Cellular Physiology Cell Physiol Biochem 2023;57:279-297

. . DOI: 10.33594/000000643 © 2023 The Author(s)
and BIOChemIStry Published online: 18 August, 2023 Published by Cell Physiol Biochem
Press GmbH&Co. KG, Duesseldorf

Accepted: 30 June, 2023 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY). This means
that any user shall be free to copy and redistribute the material in any medium or format, also for commercial
purposes, provided proper credit is given to the Authors as well as the original publisher.

Original Paper

Kynurenic Acid Levels and Kynurenine
Aminotransferase |, Il and Il Activities
in Ganglia, Heart and Liver of Snail Helix
Pomatia

Carina Kronsteiner>® Halina Baran*< Berthold Kepplingera*

3Karl Landsteiner Research Institute for Neurochemistry, Neuropharmacology, Neurorehabilitation
and Pain Treatment Mauer, Mauer-Amstetten, Austria, PFaculty for Biology, University of Wiirzburg,
Germany, ‘Department of Biomedical Sciences, University of Veterinary Medicine Vienna, Austria
“former Institution, *person is deceased

Key Words
Helix pomatia » Kynurenine aminotransferase « Kynurenic acid « CNS « Ganglia « Heart ¢ Liver
« Age rating scale.

Abstract

Background/Aims: Kynurenic acid (KYNA), a tryptophan metabolite along the kynurenine
pathway, is an endogenous antagonist of glutamate ionotropic excitatory amino acid (EAA)
receptors and the a7 nicotinic acetylcholine receptor (nNAChR). The involvement of KYNA in
various pathological conditions and during the aging process is significant. KYNA synthesis
from L-kynurenine (L-KYN), through the action of several kynurenine aminotransferases
(KATs), is present in the central nervous system (CNS) and periphery of mammals. We were
interested in investigating the ability of the brain and peripheral organs of Helix pomatia
snails to synthesize KYNA, in an in vitro study. In comparative studies between rat and snail,
we looked for the synthesis of KYNA in the liver. We then looked for an effect of age on
KYNA synthesis. Materials: Ten shell parameters of the Helix pomatia snail were used to
establish an Age Rating Scale (ARS), i.e. body weight, shell weight, shell length, width and
height, shell opening length and width, lip width, number of shell turns and external shell
growth rings. An age of the snails was determined according to the ARS and the snails were
divided into three groups, i.e. young, middle and old age. Homogenates of dissected regions,
i.e. cerebral ganglia (CG), subpharyngeal ganglia (SG) consisting of pedal, visceral and pleural
ganglia, heart and liver, were examined. KYNA was measured by high performance liquid
chromatography (HPLC) and KAT activities were measured by an enzymatic method. Results:
With respect to ARS, an evaluation of the age of the snails between young (1-2 years), middle
(5-7 years) and old (9-13 years) showed significant differences (p<0.001). Analysis of KYNA
levels in different snail tissues, i.e. CG, SG, heart and liver, showed an occurrence in the low
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femtomolar range. Marked and significant increases of KYNA were found in the liver of
middle and old age groups. In the SG, KYNA decreased significantly with age. There were no
differences in KYNA levels between groups in CG and heart. The lowest KAT activity was found
in CG and SG (5 pmol/mg/h), while in heart and liver the values were visibly higher (between
8 and 80 pmol/mg/h). Only in the liver, and exceptionally only for KAT |, the activity increased
significantly with age, i.e. up to 14 years. No age-related changes in KAT |, Il and IlI activities
were found in CG and SG. Snail liver shows a different pattern of KAT activities compared to
the rat liver. Conclusion: Regions of the CNS and periphery of the snail Helix pomatia are
able to synthesize KYNA due to KAT activities. In the snail liver, KAT | activity increased with
age. Notably, there was no age-related increase in KAT activities in the heart and especially
in the CNS of Helix pomatia, indicating significant differences from mammals. A moderate
KYNA metabolism in the Helix pomatia snail in the periods studied, up to 14 years, could be a
physiological phenomenon that protects organs from possible functional insufficiency due to
high KYNA levels, as has been suggested. It is reasonable to search for the factor(s) that could

i I | © 2023 The Author(s). Published by
regulate the concentration of KYNA in the body of the snail. ~ ©2 B Ao KG

Introduction

The kynurenine pathway of
tryptophan metabolism is the
main pathway of tryptophan
catabolism [1]. The first step in
tryptophan catabolism along
this pathway is cleavage of
the indole ring (Fig. 1). Two
different enzymes, tryptophan
2, 3-dioxygenase or indolamine
2, 3-dioxygenase, catalyze
this reaction, resulting in
the formation of N-formyl-
kynurenine, which is further
metabolized by formamidase to
L-kynurenine (L-KYN). L-KYN
can be degraded by kynurenine
aminotransferase  (KAT) to
kynurenic acid (KYNA) or by
kynurenine monooxygenase
or kynureninase to
3-hydroxykynurenine or
anthranilic acid, respectively.

KYNA is  significantly
synthesized in the mammalian
periphery and also in the CNS,
but to a lesser extent [2-6].
Three KATs (KAT I, KAT II, KAT
1) have been identified in rat
and human brain tissue [7-13].
All three KATs have specific
enzymatic properties and their
different physiological roles
have been suggested. KAT I,
with a pH optimum of about

9.6, has been suggested to be Fig. 1. Kynurenine pathway of tryptophan catabolism.
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particularly important under pathological conditions in an alkaline cellular milieu [9, 11].
KAT II, with a pH optimum of about 7.4, may be the primary enzyme for KYNA synthesis
under physiological conditions [3, 4, 7]. KAT 11, with a pH optimum of about 8.0, may be
active under both physiological and pathological conditions [4, 6, 13]. Experimental studies
in rats have shown that approximately 80 % of synthesized KYNA is released from the
cell into the medium in vitro [14], and importantly, both the synthesis and release can be
significantly influenced by various pharmacological approaches [14, 15].

KYNA has neuroprotective and anticonvulsant activities [5, 16] and exerts
antagonistic effects on the ionotropic glutamate receptors a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) [17], kainate [18], N-methyl-d-aspartate (NMDA) [5,
17, 18] and on a7 nicotinic acetylcholine receptors (nAChR) [19]. It is also a ligand for the
metabotropic glutamate receptor G protein-coupled receptor 35 (GPR35) [20].

Changes in KYNA levels and of KAT activities over the lifespan have been reported in
several mammalian species. In the rat and sheep CNS, KYNA increased during the embryonic
stage until the day of birth and then decreased dramatically [21, 22]. In the rat, there
was also a low level of KAT activity during the first week after birth, which slowly and
progressively increased during ontogenesis and maturation [23]. Increased KYNA levels and
KAT activity were found in the brain of old rats, suggesting an age-dependent increase in
KYNA metabolism [23, 24]. Furthermore, a brain region-specific increase in KAT activity and
an increase in KYNA have been reported throughout the life [23-25]. In particular, a mild
increase in KAT activity was found in the cerebellum and substantia nigra compared to other
brain regions [23, 24]. No significant changes in KAT activity were found in rat liver during
the aging process [24-26]. Interestingly, a positive correlation between KYNA levels and age
was also found in human cerebro spinal fluid (CSF), but not in serum [27].

Significant alterations in KYNA metabolism have been found under pathological
conditions. Increased KYNA metabolism has been observed in the CNS and/or periphery
of patients with Down syndrome [28], Alzheimer’s disease [29], schizophrenia patients
[30], HIV-1 infected patients [31], encephalomyocarditis [32], hydrocephalus patients [33],
and during the aging process [27]. In patients with Parkinson’s disease, KYNA levels were
elevated in those with dementia but not in those without dementia symptoms [34]. In fact,
experimental studies have also shown a correlation between working memory deficits and
increasing KYNA levels [35-37]. In addition, several other studies have reported significant
observations that elevated brain KYNA is associated with cognitive deficits [29, 38, 39] and
that reducing brain KYNA could improve cognitive functions and memory [40-47].

In the early seventies, scientists were interested in tryptophan metabolism and serotonin
synthesis in neurons of Helix pomatia snails [48]. Recently, Benatti C et al. published an
interesting paper dealing with the identification and characterization of the kynurenine
pathway in the pond snail Lymnaea stagnalis using genome and transcriptome [49]. The
authors identified putative transcripts encoding several kynurenine pathway enzymes,
including KAT, in the CNS, gut, stomach, muscle, penis, and the hemocytes of six-month-old
Lymnaea stagnalis snails [49].

Although there is no universal aging technique for all species, individual techniques
have varying degrees of success for different species groups and economic interests. The use
of shell characteristics to age juvenile and adult Roman snails Helix pomatia was described
by Pollard et al. in 1977 [50]. The authors stated that the raised lip of Helix pomatia made
the aging method applicable to this species in the field. In addition, shell characteristics have
been used to age snails of determinate growth. Shell increments have also been successfully
used to demonstrate growth rates and aging in marine bivalves [51, 52]. Raboud, 1985
presented various methods of age determination, the pulmonate snail Arianta arbustorum
from the Swiss Alps was aged using thin sections of the shell margins cut from marked
individuals [53]. Shell layers at the opening lip and growth breaks in the juvenile can provide
a reliable estimate of age.
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In the review by Bokenhans et al. 2016, the authors described a number of techniques
that can be used to estimate age and growth rates for many marine gastropod species [54].
Hollyman et al. 2018, presented an overview of the available techniques for age and growth
rate determination in gastropods [55]. The authors described many different options,
depending on the type of gastropod species and the potential age registration structures
available.

We were interested to study the formation of KYNA in the CNS and periphery in the snail
Helix pomatia, and also to study an effect of KYNA metabolism on age, up to 14 years.

Since snail growth is highly dependent on both environmental and laboratory
conditions [56, 57], it was reasonable for us to use an approach that included measurements
of parameters that characterize the snail body. We used body weight, shell weight, shell
length, width and height, shell opening length and shell opening width, lip width, number of
shell turns, and internal/external growth rings. All parameters of each snail were evaluated
and combined, and an age rating scale (ARS) of the snail was established. Subsequently,
three different age groups of snails were constructed: young, middle and old. The KYNA
concentrations and the KAT I, II and III activities were measured in the upper and lower
parts of the esophageal nerve ring and in the heart and liver of the edible snails in three
different age groups. An alteration of the biochemical data with age progression was of
interest. In comparative studies, between snail and rat, we also studied the synthesis of
KYNA in the liver. We investigated the influence of snail mucus on KYNA synthesis in rat liver
homogenate. Preliminary data have been presented in an abstract form [58].

Materials and Methods
Materials

Chemicals. L-kynurenine (L-KYN), kynurenic acid (KYNA), pyruvate (PYR), a-ketoglutarate (a-KGL),
a-ketoisocaproate (a-KIS), pyridoxal 5’-phosphate (P.P), and 2-amino-2-methyl-1-propanol (AMPOL) were
purchased from Sigma-Aldrich Handel's GmbH, Vienna, Austria. All other chemicals used were of the highest
commercial purity.

Animals. Snalils, Helix pomatia, were obtained from Gugumuck, Vienna Snail Manufacturer, Austria. Snails
were housed in a large group in an indoor enclosure with free access to food (vegetables such as lettuce or
carrots) under a 12-hour light/12-hour dark cycle and watered once daily to maintain optimal humidity.

Male, 3-month-old, Sprague-Dawley rats (Him:OFA/SPF) were obtained from the breeding facility of the
University of Veterinary Medicine Vienna, Austria and housed under standard laboratory conditions with a
12-hour light/12-hour dark cycle and free access to standard animal chow and water.

Methods

Establishment of the snail Age Rating Scale (ARS). To establish the ARS, 10 different parameters of snails
were used and evaluated, i.e. body weight, shell weight, shell length, shell width and shell height, length
and width of the shell opening, width of the lip, number of shell turns and external growth rings of the shell
(Table 1). A value of selected parameters of each snail was combined and the obtained data formed the basis
of a scale, which was evaluated by using significance analysis. Subsequently, the values of ARS were used to
create three age groups of snails, followed by statistical analysis.

Internal growth rings. In a separate experiment, internal growth rings were estimated in 37 snail shells,
i.e. 12 shells from the young and middle group and 13 shells from the old group. To determine the number
of internal growth rings, a 0.5 x 0.5 cm piece was cut out of the shell at the lip using a Dremel [59]. The sides
of the piece were sanded smooth and then treated with 10% HCl. The number of internal growth rings was
then counted under a microscope.
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Table 1. List of parameters used to determine the Age Rating Scale (ARS) of snail Helix pomatia

Parameter Description
Body weight Snails were weighed after freezing at -45°C.
Weight of shell Shell was weighed after dissection.

The shell was placed with the opening facing up and the length was measured at the
longest point of the shell.
The shell was placed with the opening facing up and the width was measured at the
broadest point of the shell.
The shell was placed with the opening facing down with view at the side of the shell.
Height was measured at the highest point of the shell.

Length of shell
Width of shell

Height of shell

Length of shell opening Diameter of shell opening was measured at the longest point.

Width of shell opening Diameter of shell opening was measured at the broadest point.

Width of lip Width of the lip was measured at the broadest part of the lip.

Number of turns Number of shell turns were counted beginning at the innermost point of the spiral.
Number of external growth rings Growth rings on the outside of the shell were counted.

Age Rating Scale (ARS) and snail age. The number of external and internal growth rings was determined.
One external or one internal ring corresponds to 1 year [59]. Correlation analyses were performed between
ARS values and the number of growth rings (external and internal) and age.

Extraction of snail mucus. Snails produce two types of mucus. One constantly covers the snail’s skin
and is used for locomotion and protection against dehydration. It has a yellowish color. The second type,
produced by the snail in stressful situations, is white to translucent in color.

The yellow slime was obtained by gently scraping the snail’s foot with a spatula. The white slime was
obtained by gently touching the snail, causing it to retreat into its shell and start producing slime as a
defensive reaction. The newly produced mucus was collected with a pipette.

Dissection. Snails were Kkilled at -45°C and stored at -45°C. The snails were then thawed and the nerve
ring, heart and liver were rapidly dissected. The upper part (cerebral ganglia, CG) and the lower part
(subpharyngeal ganglia, SG) consisting of pedal, visceral and pleural ganglia of the esophageal nerve ring
were prepared. For a single data point of CG or SG samples (i.e. n=1), equal amounts of tissue from CG or
SG were pooled. Ten snails were pooled for the young group, seven for the middle group and five for the
old group. For heart samples, equal amounts of heart tissue were pooled, five snails for young group, three
for middle group and one for old group. The dissection was performed according to the procedure [60]
using microscope (x10) and cooled glass plate, and the tissue was stored at -45°C, until use. The study was
performed at the Karl Landsteiner Research Institute Mauer according to the Austrian Ethical Code. Helix
pomatia snails are not subject to the Animal Experiments Act, version 2012 dated of 08.11.2021, Austria.

Rats. Animals (N=5) were killed by decapitation. Liver dissection was performed at the University of
Veterinary Medicine Vienna according to Austrian ethical guidelines. The excised liver was immediately
frozen at -45°C and stored until analysis.

Preparation of homogenates. Snail tissues from dissected regions, i.e. CG, SG, heart and liver, were
homogenized after the addition of 10 volumes (wt/vol) of distilled water according to Baran et al. [6]. The
resulting homogenate of each region was divided, one part for KYNA and the other for KAT determination.
For KAT activity measurements, snail homogenates were diluted 1:2 with homogenization buffer (5 mM
tris-acetate buffer pH 8.0 containing 50 mM P_P and 10 mM mercaptoethanol).

Rat liver homogenates were prepared by adding 100 volumes (wt/vol) of homogenization buffer to the
liver probe and homogenized. All steps were performed on ice.

Kynurenic acid (KYNA) determination. For KYNA determination, snail homogenates were further diluted
1:2 with distilled water and 64 pl of homogenate (1:20) was mixed with 4 pl 50% trichloroacetic acid, 14 pl
0.8 M perchloric acid and 318 pl distilled water. Denatured proteins were removed by centrifugation (11,
700 rpm, 20 min, 7°C) and KYNA levels were determined using a high performance liquid chromatography
(HPLC) system. KYNA identification involved separation of compounds on DOWEX and identification on the
HPLC [14].
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The measurement of KYNA was performed according to the method described by Swartz et al. 1990
[61] with minor modifications. The HPLC system consisted of a Merck Hitachi Elite LaChrom L-2130 pump,
an L-2200 autosampler, an L-2485 fluorescence detector, and a computer. The mobile phase consisted of
50 mM sodium acetate, 250 mM zinc acetate and 5% acetonitrile, pH 6.15, and was pumped through a
Chromolith Performance RP-18e column at a flow rate of 0.7 ml/min. The fluorescence detector was set at
an excitation wavelength of 340 nm and an emission wavelength of 398 nm. The injection volume was 50 pl.
The detection limit for KYNA was five fmol per injection.

Determination of kynurenine aminotransferases (KATs) activities. The activities of KAT I, KAT II and KAT III
were measured by an enzymatic assay as described by Baran et al. [6]. The reaction mixture contained 10 pl
of snail homogenate 1:20 (CG, SG, heart or liver), 100 uM L-KYN, 70 uM PP, 1 mM PYR and buffer for KATs
in a total volume of 100 pl. 150 mM AMPOL buffer with pH 9.6 was used for KAT I, 150 mM tris-acetate
buffer with pH 7.4 was used for KAT II, and 150 mM tris-acetate buffer with pH 8.0 was used for KAT III.
After incubation at 37°C for 2 hours, the reaction was stopped by adding 7 ul of 50% trichloroacetic acid and
500 pl of 0.1 M HCI. Blanks were prepared by adding 7 pl of 50% trichloroacetic acid prior to incubation.
Denatured proteins were removed by centrifugation (11, 700 rpm, 20 min, 7°C) and synthesized KYNA was
measured by HPLC as described.

Tissue and time dependence. Using standard assay conditions for KAT activity measurements, snail tissue
homogenates, i.e. 5, 10, 15 and 20 pl from CG, SG, heart or liver, were prepared as described in Materials and
Methods, and synthesized KYNA levels due to KAT [, KAT Il and KAT IIl were measured in a dose-dependent
manner in an in vitro study (data not shown).

Using different incubation times i.e. 1, 2 and 4 h, snail tissue homogenates i.e. from CG, SG, heart or liver
(10 pl) were prepared and synthesized KYNA was measured in a time-dependent manner up to 4 h, in an in
vitro study (data not shown).

Experiments

Co-substrate specificity for KAT 1, I and III. For co-substrate specificity, three 2-oxo acids, i.e., PYR, a-KGL and
a-KIS, each at 1 mM final concentration, were used for the KAT assay, as described above.

Kinetic Analysis. Under standard assay conditions, using different concentrations of L-KYN (0.5, 1, 2, 3, 4,
5 mM), PP (50, 100, 200, 400, 600, 800 uM) and PYR (0.5, 1, 2, 3, 4, 5 mM), Michaelis-Menten saturation
curves and Lineweaver-Burk plots were generated for KAT I, KAT II and KAT III in snail liver homogenates.
K andV__ values were calculated.

Kynurenine aminotransferase (KAT), kynurenic acid (KYNA) and aging. KAT activity and KYNA concentration
were analyzed in snail liver, heart, CG and SG. Correlation analysis between biochemical parameters and
aging groups was performed.

KAT I, KAT Il and KAT III activities in rat liver homogenates. Rat and snail liver homogenates were used to
compare KAT activity between species.

Effect of snail mucus on KAT 1, KAT Il and KAT III in rat liver homogenate. KAT activity was measured as
previously described [6]. A volume of 50 pl of snail mucus was added to the reaction mixtures prior to
incubation at 37°C for 2 hours.

Statistical Analysis. Results are expressed as mean * standard error of the mean (SEM). One-way ANOVA
analysis and Student’s t-test were used. Asterisks indicate a significant difference: *p<0.05; **p<0.01;
***p<0.001.
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Results

Snail Age Rating Scale
(ARS)

Evaluation  of  shell
parameters. Using linear
regression analysis, we found
a  significant  correlation
between the number of
external growth rings and
the shell parameters used
(Fig. 2). The following
significant correlations
were obtained: body
weight  (y=4.3468x-1.8878,
R2=0.78187, p<0.0001,
Fig. 2A), shell weight
(y=0.589x+1.0981,
R2=0.66709, p<0001,
Fig. 2B), shell length
(y=0.2207x+2.7669,
R2=0.76881, p<0.0001,
Fig. 2C), shell width
(y=0.2596x+1.8963,
R2=0.76299, p<0.0001,
Fig. 2D), shell height
(y=0.2209x+1.5976,
R2=0.77643, p<0.0001,
Fig. 2E), shell opening
length (y=0.1238x+1.296,
R?=0.67857, p<0.0001,
Fig. 2F), shell opening
width  (y=0.1526x+1.5546,

R2=0.76266, p<0.0001,
Fig. 2G), lip thickness
of (y=0.5873x+2.9229,

R?=0.59338, p<0.0001, Fig.
2H) and number of shell
turns (y=0.1308x+3.4986,
R?=0.54561, p<0.0001, Fig.
21).
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Fig. 2. Linear regression between number of external growth rings
and parameters. Regression analysis between number of external
growth rings and body weight (A), shell weight (B), shell length(C),
shell width (D), shell height (E), shell opening length (F), shell
opening width (G), lip thickness (H), and number of shell turns (I).
Abbreviations: N (number). N=205 snails, Helix pomatia.

Age Rating Scale (ARS). The snails were divided into three age groups, according to the ARS
values: ARS from 23.1 to 35.0 was young age, ARS from 36.3 to 48.4 was middle age and ARS
from 50.1 to 79.9 was old age (Table 2). Evaluation of ARS values between these three age
groups, i.e. young, middle and old, revealed statistically significant differences with p<0.001,
(Table 2, Fig. 3). One-way ANOVA analysis of ARS between these three age groups showed
statistically significant differences p=2.3704E-101, F=952.181.

To evaluate the efficiency of shell parameters for ARS use, we calculated the degree of
increase of each parameter among three age groups, i.e., young, middle and old (Fig. 3). As
shown in Fig. 3, using the young group as 100%, we found a visible and significant increase in
parameter values among these three groups. The highest effect was observed in the number
of external growth rings, followed by body weight and shell weight.
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Table 2. Values of the parameters of the snail Helix pomatia in different age groups, i.e. young, middle and
old. Abbreviations: N (number); max (maximum); min (minimum); number of snails was: N=94 for young;
N=62 for middle and N=46 for old group

Age group Young Middle Old

x+*+SEM min.-max. x*SEM min.-max. x#*SEM min.- max.
Body weight (g) 9.1+0.16 58-122 14.3+0.22 11.4-183 283+0.73 20.2-405
Weight of shell (g) 20+0.06 06-34 3.2%0.08 19-46 44+014 23-58
Lenght of shell (cm) 30+£0.02 24-34 35%0.02 30-38 43+0.04 38-48
Width of shell (cm) 23+0.02 19-3.0 2.7+0.02 22-36 34+003 3.0-37
Height of shell (cm) 19+0.02 16-24 23+0.02 20-25 29%0.02 26-32
Length of shell opening (cm) 1.5+0.01 1.2-1.7 1.7 £0.01 1.5-19 2.1+0.02 18-24
Width of shell opening (cm) 1.7+001 15-21 2.0+£0.01 1.8-23 26+0.02 22-28
Width of lip (mm) 3.8+0.08 25-50 48+008 4.0-60 64+010 5.0-7.0
Number of turns 3.7+0.02 33-43 4.0+0.03 36-44 42+003 38-48
Number of external growth rings 1.6 + 0.05 1-2 3.5+0.06 3-4 55+0.11 5-7
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Fig. 3. Differences in shell parameters between young, middle and old age groups of Helix pomatia. Data
are mean + SEM. ANOVA analysis of variance revealed significant differences between age groups for each
parameter (body weight P = 1.03 E-96, F = 794.16, shell weight P = 2.67 E-47, F = 191.05, shell length P =
1.57 E-88, F = 642.44, shell width P = 2.43 E-83, F = 559.79, shell height P = 1.16 E-91, F = 697.20, shell
opening length P = 2.48 E-75, F = 449.93, shell opening width P = 1.51 E-88, F = 642.71, lip thickness P =
3.42 E-52, F = 224.73, number of shell turns P = 1.58 E-38, F = 137.77, number of external rings P = 2.30, F
= 623.00). Student’s t-test revealed significant differences between young and middle-aged or old groups,
as indicated by asterisks: ***p<0.001. Student’s t-test revealed significant differences between middle-aged
and old group as indicated by letters: “*p<0.001. Abbreviations: N (number). Young snails: N=95, middle
snails: N=63, old snails: N=47.
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In a separate experiment, total growth rings, i.e. external and internal growth rings, were
calculated. The number of internal growth rings on the shell lip was determined for each age
group (Fig. 4). No internal growth rings were observed in the young age group, while two
to four and four to six internal growth rings were observed in the middle age and old age
groups (Fig 4). Using linear regression analyses, we found a significant correlation between
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Fig. 4. Estimation of the total number of growth rings in the Helix pomatia snail. Number of internal and

external growth rings in 37 snails of 3 different age groups, i.e. young, middle-aged and old. The estimated
age of the snails was obtained by summing the external and internal growth rings.
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parameters of the Helix
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regression between
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and body weight (A),
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length (C), shell width
(D), shell height (E),
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(F), shell opening
width (G), lip thickness
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Abbreviations: ARS
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the total number of rings, i.e. the number of external and
internal growth rings, and the parameters used (Fig. 5A-1),
including ARS, p = 7.59E-23, (Fig. 5]).

Furthermore, using linear regression analyses, we
found a significant correlation between the number of
internal growth rings and ARS, p=2.2E-25, (Fig. 6A) or the
number of external growth rings counted on the outside
of the shell, p=0.012, (Fig. 6B). Snail age as the sum of
external and internal growth rings (total rings) correlated
significantly with ARS, p= 7.59E-23, (Fig. 6C).

Evaluation of the correlation between ARS and
total rings showed that the young group of snails was
approximately 1-2 years old, the middle group was 5-7
years old, and the old group was 9-14 years old (Fig. 4 and
Fig. 6C).

Biochemical Investigation

Characterization of Kynurenine Aminotransferases in
Snail Tissue

Co-substrate specificity. The co-substrate specificity of
KAT [, KAT II and KAT III in snail liver homogenate was
investigated by comparing the efficacy among three 2-oxo
acids, i.e. PYR, a-KGL and o-KIS (Fig. 7). Within the three
2-oxo acids investigated, no significant differences in KYNA
formation were observed between the co-substrates. In the
presence of a-KIS, KYNA formation was slightly weaker for
each KAT.

Kinetic Analyses - V. and K for KAT I, KAT II and KAT IIL
Using different concentrations of L-KYN, PYR or P.P, V__
and the Michaelis-Menten constant K were determined
for KAT 1 (Fig. 8), KAT II (Fig. 9) and KAT III (Fig. 10) in
crude snail liver homogenate. The K values for the KATs
are listed in Table 3.

Regional distribution of KAT activities in snail tissues and
aging. KAT I, KAT II and KAT III activities were present in
all regions examined. The lowest activities were measured
in CG and SG (Fig. 11A, 11B), while the highest activities
were found in the heart and liver (Fig. 11C, 11D).

In CG, KATs activities were ranged from 4 to 6 pmol/mg
tissue/h and no significant differences between KATs within
age groups were observed (Fig. 11A). In SG, we found that
KATs activities ranged from 3 to 5 pmol/mg tissue/h (Fig.
11B). KATs I and II activities were significantly reduced
(p<0.05) in the middle but not in the old group, compared
to the young group (Fig. 11B).

No changes in KATs activities were observed in CG and SG
due to the aging process (Fig. 11A and 11B).
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Fig. 7. Influence of co-substrate on
liver kynurenine aminotransferase
(KAT) I, II and III activities of the
snail Helix pomatia. Co-substrate
specificity for KAT I, Il and III using
pyruvate (PYR), o-ketoglutarate
(a-KGL) or a-ketoisocaproate
(a-KIS). Data are the mean of 4
animals + SEM.
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Fig. 8. Enzyme kinetics of
kynurenine aminotransferase I
(KAT I) in the Helix pomatia liver.
A: Michaelis-Menten saturation
curve for L-kynurenine (L-KYN),
V__. B: Lineweaver-Burk plot
for L-kynurenine (L-KYN), K .
C: Michaelis-Menten saturation
curve for pyruvate (PYR), V _ .
D: Lineweaver-Burk plot for
pyruvate (PYR), K_. E: Michaelis-
Menten saturation curve for
pyridoxal 5’-phosphate (P,P),
V__. F: Lineweaver-Burk plot for
pyridoxal 5’-phosphate (P.P), K

Fig. 9. Enzyme Kinetics of
kynurenine aminotransferase II
(KAT II) in Helix pomatia liver.
A: Michaelis-Menten saturation
curve for L-kynurenine (L-KYN),
V__. B: Lineweaver-Burk plot
for L-kynurenine (L-KYN), K .
C: Michaelis-Menten saturation
curve for pyruvate (PYR), V__ .
D: Lineweaver-Burk plot for
pyruvate (PYR), K_. E: Michaelis-
Menten saturation curve for
pyridoxal 5’-phosphate (P.P),
V__. F: Lineweaver-Burk plot for
pyridoxal 5’-phosphate (P.P), K

In the heart, KAT activity ranged from 7 to 15 pmol/mg tissue/h (Fig. 11C). Regarding the
aging process, there was no correlation between the studied groups for KAT I, KAT II or KAT
[l in the heart. Higher levels of KAT I, Il and III activities were observed in the middle group,
which significantly decreased in the old group (p<0.05) (Fig. 11C).
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Fig. 10. Enzyme kinetics of kynurenine
aminotransferase III (KAT III) in Helix
pomatia liver. A: Michaelis-Menten
saturation curve for L-kynurenine
(L-KYN), V__. B: Lineweaver-Burk
plot for L-kynurenine (L-KYN), K . C:
Michaelis-Menten saturation curve for
pyruvate (PYR), V_ . D: Lineweaver-
Burk plot for pyruvate (PYR), K . E:
Michaelis-Menten saturation curve for
pyridoxal 5’-phosphate (P.P), V F:
Lineweaver-Burk plot for pyridoxal
5’-phosphate (P.P), K |

max”

Table 3. Kinetic analysis for kynurenine aminotransferase (KAT) I, Il and I1l in Helix pomatia liver. Michaelis-
Menten constant (K ) and maximum velocity (V__ ) of KAT I, KAT II and KAT III in crude liver homogenate
for L-kynurenine (L-KYN), pyruvate (PYR) and pyridoxal 5’-phosphate (P,P). Km values for KAT I, Il and
III as a function of L-KYN, PYR and PP K for L-KYN and PYR in mM; K for PPinuM; V_ s expressed in

pmol/mg tissue/h synthesized kynurenic acid (KYNA)

KAT I KAT II

KAT III

Km Vmax Km
L-KYN 8.00 2000.00 2.93
PsP 11.48 322.58 6.64
PYR 0.19 322.58 0.34

Vmax Km Vmax

370.37 5.25 833.33
5291 8.22 55.56
64.94 0.20 68.03

Fig. 11. Kynurenine aminotransferase [a
(KAT) I, II and III activities in cerebral
ganglia (CG), subpharyngeal ganglia (SG),
heart and liver of Helix pomatia. Data
are the mean of 7-10 animals + SEM.
Asterisks indicate significant differences
compared to the young group: Student’s
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between 15 and 30 and KAT II KATI
between 10 and 15 pmol/mg

tissue/h, respectively. Regarding the aging process, we found a significant increase of KAT I
but not of KAT II and III in the liver with age progression. KAT II and III activities increased

only in the old group (Fig. 11D).
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Kynurenic acid (KYNA) in snail
tissues. KYNA was found in
the low femtomolar range
in all regions examined. The
lowest levels were found in
the CG and SG, followed by
the heart and liver (Fig. 12A-
D). In CG and heart, KYNA
levels were around 50 fmol/
mg tissue in all age groups
(Fig. 124, 12C). In SG, KYNA
levels decreased significantly
with age, and in old snails, the
KYNA levels were reduced by
50% (p<0.01) compared to
the young group (Fig. 12B). In
the liver, KYNA was 70 fmol/
mg tissue in the young group
and increased significantly
to 120 fmol/mg tissue in the
middle and old age groups
p<0.05 (Fig. 12D).

KAT activities in rat liver. The
activities of KAT I, KAT II and
KAT III in rat liver are shown
in Fig. 13. The highest KAT
activity was observed for KAT
I, followed by KAT III and
KAT 1. KAT I was significantly
different from KAT II and
KAT III (p=0.0006 for KAT II,
p=0.0100 for KAT III).

Influence of snail mucus
on KAT activity in rat liver.
Two different snail fluids
exerted different effects on
KYNA formation in rat liver
homogenates (Fig. 14). While
yellow and white snail mucus
tended to increase KAT 1
activity, yellow snail mucus
tended to decrease KAT II
and III activity, whereas
white snail mucus tended to
increase KAT Il and III activity.

© 2023 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG
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Fig. 12. Kynurenic acid (KYNA) concentration in cerebral ganglia
(CG), subpharyngeal ganglia (SG), heart and liver of Helix pomatia.
Data are mean + SEM of 94 animals for the young group, 62 for the
middle group and 46 for the old group. Asterisks indicate significant
differences compared to the young group: Student’s t-test: *p<0.05,
*#4p<0.001. Letters indicate significant differences compared to the

middle group: “p<0.01.

Fig. 13.  Kynurenine
aminotransferase (KAT)
I, II and III activities in rat
liver. Data are mean * SEM
of 5 Student’s
t-test revealed significant
differences from KAT I
to KAT II and KAT III as
indicated by  asterisks:
*p<0.05; ***p<0.001.

animals.

Influence of

kynurenine
aminotransferase (KAT)
I, I and III activities by
Helix  pomatia
Data are mean * SEM of 4
determinations. Student’s
t-test showed no significant
differences.

Fig. 14.
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Discussion

Using the values of ten selected shell parameters, we developed an ARS to determine the
age of the Helix pomatia snail. There are data indicating that growth rings are significantly
associated with the age of the snail [59]. In fact, correlation analyses between the number of
growth rings and different shell parameters showed a significant dependence and indicated
the relevance of using these parameters for age estimation of Helix pomatia snails. Indeed,
a significant correlation was obtained between the number of growth rings and body
weight, shell length, shell width, shell height, shell opening length, and shell opening width,
respectively, and each correlation was statistically significant. Three age groups of Helix
pomatia snails, young (1-2 years), middle (5-7 years) and old (9-13 years) were identified,
and used for neurochemical evaluation.

Among the examined parameters, four of them, such as rings, body weight, shell weight
and shell thickness increased dominantly with age, showing a proportional progression of
about 50% for each group, i.e. middle and old group, respectively, while other parameters
also increased significantly, but only by 25% for each group, i.e. middle and old group.

Furthermore, we found that the summation of all parameters of each snail resulted in
a precise value on the ARS scale, and the obtained ARS values corresponded significantly
with the total number of rings and age, respectively. We are convinced that the developed
ARS has a significant advantage for studies with the snail Helix pomatia, since the individual
parameters can be determined very easily, especially in field studies where the age of
individual animals is unknown.

The advantage of the method presented in our study compared to previously published
data is the significant increase of the ARS with increasing number of internal or external
rings, up to 14 years.

In particular, using the ARS method, we can clearly see the differences between each
parameter during the progression of age, without damaging of the structure of the skull. All
the parameters together form a pattern of characteristics that could be characteristic for
each species of clam.

For the first time, our data showed that snail tissues are able to synthesize KYNA in
peripheral organs and CNS regions. Interestingly, snail liver showed a significantly higher
KAT I level compared to KAT II or KAT III, and KAT I activity increased significantly with
aging; surprisingly, KAT II and III were significantly increased only in the old group. There
was no such difference between KAT I and KAT II or KAT III in snail heart, CG or SG. In fact,
the value of KAT I, KAT II and KAT III activities in the snail CG and SG were in a similar range
during the studied life span.

In particular, our study showed for the first time that there was no increase in KAT |,
KAT II or KAT III activity in the CG and SG regions of Helix pomatia, among three age groups,
indicating that KAT activity in the CNS does not increase with the age.

Surprisingly, KAT activity in the heart was significantly decreased in old snails, suggesting
anovel biochemical pattern of KAT alteration with age. In a previous study, we demonstrated
that high KYNA levels significantly affect mitochondrial respiratory parameters in rat heart,
in an in vitro study [62] and the involvement of KYNA in cardiovascular diseases such as
stroke has been reported [63]. Lowering of serum KYNA levels by exercise using stochastic
resonance therapy has been reported [64] and this therapeutic approach was also successful
in stroke patients, suggesting that lowering of KYNA in the periphery is a beneficial event for
stroke patients [64].

The highest KAT activities were found in the liver of Helix pomatia, which corresponded
well with the highest levels of endogenous KYNA found in the liver, followed by the heart, CG
and SG, too. Unfortunately, the linear regression analysis between endogenous KYNA levels
and KAT I, KAT II and KAT III activities showed no significant correlation, suggesting the
presence of events regulating the synthesis or content of KYNA. Remarkably, the similarly
high hepatic KYNA levels in the middle and old groups of Helix pomatia actually suggest the
presence of events that could regulate KYNA levels during the maturation and aging process.
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Interestingly, Benatti and co-authors found the highest expression of KAT-like in the gut,
and the lowest in the CNS in the six month old pond snail Lymnaea stagnalis [49]. They also
found that other kynurenine pathway enzymes are also expressed in the gut [49]. In rodents,
KYAT-1 and KYAT-III have similar expression patterns: their mRNA levels are much higher
in the liver and neuroendocrine tissues than in the CNS [65]. This trend of low KAT activity
in the CNS was observed in Helix pomatia [58, and present study], as well as, in Lymnaea
stagnalis for Lym KYAT-like [49]. In addition, the young Helix pomatia snails in the line have
a body length of 24 mm, which is comparable to the body of the six-month-old pond snail
Lymnaea stagnalis with a shell length of 20-25 mm [49].

The marked capacity of KYNA synthesis, found in the picomolar range per mg of tissue per
hour, and the low endogenous KYNA found in the femtomolar range lead to the assumption,
that there are endogenous factors responsible for the decrease of endogenous KYNA and
thus the absence of a possible functional insufficiency [35, 37-40, 62]. The level of KYNA
in snail was in femtomolar concentration and was low compared to the amount of KYNA
observed in rat or human [2, 5, 14]. A low level of KYNA metabolism has also been reported
in piglets [42, 66]. Interestingly, we found that piglet homogenate blocks rat KAT activity
[42] and furthermore, several herbs also block KAT activities, as demonstrated in an in vitro
study [46, 47]. Importantly, Baran et al. 2010 demonstrated that human body fluids, such as
serum or CSF also have the ability to block KYNA formation [44]. The authors postulated the
presence of a glia-depressing factor (GDF), and its involvement in pathological conditions
such as multiple sclerosis has been suggested [44]. Our data also suggest the presence of
such factor(s) in the snail Helix pomatia, since snail mucus could also influence KAT I, I
and III activities or KYNA formation, in rat liver homogenate, in an in vitro study. It is still
questionable whether these factor(s) could have similar effects on KYNA synthesis in the
CNS and periphery of the snail Helix pomatia and during the aging process. Nevertheless,
there are still unclear mechanisms of KYNA that need to be considered in the near future
[67].

The pharmacological approach in an in vitro and in vivo study showed that synthesized
KYNA was immediately released into the medium [14] and transported by probenecid-
dependent transport [68]. Uwai et al. 2012 and 2013 demonstrated different transport
efficiencies of KYNA by human organic anion transporters hOAT1 (SLC22A6) and hOAT3
(SLC22A8) [68, 69] and the authors showed species differences between rat and human [69].
Probenecid inhibited KYNA transport by hOAT1 and hOAT3 [68, 69]. The authors suggested
that these transporters are involved in the disposition of KYNA [68, 69]. Unfortunately, no
data on KYNA transport are available for the snail Helix pomatia.

Storage of synthesized KYNA has also been suggested [70], and degradation of KYNA in
the periphery has also been documented [71], but these events have not yet been investigated
for kynurenine metabolites in Helix pomatia.

Furthermore, the biochemical studies and evaluation of enzyme properties for KAT
I, KAT II or KAT III in Helix pomatia suggest some similarities with KATs found in other
species including, humans [3, 4, 9, 6-15], but there are also differences, as our data showed.
Importantly, we found no significant effect of 2-oxo acids on the efficiency of KYNA formation
in Helix pomatia, in contrast to humans or rats, where 2-oxo acids such as PYR, a-KGL or
a-KIS play a notable role [3, 4, 9].

In Helix pomatia liver, pH plays an important role in the efficiency of KYNA formation.
V_..isvisibly increased with higher pH,i.e.V__ of KATII (pH=7.4) <V __ of KATIII (pH=8.0) <
V .. of KAT I (pH=9.6). Whereas in rat liver, KAT activities increase with decreasing pH value,
i.e. KAT I (pH=9.6) < KAT III (pH=8.0) < KAT II (pH=7.4). The accumulated data indicate that,
in contrast to the rat, the snail Helix pomatia showed the opposite pattern of KAT I, Il and III
activities. Therefore, fluctuations in pH could affect KAT activity and KYNA formation. For
a healthy environment of the gut microbiome, the different KAT activities within different
species may be beneficial. Despite their different properties, snail KAT I shares some
characteristics with rat kidney and brain KATs [3, 4, 9]. For example, both enzymes have K
values for L-KYN in the millimolar range.
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It is also noteworthy to speculate on the presence of a KAT protein in snail liver
responsible for KYNA formation.

The different pattern of KAT I, KAT II and KAT III distribution in the liver between
different species such as the snail Helix pomatia and rats, may be important and may have an
impact on different physiological roles between species. It is an interesting observation that
the increase of KAT II activity during the aging process was observed in the rat CNS but not
in the liver [23-26], whereas in the snail KAT I activity significantly increased with age in the
liver but not in the CNS.

These data, which indicate significant species-dependent differences in the biochemistry
of KYNA and probably in its function, suggest a remarkable phenomenon in the aging biology
of the snail Helix pomatia.

Conclusion

The application of the rating scale for age determination in the snail Helix pomatia
revealed an interesting pattern of parameter changes during the whole life span. We found
that KAT I is the dominant enzyme for KYNA synthesis in the liver of Helix pomatia, and
interestingly, an increase in KAT I activity with age was observed. Whereas, a moderate
increase in KAT II and III activities could be detected in the liver of the oldest group.

Furthermore, we found that KAT I, II and III activities did not show significant changes
between different age groups in the CNS, suggesting a physiological phenomenon that is
species dependent. Notably, we found the SG as a specific brain region in the CNS of Helix
pomatia during the aging process due to decreased KYNA content.

In terms of KYNA formation, our data indicate a significant species-dependent difference
in KYNA metabolism between Helix pomatia and mammals throughout the life span. New
pharmacological approaches to regulate KYNA synthesis and its physiological significance
for therapeutic application to enhance the learning process are in the research pipeline.
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