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Abstract: Dioscorea deltoidea is a medicinal plant valued for its high content of steroidal glycosides 

(SG) – bioactive compounds with cardioprotective and immunomodulation actions, also used to 

treat reproductive system disorders. To overcome the limitations of natural resources of this species, 

a suspension cell culture of D. deltoidea was developed as a renewable and ecologically sustainable 

source of raw biomass and SG. Cell culture demonstrated stable and intensive growth in the labor-

atory (20 L) and industrial (630 L) bioreactors operated under a semi-continuous regime (specific 

growth rate 0.11–1.12 day−1, growth index 3.5–3.7). Maximum dry weight accumulation (8.5–8.8 

g/L) and SG content (47–57 mg/g DW) were recorded during the stationary phase. Bioreactor-pro-

duced cell biomass contained inorganic macro (К, Ca, Mg, Na) and micro (Zn, Mn, Fe, B, Al, Cu, Cr, 

Se, Co, Ni) elements in concentrations within the safe range of dietary recommendations. Acute 

toxicity test showed no or insignificant changes in organ weight, hematological panel and blood 

biochemistry of laboratory animals fed with 2000 and 5000 mg/kg dry biomass. The results suggest 

that cell culture of D. deltoidea grown in bioreactors has great potential to be used as functional foods 

and a component of specialized dietary supplements in complex therapy of reproductive system 

disorders and mineral deficiency. 

Keywords: bioreactors; cellular agriculture; mineral composition; plant cell culture; protodioscin; 

steroidal glycosides 

 

1. Introduction 

Steroidal glycosides (SG), the products of isoprenoid metabolism in plants, are of 

particular interest for pharmacology, veterinary science, and food and agricultural indus-

tries as they have been demonstrated to be efficient and safe in treating or mitigating a 

variety of adverse disease symptoms [1,2]. SG from Dioscorea spp. have been shown to 

successfully stabilize the endocrine profile in both men and women [1–4]. They also have 

restorative and mild anabolic effects, improve stress resistance and endurance during in-
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tensive physical activity, and participate in the regulation of blood pressure and lipid con-

tent in blood [1,4–7]. SG from Dioscorea spp. were also shown to be efficient in cardiology 

to treat acute myocardial infarction and enhance heart regeneration processes [8–12]. In 

addition, SG affect human and animal reproductive systems [13]. They were found to 

have a pronounced immunomodulating effect influencing different lymphocyte subpop-

ulations. Experiments on isolated leukocyte cell cultures revealed that the effect of SG was 

concentration-dependent: different SG levels either stimulated or suppressed immune re-

sponse [13–16]. The ability of Dioscorea spp. to stimulate protein synthesis and to activate 

succinic dehydrogenase, lactate dehydrogenase, and cytochrome oxidase (enzymes in-

volved in energy metabolism) was also reported [15]. 

Other potentially useful compounds found in Dioscorea spp. plants include phenol-

carboxylic acids, monosaccharides (mannose, glucose, galactose), dopamine, starch, ribo-

flavin, vitamin C, nicotinic acid, choline, thiamine, carotene, and microelements (barium, 

cobalt, chrome, iron, magnesium, phosphorus, potassium, copper), as well as dietary fi-

ber, mucus, and allantoin. Polysaccharides from D. bulbifera were reported to have anti-

tumor, anti-inflammatory, and antioxidant effects [7,15,17]. Plant rhizomes may be com-

posed of up to 6% of proteins. Medicinal preparations from Dioscorea plants are usually 

well-tolerable by patients: side-effects are extremely rare and are generally limited to in-

dividual allergic reactions to certain ingredients. 

Plants of different Dioscorea species were reported to have similar biochemical com-

position, which defines their similar biological actions [18]. Dioscorea deltoidea Wall., a per-

ennial medicinal plant growing mainly in China and India, is a valuable natural source of 

diosgenin, an aglycone of SG that for many years was an irreplaceable substrate for phar-

macological synthesis of steroid hormones such as cortisone, pregnenolone and proges-

terone [19]. However, despite well-documented benefits for human health, the use of D. 

deltoidea plants as a natural source of SG is hampered by several strong limitations. The 

concentration of SG in D. deltoidea plants rarely exceeds 1–2% of dry biomass. Natural 

resources of D. deltoidea are limited, and the content of individual SG in plants varies sig-

nificantly depending on geographical region, environmental conditions and the plant age. 

Moreover, plants of this genus contain both furostanol (FG) and spirostanol types glyco-

sides, which complicates the purification of individual compounds from plant material. 

Spirostanol glycosides act contradictorily to FG often impairing or mitigating their posi-

tive effects [13,20–22].  

Earlier we reported the development of several strains of suspension cell culture of 

D. deltoidea as an alternative source of FG protodioscin and deltoside (protodeltonin) spe-

cific for this species [23]. The content of protodioscin and deltoside in the cell cultures 

varied in the range of 3–12% of the dry cell weight depending on culture conditions, which 

is higher than the average FG content in plants [23–25]. One of the strains, DM-05-03, was 

shown to contain mainly protodioscin and only trace amounts of deltoside which suggests 

a more specific biological activity [23]. Preparations from cell biomass of D. deltoidea were 

proved to be non-toxic in the in vitro studies [26]. In the experiments with human periph-

eral blood lymphocytes, cell preparations also demonstrated immunomodulating activi-

ties [26]. 

In this study, we explored the feasibility of cultivation of D. deltoidea cell suspension 

in bioreactors of different types and volumes, up to 630 L. The content of steroidal glyco-

sides, macro and microelements in cell biomass and its acute toxicity on laboratory rats 

were analyzed to explore the possibility of using D. deltoidea cell biomass as a novel sup-

plement and a source of FG in human and animal diet. 

2. Materials and Methods 

2.1. Cell Culture 

Suspension cell culture of Dioscorea deltoidea Wall strain DM-05–03 with enhanced 

production of furostanol glycosides was received from the All-Russian Collection of Cell 
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Cultures of Higher Plants at the Institute of Plant Physiology of Russian Academy of Sci-

ences, Moscow. Stock cell culture was maintained in 250 mL Erlenmeyer flasks containing 

35 mL liquid medium composed of MS mineral salts [27], Staba vitamins [28], 30 g/L su-

crose, 1 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.1 mg/L kinetin [23]. Cultures 

were grown on an orbital shaker (90 rpm) at 26 C and 75% relative air humidity in dark-

ness with 14 days subculture intervals.  

2.2. Large-Scale Cultivation of D. deltoidea Cell Suspension in Bioreactors 

Two types of bioreactors were tested for cell culture: bubble-type 20 L glass bioreac-

tors of our own design (Institute of Plant Physiology of RAS, Russia) with 15 L working 

volume, air supply through a sparger, semi-continuous cultivation mode; and 630 L bio-

reactor (1Т series, CUC "EBEE", Yoshkar-Ola, Russia) with 550 L working volume, air sup-

ply through a gas distributor  750 mm (Figure 1). In both types of bioreactors cultivation 

was performed using a semi-continuous cultivation regime at 26 ± 0.5 °С in darkness. To 

maintain the semi-continuous cultivation regime, fresh nutrient medium was fed into bi-

oreactors at the beginning of the stationary growth phase (measured as cell concentration 

reaching 8–10 g dry weight per liter of medium) until dilution of the cell suspension to 

1.5–2.0 g of dry weight per liter was achieved. Air supply varied from 0.1 to 1.0 v/vpm 

depending on the growth phase of cell culture. Concentration of dissolved oxygen (рО2) 

was maintained at 10–40% of saturation volume [25]. 

  

(A) (B) 

Figure 1. Bioreactor cultivation of plant cell suspensions at the Institute of Plant Physiology of 

Russian Academy of Sciences: (A) 630 L bioreactors; (B) Bioreactor-cultured cells of Dioscorea 

deltoidea at exponential growth phase (bar = 50 µm)  

2.3. Assessment of Growth and Physiological Characteristics of Cell Suspension Culture 

To assess the growth and physiological state of cell cultures in flasks and bioreactors, 

fresh (FW) and dry (DW) weights of cell biomass, level of cell aggregation and cell viabil-

ity were recorded periodically during the cultivation cycle. 

To estimate the fresh weight, 10–15 mL aliquots of cell suspension were pipetted on 

paper filters and the culture medium was removed under vacuum; cell biomass was 

washed three times by distilled water under vacuum and weighted. To estimate the dry 

weight, cell biomass was dried to a constant weight at 60 °С. The biomass samples for 

chemical analysis and for experiments on acute toxicity (see below) were prepared using 

the same method.  

Cell viability was determined by staining with 0.025% Evans blue (modified from 

[29]) as the percentage of cell aggregates composed of colourless (living) cells. For each 
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experimental conditions, a minimum of 250 cell aggregates were examined in each of three 

replicates.  

In addition, the following growth parameters were calculated for D. deltoidea cell cul-

ture according to [30]: 

1. growth index: I = (Xmax-Xo)/Xo, 

2. specific growth rate at exponential growth phase: μ = (ΔlnXmax/Xo)/Δt, [day-1] 

3. productivity on dry biomass: Р = (Xmax—Xo)/Δtmax, [g/(L day)] 

where: 

Xo and Xmax are, respectively, initial and maximum dry cell biomass weights (g); 

Δt is exponential growth phase duration (days); 

Δtmax – time from the beginning of the subculture cycle to achieving maximum biomass 

accumulation (days).  

2.4. Content of Macro and Microelements in Cell Biomass 

The elemental composition of D. deltoidea cells was analyzed using dried cеll biomass 

harvested from a 630 L bioreactor at the end of the subcultivation cycle (18 days after 

feeding fresh medium). The content of essential macro (К, Ca, Mg, Na) and micro (Zn, 

Mn, Fe, B,Al, Cu, Cr, Se,Co, Ni) elements were analyzed using mass spectrometry with 

the inductively coupled argon plasma (ICP-MS) [31]. 

Sample preparation and analysis were done in duplicate following [32]. Measure-

ments were performed using an inductively coupled plasma mass spectrometer Agilent 

7900 MS model ICP-MS system (Agilent, USA) equipped with an autosampler, a Babing-

ton nebulizer, nickel cones, and a peristaltic sample delivery pump. High purity argon 

gas was used to form the plasma in the ICP-MS. The pulse to analog factor was determined 

on the day of analysis. Agilent ICP-MS tuning solution of 10 μg/L (Ce, Co, Li, Tl, and Y) 

was used for the tuning of the instrument.  

A microwave system Ethos up (Milestone, Italy) equipped with a microwave acid 

digestion bomb made of Teflon was used for microwave digestion. All solutions were 

prepared using ultra-high purity water (18.2 MΩ cm−1, Ultrapure Water System, Sartorius 

arium mini plus). All the reagents used were of analytical reagent grade. High purity ICP-

MS multi-element standard solution obtained from Merck (Darmstadt, Germany) was 

used for the preparation of calibration curves in the quantitative analysis of the elements. 

This solution is a mixture of 10 mg/L of elements [31]. 

2.5. HPLC and HPLC–MS Analysis of Furostanol Glycosides (FG) in Cell Biomass   

Sample preparation and quantitative analysis were performed according to [33] with 

modifications. Samples of dried cell biomass (10 mg each) were extracted three times, 30 

min each, with distilled water (biomass : distilled water of 1 : 40) using ultrasound. The 

combined aqueous extract was applied on a Supelco (USA) Supelclean ENVI-18 extraction 

cartridge for solid-phase extraction. Next, the cartridge was washed with distilled water 

followed by 70% ethanol. The ethanolic extract was evaporated until dryness in a rotary 

vacuum evaporator at 55 °С, then dissolved in an acetonitrile : water mixture (24:76 v/v) 

and filtered through a 0.2 μm pore diameter nylon membrane (Acrodisc, Pall Corporation, 

USA). Extracts were analyzed using the HPLC system Shimadzu Nexera LC30 (Japan) 

equipped with Shim-pack XR-ODS (75 × 2.0 mm, 2.2 μm) column. The injection volume 

was 0.4 μL. The mobile phase flow rate was set at 0.4 mL/min. Acetonitrile and water were 

used as eluents. The elution was performed at isocratic mode at acetonitrile : water vol-

ume ratio 23:77. HPLC-UV detection was performed at 203 nm. The quantitative content 

of individual furostanol glycosides was determined using a protodioscin standard (purity 

>98%, Sigma-Aldrich, USA) [33]. 

The HPLC–MS was carried out in an Agilent 1260 Infinity system (Agilent Technol-

ogies, United States) equipped with a Single Quadrupole mass-selective detector (6120B, 

Agilent Technologies) with a Poroshell 120 EC-C18 column (100 × 3 mm, 2.7 μm, Agilent). 

The column temperature was 37 °C, the flow rate of the mobile phase was 0.5 mL/min, 
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and the injection volume was 0.5 μL. The mobile phase consisted of a solution of formic 

acid (0.05% vol.) in water (solvent A) and acetonitrile (solvent B) with a gradient elution. 

In the course of analysis, the composition of the mobile phase changed as follows (solvent 

B, volume %): 0–7 min, 27%; 7–9 min 27→95%; 9–11 min, 95%; 11–11.5 min 95→27%; 11.5–

14,5 min, 27%. The analysis was carried out in the positive-ion mode in the m/z range 100-

1300 and fragmenter of 70. The parameters of the ionization source were as follows: quad-

rupole temperature 100 °С, carrier gas (nitrogen) temperature 305 °С, nitrogen supply rate 

(spraying gas) 13 L/min; nitrogen pressure 1294 Torr, and capillary voltage 3.0 kV. The 

chromatograms were recorded in the selected ion mode (m/z 1047,5 for protodeltonin and 

1031.5 for protodioscin, both corresponding to [M + H − H2O]+) . 

2.6. Acute Toxicity Test of Dioscorea deltoidea Cell Biomass on Rats 

Acute toxicity tests were performed on clinically healthy sexually naive laboratory 

rats of Wistar stock, specific pathogen-free category, age 10 weeks, average weight 225 ± 

13 g. The animals were provided by the Department of Experimental Animal Genetic Re-

sources of the Federal Research Center ‘Institute of Cytology and Genetics of the Siberian 

Branch of the Russian Academy of Sciences (Novosibirsk, Russia). 

The lyophilized powder of the D. deltoidea cell biomass was used. Five days prior to 

the experiment, the animals were habituated to the laboratory conditions. The rats were 

randomly selected and individually marked. Throughout the experiment the rats were 

kept in a system of individually ventilated cages (IVC) as part of VENT II ventilation unit 

and type III Bio.A.S. (EHRET, Germany) cage shelving stand. This system does not only 

act as a barrier protecting laboratory animals and staff from contamination, dust, and al-

lergens but also helps to establish the optimal microclimate in each particular cage. The 

housing conditions for each IVC were similar in terms of temperature (22 ± 3) °С, humidity 

(50–60%), and light/dark cycle 12/12 (daylight time from 6:00 am to 6:00 pm). Throughout 

the experiment the rats were provided with complete feed (‘Assortiment-Agro’, Russia) 

and water ad libitum. Water was prepared using an EMD Millipore RiOs™ 50 (Merck 

Millipore, Germany) water purification system. Drinking water temperature ranged from 

18 to 20 °С. 

Animal husbandry and management, feeding, experimental manipulations, and sac-

rifice were performed in accordance with the requirements of the Russian Ministry of 

Health Directive no. 267 «On approval of regulations of laboratory routine» (19.06.2003), 

no. 742 «On approval of regulations of laboratory routine using experimental animals» 

(13.11.1984) and no. 48 «On control of laboratory routine using experimental animals» 

(23.01.1985), and conforming to the International animal welfare act (EU Directive 

2010/63/ЕU). 

Acute toxicity test was performed in accordance with the All-union State Standard 

32644. Two threshold doses of the lyophilized and powdered cell biomass, 2000 mg/kg 

and 5000 mg/kg, were considered in the experiment. The research was conducted as fol-

lows: a dose of 2000 mg/kg was used first and was administered to three animals. If at 

least one animal stayed alive, a dose of 5000 mg/kg was given to the other three animals. 

Each dose was administered intragastrically using a specialized tube. 

Powdered D. deltoidea cell biomass was given to animals after 12 h of food depriva-

tion. The feeding of animals was resumed 3–4 h after the administration of the cell biomass 

powder. A group of intact (control) animals (n = 3) were given equivalent doses of purified 

water. 

The state of each animal was evaluated individually every 30 min during the first 4 

h after the administration of the compound under study. Particular attention was paid to 

the manifestation, severity, and duration of the intoxication symptoms, recovery time, and 

death of the animal. During the two weeks that followed the administration of D. deltoidea 

biomass, the animals were examined daily in order to keep a record of clinical signs of 

intoxication, and dates of death or recovery. 
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The animals were weighted using the electronic laboratory scales (Ohaus, USA) be-

fore the experiment and every third day after the administration of D. deltoidea biomass. 

At the end of the experiment, the animals were euthanized by carbon dioxide in a special 

chamber (VetTech, Russia) and then autopsied. 

General blood analysis was performed using an Abacus junior vet 2.7 (Diatron Mess-

technik GmbH, Austria) automated veterinary blood analyzer. Eighteen parameters were 

analyzed with Diatron assay kits. The biochemical parameters of blood were examined at 

using a BioChem FC-360 (USA) automated clinical chemistry analyzer with High Tech-

nology (USA) assay kits. 

The autopsy of every animal included a thorough examination of the body surface, 

all orifices, intracranial, chest, and abdominal cavities, and their contents. Liver, kidneys, 

adrenal glands, testicles, epididymis, prostate and seminal glands with coagulation gland, 

thymus, spleen, brain and heart were routinely detached from the neighboring tissues in 

all animals and weighted using electronic laboratory scales (Ohaus, Adventurer Pro, 

USA). These organs were weighted fresh immediately after the autopsy to prevent desic-

cation. 

2.7. Statistical Analysis 

Data are presented as the mean values and standard deviations recorded for the trip-

licates (3 flasks or 3 fixed-size samples of cell suspension collected from bioreactors) for 

each data point. Standard deviations that constitute less than 10% of mean values are not 

displayed in the graphs. STATISTICA10 software (StatSoft© , Russia) was used for pro-

cessing the data. Statistical significance of differences was estimated using the one-way 

ANOVA test followed by the Dunnett’s test at p < 0.05 for growth parameters and FG 

content and at p < 0.1 for acute toxicity tests on rats (comparison with intact animals’ pa-

rameters). 

3. Results 

3.1. Growth and Furostanol Glycoside Content of Dioscorea deltoidea Cell 

Suspension Culture in Bioreactors 

Cell suspension of D. deltoidea was successfully cultured in laboratory (20 L) and in-

dustrial (630 L) bioreactors using the semi-continuous regime. The main growth charac-

teristics of D. deltoidea cell suspension cultured in bioreactors were comparable to those 

recorded during cultivation in flasks (Table 1). The transfer from flask culture to bioreac-

tors resulted in the reduction of all growth parameters such as cell viability, specific 

growth rate and accumulation of cell dry weight which, in turn, led to lower productivity 

(Table 1), however, the recorded differences were statistically insignificant. 

Table 1. Growth Characteristics and Content of Furostanol Glycosides in Dioscorea deltoidea Sus-

pension Cell Culture Grown in Flasks and Bioreactors. 

Cultivation 

System 

Viability 

(%) 

Maximum Dry 

Weight Accu-

mulation, Xmax 

(g/L) 

Productivity,  

P [g/(L day)] 

Specific 

Growth 

Rate, µ (day-

1) 

Growth 

Index, I 

Сontent of 

Furostanol 

Glycosides 

(mg/g DW) 1 

250 mL 

flasks 
90.4 ± 5.5 a 9.5 ± 2.6 a 0.40 ± 0.11 a 0.16 ± 0.04 a 4.22 ± 0.79 a 76.3 ± 22.5 a 

20 L 

bioreactors 
79.0 ± 8.1a 8.5 ± 2.1 a 0.37 ± 0.12 a 0.13 ± 0.03 a 3.76 ± 0.72 a 47.7 ± 16.2 a 

630 L 

bioreactors 
83.5 ± 4.5 a 8.8 ± 2.3 a 0.33 ± 0.10 a 0.12 ± 0.01 a 3.51 ± 0.62 a 57.4 ± 19.8 a 

1. maximum content of furostanol glycosides calculated based on protodioscin standard. DW – dry 

weight. Mean values followed by the same letter are not statistically different at p < 0.05 according 

to Dunnett’s test. 



Agronomy 2021, 11, 394 7 of 15 
 

 

Active synthesis of FG in cell culture was recorded during all phases of the cultiva-

tion cycle in all culture systems (Table 1, Figure 2).  

 

Figure 2. The HPLC–MS profiles of extracts from Dioscorea deltoidea cell biomass grown in differ-

ent cultivation systems. A – flasks, B – 20 L bioreactor, C – 630 L bioreactor. 1 – deltoside (proto-

deltonin), 2 – protodioscin. 

The highest FG content in both flasks and bioreactors was observed during the sta-

tionary phase and corresponded to maximum dry weight accumulation (data not shown). 

Accumulation of FG in cells cultured in 20 L and 630 L bioreactors (47 and 57 mg/g DW 

respectively) was lower compared to cells cultured in flasks (76 mg/g DW); however, this 

difference was insignificant at p < 0.05 due to variation in FG content between individual 

subculture cycles in each type of bioreactor. In both flasks and bioreactors, FG were rep-

resented mainly by 25 R and 25 S protodioscin isomers while traces of 25 R and 25 S del-

toside isomers were also detected (data not shown). The ratio of 25R:25S protodioscin iso-

mers in the cell biomass was 55:45 and remained stable during the cultivation cycle. 

3.2. Content of Macro and Microelements in Cell Biomass 

The content of inorganic macro- and microelements in D. deltoidea cell biomass was 

measured at the end of the subculture cycle corresponding to a maximum accumulation 

of dry cell biomass in 630 L bioreactor. The cell culture was found to contain all elements 

assayed. Concentrations of individual elements are summarised in Table 2.  
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Table 2. Content of macro- and microelements in Dioscorea deltoidea cell biomass. 

Element Content, µg/g of Dry Biomass 

Microelements 

Zinc (Zn) (0.37 ± 0.05) × 103 

Manganese (Mn) (0.33 ± 0.08) × 103 

Iron (Fe) (0.10 ± 0.01) × 103 

Boron (B) 15.42 ± 1.41 

Aluminum (Al) 2.69 ± 0.50 

Copper (Cu) 1.44 ± 0.62 

Chromium (Cr) 0.24 ± 0.07 

Selenium (Se) 0.24 ± 0.04 

Cobalt (Co) 0.18 ± 0.10 

Nickel (Ni) 0.14 ± 0.01 

Macroelements 

Potassium (К) (11.39 ± 4.21) × 103 

Calcium (Ca) (1.12 ± 0.33) × 103 

Magnesium (Mg) (0.74 ± 0.55) × 103 

Sodium (Na) (0.40 ± 0.27) × 103 

3.3. Acute Toxicity Test of Dioscorea deltoidea Cell Biomass 

The acute toxicity test was performed using two doses of dry cell biomass, 2000 

mg/kg and 5000 mg/kg. The preliminary dose (2000 mg/kg) for a single intragastric ad-

ministration did not induce any toxicity signs in animals: motor, respiratory, and cardiac 

activity as well as responses to external stimuli remained unchanged after the administra-

tion and throughout the entire observation period. Similarly, rats exposed to the admin-

istration of the higher biomass dose of 5000 mg/kg showed no sign of intoxication. Ani-

mals consistently gained weight throughout the entire observation period, and a similar 

stable weight gain was recorded for intact animals. No difference in appearance and rela-

tive weight of heart, liver, kidney, spleen,or thymus were observed between control ani-

mals and animals that received the high dose (Table 3).  

Table 3. Relative weight of laboratory rats’ organs two weeks following the administration of D. 

deltoidea cell biomass. 

Animals 
Organ Weight (g) 

Heart Liver Kidney Spleen Thymus 

Biomass dose 2000 

mg/kg 
0.35 ± 0.02 a 3.8 ± 0.24 a 0.37 ± 0.02 a 0.23 ± 0.02 a 0.16 ± 0.01 a 

Biomass dose 5000 

mg/kg 
0.35 ± 0.02 a 3.8 ± 0.24 a 0.37 ± 0.02 a 0.23 ± 0.02 a 0.16 ± 0.01 a 

Intact animals 0.33 ± 0.03 a 3.79 ± 0.18 a 0.37 ± 0.02 a 0.20 ± 0.01 a 0.13 ± 0.02 a 

Mean values followed by the same letter are not statistically different at p < 0.1 according to Dun-

nett’s test. 

The hematology test panel showed that a single intragastric administration of D. del-

toidea cell biomass at a dose of 2000 mg/kg caused only minor changes in blood biochem-

ical composition (Tables 4 and 5) [34]. There were no significant changes in leukocytes and 

their subpopulations, however, some insignificant rise was observed in monocytes, eosin-

ophils, basophils and blast cells mixture, granulocytes (up to 20%), granulocyte percent-

age (to 20%), and monocytes (to 63%) compared to intact animals. The indicators of eryth-

rocytes’ functional status (erythrocytes and hemoglobin concentration, hematocrit, mean 

hemoglobin contents in erythrocytes) did not differ significantly from the same parame-

ters of the control group, with a moderate statistically significant rise in mean erythrocyte 

volume (by 5.1%), mean haemoglobin contents in erythrocytes (by 4.4%), and its distribu-
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tion width (no more than 7%). The indicators of thrombocytes’ functional status (throm-

bocyte concentration, plateletcrit, mean thrombocyte volume, and platelet distribution) 

did not change significantly; however, an insignificant rise in mean thrombocyte volume 

by 2.4% was noted. 

Table 4. Haematology test panel for animals’ blood after acute toxicity test two weeks after the 

administration of D. deltoidea cell biomass. 

Indicators Norm 

Animal Group 

Intact Dose 

2000 mg/kg 

Dose 

5000 mg/kg 

Leukocytes, 109/L 6,6–12.6 4.35 ± 0.12 4.62 ± 1.16 9.74 ± 0.69* 

Lymphocytes, 109/L 4.78–9.12 3.38 ± 0.12 3.42 ± 0.77 7.83 ± 0.46* 

Content of monocytes, eosino-

phils, basophils and blast cells 

mixture, 109/L 

0.02–0.15 0.11 ± 0.02 0.20 ± 0.06 0.36 ± 0.03* 

Granulocytes, 109/L 1.77–3.38 0.84 ± 0.04 1.00 ± 0.35 1.56 ± 0.24 

Lymphocytes, % 57.5–83.6 79.92 ± 1.60 76.08 ± 2.10 80.73 ± 1.42 

Monocytes, % 2.16–2.9 2.48 ± 0.42 4.05 ± 0.99 3.67 ± 0.13 

Relative content of granulocytes, 

% 

20–28 16.50 ± 2.33 19.88 ± 2.70 15.60 ± 1.44 

Erythrocytes, 1012/L 7.07–9.03 8.87 ± 0.03 8.60 ± 0.25 9.05 ± 0.18 

Haemoglobin, g/L 129–161 150.00 ± 1.50 151.70 ± 3.20 158.30 ± 2.30* 

Hematocrit, % 34–44 43.16 ± 0.57 43.94 ± 0.71 45.49 ± 1.05* 

Mean erythrocyte volume, mcm3 50–59 48.67 ± 0.49 51.17 ± 0.91* 50.33 ± 0.42 

Mean haemoglobin content in 

erythrocyte, pg 

17.8–20.9 16.92 ± 0.12 17.67 ± 0.29* 17.48 ± 0.12* 

Mean haemoglobin concentra-

tion in erythrocyte, g/L 

332–379 347.50 ± 1.50 345.00 ± 4.10 348.50 ± 3.80 

Erythrocyte distribution, % 10.5–14.9 16.27 ± 0.12 17.37 ± 0.39* 15.93 ± 0.12 

Thrombocytes, 109/L 
680–1200 1007.80 ± 

42.30 

962.50 ± 47.30 1069.20 ± 

29.60 

Thrombocyte, % - 0.70 ± 0.02 0.67 ± 0.04 0.76 ± 0.01 

Mean thrombocyte volume, 

mcm3 

6.2–9.8 6.95 ± 0.08 7.12 ± 0.11 7.07 ± 0.16 

Thrombocyte distribution, % - 33.18 ± 0.29 33.23 ± 0.31 34.28 ± 0.54 

* indicates significant difference from the same characteristics of intact animal group (p < 0.1). 

Table 5. Biochemical analysis of blood serum after acute toxicity test two weeks after the admin-

istration of D. deltoidea cell biomass. 

Indicators Norm 

Animal Group 

Intact Dose 

2000 mg/kg 

Dose 

5000 mg/kg 

Total protein, g/L 52.0–77.0 63.60 ± 0.72 60.93 ± 2.37 65.90 ± 0.42 

Albumin, g/L 34.0–50.0 47.47 ± 0.49 45.83 ± 1.11 47.73 ± 0.67 

Creatinine, μmol/L 9.0–70.0 43.67 ± 0.88 42.67 ± 0.44 40.67 ± 1.64 

Urea, mmol/L 4.28–8.57 8.24 ± 0.08 8.36 ± 0.09 8.19 ± 0.09 

Bilirubin (total), µmol/L 0–8.5 3.07 ± 0.13 3.07 ± 0.12 2.63 ± 0.34 

AspAT, U/L 47–143 75.14 ± 0.40 98.68 ± 21.10 79.65 ± 0.68 

ALAT, U/L 18.0–80.0 39.33 ± 1.20 34.00 ± 1.53 34.67 ± 3.53 

Alkaline phosphatase, 

U/L 

62.0–450.0 190.10 ± 16.60 185.00 ±9.90 199.40 ± 4.30 
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GGT, U/L 0–4.0 2.31 ± 0.68 2.25 ± 0.41 1.87 ± 0.24 

Potassium, mmol/L 3.82–6.00 6.37 ± 0.06 6.49 ± 0.21 6.39 ± 0.33 

Cholesterol, mmol/L 0.51–2.85 1.69 ± 0.28 2.08 ± 0.01 1.88 ± 0.03 

Note: no significant differences in none of these parameters were observed between animals that 

received test doses and intact animal group. AspAT—aspartate aminotransferase, ALAT—alanine 

aminotransferase, GGT—gamma-glutamyl transferase 

The increase in the dose of Dioscorea cell biomass up to 5000 mg/kg resulted in more 

prominent shifts in blood cell composition. A significant increase in leukocyte and lym-

phocyte content (2.2–2.3-fold, p < 0.1); monocytes, eosinophils, basophils and blast cells 

mixture (3.3-fold, p < 0.1), granulocytes (to 86%, p. < 0.1) and monocyte percentage (to 48%) 

compared to the same parameters of intact animals has been noted. A rise in hemoglobin 

and hematocrit concentration (to 5.5%, p < 0.1), and mean hemoglobin content in erythro-

cyte (no more than 3.3%, p <0.1) compared to the same parameters of intact animals was 

observed. Thrombocyte concentration did not change significantly. An insignificant in-

crease in mean thrombocyte volume by no more than 1.7% and platelet distribution by 

3.3% has been noted. 

The results of comparing the blood chemistry values for blood serum of animals that 

once received threshold doses of D. deltoidea cell biomass (Table 5), and intact rats did not 

reveal any significant changes (within one group on average). However, in those animals 

that received the biomass study at a dose of 2000 mg/kg, an insignificant decrease in serum 

protein level (by no more than 4.2%) was noted due to a decrease in albumin concentration 

(by 3.5%) and creatinine concentration (by no more than 2.5%); however, no changes in 

urea and potassium concentration were observed. It is interesting to note an increase in 

aspartate aminotransferase (AspAT) activity by 31% (non-significant) and a decrease in 

alanine aminotransferase (ALAT) activity by 13.6% (non-significant), while alkaline phos-

phatase activity remained unchanged (Table 5). 

In animals that were administered the biomass at a dose reaching 5000 mg/kg, no 

significant changes in blood serum biochemistry were observed, although an insignificant 

decrease in creatinine concentration (no more than 7%), ALAT (up to 12%), and gamma-

glutamyl transferase (GGT, up to 20%) activity (Table 5) was recorded. The analysis of 

blood chemistry values revealed that changes in enzymatic activity may be indicative of 

the intensification of myocardium work (a drop in activity of liver enzymes ALAT and 

GGT when a dose is increased to 5000 mg/kg against the background of an increase in 

AspAT activity); the intensification of dietary proteins’ catabolism (reduction of serum 

creatinine concentration in animals), and carbohydrate and lipid metabolism (rise of cho-

lesterol and glucose concentration after the administration at a dose of 2000 mg/kg). 

4. Discussion 

Plant cell culture technology and its wide-scale commercial application, which has 

flourished between the 1960 s and 1980 s is now experiencing its renaissance. Undifferen-

tiated plant cells cultured in shake flasks and bioreactors and their extracts are frequently 

used as ingredients in the cosmetic industry [35] and for the production of secondary me-

tabolites with proven biological activities [29,36]. In addition, it is believed that plant cells 

exhibit high nutritional value and should be tested for wider applications in the human 

diet [35]. Not surprisingly, the concept of “cellular agriculture” is getting increasing at-

tention from both research and commercial perspectives [34,37]. One of good examples is 

the bioreactor-produced cell culture of a medicinal plant Polyscias filicifolia, which is used 

as the main component of the food supplement Vitagmal available in Russian and Euro-

pean markets [38]. Nevertheless, the application of cell culture-based products as food 

ingredients requires a more strict, hence longer and more expensive, approval process 

compared to cosmetic industry, often involving toxicity assays [39]. Another bottleneck is 

the efficient transfer of the cultivation process from the laboratory to the industrial facility, 

which requires the bioreactor type and culture conditions to be optimized. In this study, 
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we explored the possibility of transferring cell culture technology from flasks to labora-

tory and industrial bioreactors for cell suspension of D. deltoidea, strain DM-0.5–03. We 

also assayed FG content, elemental composition and acute toxicity of the produced cell 

biomass as the first steps for its approval as a food supplement. 

4.1. Bioreactor Culture of Dioscorea deltoidea Suspension Cells  

Both the literature and the results of our previous studies evidenced that bubble-type 

bioreactors where the medium is stirred by a flow of pressurized sterile air are most effi-

cient for the cultivation of undifferentiated plant cells [25,29]. In the present study, the 

growth characteristic of D. deltoidea cell culture decreased when the cultivation process 

was transferred from flasks to bioreactors, but this effect was statistically insignificant. 

The decline in cell viability and growth observed in this study may be attributed to lower 

oxygen concentration and a higher level of mechanical stress in bioreactors compared to 

flask culture. Earlier, it was demonstrated that cell culture of D. deltoidea was extremely 

sensitive to a lack of aeration [25]. Nevertheless, growth index and maximum biomass 

accumulation, productivity, and specific growth rate of D. deltoidea cell culture in 20 L and 

630 L bioreactors were in line with those recorded for cell cultures of other medicinal 

plants. For example, the specific growth rate of Polyscias filicifolia suspension cell culture 

in 20 L and 630 L bioreactors were respectively 0.15 and 0.13 day-1, while accumulation of 

dry weight reached 12 g/L [40]. Maximum accumulation of dry biomass of 13 g/L and 

specific growth rate at exponential phase of 0.24 day−1 were reported for cell suspension 

of Tribulus terrestris cultured in 7 L bioreactors [41].  

The content of FG in D. deltoidea in the present study was maximized at the stationary 

phase and remained comparable or higher than glycoside production usually reported for 

plant cell cultures. For example, the content of triterpene glycosides in suspension cell 

culture of Polyscias fruticosa was ca. 15 mg/g DW [42]. Production of ginsenosides in sus-

pension cell cultures of various Panax species varied from 3 to 1130 mg/L depending on 

the culture conditions and elicitation strategy [43]. In the earlier studies, Tal and Goldberg 

[44] reported that cell culture of D. deltoidea grown in batch (periodic) regime accumulated 

up to 1.8% (of cell dry wt.) diosgenin while very little amounts of this substance were 

produced by growing cells in the chemostat. In contrast, Drapeau et al. [45] demonstrated 

that diosgenin biosynthesis by D. deltoidea cell culture in 14 L bioreactor was independent 

of culture growth rate. Accumulation of diosgenin in cell suspension cultures of Dioscorea 

zingiberensis reached its maximum of 5.25 mg/L after the elicitation treatment using fungal 

oligosaccharide [46]. Lower FG content determined in the present study for bioreactor-

cultured cells compared to shake flask culture was, most likely, associated with mechani-

cal damage and reduced oxygen concentration in a large volume of nutrient medium, 

which affected cells’ respiratory metabolism [24].  

It has been reported that cell cultures of Dioscorea spp. accumulate predominantly SG 

of the furostanol type [47]. The content and ratio of individual glycosides in cell culture 

vary significantly depending on both physical (gas exchange, temperature, bioreactor 

type) and chemical (medium composition, growth regulators) factors [24,43]. In the pre-

sent study, FG in Dioscorea cell culture was mainly represented by protodioscin with only 

a trace amount of deltoside, which may be specific to cell cultures of this species.  

Overall, the results of this study suggest that suspension cells of D. deltoidea can be 

efficiently cultured in bioreactors of industrial volume, up to 630 L, and retain high 

growth and biosynthetic abilities. Both growth and FG content in the cell culture remained 

stable over course of six months of cultivation using the semi-continuous regime (data not 

shown). 

4.2. Inorganic Elements in Cell Culture of Dioscorea deldoidea 

The indisputable advantage of cell cultures over plants collected from the wild is a 

controllable, sterile production environment that supports standardization and imple-

mentation of quality control measures [30,35]. This cell-based biotechnology opens the 
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door for the production of biomaterials with predetermined and controllable composition 

of macro- and micronutrients and, potentially, their manipulation towards increasing the 

content of the deficient elements. However, information about the elemental composition 

and nutritive value of plant cell cultures is scarce. Recently, Nordlung et al. [37] analyzed 

the elemental composition and nutritive value of cell cultures of cloudberry (Rubus 

chamaemorus), stoneberry (Rubus saxatilis) and lingonberry (Vaccinium vitisidaea) grown in 

flasks and found that they contained more proteins and dietary fiber than fruits of the 

same species. Composition and amounts of free sugars varied among cell cultures. Not 

surprisingly, the major element in all cultures was carbon (452.8–460.6 mg/g DW) fol-

lowed by hydrogen (up to 61.6 mg/g DW) and nitrogen (38-72 mg/g DW). Sulfur was 

found in concentrations from 1.2 to 8.5 mg/g DW [37]. In the present study, the weight 

content of macro- and micro-elements in D. deltoidea cell biomass was determined using 

the ICP-MS method. This method has already been tested and used for analyzing macro- 

and micro-elements content in intact plants and cell cultures [47–50]. Cultured cells of D. 

deltoidea contained inorganic marco- and micro-elements that are essential for the human 

diet [50]. It is expected that D. deltoidea cell culture also contained carbon, hydrogen and 

nitrogen as major structural elements. However, in the present study we focused on inor-

ganic elements, hence C, H, and N contents were not analyzed. The elemental composition 

of D. deltoidea cell biomass indicates that it is an environmentally safe plant product. In 

addition, the concentrations of individual elements do not exceed their threshold limits 

recommended for the human diet [51]. 

For the intensive and stable growth of plant cells and organs cultured in vitro, vari-

ous natural or synthetic growth regulators are usually supplied to the culture medium at 

the beginning of the cultivation process. Some of these substances, for example, 2,4-D or 

indole-3-butiric acid (IBA), are considered harmful for human health; hence, the concern 

is often raised regarding their potential occurrence in food ingredients derived from cul-

tured plant cells, tissues and organs [39]. In view of these concerns, several studies have 

confirmed that growth regulators are normally fully consumed during cell culture growth 

and were not detected or existed in trace amounts in the final biomass [52,53]. Our previ-

ous analysis revealed that 2,4-D added to culture medium at a concentration of 1 mg/L 

(similar to the present study) was found in the biomass of Arabidopsis thaliana cells cul-

tured in flasks for 14 days in a very low amount of 16 × 10−12 g/g fresh cell weight which 

was far below the safety threshold limits (unpublished data). Based on these data and the 

data of toxicity assessment presented here, it is expected that biomass of D. deltoidea cells 

contain zero or insignificant amount of growth regulators, but the quantitative analysis 

may be further performed to obtain the safety assessment certification from a national 

authority. 

4.3. Acute Toxicity Test of Dioscorea deltoidea Cell Biomass in Rats 

The results of the present study demonstrate that oral administration of D. deltoidea 

cell biomass at threshold doses (2000 mg/kg and 5000 mg/kg) does not result in death or 

intoxication of laboratory animals. Moreover, the high doses tested had no or little effect 

on the hematological parameters and blood biochemistry of the animals. In other experi-

ments with laboratory rats, the cell biomass of D. deltoidea administrated at a dose of 1 

mg/kg prevented the development of arterial hypertension and showed pronounced en-

dothelio- and atheroprotective effects [16]. Earlier reports suggested high biological activ-

ity of “Deltostim”, a preparation from D. deltoidea cell biomass containing a mixture of 

protodioscin and deltoside [13]. Deltostim stimulated ovulation and spermatogenesis in 

rats and rabbits and resulted in a 2.0–2.5-fold increase in the fertilization rate in cows with 

ovarial hypofunction [13]. In the experiments with isolated cultured lymphocytes, Del-

tostim displayed high immunomodulatory activity [13]. According to [51], Dioscorea del-

toidea cell biomass can be referred to as a low-hazardous substance; therefore, its potential 

to be used in the production of functional foods and other specialized products such as 

food supplements and animal feed supplements may be further explored. 
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5. Conclusions 

The results of the present study demonstrated that suspension cell culture of the me-

dicinal plant D. deltoidea can be successfully grown in laboratory (20 L) and industrial (630 

L) bioreactors under semi-continuous regime. Cell culture fully retained its growth and 

biosynthetic abilities and accumulated FG at concentrations of 47–57 mg/g DW which is 

higher or comparable to steroid glycoside accumulation in cell cultures of other Dioscorea 

species. Cell biomass is confirmed to contain safe concentrations of the essential inorganic 

macro- and microelements and has no toxic effects on laboratory rats. These results open 

the door for further investigations and approval of D. deltoidea cell culture as a natural safe 

source of furostanol type glycosides and its potential use as dietary supplement with high 

biological activity. Due to its high content of FG and non-toxic concentrations of inorganic 

elements, the cell strain DM-05–03 has great potential application for treating patients 

with disorders of the reproductive system and as a natural source of microelements to 

treat mineral deficiency.  
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