, . ISSN 2074-9414 (Pri
2025 T. 55 Ne 1 / TexHura u mexHonozus nuujessblx npoussodcms / Food Processing: Techniques and Technology I::N zgl 3_?7 48 {or:;ge)

https://doi.org/10.21603/2074-9414-2025-1-2563 Original article
https://elibrary.ru/ANAWAN Available online at https://fptt.ru/en

Anti-Metabolic Syndrome Effect of Trans-Cinnamic Acid

Darya Yu. Chekushkinal*®, Anastasia M. Fedorova!®,
@ Svetlana V. Kovalenko!®, Irina S. Milentyeval!®,
Olga G. Altshuler'®, Larisa M. Aksenova?

I Kemerovo State UniversityROR, Kemerovo, Russia

2 All-Russian Scientific Research Institute of Confectionery IndustryRIOZR, Moscow, Russia

Received: 23.12.2024 *Darya Yu. Chekushkina: chekushkinaO2@mail.ru,
Revised: 29.01.2025 https://orcid.org/0009-0002-3826-8048
Accepted: 04.02.2025 Anastasia M. Fedorova: https://orcid.org/0000-0002-8071-4411

Svetlana V. Kovalenko: https://orcid.org/0009-0006-2889-4458
Irina S. Milentyeva: https://orcid.org/0000-0002-3536-562X
Olga G. Altshuler: https://orcid.org/0000-0001-7035-673X

© D.Yu. Chekushkina, A.M. Fedorova, S.V. Kovalenko, 1.S. Milentyeva,
O.G. Altshuler, L.M. Aksenova, 2025

Abstract.

The metabolic syndrome, also known as syndrome X or insulin resistance syndrome, is a global human health issue. It is asso-
ciated with visceral obesity, insulin resistance, high blood pressure, hypoglycemia, hypocholesterolemia, and cardiovascular
diseases. This article describes the anti-metabolic syndrome effect of several biologically active mixes that consisted of rutin,
quercetin, and trans-cinnamic acid.

The experimental mixes differed in composition and ratio, with trans-cinnamic acid being the most abundant component. Mix 1
included rutin, quercetin, and trans-cinnamic acid (1:1:2), Mix 2 consisted of rutin and trans-cinnamic acid (1:3), Mix 3 was a
combination of rutin, quercetin, and trans-cinnamic acid (4:1:15), Mix 4 consisted of quercetin and trans-cinnamic acid (3:1).
The effective dose was 100.0 mg/kg for all samples. The hypocholesterolemic activity was studied on 48 male black C57B1/6
mice with hypercholesterolemia induced by lipoprotein lipase inhibitor Poloxamer 407 (400.0 mg/kg). The hypoglycemic acti-
vity was determined in vivo on 42 white Wistar rats. Each rat was administered with an individual concentration of the experi-
mental mix (effective doses: 100.0 mg/kg for the mixes, 5.0 mg/kg for glibenclamide, and 2 000.0 mg/kg for glucose). Blood
was sampled from the tip of the tail to record the input data on glucose and total cholesterol.

The study revealed a reliable decrease (p < 0.01) in the area under curve for glucose concentration and time (Mix 3), which
indicated hypoglycemic potential. All groups demonstrated a certain decrease in glucose, but it was statistically significant only
in the animals that received Mix 3. All the mixes exhibited a reliable hypocholesterolemic effect. The tests on triglycerides
and low-density lipoproteins revealed no statistically significant differences between the experimental groups. However, those
treated with Mixes 2 and 3 demonstrated a trend towards lower triglycerides, and those that received Mixes 1 and 4 had a
lower level of low-density lipoproteins.

Mixes 2 (rutin + trans-cinnamic acid, 1:3), 3 (rutin + quercetin + trans-cinnamic acid, 4:1:15), and 4 (quercetin + trans-cinnamic
acid, 3:1) proved to be suitable for anti-metabolic syndrome bioactive additives.

Keywords. Trans-cinnamic acid, quercetin, rutin, metabolic syndrome, prevention, in vivo, mice
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AHHOTAIMA.

Metabonuyeckuil CHHIPOM, TaKkKe H3BECTHBINH KaK CHHAPOM X WIIM CHHJIPOM PE3HCTEHTHOCTH K MHCYJIHHY, SIBIISIETCS TI100a1Thb-
HOI po0IIeMoif YestoBeUecTBa, XapaKTepHU3yIoNiecss BUCIEPATBHBIM 0XKHPEHUEM, PE3UCTCHTHOCTHIO K HHCYJINHY, BEICOKAM
KpPOBSIHBIM JaBJICHHEM, THIIOTIUKEMHEH, THIIOX0JIeCTepHHEMHEH U CepAedHO-COCY JUCTHIMU 3a00neBaHusIMH. Llens qanHOTO
UCCIIeIOBAHUS — U3YyUUTh MOTEHI[MAN NIPOPHUIAKTUKN METa0OIHMIECKOTO CHHAPOMA C TIOMOIIBIO CMeceil OMOTOTHIECKH aKTHB-
HBIX BelecTs, coctosmux u3 pyruna (RUT), ksepuernna (KVC) u tpanc-xkopuunoit kucnotsl (TKR-k), B cocTaBe KoTOpbIX
npeobnagaer TKR-k.

OOBeKkTaMu UCCITeI0BaHHIN MOCITY KN CMECH OMOJIOTHYECKH aKTUBHBIX BEIECTB, BKIFOYAIOIINE TPAHC-KOPHIHYIO KHCIIOTY, PyTHH
M KBEpIETHH B pa3nnuHbIX cooTHomeHusx: cmech Ne 1 — RUT:KVC:TKR-k B cootnomenun 1:1:2, cmecs Ne 2 — RUT:TKR-k B coor-
nomenuu 1:3, cmech Ne 3 — RUT:KVC:TKR-k B coornomenun 4:1:15, cmecs Ne 4 — KVC:TKR-k B coorHOmmenunu 3:1.
Omnpejenenne rumoxoNecTepUHEMHUECKO aKTHBHOCTH HCCIIEyEeMBIX PACTBOPOB OHMONOTHYECKH AKTUBHBIX BEIIECTB B 3 HEeKTHB-
Ho#i m0o3e 100,0 MI/Kr OCYIIECTBISUIOCH HA MOACIBHBIX 00BEKTaxX (CaMIlax YEPHBIX MBIIICH), Y KOTOPBIX MOJACIHPOBAIH THITEP-
XOJIECTEPHUHEMHUIO BBEJICHHEM HHIHMOUTOpA JUIIONPOTEHHINIa3bl — nosiokcamepa P407 B adpdexruBHoit no3e 400,0 mr/kr.
OmnpeeneHne THIOTITNKEMIYeCKO aKTHBHOCTH IPOBOIMIIOCE in Vivo. 3a Yac JI0 3aINIaHNPOBAHHOTO BPEMEHH BBEJICHUS cMecel
MOJICJIBHBIM 00BEKTaM IIPOBOAMIACE IIPEIBAPUTEIbHAS [TOrOTOBKA, B IIPOIEcCe KOTOPOH KaXkIyI0 KPEICY B3BEIINBAIN H OA0H-
paiu MHAMBUAYATHHO HEOOXOANMYIO KOHIICHTpaLUIo cMeceid B apdextuBnoit no3e 100,0 mr/kr, rmubenknamuga — 5,0 Mr/kr
u Tiok036l — 2000,0 Mr/kr. 3ateM npou3BOAMIN 3200p KPOBH M3 KOHYMKA XBOCTA JJIs1 IPOTOKOJIUPOBAHUS BXOIHBIX JaHHBIX
00 ypOBHE I'JIIOKO3BI U OOLIEr0 XOJeCTEepHHA.

[To pe3yabTaTaM HCCIIEJOBAHUS BBISIBICHO JOCTOBEPHOE CHHIKCHHUE IJIOIA N 10T KPUBOM «KOHIIEHTPALMSI TIIIOKO3bI — BPEMs»
(cmech Ne 3) (p < 0,01), 94TO CBUIAETEIBCTBYET O TUIOTIMKEMUYECKOW aKTUBHOCTH. 3a(UKCHUPOBAHA TECHCHIUS CHIKCHUS
TJIIOKO3BI BO BCEX HKCIIEPUMEHTAIBHBIX TPYIIIAX, OJJHAKO JOCTOBEPHO YPOBCHB TIIOKO3HI B IAHHOM MOJIEIH OBUI CHI)KEH TOJIBKO
B cMecu Ne 3. YcraHOBIeHO, 9TO cMech Ne 1-4 00:1a7af0T BEIPaKeHHBIM I0CTOBEPHBIM THIIOXO0JIECTEPUHEMUIECKUM P PEKTOM.
[Ipu onmpeaeneHny ypoBHS TPUTITHLIEPHUIOB U JTUIONPOTENHOB HU3KOH MIIOTHOCTH CTATHCTUYECKH 3HAYNMBIX PA3INIUN MEXIy
rpynnamMu oOHapyKeHO He ObIJI0, OJJHAKO HAOII0JaINCh TPEH bl CHIKCHHS TPUTTULEPUI0B B cMecsaX Ne 2 ¥ 3 ¥ TUIIONIPOTEHHOB
HU3KOM TmoTHOCTH (cMecu Ne 1 u 4).

[TosrydeHHBIE pe3yIbTaThl CBUICTEIBCTBYIOT O TOM, UTO IleJiecooOpa3Hee HCIoIb30BaTh cMecH Ne 2—4 kak MCTOYHUKH JUIs
co3maHust ONOJIOTHYECKN aKTUBHEIX J00AaBOK, HAIPABICHHBIX Ha MPO(PHUIAKTHKY METa00IMIECKOr0 CHHAPOMA.

Kirouesblie c1oBa. TpaHc-KOpUYHAS KUCIOTA, KBEPIETHH, PYTHH, METa0OTHIECKUH CHHAPOM, MPODUIAKTHKA, iN ViVO, MBIIIH

dunancupoBanue. PaboTa BeIIIOIHEHA B paMKaX TOCYIapCTBEHHOTO 3aJaHus o TeMe «Pa3paboTka GMOIOrHYecKn aKTHBHBIX
J100aBOK, COCTOSIIIMX M3 METa0OINTOB PACTUTENBHBIX 00BEKTOB in Vitro, JUlsl 3alIUTHI HACEICHUS OT IPEKICBPEMEHHOTO CTAPEHHS
(mpoext FZSR-2024-0008) ¢ ucnons3oBanneM obopynosanust LIKIT «IHCTpyMeHTaIbHBIC METOIBI aHAIIN3a B 00JIACTH TIPUKIIAIHON
GroTexHOMOrMMy Ha Gase Kem['YROR,

Jast nurtupoBanus: Yexymxkuna . 0., @enoposa A. M., Kosanenko C. B., Munentsena U. C., Anprurynep O. I'. u ap. [loren-

I[[HaJl TPAHC-KOPUIHON KHUCIIOTHI VIS TPO(MIIAKTHKY METaOOIMIECKOT0 CHHAPOMA. TeXHUKA U TEXHOJIOT U ITUIIEBBIX IPOU3BOJICTB.
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Introduction

Premature aging is a global issue that modern health-
care seeks to prevent. All over the world, people strive to
stay active and improve their life quality [1]. According to
the Russian Monitoring of Economy and Health, consu-
mers give priority to health and longevity. Yet, a serious
health deterioration (20.2%) is registered in men aged
60-69 y.o. It reaches 35.6% in men aged 70-79 and
50.9% in 80-pusers. In women of the same age groups,
the health deterioration data are 23.3, 39.4, and 60.7%,
respectively [2]. As a result, the demand for dietary sup-
plements is growing with each year [1].

The hallmarks of premature aging include early age-
associated changes in appearance, memory impairment,
fatigue and exhaustion, emotional instability, poor phy-
sical performance, and atherosclerosis [3].

Premature aging is strongly associated with the meta-
bolic syndrome, which affects 25% global population
and tends to increase with age [4].

The metabolic syndrome is a complex cluster of cor-
relating metabolic disorders that increases the risk of
cardiovas-cular diseases, type 2 diabetes, hypertension,
and obesity [5]. The syndrome was first reported in the
early 1920s but it was as late as in the 1980s that Gerald
Reaven introduced the term Syndrome X to identify a
group of risk factors that combined insulin resistance,
impaired glucose tolerance, high triglycerides, low high-
density lipoproteins, obesity, and arterial hypertension.
A 2015 survey on obesity revealed that the number of
obese people had doubled in 73 countries since 1980,
resulting in the global epidemic of the metabolic syn-
drome [6]. Non-alcoholic fatty liver disease is another
result of excessive fat and fructose in human diet.

The metabolic syndrome is mostly a human condi-
tion. The disruption of energy processing homeostasis
has affected the vast majority of global population, and
the numbers keep growing. Although the metabolic synd-
rome is no infectious disease, it represents a real epide-
mic threat to human health. Despite the diversity of patho-
logical components and the damage depth, it affects
predictable social strata, and its stages, i.c., onset, dura-
tion, complications, premature aging, and death, are
quite well established [7].

The metabolic syndrome can be triggered at quite an
early age by unfavorable living conditions, e.g., imba-
lanced diet, exposure to chemicals and some pharma-
ceutical products, etc. However, early preventive inter-
ventions may minimize the risks [8]. For instance, a
balanced diet compensates for extreme conditions, pro-
viding macro- and micronutrients and bioactive com-
pounds. Proper dieting is the most important factor: it
reduces the risks of hypertension, hypoglycemia, hypo-
cholesterolemia, disturbance in lipid metabolism, obesity,
and inflammation, i.e., conditions that increase the risk
of atherosclerosis, cardiovascular diseases, type 2 dia-
betes, etc. [4, 9]. A balanced diet requires functional
foods that contain biologically active substances of plant
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origin. A systematic use of dietary supplements regu-
lates metabolic reactions and restores the organism at
various levels [10, 11].

Quercetin is a bioactive plant substance present in
many fruits, vegetables, and green tea. It possesses anti-
oxidant and anti-inflammatory properties. Quercetin redu-
ces the risk of cardiovascular disease by improving the
vascular system, as well as reducing inflammation and
oxidative stress [5, 6].

Rutin, also known as vitamin P, is a bioflavonoid
present in citrus fruits, vegetables, berries, green tea,
and buckwheat. Its antioxidant properties make it pos-
sible to use it as a geroprotector, i.c., an anti-aging agent.
Rutin reduces inflammation, which is known to trigger
many age-related diseases. Its anti-inflammatory effect
promoted good health. In addition, rutin strengthens capil-
laries and blood vessels, improving their elasticity and
blood circulation [5].

Trans-cinnamic acid is a natural organic compound
that participates in the synthesis of various chemical and
pharmaceutical preparations, e.g., dietary supplements.
Its range of biological activity includes antioxidant, anti-
bacterial, and other properties. In [12], we reported the
biopotential of trans-cinnamic acid isolated from the
extract of Baikal skullcap (Scutellaria baicalensis). It was
tested for hypoglycemic, hypocholesterolemic, and hepa-
totoxic activities in vitro and proved safe for human con-
sumption. Trans-cinnamic acid demonstrated no cytoto-
xicity and could be recommended as an effective compo-
nent for new dietary additives.

In this research, we focused on the synergistic effect
of rutin, quercetin, and trans-cinnamic acid as a potential
mix to be used in dietary additives aimed at preventing
the metabolic syndrome.

The research objective was to study the hypoglyce-
mic and hypocholesterolemic potential in vivo of bio-
logically active mixes with trans-cinnamic acid as the
main component.

Study objects and methods

The research involved mixes of biologically active
trans-cinnamic acid, rutin, and quercetin.

The administration dose in the in vivo experiments
was 100 mg/kg. The compositions were as follows:

Mix 1: rutin + quercetin + trans-cinnamic acid (1:1:2);

Mix 2: rutin + trans-cinnamic acid (1:3);

Mix 3: rutin + quercetin + trans-cinnamic acid
(4:1:15);

Mix 4: quercetin + trans-cinnamic acid (3:1).

Mixes 1 and 3 contained more trans-cinnamic acid
since our previous study had confirmed its biopoten-
tial [12]. Mixes 2 and 4 made it possible to evaluate
the anti-metabolic syndrome potential of either rutin
or quercetin with trans-cinnamic acid [12].

The hypoglycemic experiment involved 42 healthy
white male Wistar rats (250 = 15 g). The hypocholeste-
rolemic test featured 48 healthy black male C57B1/6 mice
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(25 £ 10 g). Unlike females, males have no estrous cycle
that affects susceptibility to etiological factors. These
model objects were found most suitable for provoking
the necessary health conditions.

The animals were kept at the vivarium complex of
the Sechenov University, Institute of Regenerative Me-
dicine The conditions were in line with State Standards
GOST R 53434-2009 (December 02, 2009): Good Labo-
ratory Practice; GOST 33216-2014 (July 01, 2016):
Care and Use of Laboratory Rodents and Rabbits;
GOST 33215-2014 (July 01, 2016): Care and Use of
Laboratory Animals: Premises and Procedures; Euro-
pean Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific Pur-
poses (ETS N 123).

Hypoglycemic activity test. After a veterinary exa-
mination, the rats were quarantined for two weeks with
access to food and water ad libitum. They were kept at
12:12 LD in isolated ventilated cages (VENT-BIO-2M,
AWTech, Russia).

All the rats were deprived of food for 12 h before
the administration, except for Group 1 animals (intact),
which were not subjected to any medical intervention.

An hour before the administration, each rat was weig-
hed to calculate the individual concentration of the expe-
rimental biologically active substances, sugar-reducing
agent Glibenclamide (OZON Farmatsevtika, Russia,
5 mg/kg effective dose), and glucose (OAO Pharmstan-
dard Leksredstva, Russia, 2 000 mg/kg effective dose).
Each sample of individually measured substances was
dissolved in 1 mL purified water [13, 14].

In line with SOP-IRM-LRV-110-01, each rat was
given a serial number and labeled with carbol fuchsin
(Fucorcin). Tail-tip blood samples revealed the input data
on glucose and total cholesterol (SOP-IRM-LRV-112-01).
To minimize pain and distress, the rats were sedated
with sevoflurane by inhalation until depression of con-
sciousness.

At the scheduled time points, Groups 2—6 were ad-
ministered with the test substances via a gastric tube
(Fig. 1a) in the numerical order as in Table 1. One hour
later, the rats received an aqueous glucose solution via
the same method. After that, glucose and total choles-
terol were measured 30 min, 1, 1.5, 2, 4, and 6 h after
the administration.

Glucose measurements involved a glucometer and
Accu-Chek Performa test strips (Roche, Germany); the
total cholesterol measurements involved an analyzer
and EasyTouch test strips (Bioptik Technology, China).
Microsamples of 50 uLL were collected from the subcu-
taneous vein [15] for further validation using a Chem-
Well 2910 Biochemical and Enzyme Immunoassay Ana-
lyzer (Awareness Technology, USA). Plasma was obtai-
ned from whole blood by centrifugation at 2 000 g for
10 min and studied using a ChemWell 2910 Biochemical
Analyzer with Glucose DDS and Cholesterol DDS rea-
gents (DIAKON DS JSC, Russia).

In the end, the rats were euthanized with carbon
dioxide in the EUTHANIZER Laboratory Animal Eutha-
nasia Unit (AWTech, Russia) in line with SOP-IRM-
LRV-109-01.

Hypocholesterolemic activity test. The black male
C57Bl/6 mice underwent a veterinary examination and
were quarantined for two weeks with access to food and
water ad libitum. They were kept at 12:12 LD in isolated
ventilated cages (VENT-BIO-2M, AWTech, Russia).

On experiment day 1, all the mice were assigned with
a serial number (Table 2) and labeled with carbol fuch-
sin (Fucorcin) in line with SOP-IRM-LRV-110-01. After
that, Groups 2—-6 were weighed to calculate the indivi-
dual concentration of the mixes (100 mg/kg effective
dose) and lipoprotein lipase inhibitor Poloxamer 407
(400 mg/kg effective dose) (Fig. 1b). Each individual
sample was dissolved in 1 mL purified water; Poloxamer
407 was dissolved in 1 mL physiological solution.

Figure 1. Oral administration of test mixes via a gastric
tube to Wistar rats (a) and C57B1/6 mice (b)

Pucynoxk 1. [lepopanbHoe BBEeIEHUE HCIBITYEMBIX CMECei
yepe3 30H] kpbicaMm nuHHN Wistar (a); mprmram tuaun C57B1/6 (b)

Table 1. Hypoglycemic activity test on rats

Tabauma 1. J{uzaiin ucciaeaoBaHus THIOTIUKEMHYECKOH
AKTHBHOCTH Ha KpbICax

Group Ne | Animals Substance, dose
per group
1 6 —
6 Purified water
3 6 Mix 1 (rutin + quercetin + trans-
cinnamic acid, 1:1:2), 100 mg/kg
4 6 Mix 2 (rutin + trans-cinnamic
acid, 1:3), 100 mg/kg
5 6 Mix 3 (rutin + quercetin + trans-
cinnamic acid, 4:1:15), 100 mg/kg
6 6 Mix 4 (quercetin + trans-cinnamic
acid, 3:1), 100 mg/kg
7 6 Glibenclamide, 5 mg/kg
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Table 2. Hypocholesterolemic activity test on mice

Tabnuna 2. [[u3aiiH nccieaoBaHus THIIOXOJIECTEPUHEMHYECKON
AKTMBHOCTH UCIIBITYEMBIX BELIECTB

Group Ne | Animals Substance, dose
per group
1 8 -
2 8 Purified water
3 8 Mix 1 (rutin + quercetin + trans-
cinnamic acid, 1:1:2), 100 mg/kg
4 8 Mix 2 (rutin + trans-cinnamic
acid, 1:3), 100 mg/kg
5 8 Mix 3 (rutin + quercetin + trans-
cinnamic acid, 4:1:15), 100 mg/kg
6 8 Mix 4 (quercetin + trans-cinnamic
acid, 3:1), 100 mg/kg
7
& 6
]
& 5
=
s 4
£ :
gg 3
S 2
1
0 20 40 60 80 100 120 140

Area under curve, unit?

Figure 2. Area under curve for all groups of rats
(*—-p<0.01)

Pucynok 2. I'padux pacuéra miomaam noja KpuBoit
JUIs BeeX Tpym kpsic (¥ —mpu p < 0,01)

To simulate hypercholesterolemia, Groups 2—6 were
injected intraperitoneally with 0.2 mL Poloxamer 407
solution (400 mg/kg effective) three times a week (Mon-
day, Wednesday, Friday) for two weeks [16]. Group 1
consisted of intact animals that received no experimen-
tal treatment.

After the last administration, the mice were anesthe-
tized with 12 mg/kg ZOLETIL 100 (VIRBAC, France)
and 1 mg/kg Xyla (Interchemie, Netherlands) to take
blood samples from the carotid artery into sterile test
tubes. The glucose measurements were performed in situ
using a glucometer and Accu-Chek Performa test strips
(Roche, Germany). Plasma was obtained by centrifuging
the samples at 2 000 g for 10 min and studied using a
ChemWell 2910 Biochemical and Enzyme Immunoassay
Analyzer (Awareness Technology, USA) with reagents
for triglycerides, low-density lipoproteins, and cholesterol
(AO DIAKON DS, Russia).

Statistical analysis. The data obtained underwent a
statistical analysis using GraphPad Prism 8 (GraphPad
Software, USA). The hypoglycemic and hypocholeste-
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rolemic effects were calculated with Area Under Curve.
Significant differences between the test groups and the
control were identified using the One-way ANOVA test
followed by Dunnett’s post hoc test (p < 0.05).

Results and discussion

The hypoglycemic test on rats followed the above-
mentioned scheme. A single glucose loading revealed a
reliable decrease in the area under the glucose concen-
tration — time curve (Fig. 2) in Group 5 (Mix 3) (p <0.01).
This result indicated hypoglycemic activity.

Groups 6 (Mix 4) and 7 (gibenclamide) demonstrated
a paradoxical increase in glucose levels, which could not
be explained in this study and requires further research.
The other groups showed no significant differences from
the control.

Figure 3 illustrates individual glucose concentration —
time graphs for each group.

Figure 3a shows the physiological fluctuations in
glucose in the intact group. The average glucose level
was 14 mmol/L at the beginning of the day, reached
24 mmol/L by the middle of the day, and gradually went
down, with a minor physiological peak of 16 mmol/L
in the evening.

Figure 3b shows the physiological change in glu-
cose in the control group after the glucose loading prece-
ded by fasting. The initial average glucose level was
9.5 mmol/L. After that, it rose to 20 mmol/L 30 min
after the glucose loading and decreased steadily through
all time points.

The experimental groups demonstrated a similar pat-
tern, but the glucose increase after the glucose load was
much lower.

Figure 3c illustrates the glucose fluctuations after
the rats in Group 3 received Mix 1 and a glucose load
preceded by fasting: the initial average glucose level
of 8.2 mmol/L rose to 14.8 mmol/L after 30 min and
reached 16.25 mmol/L after 1.5 h. There, it fluctuated
until the time point of 2 h and then dropped down to
6.3 mmol/L in the evening.

Figure 3d shows the glucose measurements in
Group 4 (Mix 2 + glucose load after fasting). The ini-
tial average glucose level was 7 mmol/L. After 30 min,
it reached 14.5 mmol/L and fluctuate in this range up to
the time point of 1.5 h only to drop down to 7 mmol/L
in the evening.

Figure 3¢ demonstrates the glucose fluctuations in
Group 5 (Mix 3 + glycose load after fasting). This group
was different in that the glucose level remained prac-
tically the same (6—8 mmol/L) through all time points.

Figure 3f shows the average glucose level in Group 6
(Mix 4 + glucose load after fasting). The initial ave-
rage glucose level was 8 mmol/L; it rose to 15 mmol/L
30 min after the glucose load, after which it decreased
steadily through all time points.

Figure 3g shows glucose fluctuations in Group 7 af-
ter the rats were administered with glibenclamide and
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Figure 3. Glucose concentration — time curve for each group of rats: a — Group 1 (intact); b — Group 2 (purified water);
¢ — Group 3, Mix 1 (rutin + quercetin + trans-cinnamic acid, 1:1:2); d — Group 4, Mix 2 (rutin + trans-cinnamic acid, 1:3);
e — Group 5, Mix 3 (rutin + quercetin + trans-cinnamic acid, 4:1:15); f — Group 6, Mix 4 (quercetin + trans-cinnamic
acid, 3:1); g — Group 7 (glibenclamide)

Pucynoxk 3. I'paduxu «KoHIEHTpaI¥s TIIOKO3BI — BpeMs» Ul BCEX UCCIeyeMBIX Irpymi: a — rpymnma Ne 1 (6e3 BBeJeHHUs BEIECTB);

b — rpynna Ne 2 (Boza ounmenHas); ¢ — rpymmna Ne 3, cmecs Ne 1 (pyTuH + KBepIeTHH + TpaHC-KOpHUYHAsA KHCIOTa, 1:1:2); d — rpynma

Ne 4, cmech Ne 2 (pyTHH + TpaHc-Kopu4uHas kuciora, 1:3), e — rpymnma Ne 5, cmech Ne 3 (pyTHH + KBEpUETHH + TpaHC-KOPUYHAs KHCIOTA,
4:1:15); f — rpynma Ne 6, cmech Ne 4 (KBepIeTHH + TpaHC-KOPHUYHAS KHCIIOTA, 3:1); g — rpynma Ne 7 (rnubeHkiamun)
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received a glucose load preceded by fasting. The ini-
tial average glucose level was 9 mmol/L; it reached
24 mmol/L 30 min after the glucose load and then dec-
reased steadily through all time points.

The glucose test (Fig. 2) proved that Mix 4 was ca-
pable of reducing the glucose levels.

Figure 4 illustrates the total cholesterol level — time
correlation for each group.

Figure 4a shows the physiological fluctuations in
total cholesterol in the intact group. The initial average
cholesterol of 4.0 mmol/L dropped down to 3.4 mmol/L
after 30 min. At the time point of 1.5 h, it rose to
4.5 mmol/L; by the evening, it went down to 3.5 mmol/L.

The control group revealed a physiological change
in total cholesterol after the glucose load preceded by
fasting (Fig. 4b). The initial average cholesterol was
5.8 mmol/L, but 1 h after the glucose load, it drop-
ped to 3.2 mmol/L. Then, it started rising and reached
3.8 mmol/L by the time point of 4 h. After that, it de-
monstrated a stable decrease and dropped down to
3.0 mmol/L at the time point of 6 h.

Figure 4c shows the total cholesterol in Group 3,
where the mice received Mix 1 and a glycose load pre-
ceded by fasting. The fluctuations detected stayed within
the limits of single values. The average total choleste-
rol was 5.6 mmol/L during the day and 5.46 mmol/L
in the evening.

Figure 4d demonstrates the average total cholesterol
in Group 4 (Mix 2 + glycose load after fasting). The
fluctuations remained within the limits of single values.
The average total cholesterol was 5.2 mmol/L early in
the day and dropped down to 4.4 mmol/L in the evening.

Figure 4e illustrates the total cholesterol in Group 5
(Mix 3 + glycose load after fasting). The fluctuations
stayed within the limits of single values. The average
total cholesterol was 4.8 mmol/L early in the day and
increased steadily to 4.9 mmol/L.

Figure 4f demonstrates the fluctuations in total cho-
lesterol in Group 6 (Mix 4 + glucose load after fasting).
The initial average total cholesterol was 5.4 mmol/L;
30 min after the load, it peaked at 5.8 mmol/L. Two
hours after the glucose load, it decreased slightly
to 5.3 mmol/L and then increased steadily to reach
5.7 mmol/L by the evening.

Figure 4g describes the total cholesterol in the mice
from Group 7 that received glibenclamide after the glu-
cose load preceded by fasting. Early in the day, it was
4.6 mmol/L, then peaked up to 5.2 mmol/L at the time
point of 30 min. By the evening, it gradually decreased
to 4.23 mmol/L.

In general, Figure 4 shows quite clearly that the mi-
xes of biologically active substances had virtually no
effect on total cholesterol.

Hypocholesterolemic activity of biologically active
mixes. Cholesterol is a vital component that participates
in digestion and other processes. It is mostly synthesized
in the liver from fats, glucose, and amino acids, but
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some part enters the body with food. High cholesterol
may lead to stroke or myocardial infarction, depending
on the area affected [17]. High cholesterol is a major
risk factor associated with low life expectancy. There-
fore, medications aimed at curbing this component of
the metabolic syndrome require serious research.

The analysis of the hypocholesterolemic activity of
the biologically active mixes followed the protocol des-
cribed above.

Table 3 shows the survival rate for each group of
animals. All glucose measurements were performed
from 9 a.m. to 9 p.m. If an animal died at night, rigor
mortis made glucose measurements impossible. The
mice were randomly selected to perform one-time spon-
taneous glucose measurements and test the hypothe-
sis that the biologically active mixes could reduce the
glucose level until lethargy, apathy, etc.

Figure 5 shows the average glucose level in the hy-
percholesterolemia model induced by Poloxamer 407
after the experimental mixes were administered at a con-
centration of 100.0 mg/kg. The glucose level (Fig. 5)
increased in the control group relative to the intact group,
which is consistent with other reports [18]. All the expe-
rimental groups had lower glucose than the control, which
means that all the mixes had a potential hypoglycemic
effect. However, the decrease was statistically significant
(» <0.01) only in Group 5, where the animals received
Mix 3. The data obtained confirmed the results of the
hypoglycemic test on rats.

Figure 6 illustrates the average total cholesterol ac-
ross all groups of mice administered with experimental
mixes at a concentration of 100.0 mg/kg. The total chole-
sterol test (Fig. 6) revealed that the mice developed hy-
percholesterolemia upon receiving 400 mg/kg Poloxa-
mer 407. In the intact group, the cholesterol level was be-
low the control values (p < 0.05). The low cholesterol in
Groups 3 (Mix 1), 4 (Mix 2), 5 (Mix 3), and 6 (Mix 4)
relative to the control (Group 2) indicated a pronounced
hypocholesterolemic activity of the corresponding bio-
logically active mixes. No significant differences were
detected between the groups (p = 0.0983).

Figure 7 shows the average triglyceride values for
all the groups of mice that received the experimental
solutions at a concentration of 100.0 mg/kg.

The triglyceride test (Fig. 7) revealed no statistically
significant differences between the groups after the treat-
ment with poloxamer P407 and the experimental mi-
xes. However, the control group demonstrated a trend
to increase relative to the intact group whereas the expe-
rimental groups had lower total triglyceride, especially
in Groups 4 (Mix 2) and 5 (Mix 3), which complemen-
ted the results described above.

Figure 8 shows the average low-density lipoprotein
across the groups of mice that received the experimental
substance mixes at a concentration of 100.0 mg/kg.

The low-density lipoprotein test in the hypercholes-
terolemia model (Fig. 8) revealed no statistically sig-
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Figure 4. Cholesterol — time curve for each group of mice: a — Group 1 (intact); b — Group 2 (purified water);
¢ — Group 3, Mix 1 (rutin + quercetin + trans-cinnamic acid, 1:1:2); d — Group 4, Mix 2 (rutin + trans-cinnamic acid, 1:3);
e — Group 5, Mix 3 (rutin + quercetin + trans-cinnamic acid, 4:1:15); f — Group 6, Mix 4 (quercetin + trans-cinnamic
acid, 3:1); g — Group 7 (glibenclamide)

Pucynox 4. I'paduxu «YpoBeHb X0TecTeprHa — BpeMsi»: a — rpynmna Ne 1 (6e3 BBeJieHus BemecTB); b — rpynma Ne 2 (Bojia ouMIIeHHas);
¢ —rpymmna Ne 3, cmech Ne 1 (pyTuH + KBepIeTHH + TpaHC-KOpHUYHAsA KHCIOTa, 1:1:2); d — rpynma Ne 4, cmech Ne 2 (pyTHH + TpaHc-
Kopu4Has kucnora, 1:3); e — rpynma Ne 5, cmecs Ne 3 (pyTuH + KBepLeTuH + TpaHC-KOpHYHAs Kucnota, 4:1:15); f — rpynma Ne 6,
cmech Ne 4 (KBepLETHH + TpaHC-KOpUYHAs KHCIOTa, 3:1); g — rpynmna Ne 7 (rimbeHKIaMun)
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Table 3. Survival rate and causes of death in each group
of mice (eight mice per group)

Ta6uuna 3. JlaHHBIC O BBDKHBACMOCTH U IPUYNHAX CMEPTH
B KaXX/JI0W M3 3KCIIEPUMEHTAIBHBIX TPYII MbILICH
(Bcero B rpyIe BOCEMb )KUBOTHBIX)

Group Ne | Survived Died

1 8 -

2 8 —

3 5 1 (aspiration pneumonia);

2 (Day 11, Day 14, 2 h before
exclusion; cause undetected; severe
lethargy and apathy the day before)

4 4 (aspiration pneumonia)
5 7 1 (Day 7, at night)
8 _
15 1
é B
= 1
g 10
g
g
]
7
@)
0 - '
1 2 3

4 5 6

Experimental groups

Figure 5. Glucose concentration across groups
after the experiment (** — p < 0.01; mean values +
standard deviation)

Pucynok 5. I'paduk 3HaYeHMI KOHLIEHTPALMHU TIIOKO3bI BO BCEX
rpymnmax nocjie oOKoH4aHHs skcnepumenTa (¥* — mpu p < 0,01;
OTpa’KeHBI CPEeJHHE 3HAUCHUS + CTAHIAPTHOE OTKIIOHEHHE)
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Figure 6. Total cholesterol across groups after the
experiment (¥ —p < 0.1; ** — p < 0.01; *** — p <0.001;
mean values + standard deviation)
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Pucynok 6. I'paduk 3HaUCHHN YPOBHS OOLIETO XOJIECTEPHHA
BO BCEX IPyIIax MOCIe OKOHYAHHUS DKCIEPUMEHTa
(* —opu p <0,1; ** —opu p < 0,01; *** — npu p < 0,001;
OTpaKeHbI CPEeHHE 3HAUCHUS + CTAHIAPTHOE OTKIOHEHHE)
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Figure 7. Triglyceride across groups after the experiment
(mean values + standard deviation)

Pucynok 7. I'paduk 3nauennii yposus TI'Jl Bo Bcex rpynmnax
10CJIe OKOHYAHMUS YKCIIEPUMEHTa (OTPaKEHBI CPEHUE 3HAUCHUS +
CTaH/1aPTHOE OTKJIIOHEHHE)
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Figure 8. Low-density lipoprotein across groups after
the experiment (mean values + standard deviation)
Pucynok 8. I'padux 3nauennii yposus JIITHII Bo Bcex rpymnmax

[10CJIC OKOHYAHUS SKCIIEPUMEHTA (OTPAXKCHBI CPEAHUE 3HAUCHUS +
CTaHJaPTHOE OTKJIOHEHHE)

nificant differences between the groups. However, the
abovementioned trends persevered: the control group
had a higher low-density lipoprotein level than the in-
tact group. The results indicated the effect of Poloxa-
mer 407 on the overall lipid profile. However, only
Groups 4 (Mix 2) and 6 (Mix 4) demonstrated a trend
towards a lower low-density lipoprotein level.

The in vivo study on rodents proved that Mix 3 was
the most effective glucose reducer, regardless of the mo-
del object, for both hypoglycemia and hypocholestero-
lemia. The hypocholesterolemia model revealed no mix
that could reduce all four indicators, i.e., glucose, total
cholesterol, low-density lipoprotein, and triglycerides.
Yet, Mix 3 proved able to reduce at least three indicators,
i.e., glucose, total cholesterol, and triglycerides. Mix 1
reduced total cholesterol and low-density lipoprotein;
Mixes 2 and 4 reduced total cholesterol and triglycerides.

Mix 1 (rutin + quercetin + trans-cinnamic acid, 1:1:2)
could reduce cholesterol and low-density lipoprotein.
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The hypocholesterolemic activity test took the lives of
three animals: one died from aspiration pneumonia, the
other two died from unspecified cause, with severe le-
thargy and apathy the day before death.

Mix 2 (rutin + trans-cinnamic acid, 1:3) reduced cho-
lesterol and triglycerides, with four animals dead from
aspiration pneumonia.

Mix 3 (rutin + quercetin + trans-cinnamic acid,
4:1:15) was able to reduce glucose, cholesterol, and
triglycerides, with one animal dead (cause unidentified).

Mix 4 (quercetin + trans-cinnamic acid, 3:1) increa-
sed glucose levels while reducing cholesterol and low-
density lipoprotein.

Based on the in vivo bioactivity, Mixes 1, 3, and 4
proved relevant for further component analysis to reveal
the lethal dose and the causes of death.

We already reported the hypoglycemic and hypocho-
lesterolemic activities of trans-cinnamic acid in [12, 19].
The study in vivo involved female Sprague Dawley rats
(Rattus sp.), male Wistar rats (Rattus sp.), male mice
(Mus musculus), and CD-1 female mice (Mus muscu-
lus). Trans-cinnamic acid exhibited a proinflammatory
effect in acute inflammation induced by A-carrageenan.
It reduced the mass of granulation tissue by 20% in a
statistically significant manner but did not affect the
exudative reaction in proliferative inflammation caused
by cotton swabs implanted under the skin. However,
when administered into the stomach of rats with alloxan-
induced diabetes at 50.0 and 100.0 mg/kg for 7 days,
trans-cinnamic acid had no effect on body weight and
demonstrated no hypocholesterolemic activity.

Other authors reported that that trans-cinnamic acid
isolated from Baikal skullcap (Scutellaria baicalensis)
facilitated the survival of nematodes (Caenorhabditis
elegans) subjected to oxidative stress, which indicates
its geroprotective potential [20, 21].

Another publication [22] mentions the mechanisms
of action of trans-cinnamic acid against non-alcoholic
fatty liver disease in rats in vivo. Forty-eight rats were
split into two groups: one spent a week on a normal diet
and the other spent a week on a diet high in fat and fruc-
tose. The latter were divided into control groups that recei-
ved trans-cinnamic acid and pioglitazone. The rats on
the fat-and-fructose diet gained more weight than the
rats in the trans-cinnamic acid group. Their body weight
went down with the trans-cinnamic acid treatment. The
rats that received trans-cinnamic acid had lower platelet
counts. The trans-cinnamic acid treatment reduced the
body weight, fat mass, and lipids in obese rats, as well
as liver markers and anti-inflammatory cytokinin TNF-a.
Trans-cinnamic acid with its ability to reduce inflammation
via TNF-a makes proved effective against non-alcoholic
fatty liver disease. Another in vivo study [23] showed
that receptors and gene expression could reduce both
inflammation of adipose tissue and metabolic dysfunction.

Shah et al. [24] described a mix of nicotinamide and
trans-cinnamic acid that stimulated the survival of pan-

creatic B-cells in combination with insulin secretion
via the ERK1/2 signaling pathway in an animal apopto-
sis model. The Wistar rats received daily injections of
nicotinamide and trans-cinnamic acid for three days,
followed by streptozotocin. On Day 3, the scientists
detected an acute effect on blood glucose and serum
insulin, and as survival potential against streptozotocin-
induced apoptosis, in all experimental groups.

Yazdi et al. [25] reported a decrease in DPP4 expres-
sion in both normal and high-glucose HepG?2 cells trea-
ted with cinnamic acid. In hyperglycemic cells, the high-
est activity belonged to 50 mg/mL trans-cinnamic acid.

The neuroendocrine function of visceral fat triggers
the development of insulin resistance, oxidative stress
endothelial dysfunction, and vascular disorders as parts
of the metabolic syndrome. In [26], described the ef-
fect of a phytoadaptogen complex on the endocrine and
immune systems with a change in the content and syn-
thesis of biologically active substances, i.e., hormones,
cytokines, and neurotransmitters. In addition, the com-
plex reduced the low-intensity chronic inflammation in
the metabolic syndrome, thus correcting microcirculation
disorders due to stable antioxidant, stress-limiting, and
anti-inflammatory effects.

Patients with the metabolic syndrome may be gene-
tically predisposed to obesity and exhibit proinflamma-
tory responses. Adipose tissue secretes countless auto-
immune components (adipokines) into the circulation,
including tumor necrosis factor-a (TNF-a), leptin, adipo-
nectin, resistin, monocyte chemoattractant protein-1,
adipocyte-type fatty acid binding protein, etc. The me-
tabolic syndrome is closely associated with oxidative
stress and inflammation, with increased TNF-a expres-
sion in adipose tissue being associated with obesity-
induced insulin resistance [27].

Conclusions

The hypoglycemic tests revealed a trend towards
a decrease in glucose across all experimental groups,
which indicates a potential hypoglycemic effect of all
the biologically active mixes. However, the only statis-
tically significant decrease was observed in the group
treated with Mix 3, which consisted of rutin, querce-
tin, and trans-cinnamic acid (4:1:15). Mix 2 (rutin +
transcinnamic acid, 1:3) and Mix 4 (quercetin + trans-
cinnamic acid, 3:1) demonstrated a trend towards lower
low-density lipoprotein.

Since trans-cinnamic acid had no hypocholesterole-
mic effect in previous studies, Mixes 2, 3, and 4 could be
potential sources for new dietary supplements against
the metabolic syndrome.
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