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Calcium propionate, as an approved food additive, is widely used as a mold inhibitor in food and feed. It is recognized as safe, but
when metabolized in the gastrointestinal tract, it can affect the body’s metabolism both directly and indirectly through the intestinal micro-
biota. The effect of various doses of calcium propionate on the body of model animals, with the study of the quantitative and qualitative
composition of their intestinal microbiome, was investigated in this experiment. Four groups of male laboratory rats were formed, which
for 20 days consumed: a high-fat diet with the addition of 0.0%, 0.5%, 1.0%, 2.0% calcium propionoate. We determined changes in body
weight, the condition and mass indices of the intemnal organs, biochemical blood parameters, the functional state of the nervous system
using the “open field” method, as well as changes in the intestinal microbiota. Adding calcium propionate to a high-fat diet does not affect
the rate of animals’ weight gain, nor the amount of feed and water consumed. High dose consumption of calcium propionate caused a
decrease in the relative weight of the spleen and an increase in the relative weight of the kidneys, without affecting the functional state of
the nervous system. With the addition of calcium propionate to a high-fat diet, only minor changes in some biochemical blood parameters
were observed (increased De Ritis ratio and Ca/P ratio, moderate dyslipidemia). Calcium propionate had the most significant changes in
the quantitative and qualitative composition of the intestinal microbiota in laboratory rats. Among the representatives of the microflora, the
most sensitive to this substance against the background of a high-fat diet were obligate microorganisms from the genera Bifidobacterium
and Lactobacillus. The antimicrobial action of calcium propionate was also demonstrated by the pathogenic Staphylococcus aureus.
Amid a deficiency of obligate microflora, proliferation of transient microflora was found — facultative anaerobic and aerobic microorgan-
isms (bacteria of the genera Klebsiella, Enterococcus, Clostridium, fungi of the genus Candida). Further research will be aimed at study-
ing the effect of calcium propionate in various doses on the biological systems of different age group laboratory animals in a long-term

experiment.
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Introduction

Propionates are substances found in the normal diet. Propionic acid is
produced by certain bacteria and is found in various foods and feeds as a
result of microbial production. Calcium propionate (CP) is an organic
compound, a salt of calcium and propionic acid, Ca(C,HsCOO),, formed
as a result of the reaction between calcium hydroxide and propionic acid.
It appears as colorless crystals that are highly soluble in water (Pongsavee,
2019). CP is an approved food additive, listed under number 282 in the
Codex Alimentarius, and is one of the derivatives of the food preservative
E280 (propionic acid). CP (E 282) is obtained by the reaction of propionic
acid and calcium oxide in water with the presence of a flocculant. The pro-
duct is filtered, spray dried, sieved and packaged. It is used in industrial
baking as a preservative for food, feed, and cosmetics. CP is used in baked
goods as a mold inhibitor (usually in an amount of 0.1-0.4% by weight of
the product). It is also used as a preservative in a wide variety of products,
including various baked goods, processed meats, and dairy products. CP is
‘generally recognized as safe’ according to the FDA and is widely used in
food products without any restrictions other than current good manufac-
turing practice (EFSA, 2014).

CP is a strong preservative with little or no taste in normal use that can
be effective against mold and bacteria and is widely used in food, feed and
pharmaceuticals. It has the ability to inhibit the growth of mold and other
microorganisms without apparent inhibiting yeast. CP does not have tera-
togenic activity and reproductive toxicity, and propionic acid can be excre-
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ted in the urine; thus, there is no risk of accumulation in the human body
even at high doses (Sequeira et al., 2017; Zhang, et al., 2020).

Garcia et al. (2021) determined the comparative effectiveness of two
preservatives (CP and potassium sorbate) against the three most common
fungal strains responsible for bread spoilage. Potassium sorbate was more
effective in inhibiting fungal growth. CP does not inhibit yeast growth,
making it one of the most useful antimicrobial preservatives in the fermen-
ted food industry. CP strongly reduces the amount of fungus Aspergillus
flavus, which produces carcinogenic aflatoxins (Bintvihok & Kositcha-
roenkul, 2006). In aqueous solutions, it can dissociate into propionic acid
(the active antifungal ingredient) and calcium ions (Sequeira et al., 2017).
The antimicrobial effect of CP depends on the pH value of the product,
since its undissociated form has a better antimicrobial effect than its disso-
ciated form (Suhr & Nielsen, 2004).

The antibacterial activity of CP has been studied very well. It can re-
duce Escherichia coli O157:H7, Salmonella enterica typhimurium (Kwak
etal., 2011), Clostridium spp. (Wen et al., 2017) and other types of bacte-
ria. The combined use of CP with biological preservatives increases their
effectiveness in prolonging the shelf life of food products. The use of 0.3%
CP by weight of the product and Lactobacillus plantarum significantly
reduces the amount of mold and yeast compared to the use of CP alone
(Bahmanpour et al., 2023).

CP is used for paper preservation (Sequeira et al., 2017), as a fungi-
cide for fruits (Quiles et al., 2006), to prevent bread spoilage (Ryan et al.,
2008), as an additive to silage and total mixed rations (TMR) for dairy
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cows (Zhang et al., 2020). CP is also used as a preservative in cosmetics
and personal care products. Propionic acid and its salts are capable of ac-
celerating the locomotor activity of some predatory invertebrate species
(Moshkin & Brygadyrenko, 2023), and reduce the degree of survival in
nematodes — parasites of mammals’ intestines (Boyko & Brygadyrenko,
2017,2019,2022).

Once in the body, CP dissociates in the gastrointestinal tract into pro-
pionic acid and calcium, while in rats the absorption degree of propionic
acid is at least 77%. Propionic acid itself is a potent stimulator of endoge-
nous glucose production (EGP) in various mammals. Considering this,
CP is widely used in feed for dairy cows and sheep to increase the glucose
concentration in milk (Aschenbach et al., 2010). In agriculture, CP is used
in the production of animal feed and as a feed additive (Dahiya et al.,
2016; Rathert-Williams et al., 2021). It is metabolized and absorbed by
animals, providing them with calcium and glucose precursors, a benefit
that other mold control products do not have. Therefore, CP is widely used
in dairy cows as an antimicrobial agent, glucose precursor, and calcium
source (Zhang et al., 2022a).

The effect of propionic acid salts (sodium propionate) on metabolism
was studied experimentally. Acute oral administration of sodium propio-
nate stimulates resting energy expenditure (REE) and lipid oxidation in
humans (Chambers et al., 2019). Similar results were obtained in studies
on mice: chronic administration of sodium propionate improves body
weight and glucose homeostasis (den Besten et al., 2015).

Oral administration of propionate (propionic acid) to patients with
hypertension and high cardiovascular risk reduced cardiac hypertrophy
and fibrosis, susceptibility to cardiac arrhythmias, and atherosclerotic lesi-
ons (Bartolomaeus et al., 2019).

The EAE (experimental autoimmune encephalomyelitis) animal mo-
del is often used to study certain pathophysiological aspects relevant to
multiple sclerosis. With its help, the effectiveness of oral propionate admi-
nistration was studied by measuring clinical assessments of the body ba-
sed on muscle function in model animals (tail tone, partial or complete
paralysis of the limbs, death). Patients with multiple sclerosis are recom-
mended to take 1 g of propionate daily as an addition to their usual therapy
(Tobin etal., 2021).

Although CP is approved as a dietary supplement and is considered
safe, studies in mice have shown its negative effects on their metabolism:
increased concentrations of glucagon, norepinephrine, and endogenous
glucose (Tirosh et al., 2019). A randomized, placebo-controlled, crossover
study in humans found that CP, compared with placebo, significantly
increased concentrations of glucagon and norepinephrine under normal
conditions, glucagon, norepinephrine, and epinephrine under euglycemic
conditions, and norepinephrine and epinephrine under hypoglycemic
conditions (Adler et al., 2021). Propionate can activate catecholamine-
mediated enhancement of insulin counter-regulatory signaling, leading to
insulin resistance and hyperinsulinemia, which may contribute to obesity
and metabolic disorders over time (Tirosh et al., 2019).

Propionates are widely used in agriculture (Bedford et al., 2018; Ar-
razola et al., 2019; Li et al,, 2021). Calcium propionate can be used in
silage and general mixed rations to prevent the accumulation of mycoto-
xins in feed (Alam et al., 2014). Bintvihok & Kositcharoenkul (2006)
shows that the addition of CP to broiler diets containing aflatoxin B is
effective in reducing its toxicity. During the perinatal period, many cows
fail to adapt to metabolic, endocrine and physiological changes, resulting
in ketosis and fatty liver due to negative energy balance or postpartum
hypocalcaemia, which damages their health and reduces productivity
(Zhang et al., 2020, 2022a). CP supplements can be used in calf feeds as a
rumen growth promoter (Diao et al., 2019). CP can be used as a feed pre-
servative, growth promoter, gut microbiota enhancer, or appetite suppres-
sant in animal nutrition (Arrazola & Torrey, 2019).

Pongsavee (2014) reports the ability of CP to suppress the growth of
mold and other microorganisms without obvious inhibition of yeast in
compound feeds. Yuan et al. (2017) noted that the addition of CP to alfalfa
silage when it was prepared for an hour (after 30 days) resulted in a greater
concentration of lactic, acetic, propionic and total amount of organic acids
as well as microbial populations of lactic acid bacteria, but also changed
the population of enterobacteria, mould and clostridia. Similar results were
reported by Dong et al. (2017): addition of calcium propionate during

ensiling of alfalfa can suppress unwanted enterobacteria (P = 0.029),
mould (P < 0.001) and clostridia (P < 0.001), while the quantity of lactic
acid bacteria in silage increases. Kwak et al. (2017) found that combined
thermal ultrasound treatment and 2% CP effectively inactivated (reduced
by more than 100,000) E. coli O157:H7 and S. typhimurium on freshly cut
celery. Wen et al. (2017) also assume that when silage is prepared, the
lower amount of the mold and clostridia may be associated with the anti-
microbial effect of calcium propionate. But the influence of CP on the
intestinal microbiome has not been studied enough (Agus et al., 2021).
Besides, CP, through its effects on the hormonal system, is a potential
metabolic distuptor in humans, highlighting the need to carefully evaluate
the long-term metabolic effects of this widely used food preservative.

The aim of our study is to determine the effect of calcium propionate
different doses on changes in body weight and internal organs, blood
biochemical parameters, nervous system functional state and intestinal
microbiota of model animals consuming a high-fat diet.

Materials and methods

The choice of animals for the experiment, research protocols, and
withdrawal of animals from the experiment was approved by the local
ethical committee of Dnipro State Agrarian and Economic University
(Dnipro, Ukraine). The maintenance, nutrition, care of animals and their
withdrawal from the experiment were carried out in accordance with the
principles set forth in the "European Convention for the Protection of
Vertebrate Animals used for Experimental or other Scientific Purposes"
(Strasbourg, France, March 18, 1986, ETS No. 123) and in Law of Ukrai-
ne “On protection of animals from cruel treatment” (Kyiv, February 21,
2006, No. 3447-1V).

The experiment used 20 outbred male laboratory rats, 6 months old,
with an average weight of 350 + 20 g. Four groups were formed: one
control and three experimental ones (5 animals in each). Animals were
kept in polycarbonate cages in a temperature-controlled room (20-22 °C),
with a 12/12-hour light/dark cycle, with free access to food and water.
For 20 days, animals of all groups received a diet containing a high per-
centage of fat. It was prepared on the basis of a standard diet with the
addition of 15% sunflower oil. The rats in the control group simply con-
sumed a high-fat diet throughout the experiment. Rats in the experimental
groups were fed a high-fat diet supplemented with calcium propionate in
different doses: I experimental group —0.5% CP, I1—1.0% CP, Il —2.0%
CP by weight of food. During the experiment, the amount of food and
water consumed by each group was taken into account. Each animal was
observed and weighed, followed by calculation of the total increase in the
weight of the animals and daily increases in live weight (Lieshchova &
Brygadyrenko, 2021, 2023a).

Animals were slaughtered on the 20th day of the experiment under
general anaesthesia (80 mg/kg of ketamine and 12 mg/kg of xylazine,
intraperitoneally) by total bloodletting from the heart. After the autopsy,
the condition of the internal organs was visually assessed for the presence
of pathological changes. The selection of organs (heart, liver, lungs, thy-
mus, spleen, stomach, small intestine, caccum, colon, rectum, kidneys,
brain) was carried out with surgical instruments. The mass of internal
organs was determined to an accuracy of 10 mg. Blood sampling was
carried out during the euthanasia of rats, followed by biochemical and
morphological analysis. After injecting the rats with anaesthetic agents,
blood was drawn directly from the heart with a syringe into two test tubes.
In the first, whole blood (1.0-1.5 mL) was collected to obtain serum and
to perform further biochemical studies. In the second, 0.5-1.0 mL of
blood was collected, adding an anticoagulant (potassium EDTA) for fur-
ther automatic calculation of complete blood cell count and preparation of
smears for a leukogram. Biochemical parameters were determined using a
Miura 200 automatic analyser (LS.E. Stl, Rome, Italy), and High Tech-
nology reagent kits (High Technology Inc, North Attleborough, MA,
USA), PZ Cormay S.A. (Cormay Diagnostics, Lublin, Poland) and Spin-
react S.A. (Spinreact, Girona, Spain). Red blood cell and white blood cell
count in the rats’ stabilized blood were determined using an automatic
haematology analyser, BC-2800Vet (Mindray, Shenzhen, China). For the
leukogram, blood smears were prepared according to Pappenheim with
their further staining according to Romanovsky-Giemsa.
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At the beginning (days 1-4) and at the end (days 16-20) of the expe-
riment, the functional state of the nervous system was determined by indi-
cators of orientation-physical activity and the emotional state of experi-
mental animals in the “open field” test (Lieshchova et al., 2018, 2023b;
Brygadyrenko et al.,, 2019; Lieshchova & Brygadyrenko, 2022).

To determine the effect of CP supplementation on the rats’ intestinal
microbiota, microbiological research was carried out. Faecal samples were
collected individually from the rectum after the slaughter of the animals in
accordance with the established rules of asepsis. Serial tenfold dilutions
were carried out to 107" and the corresponding dilutions were sowing on
selective nutrient media (Bifidobacterium agar, Lactobacillus agar, Ente-
rococcus agar), Endo's medium, bismuth sulphite agar, Wilson & Blair
medium, Baird-Parker agar, Sabouraud dextrose agar (HiMedia, India),
and 5% blood agar (Biomerieux, France) and incubated in a thermostat at
24,37 and 42 °C. After 2472 hours, the results were obtained, by identi-

water consumption by animals during the experiment, we determined that
the highest daily feed consumption was in the group that received 0.5%
CP, and the minimum in the group receiving 2.0% CP. Daily water con-
sumption was higher in rats receiving CP, and lowest in rats consuming
only a high-fat diet. A daily increase in body weight was detected in the
control group rats, as well as in rats receiving 1.0% CP; at the same time,
rats of two experimental groups receiving 0.5% and 2.0% CP decreased in
weight. The indicators of body length and the length of the small intestine
did not differ significantly, but there was a tendency to increase in the
length of the small intestine in rats of the experimental groups.

Table 1

Change in the body weight of young male rats under the influence of
calcium propionate diet supplementation (x + SD, n =5, duration of expe-
riment — 20 days)

fying CFU/g, counting the number of colonies that grew. Anaerobic mic- Experiment
. . 5 0% 0.5% 1.0% 2.0%
roorganisms were grown in an anaerostat (7 L), using GENbox anaero- day

packs (Biomerieux, France). Control anaerobiosis was carried out using 1 100.0+0.0 100.0+0.0 100.0+0.0 100.0+0.0
the anaerobic indicator (Biomerieux, France). Visual confirmation of mic- 11 101.9+2.6 986+32 100.9+3.2 103.1+29
roorganisms was carried out using an additional light microscope 12 1016221 98.0+3.7 964+104 101.7+2.8
MICROmed XS-3330 by examining —stained smears. 13 100.1+£3.0 99.7+22 947+69 101.8+1.3
. . : . g . . . 14 99.0+£38 1003+3.6 929+6.8 1014+4.6
Identification and differentiation of microorganisms was carried out 15 1007422 1017449 041455 1010437
using highly enzymatic methods on Hiss’s media with various sugars, ;¢ 100118 1012424 942+35 101943
Olkenitskyi, Christensen, Simmons citrate agar, malonat agar, etc. (Farm- 17 1012£20  1004=18 948+34 992311
aktiv, Ukraine), as well as using tests API 20 REF 20 600, API Staph REF 18 1023+28 101.7+19 955+37 983+22
1020 500, API 20 E REF 20 100 /20 160, API 20 NE REF 20 050, API 19 1014+25 1005+34 980+39 96.5+3.0
20 1008 +2.7 99.9+25 970+39 945+29

Candida REF 10 500 (Biomerieux, France) based on the Bergey’s Ma-
nual of Systematic Bacteriology (1986,2009) (Bilan et al., 2019).

All the data were analyzed using Statistica 8.0 program (StatSoft Inc.,
USA). Results in the tables are demonstrated as x + SE (mean + standard
error). Differences between the control and experimental groups values
were determined by using the Tukey test (with consideration of Boni-
ferroni’s correction), where the differences were considered significant
atP<0.05.

Results

Consumption of calcium propionate by rats in different dosages fed a
high-fat diet did not lead to a significant change in the body weight of
animals in all three experimental groups (Table 1). Analyzing food and

Table 2

Note: no significant differences were found within one line of the table according to
the results of comparison using the Tukey test with Bonferroni correction.

The relative weight of most organs of animals did not change signifi-
cantly when using different doses of CP in food (Table 3). A significantly
low relative spleen weight was detected in animals consuming 1.0% and
2.0% CP. The addition of CP to a high-fat diet caused a gradual increase
in the kidneys’ relative weight, and the increase was proportional to the
dose of the substance consumed.

To determine the general state of metabolism in rats, blood biochemi-
cal parameters were examined before the start of the experiment. After a
20-day experiment, the metabolic state was also analyzed by changes in
blood biochemical parameters.

Change in the young male rats’ body weight and food consumption under the influence
of calcium propionate supplementation to their diet (x + SD, n= 5, duration of experiment — 20 days)

Parameter 0.0% 0.5% 1.0% 2.0%
Food consumption by rats, g/day 16.8 219 144 157
‘Water consumption by rats, g/day 138 163 19.7 164
Body weight change, mg/day 100454 —50+481° 550 +647° 950 +542°
Length of small intestine, cm 1376+19.3 1413+162 139.8+17.0 1542+132
Body length, cm 225+0.6 243+19 235405 243+0.6
Note: see Table 1.
Table 3

Change in relative mass (%) of organs of male rats under the influence

of calcium propionate supplementation to their diet (x + SE, n =5, duration of experiment — 20 days)

Organ 0.0% 0.5% 1.0% 2.0%
Heart 0.356+0.035 0.352+0.039 0.361+0.042 0330+0.019
Liver 3.602+0.233 3.674+0308 3420+0271 3878+0222
Lungs 0.830+0.172 0.982+0395 1.171+0.230 1.064+0.136
Spleen 0.220+0.045* 0.221+0.022 0.173+£0.014* 0.164+0.029°
Stomach 0.554+0.131 0.474+0.080 0.510+0.076 0.586+0.039
Small intestine 2016+0.378 1.721£0.146 1.762+£0.320 1.693+0.130
Cecum 0253+0.063 0.241+0.066 0204+0.116 0225+0.034
Colon 0.306=0.135 0217+0.069 0284+0.051 0.234+0.042
Rectum 0241+0.076 0.197+0.061 0.238+0.049 0252+0.064
Right kidney 0.304+0.022* 0315+0.024° 0325+0016° 0.362+0.033°
Leftkidney 0.308+0.031° 0.305+0.030" 0.322+0016® 0.363+£0.032°
Right testis 0461 +0.036 0412+0279 0494 +0.044 0.588+0.097
Left testis 0479+0.045 0416+0.280 0.505+0.054 0.539+0.105
Brain 0.581+0.053 0.509 +0.096 0.594 +0.045 0.621+0.036

Note: different letters indicate values that differed one from another reliably within one line of the table according to the results of comparison using the Tukey test with Bonferro-

ni correction; if within a line the numbers do not have letter indices, then no significant differences were found within one line of the table.
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Most of the blood biochemical parameters in experimental animals
did not change when consuming CP with food (Table 4). But the con-
sumption of a high-fat diet and the additional introduction of CP into the
diet led to a disruption of the blood enzymatic activity, which was expres-
sed by a significant change in the De Ritis ratio (AST/ALT). This indica-
tor significantly increased when the rats ate a high-fat diet (from 1.53 +
0.55 to 1.90 + 0.65 relative units) and consumed CP 0.5% and 1.0% of the
feed weight (Table 4). The experiment also revealed a change in mineral
metabolism, which was expressed by a change in the Ca/P ratio. Thus, in

the rats’ blood before the start of the experiment, this indicator was 1.73 +
0.32 relative units; when eating a high-fat diet, it significantly decreased to
1.14 + 0.55 units, and when adding 0.5% CP, to 0.90 + 0.14 units. Adding
CP to a high-fat diet also caused changes in the amount of HDL in the
blood: when consuming 0.5% CP, the HDL level increased dramatically,
and a dose of CP 1.0% caused a sharp decrease in this indicator, almost
halved.

‘When using different concentrations of CP, there were no changes in
physical activity, orientation activity and emotional state (Table 5).

Table 4
Change in blood biochemical parameters of male rats under the influence of calcium propionate (x = SE, n=5, duration of experiment — 20 days)
Parameters Before the experiment 0.0% 0.5% 1.0% 2.0%

Total protein, g/L 703+84 69.8+3.0 76.8+4.6 714+52 71.6+69
Albumins, g/L 313+40 326+23 378+13 352+16 344+39
Globulins, g/L. 39.0+123 372+24 390+5.1 358+5.1 372+8.1
Protein coefficient, U 0.87+0.35 0.85+0.10 098+0.17 1.02+0.15 098+0.24
Urea, mmol/L 370+1.39 4.06+0.85 3.35+0.66 3324061 3.36+0.86
Blood urea nitrogen (BUN), mg/100 g 7074263 776+ 1.62 640+124 636+1.15 6424166
Creatinine, pmol/L 587+0.6 534+142 56.3+49 56.8+8.6 574+64
Aspartate aminotransferase (AST), U/L 103.0£9.2 193.8+379 1823+13.6 2250+31.1 177.8+349
Alanine aminotransferase (ALT), U/L 76.7+33.8 1340+659 86.8+17.5 1014+18.8 722+10.5
De Ritis ratio (AST/ALT), U 1.53+0.55" 1.90+0.65® 2.18+047° 228+057 248+027
Alkaline phosphatase, U/L 481 +£300 685+£210 620+209 637 +£366 745+386
Alpha amylase, U/L 1028 £83 1055212 1098 £ 191 1130£220 1091+ 147
Total bilirubin, pmol/L 5.87+0.60 1.80+1.00 195+024 348+1.72 2.86+1.16
Glucose, mmol/L 6.07+0.60 372+1.12 4.00+0.53 3.86+0.55 3.82+0.51
Total calcium, mmol/L 2.63+0.12 2344032 2.50+0.29 2424022 226+0.11
Non-organic phosphorus, mmol/L 1.57+£023 2.62+1.60 275+047 2.14+0.53 196+044
CalP 1.73+032° 1.14£055% 0.90+0.14° 1224033 1.18+023°
Gamma-glutamy] transferase (GGT), UL 600+ 1.00 500+082 400245 400173 480+1.10
Cholesterol, mmol/L 1.77+£032 1.84+0.26 1.85+0.24 192+0.13 2.08+0.34
Blood triglycerides, mmol/L 0.69+0.12 0.86+0.36 0.88+0.24 0.88+0.36 092+0.38
Low density lipoprotein (LDL) cholesterol, mmol/L 034+0.12 0.85+061 0.69+037 1.13+050 0.98+0.60
High density lipoprotein (HDL) cholesterol, mmol/L 0.57+£032* 0.59+038° 0.68+0.13° 0.30+0.10° 046 034"
Note: see Table 3.
Table 5
Change in behavioral characteristics of three rats groups during 2 minutes of the experiment,
in whose diet calcium propionate was added (x + SE, n= 15, duration of the experiment was 20 days)

Characteristic 0.0%, 0.0%, 0.5%, 0.5%, 1.0%, 1.0%, 2.0%, 2.0%,

1stday 20th day 1stday 20th day 1stday 20th day 1st day 20th day

Number of visited peripheral squares 1293+240 1800+£236 9.60+£202 9.07+289 1367+£3.00 2047+328 653+225 893+323
Number of visited central squares 060+038 053+027 027+0.12 020+£020 0.73+043 047+027 067£036 0.13+0.13
Number of upright stands in peripheral squares ~ 2.93+0.54  347+031  3.13+£058 240+070 267+077 420+0.75 220+£071 3.07+048
Number of upright stands in central squares 080+042 047+027 1.13+041 040+£0.16 1.67+050 157047 000+£000 0.60+024
Number of grooming acts 1.00£029 213+024 1.13+042 087+024 087+029 0.67+0.19 060+024 233+040
Number of faecal boluses 020+£0.11  000+000 000+£000 000£000 013+009 020+0.11 020+£0.14  0.00+0.00
Physical activity 1353+229 1853+£244 987+£203 927+301 1440+£327 2093+331 720+231 9.07+322
Orientation activity 373£067 393+048 427+083 2.80+0.83 433+102 567+101 220+071 3.67+057

Note: physical activity — the number of visited squares of the open field, for orientation activity — the number of upright stands; there were no significant differences between the
groups for most of the parameters studied; within a line, the numbers do not have letter indices, since no significant (P < 0.05) differences were found within one line of the table

according to the Tukey test results with Bonferroni correction.

In animals that were given the highest concentration of CP in addition
to a high-fat diet, the intestine content had a liquid consistency. Also, CP
in the diet affected the number of representatives of the genera Bifidobac-
terium and Lactobacillus, which form the basic bacterial flora for all gro-
ups of rats. The number of Bifidobacterium spp. under the conditions of
CP consumption, significantly decreased (Table 6), but in all four groups it
remained within the normal range. Similar, but much more intense chan-
ges were observed for Lactobacillus spp. under the influence of CP: 1.0%
and 2.0% concentration of the total weight of feed in the rats' diet caused
significant log;y changes in the number of lactobacilli from 7.77 to 6.93
and 5.27 CFU/g, respectively. The typical form of Escherichia coli at high
concentrations of this food additive in the diet did not significantly change
its number compared to the number in the control group of rats. Weakly
fermenting E. coli dramatically increased their number (logo) from 4.39 in
the control group to 6.25 and 6.94 CFU/g in groups with a concentration
of 1.0% and 2.0% CP in the diet. The number of lactose-negative E. coli
did not significantly change under the influence of CP.

A reliable change in the bacterial number of the genus Clostridium is
a cause for concem. The logarithm of the number of these bacteria in-
creased under the conditions of CP consumption from 2.04 in the control
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group to 2.64 and 2.97 CFU/g for 1.0% and 2.0% of this food additive by
weight of feed in the diet of rats.

It should be noted that no opportunistic enterobacteria of the genus
Citrobacter were found in any of the experimental animals, but a probable
increase in the number of bacteria from the genus Klebsiella, Enterococ-
cus, and Clostridium was observed. Even at a low concentration (0.5% of
the feed mass), CP stimulated the growth of the number of Candida fungi
(logy of their number increases from 4.90 to 5.64 CFU/g).

Amid an insignificant increase in the number of Staphylococcus epi-
dermidis, CP showed an antibacterial effect and caused a noticeable inhi-
bition of Staphylococcus aureus bacterial growth (log, of their number
decreased from 5.13 to 3.91 CFU/g).

Discussion

In this study, we assessed the effect of various doses of calcium pro-
pionate as dietary supplement on the body of white laboratory rats fed a
high-fat diet during a 20-day experiment for indicators of food and water
consumption, changes in body weight and organs, blood biochemical pa-
rameters, the functional state of the nervous system and changes in gut
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microbiome composition. It is known that the body weight of animals and
its changes under the influence of various factors are important indicators
that are used in determining the toxicity of drugs and food additives (Lie-
shchova et al., 2021; Lieshchova & Brygadyrenko, 2023b). Also, in la-

Table 6

Number of microorganisms (lg;o CFU/gram of feces) in four groups of rats fed

boratory animals, one of the important indicators that can be used to de-
termine their well-being and health is the amount of food and water con-
sumed. A decrease in body weight may indicate an adverse effect of the
test substances (Lieshchova et al., 2023a).

with calcium propionate (x + SE, n =5, duration of the experiment was 20 days, BD — basic diet)

Intestinal microflora Norm 0.0% 0.5% 1.0% 2.0%
Bifidobacterium spp. 7-10 940+0.24" 927+0.19° 880+037° 8.80+0.20°
Lactobacillus spp. 5-8 7774023 6.96+£047° 693+0.15° 5274015
Escherichia coli typical 6-8 6.28+0.14° 497+032° 6.62+0.75" 6.82+045°
Escherichia coli weakly fermenting <25% 439+0.13" 587+033° 625+044% 6.94+039°
Escherichia coli lactose-negative 2 222+0.09° 2.56+0.08° 249+0.15% 267+0.03%
Clostridium spp. 2 204007 1.74+047° 264004 297+004°
Enterococcus spp. 57 531+£042° 587+0.14° 502+031° 6.03+0.16"
Proteus spp. 2-4 445+0.04° 475+0.19° 469+020 3414046
Enterobacter spp. 24 3.62+044° 464+025° 434+006° 361027
Citrobacter spp. 24 0.00+0.00° 0.00+0.00° 0.00+0.00° 0.00+0.00"
Klebsiella spp. 2-4 3.00+042* 3.60+£063° 440+061° 375+0.79°
Staphylococcus epidermidis 2-4 4.08+0.07* 421£009” 422007 420+0.14®
Staphylococcus aureus 35 5.13+£046° 489+021° 460+0.13° 391+0.13"
Candida spp. 2-5 490+0.17 564+£022° 575+023° 572+0.11°

Note: see Table 3.

Chronic exposure of rats to a dose of CP equivalent to that used for
food preservation resulted in a gradual increase in body weight (Tirosh
etal., 2019). In our experiment, we did not detect the effect of CP on rats’
body weight, and the amount of consumed food and water did not change
significantly.

Zhang et al. (2017) showed that CP supplementation for 160 days im-
proved intestinal development in calves. However, Bunting et al. (2000)
found that supplementation with 6.4% CP for 42 days did not improve
intestinal development. In our experiment, we determined the total length
and relative weight of the small intestine in rats receiving different doses of
CP for 20 days, as well as the relative weight of the stomach and individu-
al sections of the large intestine. By the end of the experiment, we did not
observe any significant differences in these indicators between the groups,
so CP consumption on the background of a high-fat diet does not have an
effect on the morphofunctional state of the GI tract in model animals. It is
also known that high doses of propionic acid can cause local lesions of the
QI tract epithelium at the site of where the substance was first in contact
with the body in the form of acanthosis, hyperkeratosis and proliferative
processes (Harrison et al., 1991). In our study, we did not find any patho-
morphological changes in the GI tract mucous membranes of experimen-
tal animals.

The relative weight of internal organs reflects the growth, health and
general condition of the body. Of interest is a significant decrease in the
relative weight of the spleen in animal groups receiving 1.0% and 2.0%
CP, and at the same time an increase in the relative weight of their kid-
neys. This can be explained by a possible increase in blood flow (blood
leaving the depot — a decrease in the weight of the spleen) and activation
of the blood filtration function (increase in the relative weight of the kid-
neys). At the same time, the functional state of the kidneys, which can be
assessed by the concentration of creatinine in the blood, worsened in ani-
mals receiving different doses of CP, since this indicator was higher than
the reference values for this age group of animals (Shayakhmetova et al.,
2020). The effect of CP on body weight gain and the weight of some in-
ternal organs of Jersey calves was studied by Zhang et al. (2017). They de-
termined that CP promotes weight gain and increases average daily
weight gain. Also, by the end of the experiment (160 days), calves that
received CP had the greatest spleen weight, significantly higher liver and
rumen weight, while CP consumption had no effect on the weight of the
heart and kidneys. In rats fed a diet containing varying amounts of propio-
nic acid (25-45,000 mg/kg body weight) for three months, no deaths or
clinical toxicities were observed. At the same time, a decrease in the amo-
unt of food consumed and a decrease in average body weight were obser-
ved only when consuming the highest dose of the substance. Regardless
the dose of propionic acid consumption, no changes in morphological and
biochemical blood parameters, as well as the absolute weight of organs,
were observed in experimental animals (EFSA, 2014). Similar studies
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were conducted with dogs, where they found that even the consumption
of the highest tested dose of propionic acid (2084 mg/kg body weight per
day) in the diet did not cause mortality, slightly reduced appetite, but did
not affect body weight and weight gain (BASF, 1988). Feeding rats so-
dium propionate (2%) for 104 weeks showed no mortality and no adverse
effects on body and organ weight, food intake, or blood counts, but did
increase water intake and urine and sodium excretion. Also, a dose of
5.13% sodium propionate in the diet of Beagle dogs did not cause adverse
effects on their body weight, amount of food consumed, general condi-
tion, or blood counts (EFSA, 2014).

The effect of propionic acid and its derivatives on lipid metabolism in
the body has long been known. Haghikia et al. (2022) showed in a study
on mice that treatment with exogenous propionate (given orally via ga-
vage) reduced total and low-density lipoprotein cholesterol levels in the
blood. In mice fed a high-fat diet, propionate reduced the absorption of
cholesterol in the intestine and reduced the area of atherosclerotic lesions
in the aorta. In our study, different doses of CP amid a high-fat diet con-
sumed by rats for 20 days also caused changes in lipid metabolism. Cho-
lesterol concentrations were at minimal levels in animals prior to the
study; consumption of a high-fat diet and the smallest dose of CP (0.5%)
caused a slight increase in this indicator, and higher doses of CP (1.0 and
2.0%) caused a further increase in the concentration of cholesterol in ani-
mals’ blood plasma. It should be noted that a high-fat diet together with
CP caused an increase in cholesterol levels above reference values (Shay-
akhmetova et al., 2020). The concentration of blood triglycerides also in-
creased in rats after consumption of a high-fat diet and the addition of
various doses of CP (it was also higher than the reference normal values).
CP consumption also caused a significant increase in low density lipopro-
tein (LDL) cholesterol levels regardless of CP dose. The concentration of
high density lipoprotein (HDL) cholesterol in rats consuming a high-fat
diet remained virtually unchanged compared to the values of this indicator
before the experiment.

Intestinal eubiosis is supported by representatives of the main phylo-
types: Bacteroides, Firmicutes, Proteobacteria, Actinobacteria, etc., which,
forming a balanced ecological system with the macroorganism, play a de-
cisive role in maintaining the immune status, metabolic homeostasis, and
protection against pathogens of infectious diseases (Lieshchova et al,
2020). Thus, in an experiment on mice with a microbiota depleted by
treatment with antibiotics, which consumed a normal diet and a diet with a
high fat content for six weeks, an increase in the concentration of very low
density lipoproteins and low density lipoproteins was found compared to
those in mice with a normal microbiota. These results confirm the func-
tional role of metabolic pathways dependent on gut microbiota in control-
ling blood cholesterol levels (Haghikia et al., 2022).

Lipopolysaccharides (LPS) in the cell wall of Gram-negative bacteria
and harmful metabolites such as trimethylamine (TMA) can enter the
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systemic circulation and induce chronic inflammatory responses in vivo
(Yan et al., 2022). This can result in vascular endothelium dysfunction,
atherosclerosis, vascular calcification, heart failure, and hypertension.
These researchers found that propionate, administered orally and rectally
to laboratory animals, was able to enrich components of the microbiota
that promote the production of short-chain fatty acids (SCFA) and main-
tain a healthy gut barrier, reduce inflammation, and reverse vitamin D and
nicotinamide induced vascular calcification (VDN).

Zhang et al. (2022b) reported that CP as a dietary supplement pre-
vents ketosis and metabolic disturbances in postpartum hypocalcemia in
early lactation dairy cows, increases milk yield in early lactation dairy
cows, and reduces gut inflammatory response by improving the relative
abundance of Bacteroidetes, including Rikenellaceac RC9 gut group and
Alistipes. A significant increase in the number of Bacteroidetes in rats'
feces with arthritis was also indicated by Fan et al. (2021).

Cao et al. (2020) found that CP supplementation decreased the rela-
tive abundance of the phylum Bacteroidetes but tended to increase the
abundance of Proteobacteria. In addition, CP supplementation reduced the
diversity of bacteria and archaea in the rumen compared to calves fed the
control diet, both pre- and post-weaning.

Conclusions

The supplementation with different doses of calcium propionate to
the high-fat diet of model animals did not not have a significant effect on
the intensity of body weight gain, feed and water consumption. With the
consumption of 1% and 2% CP, the relative mass of the spleen signifi-
cantly decreased and the mass of the kidneys increased. Most of the blood
biochemical parameters of experimental animals did not change when CP
was used with food. The revealed changes in some biochemical parame-
ters of the blood (increased De Ritis ratio, Ca/P ratio and moderate dysli-
pidemia) do not allow us to strate a significant positive effect of CP amid a
high-fat diet. When using different concentrations of CP, there were no
changes in physical activity, orientation activity, and emotional state,
which suggests that there is no influence of this substance on the functio-
nal state of the nervous system.

Among the representatives of the intestinal microbiota, obligate mic-
roflora microorganisms of the genera Bifidobacterium and Lactobacillus
turned out to be the most sensitive to CP amid a high-fat diet. The antimic-
robial effect of calcium propionate was also manifested against opportu-
nistic Staphylococcus aureus. Against the background of an obligate mic-
roflora deficiency, the reproduction of transient microflora representati-
ves — facultative anaerobic and aerobic microorganisms (bacteria of the
genera Klebsiella, Enterococcus, Clostridium, and fungi of the genus Can-
dida) was established.

Further research will be aimed at studying the influence of different
doses of CP on the biosystems of the body of laboratory animals in a long-
term experiment on different age groups.
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