulimus oblongus [31] and Otala lactea
[32]. At the same time, the hemolymph glucose
level normalizes only after a return to normoxia
[28, 31], i.e. actually when lung respiration inten�
sifies. This may indicate the ability of glucose to
directly initiate responses of nerve cells, including
those that are not components of the feeding neu�
ral network [33]. On the other hand, production
and subsequent accumulation of ROS in nerve
tissue may limit the respiratory activity of mol�
lusks because a decrease in the overall free�radical
background is associated with an enhancement of
pulmonary respiration in L. stagnalis [34].

CONCLUSION

An impairment of glucose homeostasis is a trig�
ger of responses in invertebrates. Transient shifts
in the Lymnaea stagnalis hemolymph glucose
concentration lead to enhance antioxidant
defense in cells of the central nerve ganglia but do
not affect the antioxidant status of hepatopancre�



ANTIOXIDANT DEFENSE IN THE HEPATOPANCREAS AND NERVE GANGLIA

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 3  2020

241

atic tissue. The above�considered features may
relate to the difference in tissue�specific meta�
bolic levels, reflecting an intense glucose con�
sumption by nerve cells, as manifested in
enhanced oxidative processes accompanied by a
compensatory increase in the neuronal antioxi�
dant system.
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