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Worldwide interest in medicinal plants and related drugs is growing because of the increased spectrum of new

synthetic drugs. In this context, secondary plant metabolites are most significant. This review analyzes data on

the structures and biosyntheses of metabolites such as glycoalkaloids; methods for their extraction from plants

of the family Solanaceae, particularly potato S. tuberosum; their qualitative and quantitative analysis; biologi-

cal activity; and toxicity. This information could be useful in the selection of methods for sample preparation

and extraction of glycoalkaloids during the search for new plant sources with prospects of creating effective

and safe pharmacological agents.
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The demand for medicinal plants as such and products

based on them is currently increasing in many countries

[1, 2]. In Russia, the interest in medicinal plants as sources of

raw material for drug manufacturing aligns with global trends,

i.e., the number of manufacturers producing drugs of plant ori-

gin and the number of consumers using phytotherapy as a

milder and complex treatment method are increasing [3].

Plants contain carbohydrates, amino acids, nucleotides,

fatty acids, and chlorophylls, which are called primary me-

tabolites, and broad spectra of compounds not involved in

growth, development, and reproduction, which are usually

called secondary metabolites or compounds of secondary or-

igin. Secondary metabolites can be specific for one or several

plant species, in contrast to primary metabolites, which are

present in all plant cells [4]. These compounds most often

fulfill ecological functions, i.e., protect the plant from vari-

ous pests and pathogens, impart color and fragrance to flow-

ers and fruit, and facilitate interaction of plants among them-

selves and with other organisms in the ecosystem. Several

secondary metabolites absorb ultraviolet radiation, thereby

having an antioxidant effect, in addition to protecting plants

from bacteria, fungi, and viruses [5]. Several secondary me-

tabolites are extremely toxic.

Plants produce large quantities of secondary metabolites

that are divided into three main groups depending on their

biosynthetic pathway. These are terpenoids, phenolic com-

pounds, and alkaloids [6]. Alkaloids are especially interest-

ing.

Plants frequently contain alkaloids in a glycoside form as

glycoalkaloids (GAs). Representatives of the family Sola-

naceae contain significant amounts of them and include

many agricultural crops that are useful for man, e.g., tobacco

(Nicotiana spp.); bell pepper (Capsicum annuum); eggplant

(Solanum melongena); tomato (S. lycopersicum); and the

most significant plant of all, potato (S. tuberosum) [7]. They

all are used primarily as sources of carbohydrates in animal

husbandry and the food industry. They are promising for use

as raw materials for GA production. It is noteworthy that

none of the above plants of the family are official, their

phytochemical analyses are not given, and detailed descrip-

tions of extraction methods for target compounds and their

physicochemical analyses are lacking.

A literature search showed that many scientific articles

published before 2000 report the physicochemical properties

of GAs, their extraction methods from plant raw material,

and their pharmacological effects. The research results given
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in them (or like them) are often not cited in more contempo-

rary sources. An attempt was made in the literature review to

systematize data on GAs from plants of the family Solana-

ceae considering both earlier articles and contemporary in-

formation obtained using highly sensitive methods and tech-

nologies.

Structures and biosyntheses of GAs

GAs consist of two structural components, i.e., the

aglycon structure based on the C27 cholestane skeleton with

additional N-containing rings that provide basicity and an

oligosaccharide fragment. The aglycons are divided into five

categories depending on their structure, i.e., solanidanes,

spirosolanes [8], epiminochloestanes, �-epiminocyclohemi-

ketals, and 3-aminospirostanes [9].

At least 90 structurally unique steroidal alkaloids were

identified in >350 species in the genus Solanum.

Nitrogen can be added as a primary NH
2
(free or methyl-

ated) to form simple steroidal bases (e.g., conessine), with a

closed ring incorporating a skeletal or side-chain C atom as a

secondary NH (e.g., tomatidine), or annelated in two rings as

a tertiary N (e.g., solanidine) (Fig. 1) [10].

The structures of the oligosaccharide moieties are re-

sponsible for much of the biological activity of GAs. The

carbohydrate part of steroidal alkaloids can include D-glu-

cose, D-galactose, L-rhamnose, L-arabinose, D-xylose, and

L-fructose. The biosynthesis of GAs involves a mechanistic

pathway that consists of three steps [11]. Primary metabo-

lites are synthesized in the first two steps and form

cycloartanol and cholesterol, respectively. GAs are formed

from the common precursor cholesterol in the third step.

Cholesterol is transformed into the aglycon solanidine,

which is then transformed into solanine and chaconine via

formation of glycoside bonds to the sugars [12].

The first GA isolated from potato (S. tuberosum) was

solanine. It was subsequently proven that solanine was a

mixture of two components, i.e., �-solanine and �-chaconine

(Fig. 2) [13]. Both GAs function as natural pesticides, pro-

tecting the plant from fungi, herbivorous animals, and in-

sects. Sunlight, mechanical damage, aging, and other stress

factors increase their synthesis [14]. They have the same

aglycon, solanidine, but different oligosaccharide fragments.

�-Chaconine has a branched carbohydrate side chain,

�-chacotriose
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Fig. 1. Structural formulas of the aglycons solanidine (1), conessine (2), and tomatidine (3).

Fig. 2. Structural formulas of potato (Solanum tuberosum) GAs �-solanine (1) and �-chaconine (2).



(bis-�-L-rhamnopyranosyl-�-D-glucopyranose), bonded to

the aglycon 3-OH group. �-Solanine has a side chain of

�-solatriose (�-L-rhamnosyl-�-D-glucopyranosyl-�-galacto-

pyranose) also bonded to the same aglycon 3-OH group.

The letters �, �, and � in named GAs denote an inactive

trisaccharide, disaccharide, or monosaccharide, respectively,

that is formed upon hydrolysis of the glycoside bonds in their

molecules [15].

The GA yields in various studies are difficult to compare

because the contents of target compounds in potato are

highly variable due to various habitats and subsequent stor-

age conditions and several extraction methods [16]. How-

ever, researchers agree that the highest levels of GAs occur

in flowers (according to various data from 3000 mg/kg for

fresh mass to 30,000 mg/kg upon drying), sprouts (from

2000 mg/kg for fresh mass to 10,000 mg/kg upon drying),

bitter tuber skin (from 1500 to 2200 mg/kg of fresh mass),

and potatoes [17].

About 100 steroidal alkaloids were detected in various

tissues in early development stages of tomato plants (S.

lycopersicum) [18, 19]. Representatives of this family con-

tained GAs of the spirosolane (�-tomatine) and dehydroto-

matine types (differs by a double bond in steroid ring B)

(Fig. 3). Both GAs had the same tetrasaccharide side chain

(lycotetraose) but structurally different aglycons. �-Toma-

tine had the aglycon tomatidine; dehydrotomatine, tomati-

denol [20].

All parts of the tomato plant, including leaves, stems,

and fruit, contain tomatine and dehydrotomatine. Unripe

green tomatoes contain up to 500 mg of �-tomatine per kg of

fruit. However, tomatine decomposes significantly as the

fruit ripens to 5 mg/kg of mass of fresh red tomatoes [21].

The contents of dehydrotomatine/�-tomatine in various parts

of tomato (mg/kg of fresh mass) were 14/144 in large unripe

green fruit; 54/465, small unripe green fruit; 33/118, roots,

33/118; 71/975, leaves; and 190/1100, flowers [7].

Isolation of the spirosolane GA esculeoside from ripe

cherry tomatoes was also reported [22].

Eggplant (S. melongena) contained the two steroidal

GAs solasonine and solamargine (Fig. 4). They were con-
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Fig. 3. Structural formulas of tomato (Solanum lycopersicum) alkaloids �-tomatine (1) and dehydrotomatine (2).

Fig. 4. Structural formulas of eggplant (Solanum melongena) glycoalkaloids solasonine (1) and solamargine (2).



structed from the same aglycon (solasonine) but had different

trisaccharide side chains. Solasonine included solatriose

(�-L-rhamnopyranosyl-�-D-glucopyranosyl-�-galactopyran

ose); solamargine, chacotriose [23].

Thus, eggplant GAs differed from those observed in po-

tato only by the structure of the steroid part. They had identi-

cal carbohydrate side chains. A study of several eggplant va-

rieties showed that the GA contents usually increased during

development and ripening of the fruit [24]. A calorimetric

study of 21 S. melongena varieties showed that the GA con-

tents varied from 6.25 to 20.5 mg/100 g of fresh mass (aver-

age 11.3 mg/100 g) [25].

Plants of the genus Petunia, which also belong to the

Solanaceae family, may be of interest as raw material for GA

production. Cultivated varieties of petunia have broad areal

distributions. It is not a pharmacopoeial plant and is not used

in medicine. The phytochemical composition and pharmaco-

logical properties are practically unstudied. However, alka-

loids in seeds from fruit of this plant have been reported in

the scientific literature.

Thus, GAs are widely distributed in plants of the family

Solanaceae and accumulate in various amounts in all their

parts. They have different chemical structures that are re-

sponsible for the broad spectrum of possible pharmacologi-

cal effects.

Further discussion will focus on potato GAs as potential

pharmacological compounds because of the significant

amount of waste from food manufacturing (70 – 140 tons of

potato peels yearly around the world) (besides the broad

spectrum of identified biological effects) that is discarded in

dumps and leads to ecological problems or is used as

low-quality feed for animals [26].

Methods for extraction of potato GAs

GAs are polar poorly stable compounds that are slightly

soluble in H
2
O at pH � 7 while the aglycon solanidine is

nonpolar [27]. Several researchers ascribed its greater ab-

sorption from the gastrointestinal tract (GIT) to its nonpolar

nature [28]. A typical method for extraction of GAs is liquid

extraction at atmospheric pressure [29]. Methods for extrac-

tion of solanine from plant raw material using acidified aque-

ous solutions or organic solvents are based on the chemical

properties of GAs. Simultaneous treatment with acids and

heating is rarely used in order to avoid hydrolysis of the

glycoside bonds. The solvents recommended by researchers

are HOAc (2%, for dried tubers), MeOH–CHCl
3
(2:1, for

fresh tubers), or THF–H
2
O–MeCN–HOAc (glacial)

(500:300:200:10 v/v, for lyophilized plants) [13].

Liquid extraction methods under pressure using

low-boiling solvents or their mixtures at elevated tempera-

tures (up to 200°C) and pressures (up to 214 atm) are also

known. This increases the solubility of the target compound,

diffusion rate of the solvent, and mass transfer and decreases

the surface tension and extractant viscosity [16, 30].

MeOH, EtOH, and HOAc (5%) showed the greatest per-

cent extraction of GAs from potato peels by liquid extraction

under pressure; MeCN and CHCl
3
, the least. An increased

temperature and increased MeOH concentration increased

the yield of target compounds [16]. Heating increased the

solubility of the compounds and destroyed the binding of the

compounds to matrix components via van-der-Waals bonds,

H-bonds, and dipole interactions.

A method for liquid extraction from lyophilized potato

peel by MeOH under pressure was reported [16]. The ex-

tracts were an MeOH–CHCl
3
mixture with added aqueous

Na
2
SO

4
to facilitate phase separation. The procedure used

subsequent removal of the CHCl
3
layer, distillation of the

MeOH, dissolution of the dry residue in anhydrous MeOH,

filtration to remove insoluble Na
2
SO

4
, distillation of the

MeOH, and hydrolysis by H
2
SO

4
(2 N) on a water bath. The

solution was neutralized and extracted with C
6
H

6
. The C

6
H

6

was vacuum distilled. The dry residue was dissolved in

MeOH [31].

The degree of GA extraction was shown to increase if

sonication was used [32].

Several methods are primarily used to purify GAs. These

use precipitation by ammonium hydroxide (unsuitable for

�-chaconine because of low solubility, 1 g per 100 –

1000 mL of solvent, in aqueous solutions at pH 10), separa-

tion by aqueous Na
2
SO

4
or water-saturated n-BuOH (unsuit-

able for extracts by anhydrous solvents), and ion-pair chro-

matography or several solid-phase extraction methods [13].

Potato parts such as runners, tubers, and peels are

quickly spoiled sources of GAs because of high water con-

tents and significant carbohydrate contents that promote mi-

croorganism growth. The biologically active compounds in

this raw material are also susceptible to microbial and enzy-

matic degradation and destruction by external factors during

storage. These drawbacks are eliminated by drying, which

also helps to reduce the particle sizes and to accumulate the

target compounds [17].

Drying potato runners at 14°C in the dark at 10% humid-

ity led to a statistically significant increase in the content of

steroidal alkaloids by the seventh day of >70% as compared

to fresh plants [17]. This may have resulted from the involve-

ment of the phytohormone ethylene as a response to stress

[33] because the long and mild drying process preserved the

viability of the plant cells. Other drying methods (16-hour

drying in a vacuum oven at 70°C and 0.6 atm, 72-hour dry-

ing from the frozen state at – 54°C and 6 	 10
–5
atm) also in-

creased the yield of target compounds; however, not as sig-

nificantly as drying in air [17], possibly because of degrada-

tion of the target compound because of the temperature and

pressure (�-chaconine is more resistant to these effects).

A procedure for obtaining solanine in high yield from

callus culture medium of potato that was produced using

growth medium with added amino acid tryptophan, which

helped to increase solanine synthesis [34], was demon-

strated.
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Factors affecting the GA content in the plant raw mate-

rial and; correspondingly, the yield of target compounds

could include the plant variety (species), growth conditions,

degree of ripeness, mechanical damage, storage conditions

(lighting, temperature), etc. [14].

Data for the effect of temperature on GA accumulation

are contradictory. In one study, a doubling of the GA level in

potato tubers after storage for six weeks at 4 – 6°C as com-

pared to tubers that were stored at 12 – 15°C was reported

[35]. It was also reported that the GA content increased at

10°C and changed only insignificantly if the temperature was

reduced further to 4.4°C [36].

The GA content could vary as the result of the action of

various light sources (daylight, UV) [37].

Potato tubers subjected to UV irradiation had the highest

GA level [35]. Sunlight or artificial light could increase GA

synthesis in potatoes by 3 – 4 times as compared to those

stored in the dark [38].

Other researchers reported that the blue part of the spec-

trum (with wavelength <500 nm, especially UV light with


 < 300 nm) and IR light (
 > 1300 nm) were activators of

GA synthesis [39].

Heat treatment (boiling, frying, baking) did not lower the

amount of GAs in potatoes because they are very thermally

stable [40]. However, some data indicate their content was

reduced by 15% after cooking in a microwave oven [41].

Thus, various methods for extraction of GAs from plant

raw material are known although they have several draw-

backs such as toxic solvents, long processing times, etc. The

most significant factor influencing the GA content is the ac-

tion of various light sources that can be used to increase the

yield of the target compounds.

Qualitative and quantitative analysis of potato GAs

Physicochemical analytical methods are primarily used

for qualitative and quantitative analysis of GAs because they

have important advantages, e.g., high sensitivity, rapidity,

universality, economy, and the possibility for automation. On

the other hand, several traditional color reactions can be used

to identify solanine. These are the reactions with Wagner’s

reagent, Dragendorff’s reagent, Sonnenschein’s reagent, and

Mayer’s reagent.

An IR spectroscopic method was proposed for qualita-

tive analysis of solanine, chaconine, and solanidine [42].

Colorimetric analytical methods rely on the reaction of

solanine with several reagents because the molecule lacks

significant chromophores. They include Mayer’s reagent, a

mixture of H
3
PO

4
(85%) and paraformaldehyde (1%), a mix-

ture of antimony(III) chloride and conc. HCl [43] (nonspe-

cific methods suitable for all steroids with a double bond on

C-5), bromothymol blue (after hydrolysis), and methyl or-

ange (after hydrolysis) [13].

A titrimetric method after hydrolysis was also proposed

for quantitative determination of potato GAs. The method

consisted of titration of solanine by phenol with an indicator

of bromophenol blue. The color changed when all solanine

formed a complex with phenol [44].

TLC was used as a quick and simple screening method

for analyzing many samples. Several systems were often pro-

posed as the mobile phase, e.g., CHCl
3
–EtOH–NH

4
OH

[13, 27], n-BuOH–HOAc–H
2
O (2:1:1), CH

2
Cl

2
–MeOH–

H
2
O–conc. NH

4
OH (70:30:4:0.4), etc. Detection was made

by H
2
SO

4
(50%) [45], I

2
vapor (nonspecific reversible detec-

tor), anisaldehyde, Sb(III) chloride, Dragendorff’s reagent,

Clarke’s reagent (nonspecific but gives different colors with

different GAs) [13]. Quantitative determination at 507 nm

could be performed by scanning the reflectance [46].

Gas chromatography was also used for analysis of

aglycons and GAs after the appropriate derivatization (e.g.,

permethylation) [47, 48].

Amethod for quantitative determination of the two major

potato GAs, �-solanine and �-chaconine, and their aglycon

form solanidine was developed using liquid chromatography

with mass spectrometry and a single quadrupole sensor in

single-ion monitoring mode [49].

High-performance liquid chromatography (HPLC) with

UV spectrophotometric detection was the most popular

method for quantitative analysis of GAs. However, the target

compounds absorbed UV light in the range 200 – 215 nm,

which reduced the selectivity of the analysis [50, 51].

Several authors used HPLC in combination with tandem

mass spectrometry. This significantly increased the sensitiv-

ity of the analysis [49, 52].

Methods for radioimmune [53] and immunoenzyme

analysis [54, 55] were also described.

Thus, methods for qualitative and quantitative analysis

of GAs isolated from plant raw material have been described

and can provide a basis for developing new determination

methods.

Pharmacological activity of potato GAs

Potato GAs are used in several pharmacotherapeutic ar-

eas. For example, solanidine is a precursor for the synthesis

of hormonal compounds and other pharmacologically active

compounds [45].

The antitumor potential of potato GAs has been demon-

strated in many investigations (primarily in vitro) using acti-

vation of mitochondrial pathways of apoptosis or autophagy,

delay of the cell cycle, inhibition of angiogenesis and metas-

tasis (by reducing expression of genes coding metalloprotei-

nases, E-cadgerin, etc.), and induction of lipid peroxidation

[26].

For example, the antitumor activity of solanine was dem-

onstrated in vitro against hepatocarcinoma (HepG2, most

sensitive culture), stomach carcinoma (SGC-7901), and co-

lon cell culture (LS174) via stimulation of apoptosis in a

dose-dependent manner [56]. Solanidine derivatives could

stop the G0/G1 and G2/M phases of the cell cycle [1]. Inhibi-

tion of MMP-2 and MMP-9 by solanine was associated with

suppression of migration and invasion of A2058 human mel-
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anoma cell line and enhanced its antimetastatic potential

[57]. Synthetic analogs of solanidine prepared from

pregnenolone acetate exhibited antiproliferative activity

against HL-60 human leukemia cell culture [58].

The viability of the following cancer cell lines was re-

duced by GAs: HeLa cervical, HepG
2
liver, U

937
lymphoma,

and AGS and KATO III stomach. This effect was concentra-

tion dependent (0.1 – 10 �g/mL) with �-chaconine exhibit-

ing greater efficacy than �-solanine [14, 59].

Solanine at 3.6 and 9 �g/mL suppressed metastasis in

pancreatic cancer cells [60]. It eliminated multi-drug resis-

tance by reducing expression of transporter MRP1 in

K56/ADM human myelogenous leukemia cell culture [61].

Several biologically active compounds of plant origin (e.g., a

chemically modified polysaccharide complex) demonstrated

the ability to inhibit in vivo protein-transporter glycopro-

tein-P [62]. GAs may display analogous activity, thereby

manifesting their antitumor effect.

The mechanism of chaconine antitumor activity against

HT-29 colon cancer cells involves initiation of apoptosis by

stimulating caspase-3 via reduced phosphorylation of extra-

cellular signal-related kinase ERK1/2 [63].

It is noteworthy that �-solanine appeared safe for normal

cells (fibroblasts and keratinocytes) up to a concentration of

18.4 �M [57].

Several researchers demonstrated the potential of using

�-solanine as adjuvant therapy for potentiating the in vitro

sensitivity of tumor cells to radiotherapy [26].

The in vivo antitumor activity of GAs has been little

studied. For example, intraperitoneal (i.p.) administration of

�-solanine at a dose of 5 mg/kg to mice inhibited the devel-

opment of transplanted breast and prostate tumors. The tox-

icity of the compound at this dose was not apparent because

the LD
50
was 40 mg/kg [64]. Pancreatic tumors transplanted

to mice were suppressed by a two-week course of �-solanine

at a dose of 2 �g/g once per day because of reduced expres-

sion of vascular endothelial growth factor (VEGF) and pro-

liferating cell nuclear antigen (PCNA) [65]. Analyses of the

antitumor activity of �-solanine upon peroral administration

were not found in the scientific literature.

The therapeutic potential of potato GAs is not limited to

antitumor activity.

Anti-inflammatory activity was found in vitro for

�-chaconine and solanidine via inhibiting the production of

interleukins 2 and 8. �-Solanine, solanidine, and potato peel

extract also reduced NO production [66]. The anti-inflamma-

tory activity was more pronounced for the aglycon solani-

dine [29]. The glycosides had antitumor potential [67].

Several studies showed antimicrobial, insecticidal, and

fungicidal properties of potato Gas.

Research proved that �-chaconine and �-solanine were

highly active against three pathogenic strains of tricho-

monads. �-Solanine was several times more active than

�-chaconine [68]. Several other researchers disagreed. In

any case, synergism was found between the compounds [69].

Computer modeling demonstrated the inhibitory activity of

solanidine against the key trypanosome metabolic enzyme

trypanothione reductase [70].

�-Chaconine and �-solanine were experimentally dem-

onstrated not to have a substantial direct inhibitory effect on

the growth of the potato blight Phytophthora infestans while

non-glycosylated solanidine exhibited potent inhibitory ac-

tivity [71]. The influence of GAs on fungi depends on not

only the compound structure but also the pest species (partic-

ularly the sterol composition in their membranes), cultivation

conditions, and plant growth stage [69, 72].

The antimalarial activity of �-chaconine was studied. It

showed dose-dependent suppression of malaria infection

[73].

Antibacterial activity against several Gram-positive bac-

teria, especially Staphylococcus aureus and Escherichia coli

was found for the extract of S. tuberosum peels. However, it

was active against only one Gram-negative bacterium,

namely Pseudomonas aeruginosa [74, 75]. The mechanism

of action of the alkaloids could be explained by disruption of

H-bonds in DNA molecules of the bacteria [76] and damage

to the cell wall [77].

�-Solanine exhibited inhibitory activity against several

isoforms of liver microsome enzymes, cholinesterase, and

several other enzymes after i.p. administration at a dose of

20 mg/kg of rat mass [78]. Inhibition of acetylcholinesterase

was also found for human and bovine erythrocytes when

used at a concentration of 100 �M [79].

The pharmacokinetic properties of potato GAs have been

analyzed primarily in animals and were found to be highly

species-specific.

Most animal studies were consistent with low

bioavailability of GAs upon peroral administration [80].

The maximum plasma concentration of �-chaconine af-

ter peroral administration to female mice at a dose of

10 mg/kg of mass was 0.82 �g/mL after 14 h. The concentra-

tion dropped slowly and was 0.31 �g/mL after 120 h. The

peak concentration in liver was observed already after 6 h

(2.97 �g/g) with a repeat peak after 120 h that was indicative

of enterohepatic circulation [81]. The peak concentrations of

�-chaconine in hamsters (10 mg/kg internally) in most or-

gans and blood plasma were observed after 12 h; in heart and

kidneys, after 24 h. The maximum content of �-chaconine

after administration to male rats at a dose of 5 mg/kg was ob-

served in liver (1.3% of the radioactivity) and plasma (0.2%

of the radioactivity) after 6 – 12 h. The decrease of radioactiv-

ity in feces 24 and 48 h after administration was 60 and 80%,

respectively. Ten percent of the radioactive compound was ex-

creted with urine after 1 d. The liven content after 24 h was

only 1.29% of the injected dose; plasma, 0.17% [82].

Peroral administration to rats of radioactively labeled

�-solanine (5 mg/kg) led to 84% of the injected dose being

eliminated mainly with feces (65% as solanidine) and urine
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(6% as the aglycon) over 4 d. The greatest content of the

compound (~1.5% of the injected dose) was observed after

24 h in liver and then in blood, kidneys, and lungs.

�-Solanine was excreted (15 – 20% of the injected dose)

with urine and feces 24 h after intraperitoneal administration

(5 – 15 mg/kg) [83].

The bioavailability of labeled �-solanine upon peroral

administration to rats and hamsters at a dose of 170 �g/kg

was 1.6 and 3.2%, respectively (for the unlabeled com-

pound). However, the level of total radioactivity was 29 and

57%, respectively. The elimination half-life of unlabeled

�-solanine was faster in rats (7.79 � 0.83 h) than in hamsters

(19.7 � 4.2 h). The elimination half-lives calculated from the

total radioactivity in the animals were similar (82.2 � 6.1 h

for rats and 94 � 33 h for hamsters). The total excretion from

rats 7 d after peroral administration of the compound was

89% (3% urine and 86% feces); from hamsters, 39% (10%

urine and 29% feces) [84].

The peak plasma concentrations of �-solanine and

�-chaconine after peroral administration of potato peels (in

an amount providing ~1 mg/kg of mass of GAs) to seven

male volunteers were reached after 5.1 and 6.0 h, respec-

tively. The maximum content of solanidine was reached after

8 h. The elimination half-lives were 11 and 19 h, respectively

[50]. The times to reach the maximum concentration of

�-solanine and �-chaconine were 4 and 8 h, respectively, re-

gardless of the peroral doses of GA in solutions of various

concentrations or ground potato peels of various masses

(with about equal GA contents) administered to six males

and eight females. The elimination half-lives of the com-

pounds had distinct person-to-person variations and were

27 – 84 h for �-chaconine and 5 – 42 h for �-solanine [85].

Solanidine demonstrated a significant elimination

half-life in people. It was detected in blood plasma after 2 – 3

weeks on a potato-free diet. Binding in plasma to steroidal

compounds was proposed [53]. Solanidine was shown to ac-

cumulate in human liver [13].

Characteristics of drugs containing biologically active

potato (S. tuberosum) compounds

Several drugs based on biologically active potato com-

pounds are currently used in the clinic. However, they all are

a mixture of compounds extracted from the plant without an

indication of the actual pharmacological compound. There-

fore, the pharmacokinetics of the drugs have not been studied

and standardization of them is challenging.

For example, the antiviral and immunomodulating drug

Panavir
®
(OOO National Research Company, Russia) (solu-

tion for intravenous injection, rectal suppositories, vaginal

suppositories, gel for local and external use) contains a com-

plex of S. tuberosum runner polysaccharides as the active in-

gredient and is used in complex therapy for herpes,

cytomegalovirus, and papillomavirus infections; tick-borne

encephalitis; chronic bacterial prostatitis; corona virus infec-

tions in cats; and other infections [86]. The mechanisms of

the pharmacological activity of the drug have been described

only in research of domestic researchers. It was found to in-

duce interferon synthesis by �- and �-leukocytes of periph-

eral blood [87] and to reduce production of interleukin-2, -4,

-5, and -10 and tumor necrosis factor alpha in patients with

atopic dermatitis. However, these effects often appeared only

in vivo [88]. The use of Panavir is even more critical because

specific drugs against papillomavirus infection are lacking.

The basic strategy of its therapy is aimed at the use of non-

specific antiviral drugs with immunomodulating effects [89].

Immunomax™ (lyophilizate for preparation of solution

for intravenous injection, Avexima JSC, Russia) is a prepara-

tion based on an acidic peptidoglycan from potato sprouts. It

possesses antiviral and immunomodulating activity in vivo

and is used for pharmacotherapy of infections caused by hu-

man papillomavirus, mycoplasma, chlamydia, ureaplasma,

and several other vectors [90]. GAs have not been implicated

in Panavir and Immunomax compositions.

Gamma-plant (Vector SRC of Virology and Biotechnol-

ogy, Russia) is an anti-inflammatory agent with immunomo-

dulating and antiviral activity. Its active ingredient is also an

aqueous extract of fresh potato sprouts containing a

glycoprotein fraction. The dosage form is a solution for sub-

cutaneous injection. It is used for rheumatoid arthritis resis-

tant to nonsteroidal anti-inflammatory drugs or with contra-

indications to them [91].

The antiulcer agent Immeran (SPC Gemma-B JSC, Rus-

sia) (solution for intravenous injection) is another drug based

on potato polysaccharide complex containing small amounts

of protein (aqueous extract). Its mechanism of action in-

cludes modulation of the levels of pro- and anti-inflamma-

tory cytokines of stomach mucous and the duodenum [92].

The composition, dosage form, and instructions for use of

Ultsep preparation (SOLAFARM OOO, Russia) are analo-

gous to those of Immeran [93].

The manufacturing cycle of drugs based on biologically

active potato compounds is an internal document of the man-

ufacturer as a part of the industrial (technical) regulation [94]

and is not available for review.

Quality control of these drugs complies with the require-

ments for their dosage forms. Also, the qualitative and quan-

titative characteristics of the total biologically active ingredi-

ents (e.g., polysaccharides for Panavir) are analyzed.

Compounds extracted from potatoes contain several bio-

logically active additives (Panavir inlight, Inderma) and cos-

metic agents (face masks, hand cream, several others) be-

sides the drugs. Indications that they contain GAs were not

found.

Toxicity of potato GAs

GAs are not toxic in vivo if plants of the family Solana-

ceae grown under standard conditions and usually containing

�100 mg/kg of GAs are used in food. However, some factors

(growth conditions, harvesting methods, processing meth-
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ods) can cause the GA content to increase to toxic levels

[11]. Poisoning by GAs (particularly solanine) is frequently

encountered if plants of the family Solanaceae are added to

children’s food, which is also explained by the bitter taste of

plant parts with high contents of them. Nevertheless, several

supervisory organizations in various countries regulate the

GA content in potatoes [80].

The GA concentration increased significantly (up to

50%) in potatoes grown under drought stress conditions [95].

Cold and moist [96] or hot and dry conditions during growth

of the plants also caused the GA concentration to increase

[97]. It is noteworthy that GA production continued during

storage of harvested plant parts. Also, the compounds were

not destroyed during culinary operations [98].

The leading cause of GA toxicity is the ability to bind

cholesterol in biological membranes [15], to destroy the cell

membrane potential, and to inhibit acetylcholinesterase [99].

However, their influence on the human and animal body is

not limited to these effects.

The approximate lethal dose of solanine for humans is

2 – 5 mg/kg [15, 80]. Lower concentrations of solanine are

toxic for humans. The compound (but not solanidine) inhib-

its acetylcholinesterase, destroys the integrity of cell mem-

branes, and lowers the membrane potential and transport of

Ca ions [80]. Intravenous injection of it causes hemolysis

[100]. The symptoms of poisoning include headache, dizzi-

ness, stomachache, difficulty breathing, nausea, vomiting,

diarrhea, and several specific signs such as itching in the

neck, hyperesthesia, and shortness of breath.

GA toxicity also manifests in animals. However, it is less

pronounced (it is like that in people only for hamsters [101]).

For example, the LD
50
for mice upon peroral administration

of �-solanine was >1000 mg/kg of mass. However, it was

only 27 mg/kg (30 for �-chaconine and 34 mg/kg for

tomatine) upon i.p. injection. This parameter for rabbits upon

i.p. injection was twice the value [102]. GAs caused a

teratogenic effect in rats [103] and monkeys [104]. However,

several researchers refuted this by using various animals [13,

105, 106]. Also, deaths of offspring increased if pregnant rats

were fed feed with increased contents of solanine [107]. In

another study with rats, a diet with a moderate GA content

did not show a harmful effect. They retarded the fetal and

postnatal growth rates although they did not cause malforma-

tions in the offspring [108].

Solanidine, solasodine, and tomatidine (with a double

bond between C5 and C6 in the B ring) caused hepatomegaly

upon addition to feed for nonpregnant and pregnant mice for

two weeks. Also, weight gain of the mother and offspring de-

creased in pregnant animals. Miscarriages were also ob-

served after administration of solanidine [109]. Formation of

cranium defects and estrogenic activity were demonstrated in

hamsters under the influence of solanidine [110] although an

analogous effect was not found for the glycosides [111].

Peroral administration of the glycosides could also be associ-

ated with symptoms of solanidine poisoning, probably be-

cause of hydrolysis by stomach acid and glycosidases of the

intestinal bacterial microflora [80]. Use in food of sprouted

potato tubers in the period before conception increased the

risk of developing nerve defects and orofacial creases in fe-

tuses [111]. Research on the genotoxicity of potato GAs was

not found. Also, analyses of chronic toxicity and genoto-

xicity were not reported [80].

The ability of potato GAs to cause itching of scars was

demonstrated in a small blind prospective clinical trial [112].

Cardiotoxicity of solanidine-like GAs from Veratrum

taliense related to blockage of cardiac sodium channels was

shown in mice [31, 100].

�-Chaconine is considered more toxic than �-solanine.

The combination of these GAs can cause a synergistic toxic

effect. The elimination half-life of �-chaconine in mice was

~44 h, which is longer than that of �-solanine [85].

Thus, potato GAs are promising pharmacological sub-

stances. However, their significant toxicity requires detailed

pharmacokinetic and pharmacodynamic studies. The medici-

nal raw material requires careful standardization.
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