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INTRODUCTION
According to the WHO, average life expectancy is 

steadily increasing worldwide [1]. Over the last 20 years,  
it has grown by 6 years as a result of advances in 
science and medicine. However, behind these advances 
is an increase in diseases associated with aging, which 
has become a serious problem of public health in the  
21st century. Aging is a process that affects the entire 

human body, in particular its cardiovascular, nervous, 
digestive, and immune systems.

The aging process is directly related to oxidative 
stress. Age-related diseases cause structural changes 
in mitochondria, as well as changes in the functions 
of the electron transport chain, which ultimately leads 
to oxidative stress. The cardiovascular system is 
particularly susceptible to this effect, which explains the 
increase in cardiovascular diseases in the elderly [2–5].
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Abstract:
Medicinal plants are sources of natural antioxidants. Acting as reducing agents, these substances protect the human body against 
oxidative stress and slow down the aging process. We aimed to study the effects of bioactive substances isolated from medicinal 
plants on the lifespan of Caenorhabditis elegans L. used as a model organism.
High-performance liquid chromatography was applied to isolate bioactive substances from the extracts of callus, suspension, and 
root cultures of meadowsweet (Filipendula ulmaria L.), ginkgo (Ginkgo biloba L.), Baikal skullcap (Scutellaria baicalensis L.), 
red clover (Trifolium pretense L.), alfalfa (Medicágo sativa L.), and thyme (Thymus vulgaris L.). Their effect on the lifespan of  
C. elegans nematodes was determined by counting live nematodes treated with their concentrations of 10, 50, 100, and  
200 µmol/L after 61 days of the experiment. The results were recorded using IR spectrometry.
The isolated bioactive substances were at least 95% pure. We found that the studied concentrations of trans-cinnamic acid, 
baicalin, rutin, ursolic acid, and magniferin did not significantly increase the lifespan of the nematodes. Naringenin increased 
their lifespan by an average of 27.3% during days 8–26. Chlorogenic acid at a concentration of 100 µmol/L increased the lifespan 
of C. elegans by 27.7%. Ginkgo-based kaempferol and quercetin, as well as red clover-based biochanin A at the concentrations of 
200, 10, and 100 µmol/L, respectively, increased the lifespan of the nematodes by 30.6, 41.9, and 45.2%, respectively.
The bioactive substances produced from callus, root, and suspension cultures of the above medicinal plants had a positive effect 
on the lifespan of C. elegans nematodes. This confirms their geroprotective properties and allows them to be used as anti-aging 
agents.
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The problem of aging is widely covered by the 
free-radical theory of aging developed by Denham 
Harman in the 1950s [6]. According to this theory, 
the body’s defense mechanisms stop responding to 
damage caused by reactive oxygen species, resulting 
in the deterioration of cellular homeostasis, energy 
imbalance, and mitochondrial insufficiency [7].

The molecules of reactive oxygen species include 
nitric oxide, hydrogen peroxide, monoxide radicals, 
superoxide anions, tocopherols, ascorbic acid, and 
polyphenols [8]. Reactive oxygen species alter cellular 
activities such as cell survival, stress responses, and 
inflammation. They are also involved in muscle 
contractions, regulate vascular tone, as well as 
determine bactericidal and bacteriostatic activity [9].  
However, their increase leads to oxidative stress, 
disrupting the balance of antioxidants and pro-
oxidants [10]. This causes damage to macromolecules 
(lipids, DNA, and proteins) and subsequently to whole 
cells, tissues, and organs [4]. Higher concentrations 
of reactive oxygen species in the body promote 
inflammation, which, in turn, can accelerate the 
formation of their molecules [11]. Therefore, it is very 
important to maintain a balance between antioxidants 
and pro-oxidants.

Antioxidants can react with free radicals and 
neutralize them by causing them to decay. The human 
body has three lines of defense against oxidative 
stress. The first line consists of body enzymes such as 
superoxide dismutase, catalase, glutathione peroxidase, 
glutathione S-transferase, and glutathione reductase [12]. 
They prevent cell damage by scavenging free radicals 
that cause premature aging and age-related disorders. 
The first line also includes non-enzymatic molecules 
in the blood plasma such as transferrin, ferritin, 
ceruloplasmin, and albumin [13]. These preventative 
antioxidants inhibit the formation of new reactive 
oxygen species by binding transition metal ions (for 
example, copper and iron). The second line of defense is 
represented by non-enzymatic antioxidants that provide 
intermediate protection against oxidative radicals. The 
third line of defense serves to regenerate biomolecules 
damaged by oxidative stress [14].

However, protection against oxidative stress should 
not be limited to the protective function of the biological 
system itself. Noteworthily, one antioxidant molecule 
is capable of reacting with only one oxidizing radical. 
Therefore, there is a need to replenish antioxidant 
molecules, including the use of supplements.

There are three groups of exogenous antioxidants: 
mineral elements, nutritional antioxidants (carotenoids, 
vitamins E and C), and natural antioxidants 
derived from natural sources commonly known as 
phytochemicals or phytonutrients [15].

Synthetic antioxidants have been widely used until 
recently, but there is some doubt as to their usefulness 
and safety. According to some studies, synthetic 
antioxidants are ineffective against oxidative stress. 
Moreover, their long-term use can lead to diseases such 

as skin allergies, gastrointestinal and cardiovascular 
diseases, and even increase the risk of cancer [16]. 
Therefore, there is a need for thorough research into the 
safety of synthetic antioxidants.

The main sources of exogenous antioxidants are 
fruits, vegetables, cereals, etc. However, modern 
research is focused on traditional medicinal plants as a 
source of natural antioxidants [17, 18].

Since ancient times, plants have been a source of 
many useful substances, including exogenous anti- 
oxidants. These substances act as reducing agents 
that scavenge free radicals, protect the body against 
oxidative stress, and, as a result, maintain a balance 
between oxidants and antioxidants [19]. This is achieved 
due to the presence of polyphenols, tocopherols, 
carotenoids, ascorbic acid, and macromolecules 
(including polysaccharides and peptides), as well as 
essential oils [20].

Polyphenols are substances that contain a multiple 
number of structural units of phenol [21]. Their 
number affects the chemical, biological, and physical 
properties of polyphenolic compounds. Polyphenols 
are represented by flavonoids, phenolic acids, and 
nonflavonoids [22, 23]. Depending on the chemical 
structure, flavonoids are classified into flavonols, 
flavanones, isoflavones, anthocyanins, and flavan-3-ols. 
They are the most abundant class of polyphenols, with 
about 8000 compounds identified to date [24]. A couple 
of decades ago, researchers significantly increased 
their interest in polyphenols due to their beneficial 
properties for humans [25]. In particular, polyphenols 
curb oxidative stress and related conditions through their 
reductive ability to protect cellular components from 
oxidative damage caused by free radicals [26].

Model organisms have become an indispensable 
part of biological studies that would be impossible to 
conduct on humans for ethical or economic reasons [27].  
Studies of aging and age-related diseases require an 
organism with a relatively short lifespan and clearly 
identified genetic factors to ensure reproducibility and 
reliability [28]. Nematodes (Caenorhabditis elegans L.), 
drosophila (Drosophila melanogaster L.), and yeasts 
(Saccharomyces cerevisiae L.) are used to test the effect 
of bioactive substances on lifespan [29, 30].

C. elegans is a non-parasitic, free-living nematode 
that feeds on various bacteria, primarily Escherichia 
coli [31]. This simple multicellular organism up to 1 mm 
long is a hermaphrodite capable of self-fertilization [32]. 
Its hermaphroditic structure contributes to low genetic 
variability [33]. C. elegans has a short life cycle (2– 
4 days) and remains viable for 20–25 days at 20°C as an 
adult [34]. The nematode can be stored in liquid nitrogen 
for an almost unlimited amount of time [35].

C. elegans was first used as a model organism for 
biological research by Sydney Brenner in the 1965s [36]. 
Since then, it has been widely used to study aging and 
associated oxidative stress, as well as neurodegeneration 
and inflammation processes [37].

https://academic.oup.com/ib/article-abstract/11/12/425/5711064
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C. elegans has a number of advantages that explain 
its common uses as a model organism. Firstly, the 
nematode is easily cultivated and has a transparent 
body, which makes it easy to track the changes 
microscopically [33, 38–40]. Secondly, C. elegans has 
four organ systems that are the same as in vertebrates 
(nervous, digestive, immune, and reproductive), which 
allows for reliable and valuable conclusions [41]. Thirdly, 
its short lifespan (20–25 days) enables scientists to 
conduct rapid experiments aimed to study the effect 
of various substances on the lifespan [42]. Finally, the 
nematode’s genome is completely deciphered and 
easily modified, which facilitates studies of the aging  
process [43–46].

Plants of the Siberian Federal Okrug (Russia) are 
potential sources of geroprotectors – substances that can 
slow down the aging process [47].

Meadowsweet (Filipendula ulmaria L.) is a herba- 
ceous perennial plant common in Russia and many 
European countries [48]. Extracts of this plant 
have anticancerous, antioxidant, and anti-inflam- 
matory activity [49]. This activity is associated with 
tannins, phenolic compounds, phenolcarboxylic acids, 
catechins, flavonoids, essential oils, and other bioactive 
substances contained in the roots and flowers of the  
plant [50]. Many previous studies confirm its medicinal 
properties [51, 52]. Rutin, one of its phytochemicals, 
belongs to the class of natural flavonoids and is known 
as quercetin-3-O-rutinoside or vitamin P [53]. It has 
antitumorous, anticarcinogenic, and antimicrobial 
properties [54, 55].

Ginkgo (Ginkgo biloba L.) is a special medicinal 
plant that contains a variety of compounds with a 
unique structure due to its phylogenetic divergence 
from other plants. Its extract obtained by drying 
the leaves is used to treat many neurodegenerative 
diseases (memory impairment, dementia, Alzheimer’s  
disease) [56]. It is also widely applied as an anti-
inflammatory, cardioprotective, and antioxidant  
agent [57]. The plant’s active components are 
flavonoids, terpenoids, polyphenols, and organic 
acids [58]. Quercetin and kaempferol are two of these 
beneficial compounds. Quercetin is a flavonoid that 
has a positive effect on cardiovascular diseases, breast 
cancer, and ischemia [59–62]. Kaempferol is a valuable 
component with anticancerous, antitumorous, and anti-
inflammatory properties [62].

Baikal skullcap (Scutellaria baicalensis L.) belongs 
to the genus Lamiaceae and is still widely used in 
Chinese traditional medicine [63]. This plant grows 
in China, Russia, Mongolia, Japan, and North Korea. 
To date, scientists have identified 126 low-molecular 
weight compounds in it, mostly in its root. These 
compounds include flavonoids, flavonoid glycosides, and 
phenylethanoid glycosides [64]. The most widespread 
and studied of them is baicalin, which is used for various 
medical purposes [66].

Red clover (Trifolium pretense L.) is one of the 
most important representatives of the Leguminosae 
family, numbering over 240 species [66]. It has 
numerous medicinal properties and therapeutic 
effects on respiratory diseases, bacterial and fungal 
infections, tumors, and diabetes [67]. The plant is 
rich in isoflavones (biochanin A, genistein, trifoside), 
flavonoids (quercetin, kaempferol), as well as cinnamic, 
caffeic, and chlorogenic acids [68].

Alfalfa (Medicágo sativa L.) is a flowering plant in 
the Fabaceae family, which is the largest and most 
widespread family in the world. The genus Medicágo 
includes 83 species rich in alkaloids, flavonoids, 
naphthoquinones, and saponins [69]. Naringenin, one 
of its components, is a water-soluble flavonoid of great 
value due to its anticancerous, antioxidant, and anti-
inflammatory effects [70, 71].

Thyme (Thymus vulgaris L.) is an aromatic perennial 
flowering plant belonging to the Lamiaceae family. Its 
therapeutic properties are mainly associated with its 
essential oil that has antitussive, expectorant, antiseptic, 
antimicrobial, and anthelmintic effects [72]. The plant 
is traditionally used to treat oral, gastrointestinal, and 
urinary tract infections, as well as respiratory diseases 
(cough, bronchitis, asthma) [73]. Ursolic acid, one of its 
bioactive substances, is a promising agent against cancer, 
cardiovascular disease, brain and liver diseases, obesity, 
and diabetes [74, 75].

We aimed to study the effect of individual bioactive 
substances on the lifespan of the model organism  
C. elegans.

STUDY OBJECTS AND METHODS
We used individual bioactive substances isolated 

from the extracts of suspension, callus, and root cultures 
of Siberian medicinal plants. The extraction parameters 
are presented in Table 1.

Table 1 Parameters for obtaining extracts from Siberian medicinal plants

Sample Extraction time, h Temperature, °С Ethanol, %
Callus cultures of meadowsweet (Filipendula ulmaria L.) 5 35 70
Suspension cultures of ginkgo (Ginkgo biloba L.) 6 55 70
Root cultures of Baikal skullcap (Scutellaria baicalensis L.) 5 35 70
Callus cultures of red clover (Trifolium pretense L.) 5 70 60
Callus cultures of alfalfa (Medicágo sativa L.) 3 50 70
Callus cultures of thyme (Thymus vulgaris L.) 4 50 70
Root cultures of sweetvetch (Hedysarum neglectum L.) 6 30 70
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High-performance liquid chromatography (HPLC) 
was applied (Shimadzu LC-20 Prominence liquid 
chromatograph, Japan) to isolate the following bioactive 
substances from the extracts of the above cultures:
1. Rutin from the callus culture extract of meadowsweet 
(Filipendula ulmaria) [76];
2. Quercetin from the suspension culture extract of 
ginkgo (Ginkgo biloba) [77];
3. Kaempferol from the suspension culture extract of 
ginkgo (G. biloba) [77];
4. Baicalin from the root culture extract of Baikal 
skullcap (Scutellaria baicalensis) [78];
5. Trans-cinnamic acid from the root culture extract of 
Baikal skullcap (S. baicalensis) [79];
6. Chlorogenic acid from the callus culture extract of red 
clover (Trifolium pratense) [80];
7. Biochanin A from the callus culture extract of red 
clover (T. pratense) [80];
8. Naringenin from the callus culture extract of alfalfa 
(Medicágo satíva) [81];
9. Ursolic acid from the callus culture extract of thyme 
(Thymus vulgaris) [82]; and
10. Magniferin from the root culture extract of 
sweetvetch (Hedysarum neglectum) [83].

To isolate rutin from the callus culture extract 
of meadowsweet, the plant’s ethanol extract was 
evaporated under vacuum at a temperature under 40°C 
on an IKA RV 8 rotary evaporator (IKA, Germany). 
After adding deionized water to 1/4 of the concentrate’s 
initial volume, evaporation continued until a thick 
precipitate was formed. The precipitate was treated 
with a chloroform:ethylacetate mixture for 5 min 
with vigorous stirring in triplicate. The extracts were 
combined and mixed with anhydrous sodium sulfate 
(2.0 g per 100 mL of extract). The mixture was kept for 
3 h at +4°C and then filtered. The residue containing a 
flavonoid fraction was dissolved in 50% ethanol. Then, 
50.0 g of activated carbon was added to the mixture 
and evaporated until a dry residue was formed. The 
adsorbent with the extract residue was transferred to a 
shot filter and successively eluted with methanol, water, 
7% aqueous phenol, and 15% phenol in methyl alcohol. 
The fraction extracted with 7% aqueous phenol was 
treated with 100 mL of diethyl ether in triplicate. The 
resulting extract was evaporated under vacuum to a 
thick precipitate, which was then mixed with 40.0 g 
of silica gel (column chromatography grade, Sigma), 
dried completely, and transferred to a column (5×6 cm 
BioRad) as a suspension in chloroform. The substances 
were eluted with a mixture of chloroform:ethanol (80:20) 
and evaporated to isolate rutin.

To isolate quercetin and kaempferol from the 
suspension culture extract of ginkgo, the extract was 
filtered through cellulose filters, diluted with water, and 
kept at +4°C for 48 h to filter lipid precipitates. The 
extract was then concentrated in a vacuum evaporator 
in the presence of sodium chloride (up to 10% by salt 
content in solution). Resinous substances were removed 
by decantation. Lipophilic substances were purified 

by liquid-liquid extraction with n-heptane to isolate 
terpenolactones. The aqueous phase was extracted with 
n-butanol in triplicate. 

The three phases were combined and concentrated 
under vacuum until a dry precipitate was formed. The 
precipitate was dissolved in a water-alcohol solution 
and purified by liquid-liquid extraction with ethyl 
acetate. The resulting phase was washed with a sodium 
chloride solution and evaporated. The dry residue 
was dissolved in acetone containing 40 wt.% of water, 
cooled to 10°C, and filtered. Flavonogicosides were 
chromatographed on polyamide (Sigma) packed in a 
5.3×250 mm chromatographic column on a BioLogic 
low-pressure chromatograph (BioRad) using gradient 
elution mixtures: chloroform-methanol (100:0 → 60:40)  
and then water-ethanol (100:0 → 0:100). The compo- 
nents were separated and purified by silica gel 
rechromatography (Lachema) using an eluent mixture 
of chloroform:petroleum ether (30:70), followed by 
recrystallization to isolate quercetin and kaempferol.

Baicalin and trans-cinnamic acid were isolated 
from the root culture extract of Baikal skullcap by 
evaporating the extract under vacuum at a temperature 
under 50°C. The evaporated residue was treated with 
diethyl ether in triplicate. The resulting ether fraction 
was chromatographed on silica gel (mobile phase) in 
a n-hexane-acetone gradient (1:0 → 0:1) to isolate 
flavonoids and hydroxycinnamic acids. Baicalin and 
trans-cinnamic acid were isolated by subsequent 
rechromatography on silica gel (mobile phase) with 
n-hexane-chloroform (1:0 → 0:1).

To isolate biochanin A from the callus culture 
extract of red clover, the ethanol extract was vacuum-
evaporated on a rotary evaporator at under 50°C. 
Deionized water was added to the precipitate up to 1/4 of 
the concentrate’s initial volume to continue evaporation 
to a thick precipitate. The precipitate was treated with 
n-hexane for 5 min in triplicate and the suspension was 
treated ultrasonically. The extracts were filtered through 
filter paper and combined. Then, they were evaporated 
under vacuum to a thick precipitate. The precipitate was 
mixed with 50.0 g of silica gel, dried, and transferred 
to a column (5×6 cm BioRad). Then, it was eluted with 
a petroleum ether-ethanol mixture (99:1, 98:2, 97:3, 
95:5, 93:7, 80:20). Biochanin A was isolated from the 
evaporated eluates.

To isolate chlorogenic acid from the callus culture 
extract of red clover, the thick precipitate obtained as 
described above was treated with diethyl ether to isolate 
hydroxycinnamic and coumaric acids. The mixture 
was then evaporated to a dry residue and separated on 
silica gel (column chromatography grade, Sigma) on a 
column (0.65×10 cm BioRad). Then, it was eluted with 
isopropyl alcohol:acetic acid:hexane (65:12:23) to isolate 
chlorogenic acid.

Naringenin was isolated from the alfalfa extract 
as follows. The ethanol extract was evaporated under 
vacuum at under 55°C on a rotary evaporator. The 
residue was mixed with deionized water added to 1/4 of  
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the concentrate’s initial volume to continue vacuum 
evaporation to a thick precipitate. The precipitate was 
placed on a 5×6 cm BioRad chromatographic column 
and eluted with n-hexane to collect 1-mL fractions. The 
resulting extracts were evaporated to a thick precipitate, 
which was then dissolved in ethanol and fractionated 
on LH-20 Sephadex (Aldrich) in toluene. Silica gel was 
eluted with isopropyl alcohol:water (40:60) and then 
evaporated under vacuum to thick residue. The residue 
was dissolved in ethanol and fractionated on LH-20 
Sephadex (Aldrich) in a methanol gradient of 10 → 90% 
to isolate naringenin.

Ursolic acid was isolated from the callus culture 
extract of thyme. For this, the ethanolic extract was 
evaporated under vacuum at under 40°C on a rotary 
evaporator. The residue was mixed with deionized 
water added to 1/4 of the concentrate’s initial volume 
to continue vacuum evaporation to a thick precipitate. 
The resulting precipitate was treated three times with 
dichloromethane for 5 min with vigorous stirring. The 
extracts were combined and mixed with anhydrous 
sodium sulfate (20.0 g per liter of extract). The mixture 
was kept for 3 h and filtered through a paper filter. The 
filtered precipitate was dissolved in ethanol. The ethanol 
fraction was passed through an AN-1 anion exchanger 
(State Standard 20301-74) and washed with water-
ethanol eluents (up to 50% of ethanol). Then, it was 
desorbed with 0.1 M hydrochloric acid to isolate ursolic 
acid.

Magniferin was isolated from the root culture extract 
of sweetvetch. The ethanol extract was evaporated 
in a vacuum evaporator at 45°C. The residue was 
fractionated on a BioLogic low-pressure chromatograph 
(BioRad) using silica gel (column chromatography 
grade, Sigma). Petroleum ether-ethyl acetate was used as 
an eluent (100:0; 50:1; 20:1; 10:1; 5:1; 2:1; 1:1; and 0:1). 
Methanol was fed to the column to desorb gallic acid, 
resulting in nine 300-mL fractions collected. A crude 
crystal of magniferin was obtained from fraction 3. 
Then, it was recrystallized from a mixture of petroleum 
ether:acetone (20:1) and purified by rechromatography 
on CL6B Sepharose (Sigma – Aldrich) using a BioLogic 
low-pressure chromatograph (BioRad) to isolate pure 
mangiferin.

All the isolated bioactive substances were at least 
95% pure. Their IR spectra were registered on an  
SF-2000 instrument (OKB Spektr, Russia).

Further, we analyzed the effect of bioactive 
substance concentrations on the lifespan of wild-type 
Caenorhabditis elegans nematodes (strain N2 Bristol, 
www.wormbook.org). Our study consisted of five stages 
described below.

Cultivation of nematodes on solid agar. 
Obtaining an Escherichia coli bacterial culture.  

E. coli OP50 was seeded on Petri dishes with a Lysogeny 
broth (L-broth) solid medium (HiMedia Laboratories, 
India). Then, under sterile conditions, one bacterial 
colony was selected and placed in 5–10 mL of L-broth 
(HiMedia Laboratories, India) to incubate at 37°C 

overnight with vigorous stirring. After that, the culture 
was transferred to a refrigerator and stored at +4°C.

Inoculating E. coli OP50 on NGM agar plates. 50 
µL of the E. coli OP50 overnight culture was placed in 
the center of a 100-mm Petri dish. Using a sterile glass 
rod, the drop was distributed over the center of the dish 
in the shape of a square, without touching the walls, and 
incubated at 37°C for a day. After incubation, the dishes 
were wrapped in parafilm and stored in the refrigerator 
for several weeks.

Preparing NGM agar plates. After autoclaving, the 
sterile NGM agar was cooled to 55°C in a water bath. 
Then, the cooled nutrient medium was mixed with 1 mL 
of 1 M CaCl2, 1 mL of 5 mg/mL cholesterol in alcohol, 
1 mL of 1 M MgSO4, and 25 mL of 1 M K3PO4 buffer. 
After thorough mixing, it was poured into sterile Petri 
dishes, 20 mL each. To ensure the absence of bacterial 
contamination, the dishes were left for 2–3 days at room 
temperature.

Transferring nematodes to new NGM agar 
dishes. The nematodes were transferred in two ways: 
with a loop and with a piece of agar. The first method 
involved hooking a nematode with a calcined and cooled 
bacteriological loop and planting it on a bacterial lawn 
in the center of a new NGM Petri dish with agar. The 
second method involved cutting a 0.5×0.5 cm piece of 
agar containing a nematode with a sterile scalpel and 
transferring it to the center of the dish surface down. 
The dishes were incubated at 20°C.

Nematode synchronization. 5–10 mL of sterile 
water was pipetted on the surface of the dish containing 
a nematode until its eggs were completely attached 
to the agar. The liquid from the Petri dish was placed 
in a 50 mL tube and centrifuged for 2 min (1200 rpm). 
Then, the supernatant was removed and the precipitate 
was washed with 10 mL of distilled water to repeat 
centrifugation under the above conditions. 

After repeated centrifugation, the supernatant was 
removed and the precipitate was mixed with 5 mL 
of a freshly prepared mixture of 1 mL of 10 N NaOH, 
2.5 mL of household bleach, and 6.5 mL of H2O. The 
mixture was thoroughly vortexed (Biosan, Latvia) for 
10 min with 2 min intervals to observe the hydrolysis 
of nematodes under an Axio Observer Z1 microscope 
(Karl Zeiss, Germany). At the end of the process, 5 mL 
of M9 medium was added to neutralize the reaction. The 
resulting mixture was centrifuged for 2 min (2500 rpm).  
After that, the supernatant was removed and the 
precipitate was mixed with 10 mL of sterile water to 
repeat the washing and centrifugation three times. Then, 
the precipitate was washed with 10 mL of S-medium 
and the supernatant was removed. Finally, 10 mL of 
S-medium was added and the test tube with nematode 
eggs was placed on a slow shaker for a day at room 
temperature for the complete transfer of the nematodes 
to the L1 stage.
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Cultivation of nematodes in a liquid medium. 
After the nematodes passed to the L1 stage, an overnight 
bacterial culture of E. coli OP50 was added to the 
S-medium. The culture had previously been washed and 
resuspended in the S-medium to a bacterial concentration 
of 0.5 mg/mL. Then, 120 μL amounts of the suspension 
containing the bacteria and nematodes were poured into 
each well of a 96-well plate (TPP, Switzerland). The plate 
was sealed with a film and left for 48 h at 20°C. 

After that, 15 µL of 1.2 mM 5-fluoro-2-deoxyuredin 
was poured into each well of the plate to prevent the 
nematodes from reproduction and left for a day at 20°C. 
At the end of incubation, the nematodes entered the L4 
stage. Then, 15-μL amounts of the bioactive substances 
under study were added to the wells in accordance with 
the experiment plan.

Preparation of bioactive substances. Stock 
solutions of bioactive substances were prepared in 
dimethyl sulfoxide at a concentration of 10 mmol/L. 
The substances were tested by diluting stock solutions 
in sterile distilled water to concentrations of 2000, 
1000, 500, and 100 µM. Each well was filled with 15 µL  
of freshly prepared stock solutions so that working 
concentrations of each bioactive substance reached 2000, 
1000, 500, and 100 µmol/L, respectively. The stocks 
were stored at 4°C.

Effects of bioactive substances on nematode 
lifespan. The effect of bioactive substances at 
concentrations of 0, 10, 50, 100, and 200 µmol/L on the 
lifespan of C. elegans was determined by the number 
of nematodes surviving in the presence of the tested 
substances. The experiment was carried out in 6-fold 
repetitions using 96-well plates and a liquid S-medium 
for nematode cultivation. The numbers of live and dead 
nematodes were counted every 4–7 days during the 
61-day experiment. The experiment was considered 
completed when there were no live nematodes left in the 
control group.

Each concentration of bioactive substances was 
studied in 6-fold repetitions. Statistical data were 
analyzed in the Microsoft Office Excel 2007. Statistical 
analysis was performed using a paired Student’s t-test 
for each pair of interests. Differences were considered 
statistically significant at P < 0.05.

RESULTS AND DISCUSSION
The effects of the bioactive substances obtained 

from the extracts of suspension, callus, and root 
cultures of Siberian medicinal plants on the lifespan of 
Caenorhabditis elegans L. nematodes are graphically 
presented in Fig. 1.

As can be seen in Fig. 1a, rutin, which was isolated 
from the extract of meadowsweet callus culture, did 
not significantly increase the lifespan of C. elegans 
nematodes. At concentrations of 50 and 100 µmol/L, it 
had a positive effect from day 8 to day 34, but then the 
number of surviving nematodes approached the control. 
Its greatest effect was observed at a concentration of 

50 µmol/L on day 13, with the survival rate of 32.3% 
(15.3% higher than in the control group).

Quercetin, which was obtained from the suspension 
culture extract of ginkgo, had a significant effect on 
the lifespan of C. elegans nematodes at concentrations 
of 10 and 100 µmol/L (Fig. 1b). The proportion of 
surviving nematodes was 32.6–4.6% from day 8 to day 
45 of the experiment. On day 8, all the concentrations 
of quercetin had a positive effect on the lifespan. The 
proportions of surviving nematodes treated with 10, 50, 
100 and 200 µmol/L of this bioactive substance were 
72.9, 74.0, 67.5, and 63.6%, respectively (higher than 
in the control nematodes by 41.9, 43.0, 36.5, and 32.6%, 
respectively).

Of special interest was kaempferol obtained from 
the suspension culture extract of ginkgo (Fig. 1c). At a 
concentration of 50 µmol/l, this substance increased 
the lifespan of nematodes throughout the experiment 
(except for 3 days), compared to the control. The 
nematode population was active, reaching 10.3% on 
day 61. We also observed kaempferol’s positive effect 
at a concentration of 10 µmol/L in the period of 8 to 61 
days. The maximum proportion of surviving nematodes 
treated with this concentration was registered on day 8 
at 48.6%, which was 17.6% higher than in the control 
group. However, the greatest increase in the nematode 
lifespan was provided by a concentration of 200 µmol/L 
on day 8, with the survival rate of 61.6% (by 30.6% 
higher than in the control nematodes).

Baicalin was produced from the root culture of 
Baikal skullcap (Fig. 1d). At concentrations of 10, 100, 
and 200 µmol/L, it increased the lifespan of nematodes 
from day 8 to day 13. After that period, the number of 
surviving nematodes exposed to 200 µmol/L baicalin 
became lower than in the control group. During 
days 13–17, their lifespan increased only at baicalin’s 
concentrations of 10 and 100 µmol/L. From day 17 until 
the end of the experiment, the number of surviving 
nematodes treated with 10, 50, and 200 µmol/L baicalin 
was greater than in the control group. Noteworthily, 
the end of the experiment saw greater proportions 
of surviving nematodes treated with baicalin at all 
concentrations (10, 50, 100, and 200 µmol/L) than that of 
the control (by 4.3, 6.7, 2.3, and 2.1%, respectively).

Trans-cinnamic acid was isolated from the root 
culture extract of Baikal skullcap (Fig. 1e). As we can 
see, on day 8, its concentrations of 10, 50, 100, and  
200 µmol/L increased the lifespan of nematodes by 18.1, 
26.3, 24.1, and 36.6%, respectively. During days 13–34,  
the concentration of 200 µmol/L had no positive 
effect on the lifespan of nematodes, unlike the other 
concentrations. However, from day 34 to the end of the 
experiment, trans-cinnamic acid at all concentrations 
increased the percentage of surviving nematodes. The 
greatest increase in the lifespan was observed in the 
nematodes treated with 50 µmol/L of this bioactive 
substance (9.8%).

Chlorogenic acid obtained from the callus culture 
extract of red clover showed a generally positive effect 
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Figure 1 Beginning. Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures 
of medicinal plants on the lifespan of Caenorhabditis elegans nematodes: (a) rutin from the suspension culture extract of 
meadowsweet; (b) quercetin from the suspension culture extract of ginkgo; (c) kaempferol from the suspension culture extract of 
ginkgo; (d) baicalin from the root culture extract of Baikal skullcap; (e) trans-cinnamic acid from the root culture extract of Baikal 
skullcap; (f) chlorogenic acid from the callus culture extract of red clover; (g) biochanin A from the callus culture extract red 
clover; (h) naringenin from the callus culture extract of alfalfa; (i) ursolic acid from the callus culture extract of thyme;  
(j) magniferin from the root culture extract of sweetvetch
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Figure 1g shows the effect of biochanin A isolated 
from red clover callus culture. As we can see, the 
best survival rate was provided by this substance 
at 100 µmol/L. Unlike the other concentrations, this 
concentration had a positive effect on C. elegans 
throughout the entire experiment. Days 8–20 saw the 
highest survival rates, with the greatest increase in 
lifespan occurring on day 13 (by 45.2% compared to 
the control). Noteworthily, 200 µmol/L of biochanin 
A had a negative effect on the survival and lifespan 
of C. elegans almost throughout the experiment, 
except for the very end. On day 61, the proportion of 
surviving nematodes increased by 1.8% and amounted 
to 2.5% (compared to 0.7% in the control group). The 
concentrations of 10 and 50 µmol/L increased the 

on the lifespan of C. elegans (Fig. 1f). As can be seen, 
100 µmol/L of this substance increased the survival of 
nematodes throughout the experiment, with the greatest 
increase (by 40.1%) on day 8. The other concentrations 
showed varying survival rates. Days 8–13 saw greater 
lifespans in the nematodes exposed to chlorogenic 
acid at all four concentrations. During days 13–26, 
increased lifespan was provided by the concentrations 
of 10, 50, and 100 µmol/L. The maximum survival 
rate was observed on day 20 (27.7%) in the nematodes 
treated with 100 µmol/L of chlorogenic acid. From day 
26 to day 34, the concentration of 200 µmol/L had no 
effect on the lifespan of C. elegans. However, from day 
45 to the end of the experiment, chlorogenic acid had a 
positive effect again at all its concentrations.

Figure 1 Ending. Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures of 
medicinal plants on the lifespan of Caenorhabditis elegans nematodes: (a) rutin from the suspension culture extract of 
meadowsweet; (b) quercetin from the suspension culture extract of ginkgo; (c) kaempferol from the suspension culture extract of 
ginkgo; (d) baicalin from the root culture extract of Baikal skullcap; (e) trans-cinnamic acid from the root culture extract of Baikal 
skullcap; (f) chlorogenic acid from the callus culture extract of red clover; (g) biochanin A from the callus culture extract red 
clover; (h) naringenin from the callus culture extract of alfalfa; (i) ursolic acid from the callus culture extract of thyme;  
(j) magniferin from the root culture extract of sweetvetch
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Figure 1 Effects of bioactive substances isolated from the extracts of suspension, callus, and root cultures of medicinal plants on th e lifespan of Caenorhabditis elegans
nematodes: a – rutin from the suspension culture extract of meadowsweet; b – quercetin from the suspension culture extract of ginkgo; c – kaempferol from the suspension culture 
extract of ginkgo; d – baicalin from the root culture extract of Baikal skullcap; e – trans-cinnamic acid from the root culture extract of Baikal skullcap; f – chlorogenic acid from the 
callus culture extract of red clover; g – biochanin A from the callus culture extract red clover; h – naringenin from the callus culture extract of alfalfa; i – ursolic acid from the callus 

culture extract of thyme; j – magniferin from the root culture extract of sweetvetch
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survival of nematodes during days 13–45 by an average 
of 8.4 and 9.1%, respectively. Both concentrations 
provided maximum lifespan increases during days 
13–20 and had a weaker effect towards the end of the 
experiment. From day 26 to day 61, biochanin A at 10, 
50, and 200 µmol/L had no significant effect on the 
lifespan of nematodes compared to the control group.

Naringenin was isolated from the extract of alfalfa 
callus culture. As shown by Fig. 1h, its concentration 
of 100 µmol/L had the greatest effect on the lifespan 
of nematodes compared to the other concentrations, 
especially during days 8–26. During that period, 
the survival of nematodes increased by an average 
of 27.3% compared to the control group, with 
maximum survival on day 13 (by 35.4%). The other 
concentrations of naringenin (10, 50, and 200 µmol/L) 
did not have a significant effect on the survival or 
lifespan of nematodes.

Ursolic acid was isolated from thyme callus 
culture. According to Fig. 1i, it had no significant 
effect on the lifespan of nematodes at all its 
concentrations. The greatest increase in survival (by 
14.1%) was observed on day 8 in the nematodes treated 
with 100 µmol/L of ursolic acid.

Similarly, we found no positive effect in magniferin 
obtained from the root culture extract of sweetvetch (Fig. 
1j). Moreover, its concentrations of 100 and 200 µmol/L  
reduced the proportion of surviving nematodes from 
day 13 to day 55 of the experiment. The greatest 
increases in the lifespan of nematodes were observed 
at magniferin concentrations of 10 and 50 µmol/L on 
day 8, amounting to 19.3 and 24.2%, respectively. At 
the end of the experiment, the longest lifespan was  
demonstrated by the nematodes exposed to 100 µmol/L 
of magniferin (1.4%).

CONCLUSION
Having applied HPLC methods, we isolated the 

following bioactive substances from the extracts of 
callus, suspension, and root cultures of medicinal plants 
growing in the Siberian Federal Okrug: rutin – from 
the callus culture extract of meadowsweet (Filipendula 
ulmaria L.); quercetin – from the suspension culture 
extract of ginkgo (Ginkgo biloba L.); kaempferol  – from 
the suspension culture extract of ginkgo (G. biloba); 
baicalin – from the root culture extract of Baikal 
skullcap (Scutellaria baicalensis L.); trans-cinnamic 
acid – from the root culture extract of Baikal skullcap  
(S. baicalensis); chlorogenic acid – from the callus 
culture extract of red clover (Trifolium pretense L.); 

biochanin A – from the callus culture extract of red 
clover (T. pratense); naringenin – from the callus 
culture extract of alfalfa (Medicágo sativa L.); ursolic 
acid – from the callus culture extract of thyme (Thymus 
vulgaris L.); and magniferin – from the root culture 
extract of sweetvetch (Hedysarum neglectum L.). All 
the bioactive substances were at least 95% pure and 
were registered using IR spectroscopy on an SF-2000 
instrument (OKB Spektr, Russia).

We determined the effect of the above bioactive 
substances at concentrations of 10, 50, 100, and  
200 µmol/L on the lifespan of Caenorhabditis elegans 
nematodes, which are widely used as model organisms 
to study the aging process. We used 96-well plates for 
the experiment that lasted 61 days. Surviving nematodes 
were counted every 4–7 days and the experiment 
was considered completed when there were no live 
nematodes left in the control group. Stock solutions of 
the following bioactive substances were prepared for 
the experiment: rutin, quercetin, kaempferol, baicalin, 
trans-cinnamic acid, chlorogenic acid, biochanin A, 
naringenin, ursolic acid, and magniferin.

Trans-cinnamic acid, baicalin, rutin, ursolic acid, and 
magniferin did not significantly increase the lifespan of the 
nematodes. 

Chlorogenic acid and naringenin had a little 
effect on the lifespan of nematodes, while quercetin, 
kaempferol, and biochanin A demonstrated their high 
survival.

Noteworthily, the greatest proportions of surviving 
nematodes treated with various concentrations of 
bioactive substances were recorded on days 8 to 13 
for all the experimental samples. Then, the lifespan of  
C. elegans decreased and their survival rates 
approached those of the control group.

Thus, 200 µmol/L of kaempferol, 10 µmol/L of 
quercetin (both obtained from ginkgo suspension 
culture extract), and 100 µmol/L of biochanin A 
(obtained from red clover callus culture extract) 
increased the lifespan of C. elegans nematodes by 
30.6, 41.9, and 45.2%, respectively, compared to the 
control (days 8 and 13). These results suggest that 
the mentioned bioactive substances can be effectively 
used as anti-aging agents.
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