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ABSTRACT

The energy sources of Trichinella spiralis change in both the muscular and intestinal stages of its life in the host
organism. The purpose of this study was to investigate the quantitative changes in glycogen concentration during the
life cycle of T. spiralis in a host organism. Trichinella spiralis was passaged on laboratory rodents under the
vivarium conditions. Sixty-nine white rats (350 g each) were infected with T. spiralis at a dose of 5 muscle
larvae/gram of body weight. The animals were euthanized at different time periods from the start of the experiment.
Trichinella muscle larvae were isolated by artificial fermenting meat mince in gastric juice. To determine the
viability of Trichinella larvae, they were heated to 38 + 2 ° C for 10 minutes their motor activity was investigated.
(38 £ 2 °C). To determine the invasive properties of T. spiralis at different stages of its development in rats, the
muscular larvae isolated from the rat muscles were used to infect laboratory mice. The invasive capacity of T.
spiralis was assessed on day 45 post-infection. For the study of intestinal Trichinella larvae, laboratory rats were not
fed a day before infection. Adult nematodes were isolated from the small intestine of laboratory rats at 3, 6 and 24
hours post-infection. The nematodes were counted in the Migacheva-Kotelnikov chamber in each individual sample.
The concentration of glycogen in the nematodes was calculated according to the quantitative method for determining
glycogen in Trichinella larvae. Low glycogen levels in the muscle larvae were observed on day 14 post-infection.
The glycogen concentration in muscular larva was 0.0054 + 0.0027 pg/ larva on day 21, 0.0136 + 0.0024 ug/ larva
on day 28, and 0.0771 + 0.0025 pg/ larva on day 45 after the rats were infected. Maximum concentration of
glycogen was recorded 4 months post-infection (0.0930 + 0.0029 pg/larva). Further, the glycogen level began to
decrease slowly. In the 20th month post-infection, after infection, the amount of glycogen in a Trichinella larva was
0.0786 + 0.0023 pg. In the body of intestinal nematodes, 3 hours after infecting the animals, the glycogen
concentration was reduced to 0.0472 + 0.0003 pg in one nematode. The same time period later, it reached to value of
0.0272 £+ 0.0002 pg. In intestinal T. spiralis, which remained in the small intestine of rats for 24 hours, the glycogen
was not detected. The amount of glycogen at the muscle stage of T. spiralis development was extremely important in
the first hours of the helminth’s residing in the host's intestines. Energy requirements during the period when the
helminth cannot obtain enough food depend on the glycogen content. When the glycogen concentration in the
parasite is insufficient, the Trichinella larvae will lose their invasion capacity.
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INTRODUCTION

Glycogen is known to be the main reserve polysaccharide and a key source of energy for helminths. A complex life cycle
with a change of environment forces helminths to accumulate a significant amount of reserve substances at different
stages of their development. One of these helminths is Trichinella spiralis causing trichinosis, a dangerous disease
affecting animals and humans. The muscle larvae of Trichinella spiralis are extremely rich in glycogen, which
constitutes 16% of their dry weight (Beckett and Boothroyd, 1962; Castro and Fairbairn, 1969). Many researchers used
the methods of histochemical staining and electron microscopy to find the main locations of glycogen deposition at
different stages of Trichinella biological cycle (De Nollin and Van den Bossche, 1973; Ferguson and Castro, 1973,
Andreyanov et al, 2019, Rudneva et al., 2019; Sidor and Andreyanov, 2019). It was established that the total amount of
glycogen increases during the maturation of the larva in muscle tissue, and then sharply decreases when larvae grow,
molt and reach puberty in the intestine of the new host. In the first hours after invasion, intestinal Trichinella relies
mainly on endogenous glycogen stores accumulated at the previous stage of development (Ferguson and Castro, 1973;
Kilgore et al., 1986). Previous research established that intestinal Trichinella does not survive for over 12 hours in vitro
in a cultured medium without nutrients, while muscle larvae can survive for several days (Kozar et al., 1966).

The goal of this study was to obtain data on the glycogen content in Trichinella spiralis, in order to understand the
invasiveness level of the causative agent of trichinellosis.
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MATERIALS AND METHODS

Ethical approval

The present experimental research was conducted in compliance with health protection guidelines of experimental
animals (European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes, ETS No.123. Strashourg, 18/03/1986.).

Animals and study design

The experiment was conducted in the All-Russian Scientific Research Institute of Fundamental and Applied
Parasitology of Animals and Plants named after K.I. Skryabin, Russia. In this study, 69 white male laboratory rats
weighing 350 g each were used. Larvae of Trichinella spiralis were isolated from the Large White pig and passaged on
laboratory rodents (white mice and Wistar rats) in the institute vivarium. The muscle larvae were released from the
infected pig muscles by digestion of the pig carcass with 1% pepsin (1:1,000) and 1% hydrochloric acid (Bessonov,
1975). The Wistar rats were infected at a dose of 5 larvae/g of body weight. The rats were euthanized by cervical
dislocation at specific time periods, starting on day 14 after infection and ending in month 20. Trichinella muscle larvae
were isolated through passive peptolysis (Bessonov, 1975). The viability of Trichinella larvae was determined by their
motor activity when they were heated to 38 + 2 °C for 10 minutes (Skvortsova and Uspensky, 2016). In order to identify
the invasive properties of the Trichinella larvae, they were collected at different time periods from the infected rats and
used to infect laboratory mice. On the 45" day post-infection, the invasive capacity of Trichinella larvae was assessed
based on the presence of encapsulated Trichinella larvae in the muscular tissue of the mice (Bessonov, 1975). Adult
nematodes were isolated by dissecting the small bowel of the euthanized rats. The dissected and isolated part of the
animal’s intestinal tract was placed on the surface of a nylon sieve with 0.8 mm mesh size in the Baermann apparatus at
38+2°C for 6 hours. The sediment with nematodes was then rinsed 5-7 times in the physiological saline. To study adult
Trichinella spiralis located in the small intestine of laboratory rats, the rats had not received any food for one day prior to
infection. The nematodes were isolated from the small intestine of fasted rats at 3, 6, and 24 hours after the invasion.

Glycogen concentration measurement

Adult nematodes and muscular larvae of Trichinella spiralis in a sample (one drop of the obtained suspension)
were counted using Migacheva-Kotelnikov chamber. The glycogen concentration was calculated according to the
method described by Andreyanov et al. (2019) that is based on the treatment of glycogen molecules isolated from
Trichinella with iodine reagent prepared according to the method described by Danchenko and Chirkin (2010). Briefly,
0.9 ml of 33% potassium hydroxide solution was added to the isolated Trichinella (1000-10,000 Trichinella in one drop
of the suspended sedimentation). The solution was heated for 20 minutes at 100 + 2°C and cooled in cold water to 8 + 2
°C, then mixed with 1.3 ml of 96% ethyl alcohol and heated for 5 minutes at 100 £ 2°C. The resulting solution was
cooled for 5 minutes to 8 = 2 °C, then centrifuged for 15 minutes at 3,000 g and the supernatant was drained. The
resulting precipitate was dissolved in 0.2 ml of saturated ammonium chloride solution and reheated for 5 minutes at 100
+ 2°C. The tubes containing the precipitate were cooled to 8 + 2 °C and 0.2 ml of distilled water and 2.6 ml of the iodine
reagent were added. In the control sample, 0.2 ml of saturated ammonium chloride solution, 2.6 ml of iodine reagent and
0.2 ml of distilled water were mixed simultaneously. In the resulting solutions, optical density was measured by
photoelectric microcalorimeter (MKM®-02 refractometer) with an optical path length of 5 mm at a wavelength of 425
nm. In order to measure the glycogen concentration in the samples, a calibration curve was made (the x-axis showing the
glycogen content in a sample (mg); the y-axis showing the optical density values of calibration solutions). The slope
tangent was 1.3. In order to determine the calibration curve, calibration glycogen solutions containing 0.01 to 0.4 mg of
glycogen in a sample were prepared.

The glycogen concentration was calculated according to the following formula 1: C=Exk/F

Where C is glycogen concentration (mg per 1 drop), E is the optical density of the analyzed sample, F is the factor,
which is calculated as an obliquity tangent of the calibration curve, Kk is dilution coefficient of a sample.

RESULTS AND DISCUSSION

Glycogen level of Trichinella muscle larvae

The glycogen concentration was determined at different stages of isolated muscle larvae in the muscle tissue of
rats. On the 14th day after the infection, Trichinella muscle larvae showed a low glycogen level of 0.0028 + 0.0012
ug/larva. Larvae of this age are motile, but not invasive. Glycogen level on day 21, 28, and 45 post-infection were
0.0054 + 0.0027, 0.0136 + 0.0024 pg/larva, and 0.0771 + 0.0025 pg/larva, respectively. Maximum glycogen
concentration was recorded in 4 months after infection (0.0930 + 0.0029 pg/larva). Following that, the glycogen level
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began to decrease slowly (0.0916 £ 0.0031 pg/larva at 6.5 month post-infection, 0.0844 + 0.0027 pg/larva at 11 month
post-infection, and 0.0786 £ 0.0023 pg/larva at 20 month post-infection; Figure 1).

Starting from the 21st day after the infection, the larvae were invasive, which was confirmed by the results of the
bioassay test on laboratory mice. The data on the invasive capacity of the newborn Trichinella muscle larvae complies
with the findings of Skvortsova and Uspensky (2018), who showed that the newborn larvae (15-, 16- and 17-day-old) are
not invasive. By 20 month post-infection, the number of dead Trichinella larvae was 5% of total larvae isolated after
digestion in artificial gastric juice. Starting from the 11th month after the invasion, lime salts are formed at the poles of
the capsule in the muscle tissue.
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Figure 1. The content of glycogen in muscle larvae of Trichinella spiralis in experimentally infected rats

Adult nematodes

The rats were infected with muscle larvae that, upon reaching the intestinal tract, begin to grow, molt, differentiate
into males and females and turn into adult Trichinella spiralis. Three hours after the infection of the fasted rats, the
glycogen concentration in Trichinella spiralis helminths decreased to 0.0472 £+ 0.0003 pg/nematode. After the same time
period, the glycogen concentration reached to value of 0.0272 £ 0.0002 pg/nematode. In intestinal adult nematodes,
which remained in the small intestine of fasted rats for 24 hours, glycogen was not detected (Figure 2).
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Figure 2. The content of glycogen in intestinal Trichinella spiralis in experimentally infected rats

Invasive capacity of Trichinella muscle larvae

The invasion of the larvae into the muscle fibers is marked by their intensive organogenesis and growth. Starting
from the 7th day of the invasion, the larvae cause enhanced glycolysis of nearby cells and start to accumulate glucose
and synthesize glycogen (Stewart, 1976; Montgomery et al., 2003; Okada et al., 2013). The Trichinella larvae become
invasive on the 16-17th day after infection, when most larvae finish their organogenesis. Most of the Trichinella muscle
larvae become invasive by the 19™-20" day after the infection. Throughout this experiment, the invasiveness of the
larvae remained high, starting from the 21st day after the infection.

Wu et al. (2009) established that blood glucose levels of invasive mice in the period between the 4th and 28th days
after invasion are lower than those of the non-infected ones. An increase in the glycogen content in the affected muscles
was also recorded between the 8th and 24th days after infection. The researchers stated that during hypoglycemia and an
increase in glycogen levels in the animals’ invaded muscles, the storage of reserve polysaccharide in the larvae increase
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rapidly between the 14th and 28th days after the infection (Pereverzeva, 1966). Pereverzeva (1966) and Stewar (1976)
also noted a significant increase in glycogen, by more than two times, during this period. It is noteworthy that Kilgore
(1986) found that in newborn larvae of Trichinella, glycogen content constituted 7.8% of their dry weight, whereas, in
45-day-old muscle larvae, glycogen content was 16.1% (Castro and Fairbairn, 1969). Given that after the penetration into
the muscle fibers the larvae increase in size by more than 10 times in the first 20 days of development (Castro and
Fairbairn, 1969), then a significant increase in the absolute glycogen content in them is expected. From the 14th day after
the invasion, newborn Trichinella larvae started penetrating into the muscle fibers. This is the time of the active nutrition
and growth of muscular Trichinella larvae in the host’s myocytes (Castro and Fairbairn, 1969). It is possibly due to an
increase in the size of muscular Trichinella larvae that the glycogen concentration in them is increasing. In the present
study, a small amount of glycogen in the 14-day-old Trichinella larvae was found. On the 28th day after the invasion, the
glycogen concentration in Trichinella larvae increased by 4.9 times, from 0.0028 pg/larva to 0.0136 pg/larva.

Until one and a half months old, the larvae continue to actively accumulate glycogen. However, from the 45" to
134™ days after infection, the intensity of storing the reserve substance is significantly reduced. Some researchers noted
this phenomenon already after the 28th day of the invasion (Stewart, 1976; Wu et al., 2009). Pereverzeva (1966), using
the histological method, registered the maximum glycogen content in the 6-month-old larvae. After completion of the
organogenesis of muscle larvae and capsule formation, the supply of glycogen in invasive Trichinella larvae undergoes a
sharp increase. The glycogen synthesis is likely to depend on different factors including the immune response of the host,
the host species, the host gender and age, and nutrition conditions of the host. The viability of the larvae after digestion
in gastric juice decreases by this time by 5%, which is probably due to capsule calcification. However, this decrease can
be considered insignificant- and does not affect the invasive capacity indicators.

In previous studies, other researchers determined the glycogen content in Trichinella using the less specific
anthrone method. They established that the glycogen concentration in the viable larvae is about 0.0784 pg/larva (De
Nollin and Van den Bossche, 1973). This value corresponds with the data obtained in the current study.

The fact that the total amount of glycogen contained in the larvae increases with growth and development, and then
remains at the same level for a long time, indicates that this energetic compound is essential at a later stage when the
larva turns into an adult Trichinella in the intestines of the host (Beckett and Boothroyd, 1962).

Intestinal worms

In the first hours of development in the intestines of the host, Trichinella spiralis worms have a very high energy
expenditure associated with the invasion into intestinal mucosa, organogenesis, preparation for reproduction and the first
molting process. Kozar (1973) observed that adult nematodes of Trichinella spiralis do not accumulate glycogen, but use
its storage formed at the larval stage of development. Due to the low permeability of the cuticle at this stage, the reserve
nutrient material enters the mid-intestine and breaks up there, apparently, into oligo- and monosaccharides. After 20
hours in the host’s intestines, the cuticle that its permeability had increased 8 times by that time, is responsible for
supplying nutritional substances and removing metabolites from the nematodes (Ferguson and Castro, 1973).
Nevertheless, the Trichinella spiralis nematodes are highly dependent on the previously accumulated supplies of energy
substances. Ferguson and Castro (1973) measured glycogen concentration in Trichinella spiralis localized in the
intestine of mice. The glycogen content was 0.7% of dry weight of nematode 24 hours after infection. By the 4th day,
this indicator increased to 1.3% (Kilgore et al., 1986). Kilgore (1986) detected a slightly higher value for the glycogen
content (4.9%) in 4-day-old nematodes. A relatively low amount of glycogen in adult worms disable them to survive in
vitro for more than 12 hours in the absence of exogenous glucose (Kozar et al., 1966). Presence of Trichinella spiralis
nematodes in the intestines of fasted mice for more than two days resulted in irreversible changes that led to the
destruction and death of the helminths, and also after being kept in an isolated intestinal loop of a hamster, a delay in
their developmental was observed (Timonov and Silakova, 1976).

CONCLUSION

The amount of glycogen stored at the muscle stage is extremely important in the first hours of the Trichinella spiralis
development in the intestines of the host. The high energy requirements of Trichinella spiralis during the period when
the nematodes cannot obtain enough nutrition, depend entirely on their glycogen storage. If the latter is insufficient,
Trichinella spiralis nematodes lose their invasiveness.
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