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Abstract

The European Commission asked EFSA for a scientific opinion on the risks for animal and human health
related to the presence of glycoalkaloids (GAs) in feed and food. This risk assessment covers edible
parts of potato plants and other food plants containing GAs, in particular tomato and aubergine. In
humans, acute toxic effects of potato GAs (wa-solanine and o-chaconine) include gastrointestinal
symptoms such as nausea, vomiting and diarrhoea. For these effects, the CONTAM Panel identified a
lowest-observed-adverse-effect level of 1 mg total potato GAs/kg bw per day as a reference point for
the risk characterisation following acute exposure. In humans, no evidence of health problems
associated with repeated or long-term intake of GAs via potatoes has been identified. No reference point
for chronic exposure could be identified from the experimental animal studies. Occurrence data were
available only for a-solanine and a-chaconine, mostly for potatoes. The acute dietary exposure to potato
GAs was estimated using a probabilistic approach and applying reduction factors for food processing.
Due to the limited data available, a margin of exposure (MOE) approach was applied. The MOEs for the
younger age groups indicate a health concern for the food consumption surveys with the highest mean
exposure, as well as for the P95 exposure in all surveys. For adult age groups, the MOEs indicate a
health concern only for the food consumption surveys with the highest P95 exposures. For tomato and
aubergine GAs, the risk to human health could not be characterised due to the lack of occurrence data
and the limited toxicity data. For horses, farm and companion animals no risk characterisation for potato
GAs could be performed due to insufficient data on occurrence in feed and on potential adverse effects
of GAs in these species.
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Summary

The European Commission asked EFSA for a scientific opinion on the risks for animal and human health
related to the presence of glycoalkaloids (GAs) in feed and food, in particular in potatoes and potato-
derived products. This risk assessment covers edible parts of potato plants and also other food plants
containing GAs, in particular tomato and aubergine. Non-edible parts of GA containing plants have not
been considered, with the exception of potato sprouts.

GAs are present in many plants of the family of Solanaceae, and contribute to plant resistance against
pests and pathogens. GAs are composed of a steroidal aglycone and an oligosaccharide side-chain. In
commercial potato cultivars (S. tuberosum) the main GAs are a-chaconine and o-solanine, consisting
of the aglycone solanidine and chacotriose and solatriose as oligosaccharide side-chains, respectively.
The aubergine fruit (S. melongena) contains primarily the GAs a-solamargine and a-solasonine,
composed of the aglycone solasodine and chacotriose and solatriose, respectively. In tomato fruit (S.
lycopersicum) o-tomatine and a-dehydrotomatine are the major GAs, with lycotetraose coupled to the
aglycones tomatidine and tomatidenol, respectively.

Human risk assessment

In experimental animals, the potato GAs, a-solanine and a-chaconine, show a relatively low oral
bioavailability, with differences between species. Hamsters exhibit higher absorption and slower
excretion rates for both substances when compared to rats. Due to the limited information, the
metabolic profiles of potato GAs in experimental animals could not be characterised.

In humans, a-solanine and a-chaconine are systemically absorbed following ingestion. For both
substances, relatively long serum half-lives were reported suggesting a possible accumulation. The
blood clearance of the respective aglycone solanidine appears to be slow. Accordingly, levels of
solanidine were regularly detected in the blood of human volunteers in several studies, suggesting
hydrolysis of GAs. No further information is available on metabolism and excretion of potato GAs in
humans.

There are no toxicokinetic data on tomato and aubergine GAs and their aglycones in experimental
animals and humans.

In acute oral toxicity studies no adverse effects of a-solanine were observed at doses of 250 mg/kg
body weight (bw) per day in rats and 1,000 mg/kg bw per day in mice. Reliable data on other potato
GAs or tomato and aubergine GAs and their aglycones are missing.

In repeated oral dose studies on potato GAs, rodents showed non specific effects, such as reduced body
weight and relative liver weight with indication of similar potencies of a-solanine and a-chaconine.
Hamsters exhibited these symptoms after a 5 days treatment with 100 mg of a-solanine or a-
chaconine/kg bw per day, while mice showed these effects after one week of daily treatments with
416.6 mg of a-solanine or 409 mg of a-chaconine/kg bw. Solanidine, however, increased the absolute
and relative liver weight at 190.9 mg/kg bw per day in mice, suggesting a different effect of the aglycone
compared to the GAs.

The tomato GA, a-tomatine, and its aglycone, tomatidine, exerted no effects in rats, when applied at
20 mg/kg bw per day for a period of 200 day. At higher doses, tomatidine reduced the cholesterol
uptake and increased fecal sterol and coprostanol excretion in hamsters and rats. In mice, a 1-2 weeks'
treatment with the aubergine GA, a-solasonine, increased the body weight gain at 424.4 mg/kg bw per
day, while its aglycone, solasodine, decreased body weight gain and caused gastric gland degeneration
and liver toxicity at 160 mg/kg bw per day.
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Developmental studies have been performed mainly in hamsters treated with potato GAs and their
aglycones for only one day or for a short, very restricted time period during gestation. Outcomes were
mainly analysed in late gestational embryos and comprised effects in the central nervous system,
predominantly exencephaly, encephalocele and anophthalmia. These malformations occurred at doses
of 165 mg/kg bw per day and above for GAs, and of 115 mg/kg bw per day and above for the aglycones.
No no-observed-adverse-effect level (NOAEL) or lowest-observed-adverse-effect level (LOAEL) could be
identified from these studies. Reduced postnatal survival of pups due to insufficient milk production
were reported when pregnant Holtzman rats had been exposed to 3.6 mg of a-solanine/kg bw per day.
Studies on the male fertility in dogs have been performed only with the aubergine aglycone, solasodine.
Decreased epididymal weight and cauda epididymal epithelial height, and also an epididymal lumen
depleted of sperm occurred in dogs after 80 mg/kg bw per day given for 1 month. Similar effects were
observed in Rhesus monkeys exposed to 100 mg/kg bw per day for 5 months.

From the limited number of studies available, there was no evidence for genotoxicity of the potato GAs
a-solanine and a-chaconine, and the aglycone, solanidine, as well as for the aubergine GA, a-
solamargine.

No long-term chronic toxicity/carcinogencity study for potato, tomato or aubergine GAs or for the
respective aglycones could be identified.

In humans, acute toxic effects following ingestion of potato GAs include gastrointestinal symptoms of
varying severity such as vomiting, diarrhoea and abdominal pain, which may occur from a total potato
GAs (potato TGA) intake of 1 mg/kg bw or more. Further symptoms, including drowsiness, apathy,
confusion, weakness, vision disturbances, rapid and weak pulse, and low blood pressure may be the
consequence of dehydration. In severe cases, paralysis, respiratory insufficiency, cardiac failure, coma
and death have been reported. Doses in the range of 3—-6 mg potato TGAs/kg bw are considered to be
potentially lethal for humans. Results from limited volunteer studies suggest possible differences in the
human population with respect to the individual susceptibility towards adverse effects associated with
the intake of potato GAs.

Regarding the mode of action, adverse effects of GAs may be due to their ability to complex with
membrane 3B-hydroxy sterols, thereby causing disruption and loss of integrity of cell membranes. After
oral exposure, these effects may affect the mucosa of the gastrointestinal tract and cause the symptoms
observed in intoxicated humans, such as nausea, vomiting and diarrhoea.

GAs inhibit acetylcholinesterase (AChE) and serum butyrylcholinesterase (BuChE) by a reversible,
competitive mode of action. The relative potency of inhibition of a-solanine and a-chaconine appear to
be similar. The aglycones exert weak or no inhibitory effects. The excess of acetylcholine at the neuronal
and neuromuscular junctions upon inhibition of the enzymes might also contribute to the symptoms
described for intoxications with GAs.

At high doses, o-tomatine may form a non-absorbable complex with cholesterol and other sterols in the
enteral lumen which may impair the absorption of cholesterol. As a consequence, blood cholesterol
levels were lowered in rodents.

The CONTAM Panel considered that the use of rodent data on acute toxicity was not appropriate to
establish a reference point for acute exposure to potato GAs in humans. The CONTAM Panel selected
the LOAEL of 1 mg potato TGA/kg bw per day as the reference point for acute risk characterisation,
based on human data from case reports, outbreaks and studies in volunteers. The available data on
acute toxicity were considered insufficient to establish a health-based guidance value. Instead, the Panel
used the margin of exposure (MOE) approach to assess a possible health concern from acute exposure
to potato TGAs via food.

www.efsa.europa.eu/efsajournal 4 EFSA Journal 20YY;volume(issue):NNNN
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Assuming the main symptoms to be mainly due to local irritation of the gastrointestinal mucosa rather
than inhibition of AChE activity, the Panel considered that the possible interindividual variability in
toxicodynamics is more relevant than the interindividual variability in toxicokinetics. Accordingly, an MOE
higher than 10 indicates that there is no health concern. This MOE of 10 takes into account the
extrapolation from a LOAEL to a NOAEL (a factor of 3) and the interindividual variability in
toxicodynamics (a factor of 3.2).

The experimental data available for repeated dose toxicity are not sufficient to identify a reference point
for chronic exposure to potato GAs. In humans, no evidence of health problems associated with repeated
or long-term intake of GAs via potatoes has been identified.

Regarding GAs or aglycones occurring in edible parts of food plants other than S. tuberosum, no suitable
study for determining a reference point for tomato or aubergine GAs or aglycones was identified.

Occurrence data were only available for a-solanine and a-chaconine, and mostly for ‘Main crop potatoes’
and ‘New potatoes’. Few data were available for processed food. No data on the occurrence of tomato
and aubergine GAs and their aglycones were submitted to EFSA.

Since the occurrence data on potato GAs did not cover all the food categories containing potatoes in
the Consumption Database, it was decided that the best approach for the exposure assessment would
be to use the occurrence data in the raw primary commodities (RPC) (main-crop potatoes and new
potatoes) and the RPC Consumption Database. The Panel decided to combine the occurrence of ‘New
potatoes’ with that of ‘Main-crop potatoes’ and the mean upper bound (UB) occurrence (sum of a-
solanine and a-chaconine) for these two groups was 52.0 mg/kg and the P95 occurrence was 117.0
mg/kg. The minimum and maximum reported concentrations were 1.1 mg/kg and 550.3 mg/kg,
respectively.

The acute dietary exposure to potato TGAs was estimated using a probabilistic approach, including only
days in which there was consumption of main-crop potatoes. As no occurrence data were available for
GAs in tomato and aubergine, these foods were not included in the exposure assessment.

Processing of potatoes has been reported to reduce the content of GAs in the final processed product.
In general, and according to the literature, the peeling of potatoes reduced the GA content by 25-75%,
boiling in water and blanching of peeled potatoes by 5-65%, and frying in oil of peeled potatoes by 20—
90%. Microwave and oven baking of unpeeled potatoes may cause a reduction in the GA content by 3—
45% and by 20-50%, respectively. No information has been found about the chemical nature of the GA
degradation products. For the exposure assessment, reduction factors for the major food processing
steps, comprising peeling and heat processing (boiling, frying, baking), were applied to the occurrence
data as follows: reduction factors between 0.25 and 0.75 were attributed to the peeling of potatoes,
between 0.2 and 0.9 for frying and deep frying, and between 0.05 and 0.65 for all other cooking
methods.

Information about the peeling of potatoes was not available in the consumption database, but it was
assumed that 90% of the potatoes are consumed as peeled. Where information of the cooking method
was not available, a cooking method was randomly attributed to the eating event based on the relative
frequency of cooking methods reported.

The mean UB exposure to potato TGAs across surveys ranged from 26.0 ug/kg bw per day in adults to
193.4 ug/kg bw per day in toddlers. The 95th percentile exposure ranged from 88.2 ug/kg bw per day
in adults to 617.9 pg/kg bw per day in toddlers (up to 1,057.9 ug/kg bw per day in the upper limit of
the 95% confidence interval).

www.efsa.europa.eu/efsajournal 5 EFSA Journal 20YY;volume(issue):NNNN
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Comparing the LOAEL for potato TGAs of 1 mg/kg bw per day with the acute exposure estimates, the
MOEs for the younger age groups indicate a health concern for the food consumption surveys with the
highest mean exposure, as well as for the P95 exposure in all surveys. For adult age groups, the MOEs
indicate a health concern only for the food consumption surveys with the highest P95 exposures.

The CONTAM Panel calculated the mean percentage of days with potato consumption across surveys
per age group on which the potato TGA intake may be below the MOE of 10. The highest nhumber of
survey days with intake of potatoes below the MOE of 10 was estimated for toddlers (56%) followed by
children (50%). For the other age groups the estimated intake was calculated to be below the MOE of
10 in 23 to 40% of the survey days.

For tomato and aubergine GAs, the risk to human health could not be characterised due to the lack of
occurrence data in food and the limited information on the adverse effects in experimental animals and
humans.

The CONTAM Panel considered that the impact of the uncertainties on the risk assessment of acute
exposure to potato GAs in food is moderate, and that overall, the identified uncertainties may either
cause an over- or underestimation of the risk.

Farm animals, horses and companion animals risk assessment

Information on the toxicokinetics of GAs was limited to ruminants, for which the data suggest an
extensive conversion of a-solanine and a-chaconine to aglycones in rumen, and a low potential of
solanidine to transfer into cows’ milk.

No data on the potential adverse effects of potato GAs in horses, companion animals (cats and dogs)
or fur animals were identified. Due to an insufficient database on the adverse effects of GAs in ruminants,
pigs, poultry, rabbits and fish, an acute reference dose could not be derived.

Potatoes are not grown specifically as feed for livestock, but when supply exceeds market requirements
for human consumption whole (raw) potatoes may be used as feed for ruminants and pigs. Some by-
products of potato processing and starch extraction are used as feeds for farmed livestock, principally
non-ruminants, and for companion animals.

Data on potato GAs in feed were insufficient to perform an exposure assessment.

Thus, no risk characterisation could be performed due to insufficient occurrence data of GAs for feed
and the lack of, or limited, data on the adverse effects of GAs in farm animals, horses or companion
animals.

Recommendations

The following needs have been identified to improve the risk assessment for humans and reduce the
uncertainties:

e Research on the occurrence of GAs and their aglycones and other potentially toxicologically
relevant secondary plant metabolites in the potato cultivars available on the market and on new
potato cultivars resulting from breeding experiments.

e Occurrence data on GAs and their aglycones in potato processed products, including foods for
infants.

e Occurrence data on GAs and their aglycones in tomato and aubergine and products thereof.

e Data on the toxicokinetics of potato, tomato and aubergine GAs and aglycones in experimental
animals and humans.
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e Data on repeated dose toxicity, including reproductive and developmental toxicity of potato,
tomato and aubergine GAs and aglycones in experimental animals.
e Studies in humans linking dietary exposure, biomarkers of exposure and adverse effects.

The following needs have been identified to improve the risk assessment for farm animals, horses and
companion animals and reduce the uncertainties:

e Occurrence data on potato GAs and their aglycones in feed.
e Studies on the kinetics and the potential adverse effects from feed material containing GAs of
potato GAs in farm animals, horses and companion animals.
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Glycoalkaloids in feed and food

1. Introduction
1.1, Background and Terms of Reference as provided by the
requestor
Background

Many plants in the family Solanaceae contain glycoalkaloids, and they are considered to be natural
toxins. The plant glycoalkaloids are toxic steroidal glycosides and the commonest types found in food
plants are a-solanine and a-chaconine. Their natural function is probably to serve as stress metabolites
or phytoalexins for the protection of the plant when attacked by insects, fungi, etc.

Amongst the most widely cultivated food crops, aubergines, tomatoes and potatoes are in the
Solanaceae family, but the levels of glycoalkaloids in tomatoes and aubergines are generally quite low.

The glycoalkaloids of most relevance to food safety are those occurring in the potato. The predominant
toxic steroidal glycosides in potato are a-solanine and o-chaconine. They occur in potato tubers, peel,
sprouts, berries, leaves and blossoms and their concentration in tubers depends on a number of factors,
such as cultivar, maturity and environmental factors. Concentrations of glycoalkaloids are 3 to 10 times
greater in the peel than in the flesh. There is considerable variation in glycoalkaloid content among
potato cultivars. Storage conditions, especially light and temperature, are mainly responsible for
increases in solanine during marketing. Although the glycoalkaloid content can increase in the dark, the
rate of formation is only about 20% the rate of formation in light. Increases of solanine in the potato
peel are closely associated with greening (synthesis of chlorophyll) of the peel. These biochemical
processes are independent of each other, but are both activated by light. Glycoalkaloids are relatively
stable in potatoes and levels are not affected to a large extent by boiling, freeze-drying, or dehydration.
Microwave cooking has only a limited effect, but cooking at temperatures at or above 170°C is more
effective at reducing.

Symptoms associated with glycoalkaloid poisoning from potatoes include a bitter or burning sensation
in the mouth and flu-like symptoms such as nausea, vomiting, stomach and abdominal cramps, and
diarrhoea. More severe cases of glycoalkaloid poisoning may be accompanied by a variety of
neurological effects (i.e. drowsiness, apathy, restlessness, shaking, confusion, weakness, and disturbed
vision). There are a few reports of deaths being attributed to glycoalkaloid exposure from the
consumption of potatoes, potato leaves, and potato berries.

Potatoes and potato-derived products are listed in the Catalogue of feed materials?.
Terms of Reference
In accordance with Art. 29 (1) of Regulation (EC) No 178/2002, the European Commission asks the

European Food Safety Authority for a scientific opinion on the risks for animal and human health related
to the presence of glycoalkaloids in feed and food, in particular in potatoes and potato-derived products.

2 Commission Regulation (EU) No 6812013 of 16 January 2013 on the Catalogue of feed materials (0 L 29, 30.1.2013, p. 1)
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1.2, Interpretation of the Terms of Reference

The CONTAM Panel considered that the opinion should cover edible parts of potato plants and also of
other food plants containing glycoalkaloids (GAs), e.g. tomato and aubergine. Non-edible parts of GA
containing plants have not been considered, with the exception of potato sprouts. In particular, the
CONTAM Panel concluded this Opinion should comprise the:

a) evaluation of the toxicity of GAs in feed and food, in particular in potatoes and potato-derived
products, for farm and companion animals and humans considering all relevant toxicological endpoints;

b) evaluation of the alkaloid profile (i.e. composition of the alkaloids and their concentration) of the
food and feed samples submitted to EFSA;

¢) estimation of the dietary exposure of the European population to GAs in food, in particular in potatoes
and potato-derived products, including the consumption patterns of specific groups of the population if
appropriate;

d) estimation of the dietary exposure of farm and companion animals to GAs in feed, in particular in
potatoes and potato-derived products;

e) assessment of the human health risks for the European population, including specific groups of the
population if appropriate, as the consequence of the estimated dietary exposure;

f) assessment of the farm and companion animal health risks in Europe as the consequence of the
estimated dietary exposure. Exposure to GAs from weeds containing GA is only addressed in this Opinion
in the context of accidental intake by farm animals.

When referring to GAs in potatoes, the term total GAs (TGA) refers to a material comprising a-solanine
and a-chaconine as major fraction, with no specification on the occurrence of minor GAs as well as B-
and y-forms of solanine and chaconine. Similarly, when referring to tomato and aubergine, the term
TGA refers to the GAs from the corresponding species and forms thereof.

1.3. Supporting information for the assessment

1.3.1. Chemistry

Solanine is one of the first alkaloids that has been isolated from nature, by Desfosses in 1820 (Friedman
and McDonald, 1997). In 1861, Zwenger and Kind reported that solanine contains a glycoside sidechain
(Zwenger and Kind, 1861). Only in 1954 it was shown that solanine extracted from potato is in fact a
mixture of two glycoalkaloids (GAs), a-solanine and a-chaconine, that share the same solanidine
aglycone (Kuhn and Léw, 1954). Since then, at least 90 different GAs have been isolated and fully
structurally elucidated from over 300 species of the Solanaceae family (Sanchez-Mata et al., 2010; Al
Sinani and Eltayeb, 2017). The chemical structures and some physical properties of the most important
ones are listed in Appendix A.

GAs are composed of a steroidal aglycone and an oligosaccharide side-chain attached to the 3B-hydroxy
group of the aglycone (see Figure 1). The GAs of relevance can be divided into the (i) solanidane
group, with solanidine as the steroid backbone, and the (ii) spirosolane group, with either the solasodine
or the tomatidenol/tomatidine backbone. GAs often contain a double bond between Cs and Cs, but the
corresponding 5a, 6-hydrogenated forms are also common and, in some species (e.g. tomato) they
constitute the major components. The stereochemistry at carbons C22 and Cazs is well defined: in
solanidine the configuration is 22R, 25S, in solasodine it is 22R, 25R, and in tomatidenol/tomatidine the
configuration is 22S, 25S.
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Further diversification is generated by the composition of the glycoside side-chain. Most GAs contain
either a trisaccharide (chacotriose or solatriose) or a tetrasaccharide (lycotetraose) as carbohydrate. In
commercial potato cultivars (Solanum tuberosum) mostly o-chaconine and a-solanine (composed of the
solanidine aglycone and chacotriose and solatriose, respectively) are present (Figure 1). Wild S.
tuberosum varieties may contain a much wider range of GAs. The aubergine fruit (derived from S.
melongena) contains primarily o-solamargine and a-solasonine (composed of the solasodine aglycone
and chacotriose and solatriose, respectively). In tomato fruit (derived from S. lycopersicum varieties)
o-tomatine and a-dehydrotomatine are the major compounds (composed of the aglycones tomatidine
and tomatidenol, respectively, coupled to lycotetraose).

The prefix alpha (a-) refers to the intact glycoside while the prefixes beta (B-), gamma (y-) and delta
(6-) refer to the corresponding GAs with progressively truncated carbohydrate side-chains due to the
action of enzymatic or acidic hydrolysis.

GAs are relatively stable to heat and alkaline conditions. However, acidic hydrolysis using strong acid
and elevated temperatures may cleave the glycosidic bonds and liberate the aglycone together with the
corresponding reducing sugars (Friedman, 2006). The aglycones, due to their steroid nature are very
poorly soluble in water, but the intact GAs are soluble in water.
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OH \ HO™"
o © o E ’
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HO,,
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Figure 1. Structure of the most important glycoalkaloids (GAs) found in potato (a-solanine and a-
chaconine), aubergine (a-solasonine and o-solamargine) and tomato (a-tomatine and «-
dehydrotomatine).
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1.3.2. Analytical methods

With older analytical methods (gravimetric, colourimetric) it was often not possible to discriminate the
individual GAs. Nowadays most confirmatory methods use liquid chromatography (LC) to separate the
intact GAs and detection is performed either by ultraviolet-visible (UV-vis) detection or by mass
spectrometry (MS). Assays based on thin layer chromatography (TLC) or immunoassays (i.e. enzyme-
linked immunosorbent assay (ELISA)) are also available and can be applied for screening.

For reliable quantification of GAs, reference standards of high purity are required, which are available
for the most common ones (a-solanine, a-chaconine, a-tomatine, a-solasodine, a-solamargine, and the
corresponding aglycones). For many of the less common GAs (Appendix A) no reference standards
are currently available.

1.3.2.1. Extraction and clean-up

When analysing the intact GAs, an important aspect is the stability of the compounds. Enzymatic
degradation of the glycoside side-chain due to the action of glycosidases present in fresh potato tubers,
may occur during extraction when not properly controlled (Friedman and McDonald, 1997). This may
result in the underestimation of the GA content, if only the intact GAs are monitored. Two approaches
are generally followed to prevent from losses due to enzymatic activity. One approach is to cut or slice
the potato tubers, add liquid nitrogen and to lyophilise by freeze-drying. The freeze-dried material is
ground and homogenized to a fine powder (Friedman and Dao, 1992). Extraction of the lyophilised
material is typically performed with an acidic aqueous solvent (e.g. acetic acid), mixed with a suitable
organic solvent (e.g. methanol, acetonitrile). The other approach is to shred the potato tubers in a food
processor, add liquid nitrogen and grind to a fine powder (Hellends, 1986; AOAC Official Method 997.13,
2000). Extraction of the frozen material is conducted with a mixture of 5% acidic acid to which 0.5%
sodium bisulfite (NaHSOs3) has been added. For both methods applies that further clean-up is necessary
before the extracts can be analysed by high performance LC (HPLC)-based methods. Clean-up is
preferably conducted using solid-phase extraction (SPE) cartridges (typically C18-based, but cartridges
with NH2, CN stationary phases have also been used) (Friedman and McDonald, 1997).

1.3.2.2. Detection methods
Gravimetric methods

In gravimetric methods the GAs are measured by alkaline precipitation from potato extracts. GAs are
extracted from the tubers using a strong acid, such as sulfuric or hydrochloric acid, that results in
hydrolysis of the GAs to the corresponding aglycone. Addition of a surplus of alkaline, e.g. calcium
hydroxide, to the solution results in a precipitation of the alkaloids, that can be collected, dried and
weighted (Bémer and Mattis, 1924). Gravimetric methods have a limit of quantification (LOQ) of
approximately 10 mg total GAs (TGA)/kg. Gravimetric methods have been in general use until the
development of colourimetric methods in the 1930s and 1940s. Gravimetric methods have a number of
disadvantages, such as losses occurring during precipitation, lengthy procedures, and the fact that other
alkaloids may co-precipitate (Lepper, 1949; Friedman and McDonald, 1997).

Colourimetric methods

The first colourimetric method to quantify the content of solanine in potato tubers was developed by
Alberti in 1932, using sulfuric acid and formaldehyde to generate a coloured derivative (Alberti, 1932).
Many different methods using different reagents have been described in the literature in the following
decades. Clement and Verbist (1980) compared nine different colourimetric methods for the analysis of
solanidine in potato tubers. They noted that a considerable variation in the results was obtained, which
was attributed to unspecific reactions with other plant components with the staining reagents used
(resulting in overestimation of the content in some methods) or to losses during extraction (leading to
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an underestimation of the content in other methods). It was reported that sensitivity between methods
differed up to 20-fold, but limits of detection (LODs)/LOQs were not determined (Clement and Verbist,
1980).

Another important drawback of colourimetric methods is that they require hydrolysis of the glycoside
side-chain prior to derivatisation. As a result, only the TGA content can be determined and no
information on the individual glycosides is obtained. Since the 1980s colourimetric methods have been
largely replaced by HPLC-based methods.

TLC with UV-Vis detection

TLC is often used as a quick, qualitative, screening tool to assess the presence of GAs in plant extracts.
However, quantitative methods using high performance TLC (HPTLC)-densitometry have also been
described. Bodart et al. (2000) described a method for the determination of a-solanine and a-chaconine
in potato extracts by means of HPTLC-densitometry. The GAs extracted from potato were separated on
the TLC plate and derivatised to generate chromophoric compounds that were measured at 507 nm
with a densitometer. The LOQ for both GAs was 100 ng on plate, corresponding to 40 mg/kg in
dehydrated peeled potato powder and to 10 mg/kg in fresh peeled potato tubers. A modified HPTLC
method was described by Skarkova et al. (2008), with an LOQ of 5 mg/kg for a-solanine and a-
chaconine for peeled, uncooked potatoes.

Enzyme linked immunosorbant assays (ELISA)

A few reports using immunoassays (ELISA) for the quantification of GAs have been published. Morgan
et al. (1985) developed an ELISA assay to determine the TGA content in potato tubers and compared
their assay with two existing colorimetric methods (Morgan et al., 1985). The sensitivity of the ELISA
assay was excellent (0.02 mg/kg) and did not show cross reactivity with tomatidine derivatives.
Comparison with a HPLC-ultraviolet (UV) method showed a good linear relationship, when corrected for
recovery losses (Hellends, 1986).

Stanker et al. (1994) developed an ELISA based on monoclonal antibodies that showed affinity for
solanidine, tomatidine and solasodine derivatives. The commercialised version of the ELISA kit was
found to work well for the quantification of TGAs in potato tubers, sprouts, potato fries and chips
(Friedman et al., 1998). The ELISA displayed good cross reactivity for solanidine derivatives (a-solanine,
a-, B-, y-chaconine), lower sensitivity for a-tomatine and very limited sensitivity for solasodine
derivatives. For all investigated products, a good correlation for TGA content was observed with results
obtained by HPLC-UV analysis. The LOD for TGAs was estimated at 1 mg/kg.

Gas chromatography (GC) with FID, MS or NPD detection

Analysis of intact GAs by GC-flame ionisation detector (FID) or GC-MS is possible only after derivatisation
of the glucoside hydroxyl groups (Herb et al., 1975). However, it is more common to analyse the
aglycones after hydrolysis, because derivatisation in that case is not necessary (Friedman and McDonald,
1997; Van Gelder, 1985). Bushway et al. (1984) have developed a GC-nitrogen-phosphorus detector
(NPD) method for solanidine in milk, with an LOQ of 0.28 mg/L.

HPLC with UV-VIS detection

Intact GAs as well as the aglycones can be measured by HPLC-UV detector at wavelengths around 200
nm (Houben and Brunt, 1994; Friedman and McDonald, 1997; AOAC Official Method 997.13, 2000).
Separation of a-solanine and a-chaconine, as well as the separation of o-tomanine and o-
dehydrotomatine, can be achieved on reversed phase C18 chromatographic columns using aqueous
phosphate buffers in combination with an organic modifier, typically methanol or acetonitrile (Kozukue
et al., 2004). It is possible to separate these GAs by a simple isocratic elution, but for the analysis of a
wider range of GAs gradient elution is necessary (Eanes et al., 2008; Maurya et al., 2013). Due to the

www.efsa.europa.eu/efsajournal 15 EFSA Journal 20YY;volume(issue):NNNN



546
547
548
549

550

551
552
553
554
555
556
557
558
559
560
561

562

563
564
565
566
567
568
569
570
571

572
573
574

575
576
577
578
579
580
581
582
583
584

585
586
587
588
589
590

Glycoalkaloids in feed and food

fact that GAs do not show significant UV absorption at wavelengths above 215 nm, the analysis needs
to be conducted at low, unspecific, wavelengths. It is therefore necessary to include purification steps,
e.g. by SPE clean-up, prior to analysis by HPLC-UV (Friedman and McDonald, 1997; Keukens et al.,
1994). The LOD is around 2.5 mg/kg for the individual compounds.

LC-MS methods (LC-MS/MS, LC-HRMS)

LC-MS based methods are becoming increasingly popular in the analysis of GAs. The most important
advantage of MS detection above UV detection is the much higher selectivity of the MS. Combined with
the high sensitivity of modern mass spectrometers, sample preparation and clean-up can often be
minimised and simple dilution of extracts may be sufficient. Methods based on LC—tandem mass
spectrometry (LC-MS/MS) are often used for targeted analysis of GAs (Jandri¢ et al., 2011; Hossain et
al., 2015; Nara et al., 2019), while methods using LC coupled to high resolution MS (LC-HRMS) or to
Orbitrap MS (LC-Orbitrap-MS) are more commonly used for metabolomic studies and exploratory
research (Moco et al., 2007; Caprioli et al., 2014). Hossain et al. (2015) reported LOQs for a-solanine
and a-chaconine of 2 ug/L in potato extract, corresponding to 40 ug/kg in dehydrated potato powder.
Nara et al. (2019) reported an LOQ of 1 and 2 ug/L in whole blood for a-solanine and a-chaconine,
respectively.

1.3.3. Sources

Botanical sources of GAs with a steroidal aglycone are mainly found within the dicotyledoneous family
Solanaceae (see Section 1.3.1), and to a lesser extent in the monocotyledonous family Liliaceae
(Roddick, 1996). From the latter family only few intact GAs have been isolated, and their fully structure
elucidated, while a large number of steroidal alkaloids have been found and fully identified in extracts,
particularly of Veratrumand Fritillaria species (Liliaceae) following acidic hydroflysis step (Li et al., 2006).
In general, the two monocotyledonous genera are not known to be of any use as sources of food,
although two species of so-called ‘riceroot’ ( Fritillaria camschatcensis [L.] Ker-Gawl. and F. /anceolata
Pursh) are reported to have been important root foods for the Indians of the Northwest Coast of North
America (Turner and Kuhnlein, 1983).

This section focuses on the species of importance of today’s food production from the genus Solanum,
together with a few other Solanum species known as possible sources of intoxications in man and farm
animals.

The genus Solanum L. that contains the GAs as defined in Section 1.3.1, include around 1,500 species,
and as such the largest genus in the family Solanaceae (Knapp, 2013; Tepe et al., 2016). The genus
comprises the potato (S. tuberosum), the tomato (S. /yvcopersicum L. — synonyms Lycopersicon
lycopersicum (L.) H. Karst, and Lycopersicon esculentum Mill.), and the aubergine (5. melongena L.)
(Milner et al., 2011). Less well-known plants are gboma (S. macrocarpon L.) and the scarlet aubergine
(S. aethiopicum L.) (Sanchez-Mata et al., 2010). Other consumed food plants belonging to the genus
Solanum L. are the pepino (S. muricatum, also known as sweet pepino or sweet cucumber) from which
the ripe fruit is eaten (Sanchez-Mata et al., 2010), and the wild aubergine (S. torvum) from which the
fruits, known as susumber or turkey berries, are eaten as vegetables in the traditional Jamaican cuisine
(Smith et al., 2008; Karmakar et al., 2015).

Non-food So/anum species that produce fruits that might be accidentally ingested are the soda apple
(S. aculeastrum Dunal, also known as goat apple or poison apple) and the wolf apple (S. /ycocarpum
St. Hil) (Bhat and Pallyath, 2016). The latter is a common bush in parts of Brazil, and the fruits are used
in folk medicine, although the unripe fruits are slightly toxic, especially to pregnant women (Schwarz et
al., 2007). Bittersweet nightshade (5. dulcamara) and black nightshade (S. nigrum L.) are common toxic
weed plants (Milner et al., 2011).
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For the potato (S. tuberosum) it is the starchy stem tuber that is eaten. Both sexual and vegetative
reproduction occurs in the ancestral wild species and the improved cultivars. Thus, potatoes flower and
set true seeds in berries (the fruit) following natural pollination by insects, while the tubers propagate
clonally. For the tomato (S. /ycopersicum), both the mature and the immature (green) fruit are used as
food (Martinez-Valverde et al., 2002). The food use of the aubergine (S. melongena) concentrates
around the mature fruit. For the production the plant is grafted onto other species of Solanum, such as
S. torvum (Miceli et al., 2014).

Different plant parts contain different concentrations of the individual GAs and TGAs. Furthermore, both
the total TGA content and the relative proportions in a plant part (organ), will change as a result of the
developmental stage of the organ.

The three main food crops (potatoes, tomatoes and aubergine) are discussed in more detail below.

1.3.3.1. Potatoes

S. tuberosum is the most cultivated tuber of the Solanum species. Potatoes are one of the main staple
foods produced worldwide. In 2016, the global production volume was around 375 million tonnes
(FAOSTAT, 2018a), which is about half the yearly volume produced of wheat and of rice. In the EU,
Germany is the biggest producer of potatoes with over 10 million tonnes yearly, followed by Poland,
France, The Netherlands and the UK with production volumes in the range of 5 to 8 million tonnes.

Potato breeding programs have for quite a long time used many primitive forms of cultivated potatoes
and their wild relatives as a valuable source of genetic variation. Especially breeding programs
concerning disease resistance and environmental tolerance have been successful. Several methods to
overcome hybridization barriers have been developed (Machida-Hirano, 2015).

Studies on the occurrence of GAs in commercial (common) potatoes (5. {uberosum ssp. Tuberosum)
measured and reported only on a-chaconine and a-solanine, while the tubers of wild plants of the
subspecies andigena have been shown to also contain, e.g. B-chaconine (Distl and Wink, 2009). Both
the common potato and other potato species, whether cultivated and consumed or not, may contain
GAs other than a-solanine and a-chaconine. However, in general, the tuber concentrations of these
other GAs will be low. In case these species are used in breeding, transfer (depending on the crossing
methods used) of the biosynthetic pathway for the formation of these other GAs can occur.

According to Milner et al. (2011), the TGAs in different parts of the cultivated potato plant (S.
tuberosum) will often be found within the concentration ranges given in Table 1 (see Figure 2 for the
internal structure of a potato tuber). Berries of potatoes have about 10 times the levels of GAs compared
to the tubers of commercial potato cultivars (Friedman, 1992).

In many regions of the world the potato today is cultivated all year round by using different types of
cropping and different cultivars adapted to these, i.e. to different temperature, day length, and growing
period among others (Mori et al., 2015). Besides the cultivar characteristics and the type of cropping,
also the end use of the given potato matters. Potatoes can be classified into four types, namely for
‘table use’, ‘industrial food processing use(s)’, ‘starch production’, and ‘other purposes’, including
colourful potatoes (Mori et al., 2015). Due to the constant breeding for new cultivars, the GA content
ranges given in Table 1 must be considered as approximate. Concerning potatoes with a food end-use,
the TGA content as well as the relative concentration of the different GAs has been reported in several
studies. Details of the variation of GAs in different cultivars are discussed in Section 3.2.2.
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Table 1. Total glycoalkaloids (TGA) concentration (mg/kg fresh weight (fw)) in various cultivated potato
(8. tuberosum) plant parts @,

Plant part Concentration range Original Reference (?)
(mg/kg fw)
Flowers 2,150-5,000 D), (2)
Leaves 230-1,000 3)
Stems 23-33 4)
Roots 180-400 4)
Bitter-tasting tubers 250-800 (5)
Whole tuber 10-150 (6)
Skin (2—3% of tuber) 300-640 1), (2)
Peel (10-12% of tuber) 150-168 1), (2)
Cortex 125 (6)
Flesh 12-100 1), (2)
Pith ®) Not detected (6)
Sprout 2,000-7,300 (1), (2)

(a): From Milner et al. (2011), who collected the information from several research articles given in the review. Original references:
(1) Lampit et al. (1943), (2) Van Gelder et al. (1991), (3) Kozukue et al. (1987), (4) Sinden et al. (1984), (5) Zitnak (1961),
(6) Kozukue and Mizuno (1989).

(b): The pith is the centre of the tuber tissue and may be angular with rays extending to each node (also called eyes, Lee and
De Luca, 2019) and is relatively low in starch content (Dean, 1994; Van Denburgh et al., 1986).

BudorEyes
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branched ta esch eve
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Outer medulla

Pith or Innar
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Figure 2. Internal structure of a potato tuber (from Faridnia et al., 20153).

The fact that these GAs are regarded as being important components of plant resistance against pests
and pathogens means that breeders work to enhance the GA content in the non-edible parts (Ginzberg
et al., 2009). To do so, detailed knowledge of the biosynthetic pathway(s) and the regulation is essential.
The major steps in the biosynthesis of a-chaconine and a-solanine have been summarised by Ginzberg
et al. (2009) (Figure 3). GAs occur in most tissues of the S. tuberosum plant, except in the tuber pith
(Table 1). Concerning the regulation of the biosynthesis and catabolism of the GAs, Sarquis et al.
(2000) concluded that this most likely is happening at the tissue or organ level. This is because there is
no evidence on their internal transport, and there is a poor correlation between the total content found
in the tuber as compared to the foliage of the same cultivar (Sarquis et al., 2000; Ginzberg et al., 2009).

The outer layers of the potato tuber (i.e. the periderm), contains the highest concentration of the GAs
(Table 1), particularly in the 1.5 mm of tissue located under the surface of the tuber (Valkonen et al.,
1996). It has been suggested that the biosynthesis of tuber GAs occurs in the phelloderm (Ginzberg et
al., 2009), which is the inner part of the potato periderm.

3 Reprinted from Food research, 77, Faridnia F, Burritt DJ, Bremer PJ and Oey I, Innovative approach to determine the effect pf
pulsed electric fields on the microstructure of whole potato tubers: Use of cell viability, microscopic images and ionic leakage
measurements, 556-564, 2015, with permission from Elsevier.
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Figure 3. Simplified biosynthetic pathway for steroidal glycoalkaloids (GAs) (from Ginzberg et al., 2009)*. (a) The biosynthetic pathway is presented from
acetyl-CoA to steroidal GAs with additional pathways included that use the same substrate. Dashed arrows indicate multiple enzymatic steps. Terpenes refer to
low-molecular weight isoprenoids. (b) Structural formulas for several intermediates of steroidal GA biosynthesis. HMGR: 3-hydroxy-3-methylglutaryl coenzyme
A reductase. SS: squalene synthase. VSP: vetispiradiene cyclase. SMT: sterol C24-methyltransferase. SGT: solanidine glycosyltransferase.

4 Reprinted by permission from Springer: Potato Research, Potato Steroidal Glycoalkaloids: Biosynthesis and Genetic Manipulation, Ginzberg I, Tokuhisa JG and Veilleux RE, 2009.
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Some reviews, especially in earlier times, have reported relatively small variations for the ratio between
the concentrations of a-chaconine and o-solanine in potatoes (peel and flesh). However, later
investigations have shown that this ratio may differ to a very great extent, depending on the cultivar as
well as the part of the potato. Jin et al. (2018) analysed three different cultivars (‘Shepody’, ‘Russet
Burbank’ and ‘Atlantic’) and found the ratio a-chaconine:a-solanine in the whole potato tuber to differ
from 0.41 (‘Russet Burbank’), to 1.36 (‘Shepody’) and 3.61 (‘Atlantic’). Romanucci et al. (2016)
investigated 15 cultivars and reported even higher ratio spans, e.qg. in freshly harvested tubers the ratio
a-chaconine:a-solanine in the peel varied from <0.06 to 5.7. After 20 days of storage the ratio in the
peel was still highly variable, but a general trend towards an increased content of a-chaconine was
noted.

Several factors have been studied as to whether they could influence the formation of GAs in potatoes.
Pre-harvest, factors such as the potato cultivar, the tuber size, climate, damage of the plants by insects,
the soil composition, the use of fertilisers, and growth conditions have been reported to potentially
influence the content of GAs (e.g. Morris and Petermann, 1985; Gosselin et al., 1988; Mondy and
Munshi, 1990; Hlywka et al., 1994; Love et al., 1994; Friedman and McDonald, 1997; Bejarano et al.,
2000; Zarzecka and Gugala, 2007; Najm et al., 2012). Some of these factors, such as the potato cultivar,
location and farming system, are further discussed in Section 3.2.2.1.1.

Processing and other post-harvest factors that affect the content of GAs in potatoes are described in
Section 3.2.3.

1.3.3.2. Tomatoes

Besides being consumed fresh, tomatoes are used in many processed foods such as canned and sun-
dried tomatoes, juices, ketchup, pastes, purees, salads, sauces and soups (Friedman, 2002). In 2016
worldwide production of tomatoes was 165 million tonnes (FAOSTAT, 2016). Within the EU, Italy (6.4
million tonnes in 2016) and Spain (4.7 million tonnes) are the most important producers, followed by
Portugal (1.7 million tonnes) and Greece (1.0 million tonnes). In Europe, tomatoes are grown for the
fresh market as well as for processing (tomato paste, juice, peeled tomatoes). Italy and Spain are major
producers of processed tomato products.

The two most important GAs found in tomato (S. /ycopersicum) are a-tomatine and a-dehydrotomatine,
both of which are found in all parts of the tomato plant (Friedman, 2002). The first discovered GA, the
fungitoxic and insect repellent a-tomatine, has been shown to gradually disappear from the fruit with
the appearance of lycopene (Sander, 1956, 1958). In addition to a-tomatine and a-dehydrotomatine, a
variety of additional GAs have been identified in tomato fruits, including (dehydro)lycopersoside A to H,
(dehydro)esculeoside A, B1, B2 and tomatoside A (Moco et al., 2007; Baldina et al., 2016). Some of
these other GAs may be present, particularly in the ripe fruits, in higher concentrations than the marker
compound a-tomatine (Baldina et al., 2016; Iijima et al., 2009).

An example for the variations seen for the two most abundant GAs in the cultivated tomato plant parts
is provided by Milner et al. (2011) (Table 2). From Table 2 it follows that the relative «-
dehydrotomatine content varies, depending on the plant part, from 6% to 25%. In the (unripe) fruits
a-dehydrotomatine is present at approximately 10-fold lower concentrations than a-tomatine.

As for the potato plant (see above), the biosynthesis of the tomato GAs (a-tomatine and o-
dehydrotomatine) is under separate genetic control in each plant part (Kozukue et al., 2004).
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Table 2. Glycoalkaloid (GAs) concentration (mg/kg fresh weight (fw)) and relative composition of
parts of the cultivated tomato (S. /ycopersicum) plant (Friedman, 2002).

Tomato plant part a-tomatine o-dehydrotomatine o-tomatine a-dehydrotomatine
(mg/kg fw) (mg/kg fw) (% of total) (% of total)

Large immature green fruit 144 14 91 9

Small immature green fruit 465 54 90 10

Root 118 33 77 23

Calyxes 795 62 93 7

Leaves 975 71 93 7

Small stems 896 138 87 13

Large stems 465 142 75 25

Flowers 1,100 190 85 15

Senescent leaves 4,900 330 94 6

fw: fresh weight.

The TGA concentration in tomato depends, as for potato, on the cultivar and the fruit ripening stage.
Eltayeb and Roddick (1984) studied the changes in the a-tomatine content as a result of the fruit growth
(e.g. given by the diameter of the berry) and/or the stage of ripening (e.g. defined by the development
of the fruit colour: from dark green to full red or yellow colour depending on the cultivar), in
commercially grown tomato cultivars and mutants with different ripening characteristics. For three
normal-ripening cultivars developing red-, orange- and yellow-ripe fruits, respectively, it was found that
the highest concentrations occurred in very young green fruits of around 4 days of age (3,100—4,400
mg a-tomatine/kg fw). In subsequent stages of fruit development, the concentration dropped to around
700 mg a-tomatine/kg fw at day 10. In the same period the fruit diameter increased from 7 mm at day
4 to 20 mm at day 20. By 30 days, when the tomato was approximately 30 mm in diameter, 20 g in
weight and still green, a-tomatine concentrations for the three cultivars had decreased to 3-6 mg/kg
fw (Eltayeb and Roddick, 1984). Similar results were obtained by Kozukue and Friedman (2003), who
reported an inverse relationship between fruit weight and o-tomatine content in green ‘Momotaro’
tomatoes, with a-tomatine concentrations of 900 mg/kg fw at 1.5-1.9 g of fruit weight, and of 150
mg/kg fw at 218.0-220.5 g of fruit weight. Choi et al. (2010) studied the o-tomatine and o-
dehydrotomatine content of the tomato cultivar ‘Doturakworld” for 60 days, discerning 11 stages of
ripeness. The concentrations of a-tomatine and a-dehydrotomatine were highest during stage 1 at day
3, amounting to, respectively, 3,600 and 480 mg/kg fw. At growth stage 3 (14 days), a-tomatine and
a-dehydrotomatine concentrations had dropped to, 320 and 28 mg/kg fw, respectively. A steady but
modest reduction was observed up to stage 7 (47 days), when the tomatoes were full grown, but still
green (a-tomatine and a-dehydrotomatine concentrations, 140 and 15 mg/kg fw respectively). When
ripening set in at stage 8 (52 days), a-tomatine and a-dehydrotomatine concentrations had dropped
below the LOQ (level not indicated) (Choi et al., 2010). It has been shown that during the later ripening
stages a-tomatine is converted into esculeoside A and related glycosides (Nohara et al., 2010; Iijima et
al., 2009; Fujiwara et al., 2004). The conversion of a-tomatine into esculeoside A is correlated with
enhanced levels of ethylene (Iijima et al., 2009). A recent study of Tamasi et al. (2019) revealed that
o-tomatine and dehydrotomatidine are primarily located in the locular gel of the tomato fruits, with
much lower concentrations in the skin and almost no TGAs present in the pulp.

For further details on the concentrations of a-tomatine in tomato and tomato products reported in the
literature, see Section 3.2.2.

1.3.3.3. Aubergine

The name aubergine refers to three crops from the genus Solanum subgenus Leptostemonum
(Vorontsova et al., 2013). The three cultivated aubergine species are the Brinjal aubergine (5.
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melongena L.), the scarlet aubergine (S. aethiopicum L.) and the ghoma aubergine (5. macrocarpon).
In this opinion the term aubergine alone refers to S. melongena, unless stated otherwise.

The aubergine is generally cultivated in most tropical and subtropical regions of the world. The two
other species (scarlet and ghoma) are less known and mostly grown in sub-Saharan Africa (Taher et
al., 2017), not only for their edible fruits, but also for the young leaves (Caruso et al., 2017). The
worldwide production of aubergines was 50 million tonnes in 2016 (FAOSTAT, 2018b). Production in
the EU is relatively modest: around 0.75 million tonnes were produced in 2016, with Italy being the
largest producer (300 ktonnes), followed by Romania and Spain (around 120 ktonnes).

The plants are all berry-producing vegetables. The aubergine complex shows a large morphological
diversity, including small fruited spiny plants to large fruited non-spiny plants. The long history of
breeding has furthermore resulted in a wide range of cultivars with edible fruits of different sizes, shapes
and colours (Caruso et al., 2017). Cultivars of aubergine are conventionally grouped into ‘Occidental’
and ‘Oriental’. The first are preferred in North Africa, Europe and the Americas, while the latter mostly
are grown in East and South East Asia. They vary from one another with respect to their overall plant
morphology and physiology, but also concerning their fruit size, colour and shape (Ceriola et al., 2013).
Grafting on rootstocks of related Solanum species (e.g. S. forvum, S. aethiopicum, S. macrocarpon) or
tomato (S. /ycopersicum) hybrids, has become an important area of research to improve the overall
quality of the fruits and to increase resistance to soilborne diseases and abiotic stresses (Mennella et
al., 2012; Sabatino et al., 2018).

For food purposes, aubergines are harvested at an immature stage and have a short storage period.
Depending on the cultivar the colour at the unripe stage may vary indeed very much, while the
physiologically ripe fruits are brown or yellow (Caruso et al., 2017).

Together with a-solamargine, a-solasonine makes up the major content of GAs in this plant species.
Both have the steroid solasodine as their aglycone, however, the sugar part in a-solasonine is the
trisaccharide solatriose where that of a-solamargine is the trisaccharide chacotriose (see Figure 1).
While the biosynthesis of a-solasonine starts with the attachment of a D-galactose to the aglycone, the
biosynthesis of a-solamargine is initiated with the attachment of a D-glucose. Hence, the expression of
solasodine galactosyltransferase 1 (SGT1) specifically reflects the biosynthesis of the GA a-solasonine
(Bagheri et al., 2017).

Mennella et al. (2012) studied the TGA content (a-solasonine and o-solamargine) in a total of 10
different genotypes from two different typologies (D3R and NAS), in commercially unripe, ripe and
overripe (physiologically ripe) fruits. In the commercially unripe and ripe stages, the TGA content was
relatively low (mean content: 125 and 230 mg/kg dw, respectively), while in the commercially overripe
stage a strong increase of the TGA content (mean 1,937 mg/kg dw) was observed. The average ratio
between o-solasonine and a-solamargine was approximately 1:2 in the commercially unripe and ripe
stage, but changed to 1:1 in the overripe stage (Mennella et al., 2012).

Bagheri et al. (2017) compared two different aubergine genotypes, of which one (D1) had ‘sweet’ fruits
and the other (J10) had ‘bitter’ fruits, with regard to the content of a-solasonine (a-solamargine was
not analysed in this study) as well as concerning the expression of SGT1 in the leaves, flower buds,
young fruits, mature fruits and physiologically ripe fruits. The levels of a-solasonine closely followed the
expression of the SGT1 gene in the same plant tissues. In all tissues the concentration of a-solasonine
in the bitter variety was between two and three times higher than in the sweet variety. Concentrations
of a-solasonine reported for the D1 and J10 genotypes, respectively, were leaves: 113.3 and 249.3
mg/kg dw; flower buds: 135.6 and 478.8 mg/kg dw; young fruits: 61.3 and 160.4 mg/kg dw; mature
fruits: 21.6 and 45.6 mg/kg dw and physiologically ripe fruits: 74.7 and 185.0 mg/kg dw (Bagheri et al.,
2017).
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1.3.4. Previous risk assessments

Previous human risk assessments

The general statement, that a level of 200 mg TGA/kg of unpeeled, uncooked potatoes could be
considered as safe, is often found in the scientific literature and can be traced back for decades. Bomer
and Mattis (1924) were probably the first to conclude that this TGA level provided sufficient protection
to the consumer. They based their statement on the results of a study they conducted on batches of
German potatoes from the 1922 harvest that was exceptionally high in solanine content. Batches of
potatoes with a TGA content of 257 to 583 mg/kg potatoes reportedly caused intoxications or other
health problems, while these effects were not reported for potatoes with levels < 200 mg/kg
(concentrations determined with a gravimetric method).

The toxicity of a-solanine and a-chaconine was assessed by the Joint Food and Agricultural
Organization/World Health Organisation (FAO/WHQO) Expert Committee on Food Additives (JECFA)
(JECFA, 1992, 1993). JECFA evaluated the kinetic aspects (absorption, distribution, biotransformation
and excretion), toxicity and teratogenicity, primarily in rodents and humans, as available at the time of
the evaluation. JECFA concluded that with the available experimental and epidemiological data a safe
level of intake could not be determined. The Committee reported that the occurrence of a-solanine and
a-chaconine in potatoes is about 20—100 mg/kg, but the levels can increase due to mechanical damage,
blight, sprouting, processing and storage. JECFA considered that daily consumption of potatoes
containing normal GA levels was of no concern, provided that the potatoes were properly handled and
grown.

In 1990, the Swedish National Food Administration carried out an ‘Assessment of Health-risks Related
to Glycoalkaloids (‘Solanine’) in Potatoes: A Nordic View’, and concluded that “Based on the present
knowledge, a TGA concentration of 200 mg/kg potato for the potato varieties currently available on the
Nordlic Market appears to be the maximum level which can be accepted. However, because of the small
safety margin, efforts should be made to reduce the levels of GA”. They recommended that the average
TGA concentration in new potato varieties should not exceed 100 mg/kg (Nordic Working Group on
Food Toxicology and Risk Assessment, 1990).

In 2018, and as a result of an intoxication of the members of a family in Baden-Wiirttemberg (Germany)
from potatoes that occurred in 2015, the German Federal Institute for Risk Assessment (BfR) published
an assessment on the acute toxicity of potato GAs (BfR, 2018a,b). Jacket potatoes and potatoes boiled
in the skin had been consumed before symptoms such as stomach-ache and vomiting had developed.
Analytical results showed that the potatoes contained 236 mg TGAs/kg (141 mg a-solanine and 95 mg
a-chaconine per kg). Based on available human data in the literature, BfR identified a LOAEL of 1 mg
GAs/kg body weight (bw) per day and extrapolated from this by applying an uncertainty factor of 2 to
a NOAEL of 0.5 mg GAs/kg bw per day. This uncertainty factor of 2 was considered by BfR to also
protect persons with higher susceptibility. In addition, BfR recommended that the intake of GAs should
be below the NOAEL of 0.5 mg/kg bw per day to ensure a ‘margin of safety’ to the NOAEL being >1.
To avoid an exceedance of this NOAEL, BfR recommended that the TGA content of potatoes should not
be higher than 100 mg/kg fresh weight. With this recommendation, particularly sensitive populations
are covered too. In view of significant data gaps, BfR considered its conclusions as preliminary. Since
case reports in humans indicate a lethal dose of 3—6 mg/kg bw, whereas the LDso for mice and rats is
at least 300-fold higher, BfR pointed to the considerable higher sensitivity of humans compared to
rodents.

Previous risk assessments on farm and companion animals

No risk assessments on farm and companion animals have been identified.
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1.3.5. Legislation and other standards

In order to protect public health, Article 2 of the Council Regulation (EEC) No 315/93° stipulates that,
where necessary, maximum tolerances for specific contaminants shall be established. Thus, a number
of maximum tolerances for contaminants as well as natural plant toxicants are currently laid down in
Commission Regulation (EC) No 1881/2006°. However, no maximum levels for GAs in food or feed have
been established at EU level under this or under another Regulation.

Some European countries have national legislation or recommendations on the maximum limits of TGAs,
mainly in potato and potato products. Hungary has a national regulation of 100 mg/kg as the maximum
limit of solanine equivalents of raw, unpeeled potatoes. In Finland, a maximum level for GAs (solanine
glycosides, such as a-solanine and o-chaconine) for potatoes of 200 mg/kg’ exists, as well as in
Sweden, where the National Food Administration's Regulations on Certain Foreign Substances in Food
8 established in 2004 a maximum content of TGAs (total content of solanidine GAs, such as a-chaconine
and a-solanine) in potatoes, raw and unpeeled, of 200 mg/kg. Also Denmark uses the Nordic guideline
of 200 mg GAs/kg for known potatoes varieties, and 100 mg/kg for new potatoes varieties.

In the Netherlands, potato producers agreed to observe a limit of 100 mg/kg fresh weight for new
potato cultivars (Bal, 1989, as cited in Essers et al., 1998). In Austria, no maximum levels is laid down,
but in the Regulation for marketing of food potatoes there are minimum requirements for marketing of
food potatoes to avoid a high content of GAs, such as the potatoes (i) must be free of noticeable green
tubers, (ii) for class I potatoes: a slight green colour of not more than 1/8 of the surface is allowed, and
(iii) for class II potatoes: a slight green colour, which can be removed by normal peeling is allowed.

In Germany, BfR recommended that the GA content of potatoes should not be higher than 100 mg/kg
fresh weight (BfR, 2018a,b).

In Canada, a maximum level of 200 mg/kg for the sum of a-solanine and a-chaconine in fresh potato
tubers was established, on the basis that most reported cases of adverse effects associated with potato
GA exposure have occurred at concentrations above this value. This value was confirmed in 2014 °,
indicating that it is achievable when good agricultural, manufacturing and storage practices are followed
10, In the USA, a maximum acceptable TGA content of potato tubers of 20 to 25 mg per 100 g of fresh
potato (equivalent to 200 to 250 mg/kg) has been set according to the US-Food and Drug Administration
(FDA) poisonous Plant Database 1.

The Organisation for Economic Co-operation and Development (OECD) published in 2002 its ‘Consensus
Document on Compositional Considerations for New Varieties of Potatoes: Key Food and Feed Nutrients,
Anti-Nutrients and Toxicants’ 2. Under the considerations for the assessment of new potato varieties,
it indicated that the comparison of the chemical composition of tubers from a modified variety with
tubers from the non-modified comparator should include, among others, the determination of GAs. It
reported on the ‘widely accepted safety limit for the level of TGA in tubers of 200 mg/kg fresh weight

5 Council Regulation (EEC) No 315/93 of 8 February 1993 laying down Community procedures for contaminants in food. OJ L
37, 13.2.1993, p. 1-3.

& Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain contaminants in
foodstuffs. OJ L 364, 20.12.2006, p. 5-24.

7 https: //www.finlex.fi/fi/laki/alkup/2016/20160880

8 Foreskrifter om andring i Livsmedelsverkets foreskrifter (SLVFS 1993:36) om vissa frammande dmnen i livsmedel, LIVSFS
2002:16https://www.livsmedelsverket.se/globalassets/om-oss/lagstiftning/nummerordning---upphord-lagstiftning/2004/livsfs-
2004-7-frammande-amnen.pdf

9 https://www.canada.ca/content/dam/hc-sc/documents/services/food-nutrition/public-involvement-partnerships/proposal-
update-maximum-levels-glycoalkaloids-potato-tubers-eng.pdf

10 In 2017 Health Canada proposed to transfer the existing maximum level for TGA in potato tubers from the List of Maximum
Levels for Various Chemical Contaminants in Food to the regulatory List of Contaminants and Other Adultering Substances in
Food, thereby removing this maximum level from the first list.

! https://www.accessdata.fda.gov/scripts/Plantox/Detail. CFM?ID=6537

12 https://www.oecd.org/science/biotrack/46815167.pdf
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(based on Bomer and Mattis (1924) and Smith et al. (1996)), and concluded that if the analyses of GAs
(and other parameters) indicate that a novel variety is within the ranges given in the literature it can be
considered equivalent with respect to its overall composition.

2. Data and Methodologies

The CONTAM Panel applied the general principles for the assessment of chemicals in food as described
by WHO/International Programe on Chemical Safety (IPCS) (WHO/IPCS, 2009). In addition, EFSA
guidances pertaining to risk assessment were followed for the development of the risk assessment when
necessary (EFSA, 2005, 2007, 2009, 2010a,b, 2011a,b; EFSA SC, 2011, 2012a,b, 2017a,b,c,d).

2.1, Methodology for data collection, selection of evidence and
study appraisal

EFSA outsourced a call for an ‘Extensive literature search and selection for relevance of studies related
to the chemistry and toxicity of GAs and quinolizidine alkaloids in food and feed’ aiming at identifying
and evaluating literature related to the present assignment (and to another mandate of the CONTAM
Panel on quinolizidine alkaloids which is not further considered here). The call was launched as a
reopening competition for a specific contract under multiple framework contract CT/EFSA/AMU/2014/01
Lot 2. The University of Chemistry and Technology Prague was awarded with the contract and a final
project report was delivered in November 2017 and was published (University of Chemistry and
Technology Prague, 2019). The aim of the assignment was to identify and collect all relevant literature
regarding GAs (and quinolizidine alkaloids) in food and feed covering the following areas: (i) chemistry
and analysis, (ii) toxicokinetics in experimental animals, farm/companion animals, humans, and from in
vitro studies and on biomarkers, (iii) /n vitro and in vivo mode of action of toxicity, (iv) toxicity /n vivo
in laboratory animals, (v) toxicity /n vitro, (vi) observations in humans, including epidemiological studies,
case reports, outbreaks, intervention studies, (vii) adverse effects in farm and companion animals, (viii)
occurrence in food, (ix) occurrence in feed and animal exposure and (x) influence of cultivars, maturity,
environmental conditions, storage and processing in the concentrations of the alkaloids in the products.
Details of the methodology and the results are reported in University of Chemistry and Technology
Prague (2019).

In addition to the literature searches outsourced by EFSA, additional complementary searches were
performed. A literature search for studies regarding observations in humans was performed in October
2017 (for details see Appendix B, Section B.1). An extra search to identify studies on the toxicity of
GAs was conducted in April 2018 (for details see Appendix B, Section B.2). The literature searches
were performed using Web of Science!3, PubMed!* and Scopus. The references resulting from the
literature search were imported and saved using a software package (EndNote!®), which allows effective
management of references and citations.

Reviews, relevant scientific evaluations and toxicity studies by national or international bodies were also
considered for the current risk assessment, i.e. JECFA (JECFA, 1992, 1993). When relevant papers were
identified during the risk assessment process (e.g. from other studies or reviews), they were also
considered.

13 Web of Science (WoS), formerly ISI Web of Knowledge, Thomson Reuters. Available at: http://thomsonreuters.com/thomson-
reuters-web-of-science/

4 pubMed, Entrez Global Query Cross-Database Search System, National Center for Biotechnology Information (NCBI), National
Library of Medicine (NLM), Department of the National Institutes of Health (NIH), United States Department of Health and
Human Services. Available at: http://www.ncbi.nlm.nih.gov/pubmed/

5 EndNote X5, Thomson Reuters. Available at: http://endnote.com/
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In addition, a search for recent reviews was conducted to identify scientific publications dealing with
methods of analysis, chemistry, formation in food, exposure and occurrence of GAs in food and feed.

A search for original studies reporting on the occurrence of GAs in food and feed samples was carried
out, since it was expected that only limited number of occurrence data of GAs in food and feed were
going to be submitted to EFSA (see Section 2.3.1),

An update of the literature available in the public domain was done regularly, on 17 December 2018, 3
May 2019 and 14 August 2019. Since that date, the literature was monitored to identify studies relevant
for the risk assessment until the time of endorsement.

Any publications were used in the assessment if they were considered as relevant by applying expert
judgement. In addition, for the studies on the toxicity of GAs in experimental animals and farm and
companion animals the selection criteria in Table 3 were used. For the sections on repeated dose
toxicity and developmental and reproductive effects, animal studies based on i.p. or i.v. application of
GAs or aglycones were excluded (see also Appendix G).

Table 3. Selection criteria for the studies on the toxicity of glycolkaloids (GAs) in experimental animals
and in farm animals, horses and companion animals.

Inclusion criteria: Exclusion criteria:

e Data described by the author as purified GAs or GA e Studies on non-edible parts (e.g. flowers)
mixtures, and their aglycones. of the plants.

o Edible parts of the plant, as well as their preparations in e Studies giving no adequate information
which the total and/or GA concentration is indicated. on the composition and/or TGA

e Preparations of potato sprouts in which the total and/or concentration of the used extracts,
GA concentration is indicated. materials or preparations.

2.2. Food and feed occurrence data submitted to EFSA

2.2.1. Data collection and validation

Following a mandate from the European Commission to EFSA, a call for annual collection of chemical
contaminant occurrence data in food, was issued by the former EFSA Dietary and Chemical Monitoring
Unit (now DATA Unit)'¢ in December 2010 with a closing date of 15t October of each year!’. European
national authorities and similar bodies, research institutions, academia, food business operators and
other stakeholders were invited to submit analytical data on GAs in food through this call. The data
submitted to EFSA on GAs were provided by national authorities from Germany, Sweden and the
Netherlands.

The data submission to EFSA followed the requirements of the EFSA Guidance on Standard Sample
Description for Food and Feed (EFSA, 2010a), and the occurrence data were managed following the
EFSA standard operational procedures (SOPs) on ‘Data collection and validation” and on ‘Data analysis
of food consumption and occurrence data’.

By the 2" of September 2019, a total of 1,300 analytical results on GAs in food (representing 651 food
samples) were available in the EFSA database. Data received after that date were not included in the
dataset used for further evaluation for this opinion. All data submitted to EFSA concerned potato and
potato products. No data were submitted concerning GAs in tomato, aubergine and food products
containing tomato or aubergine.

6 From 1 January 2014 onwards, Evidence Management Unit (DATA).
7 Current call: https://www.efsa.europa.eu/en/consultations/call/190410
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In addition, in January-February 2019, a consultation was held with registered EFSA Stakeholders and
other stakeholders to inform the work of the CONTAM Panel and its working group in developing this
scientific opinion. The aim of the consultation was to collect information which were not readily available
in the public domain regarding GAs occurrence data in food and feed, factors that influence the content
of GAs and toxicity (see Section on Documentation provided to EFSA). Following this consultation, EFSA
invited the stakeholders to submit occurrence data in food and feed within the annual collection of
chemical contaminant occurrence data, following the requirements of the EFSA Guidance on Standard
Sample Description for Food and Feed (EFSA, 2010a) for inclusion in the risk assessment. As a result,
on the 2™ of July 2019 the European Starch Industry Association submitted occurrence data to EFSA
concerning 1,728 samples on dietary fibre and potato proteins, pulp, juice, starch and on potatoes used
for starch production. See Section 3.2.1 for further details.

2.2.2. Data analysis

Following the EFSA SOP on ‘Data analysis of food consumption and occurrence data’ to guarantee an
appropriate quality of the data used in the exposure assessment, the initial dataset was carefully
evaluated applying several data cleaning and validation steps. Special attention was paid to different
parameters such as ‘Sampling strategy’, ‘Reporting unit’ and the codification of the different samples
under FoodEXx classification. The outcome of the data analysis is presented in Section 3.1.1.

The left-censored data (results below LOD or below LOQ) were treated by the substitution method as
recommended in the ‘Principles and Methods for the Risk Assessment of Chemicals in Food’ (WHO/IPCS,
2009). The same method is indicated in the EFSA Scientific Report ‘Management of left-censored data
in dietary exposure assessment of chemical substances’ (EFSA, 2010b) as an option in the treatment of
left-censored data. The guidance suggests that the lower bound (LB) and upper bound (UB) approach
should be used for chemicals likely to be present in the food (e.g. naturally occurring contaminants,
nutrients and mycotoxins). The LB is obtained by assigning a value of zero (minimum possible value) to
all samples reported as lower than the LOD (<LOD) or LOQ (<LOQ). The UB is obtained by assigning
the numerical value of LOD to values reported as <LOD and LOQ to values reported as <LOQ (maximum
possible value), depending on whether LOD or LOQ is reported by the laboratory.

2.3. Food and feed consumption data
2.3.1. Food consumption data

The EFSA Comprehensive European Food Consumption Database (Comprehensive Database) provides
a compilation of existing national information on food consumption at individual level. Details on how
the Comprehensive Database is used are published in the Guidance of EFSA (EFSA, 2011a).
Consumption data were collected using single or repeated 24- or 48-h dietary recalls or dietary records
covering from three to seven days per subject. Subjects in the Comprehensive Database are classified
according to the following sub-populations:

o Infants: < 12 months old

o Toddlers: 212 months to < 36 months old

. Other children: 236 months to < 10 years old
o Adolescents: >10 years to < 18 years old

. Adults: =218 years to < 65 years old

o Elderly: 265 years to < 75 years old

. Very elderly: 275 years old.

Two additional surveys provided information on specific population groups: ‘Pregnant women’ (=215
years to <45 years old; Latvia) and ‘Lactating women’ (=28 years to <39 years old; Greece).
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Owing to the differences in the methods used for data collection, direct country-to-country comparisons
can be misleading. Overall, the food consumption data gathered by EFSA in the Comprehensive
Database are the most complete and detailed data currently available in the EU.

Some of these data, however, cannot be used in exposure assessments if the relevant occurrence data
are reported at the level of the raw primary commodities (RPCs). The RPC model developed by EFSA in
2019 aimed to bridge this gap by transforming food consumption data from the Comprehensive
Database for composite foods (foods consisting of multiple components) and RPC derivatives (single-
component foods which have been physically changed by processing) into their corresponding quantities
of RPCs. Details on how the RPC database was developed are published in a dedicated technical report
(EFSA, 2019). The RPC Consumption Database, based on the Comprehensive Database version
published on the 31 March 2018, contains 51 dietary surveys from 23 different countries. These surveys
cover a total of 94,532 subjects and 26,573,088 RPC consumption records.

The use of the RPC Consumption Database was considered as the most appropriate approach for the
current assessment for which occurrence data in the RPC main-crop potato were available (see Section
2.5). As no occurrence data were available for GAs in tomato and aubergine, these foods were not
included in the consumption and exposure assessment.

Detailed information on the different dietary surveys used in this report for the acute exposure
assessment is shown in Annex A1, including the number of subjects and days available for each age
class.

2.3.2. Feed consumption data

Of the large number of species within the Solanaceae family, only potatoes and by-products derived
from them are used as feed for livestock. Due to the high cost of growing the crop, and the value of
potatoes as food for human consumption, they are not usually grown as a feed for livestock, and whole
(raw) potatoes are only used as feed when production is in surplus to requirements as food, or when
they are discarded because they do not meet market requirements because of their size, appearance,
diseases or physical damage. As a result, the use of raw tubers as livestock feed tends to be
opportunistic, and the CONTAM Panel have not identified any data on quantities used in this way.

Feed grade potato tubers are mainly used as feeds for ruminants but may also be fed to horses. They
are highly palatable and nutritious and dairy cows will typically consume up to 25-30 kg of potatoes
(Crawshaw, 2001). For growing cattle, up to 30% of the diet (dry matter) may be fed (Fiems et al.,
2013).

Raw potatoes are relatively unpalatable, and the starch indigestible for pigs and poultry, and therefore
it is recommended that they are cooked or steamed before being fed (Whittemore, 1977). They may
be included at up to 15% of the diet dry matter for finishing pigs and sows (Ewing, 2002), and up to
50% of the dietary dry matter for growing and finishing pigs (Pond and Maner, 1984). Inclusion of
cooked potatoes in poultry grower diets at up to 20% have been recommended, while for layers a
dietary inclusion rate of 15% potato meal did not reduce egg production (Whittemore, 1977).

In addition to raw potatoes, the EU Catalogue of Feed Materials 8 lists fourteen different by-products
from potato processing industries, including cuttings, scrapings, flakes and pulp. The suitability of these
as feeds for different livestock depends on the degree of processing to which they have been exposed,
and the nutritional requirements of the livestock. Steamed potato peel is a highly nutritious and palatable
feed for pigs, and its availability has increased in recent years in line with the increase in the production
of French fries. Low-GA potato protein concentrate is often added to low protein pig starter diets to

18 EU Regulation 68/2013
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reduce the incidence of diarrhoea in newly weaned pigs (Stein, 2002). The use of potato protein
concentrate in poultry diets is generally limited, with some research reporting an increase in necrotic
enteritis in broilers. Potato protein concentrate was used as an alternative to fishmeal in the diets of
rainbow trout, with limited success (Tusche et al., 2011), and has been included in specialist feeds for
dogs °. However, information on amounts of this or other potato by-products used as animal feeds
within the EU is not publicly available. Since the highest concentrations of GAs are found in the skin
(Milner et al., 2011), and these are removed at an early stage in the processing, levels of GAs in by-
products such as potato starch and potato protein concentrate are likely to be low.

2.4. Food classification

Consumption data were classified according to the FoodEx classification system (EFSA, 2011b). FoodEx
is a food classification system developed by EFSA in 2009 with the objective of simplifying the linkage
between occurrence and food consumption data when assessing the exposure to hazardous substances.
It contains 20 main food categories (first level), which are further divided into subgroups having 140
items at the second level, 1,261 items at the third level and reaching about 1,800 end-points (food
names or generic food names) at the fourth level.

In 2011, a new version of FoodEx, named FoodEx2 has been developed and is described in the scientific
document “Report on the development of a Food Classification and Description System for exposure
assessment and guidance on its implementation and use” (EFSA, 2011b). The last release of FoodEx2
complements the previous hierarchical classification system of basic codes with more detailed food levels
and gives the possibility of reporting additional information through the use of facets and facet
descriptors (EFSA, 2015).

For this opinion the amount consumed for each reported FoodEx code were converted to the equivalent
amount of RPC (main-crop potatoes) by means of the RPC model (EFSA, 2019).

2.5. Methodology for Exposure assessment
Human exposure assessment

The CONTAM Panel estimated the acute exposure to GAs (see Section 3.1.6).

Since available occurrence data did not cover all the food categories containing potatoes in the
Consumption Database (see Section 3.2.1), it was decided that the best approach for the exposure
assessment would be to use the occurrence values in the RPC (main-crop potatoes and new potatoes)
and the RPC Consumption Database (see Section 2.3.1).

The acute dietary exposure to GAs was estimated by using a probabilistic approach (EFSA, 2011b).
Acute dietary exposure to GAs was calculated on a per day basis. Acute exposure was assessed for each
reporting day by multiplying the total daily consumption amount of main-crop potatoes by one
occurrence level randomly drawn among the individual results available. For the calculations of
exposure, the UB values for the occurrence were used as considered more adequate to represent acute
exposure (in this assessment the LB and UB of the analysed samples do not differ substantially as only
two analytical results for a-solanine and 10 results for a-chaconine are left censored in the final dataset).

Since peeling of potatoes and heat processing decrease the content of GAs (see Section 3.2.4), the
CONTAM Panel applied reductions factors to estimate the GA levels in the final food consumed.

Information about the peeling was not available in the RPC Consumption Database, thus the CONTAM
Panel assumed that in 90% of all eating events potatoes were consumed peeled. A probabilistic

9 Source: www.4petsusa.com
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approach was used to assign to each eating event the ‘peeled’ vs ‘unpeeled’ status. Based on studies in
the literature (see Section 3.2.4), a reduction factor between 0.25 and 0.75 was attributed to the
peeling of potatoes.

Information about the heat processing methods was only available in a limited number of cases. A
probabilistic approach was also used to assign to each eating event one of the heat processing methods,
based on the proportion of each cooking method within the events for which this information was
available (frying: 23%, deep frying: 12%, cooking in water: 47%, drying, flaking and roasting: 5%
each, and stewing: 2%). Based on studies in the literature (see Section 3.2.4), reduction factors
between 0.2 and 0.9 were attributed to frying and deep frying, and between 0.05 and 0.65 for all other
cooking methods.

The reduction factors for peeling and heat processing assigned to each eating event were extracted
from a normal distribution, where the minimum and maximum allowed value were the ranges described
above. Results were compared with an exposure assessment scenario where reduction factors were
extracted from an uniform distribution rather than a normal distribution and the exposure outcome was
very similar (see ANNEX A).

Exposures from the different eating events of one day (for the considered subject) were summed and
divided by the individual’s body weight to obtain the total exposure per kg bw per day.

Consumption of main-crop potatoes linked to the consumption of alcholic beverages (vodka and spirits)
was not taken into consideration as the CONTAM Panel considered the transfer of GAs from the potatoes
during the distillation and refining process to be negligible.

The mean daily acute UB exposure was then calculated per survey and age class.

This process was iterated 1,000 times. The mean of the 1,000 mean daily acute UB exposures per
survey and per age class was then calculated. The 95% confidence interval (CI) defined as the interval
between the 2.5™ and 97.5% percentiles obtained from the 1,000 iterations was also determined to
indicate the uncertainty around the mean value.

In Table A1 of Annex A the number of available subjects for each age class used in the acute exposure
assessment is provided.

Animal exposure assessment

Due to insufficient data on levels of GAs in either potatoes or potato by-products used as animal feeds,
and lack of data with which to calculate reference points for any of the farm animal species (see Section
3.1.4 and 3.1.7), no estimates of exposure to GAs have been made.

2.6. Methodology for Risk characterisation

The CONTAM Panel applied the general principles of the risk characterisation process for chemicals in
food as described by WHO/IPCS (2009) and the relevant EFSA guidance documents.
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3. Assessment
3.1. Hazard identification and characterisation
3.1.1. Toxicokinetics

3.1.1.1. Experimental animals

The studies identified on the toxicokinetics of GAs in experimental animals are described below, and
details are given in Appendix C.

3.1.1.1.1. «-Solanine

Nishie et al. (1971) studied the metabolic fate and distribution of a-solanine in male Fisher rats. [*H]-
a-solanine was administered by gavage at 5 mg/kg bw and i.p. injection at 5-25 mg/kg bw to an
unreported number of rats. Following oral exposure, fecal elimination of radioactivity reached 84% of
the administered dose by day 4, with urinary excretion accounting for less than 10%. 24 h after the
oral exposure, radioactivity distributed mainly in the liver (about 1.5% of the administered dose),
followed by blood, kidney and lungs. Following i.p. injection of 5-15 mg/kg bw of labelled a-solanine,
radioactivity was eliminated at similar rates in urine and feces (approximately 15-20% of the
administered doses by 24 h). Decreased urinary excretion and complete absence of fecal elimination
were observed at the highest dose administered (25 mg/kg bw), with a corresponding increase in the
radioactivity retention in the gastrointestinal tract, similarly to what reported by Norred et al. (1976) for
a-chaconine (see Section 3.1.1.1.2). Lesions of increasing severity were observed in the peritoneal
cavities of animals exposed to >10 mg/kg bw. A metabolic study was performed using TLC. Following
oral exposure, 65% of the radioactivity present in feces was identified as solanidine, whereas only 6%
of the dose excreted in urine was identified as solanidine, with two other non-identified metabolites
accounting for 80% and 13% of the radioactivity excreted in urine.

Groen et al. (1993) studied the toxicokinetics of [*H]-a-solanine in male rats and hamsters. [3H]-labelled
a-solanine was administered via i.v. injection or via gavage at a dose of 54 and 170 ug/kg bw,
respectively. Following i.v. administration a similar toxicokinetics of radioactivity in blood and plasma
was observed in rats and hamsters. Plasma levels of total radioactivity and unchanged a-solanine
showed three-phase profiles (see Table 4). Compared to i.v. treated animals, the oral bioavailability of
a-solanine and metabolites (based on total radioactivity) in animals treated by gavage was 29% and
57% in rats and hamsters, respectively. The oral bioavailability for the parent compound o-solanine was
1.6% and 3.2% in rats and hamsters, respectively. Plasma clearance of unchanged a-solanine following
oral administration was significantly faster in rats (ti2 = 7.79 £ 0.83 h) than in hamster (ti2 = 19.7 £
4.2 h), however similar plasma clearance was observed for total radioactivity in the two species (82.2
+ 6.1 hin rats, and 94 £+ 33 h in hamsters). Excretion of total radioactivity in urine and feces was
significantly faster in rats than in hamsters treated by gavage. Seven days after the oral treatment, total
excretion of the administered dose was 89% in rats, with approximately 3% in urine and 86% in feces;
in hamsters, total excretion was 39%, with approximately 10% in urine and 29% in feces. Macroscopic
observation performed at the necropsy of the animals sacrificed 7 days after the treatment revealed
damages in the intestinal walls of some hamsters following oral treatment.
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Table 4. Plasma half-lives (tri-phase elimination) of total radioactivity and unchanged a-solanine
following i.v. injection of 54 mg/kg bw [3H]-a-solanine in rats and hamsters (Groen et al., 1993).

T1/20 (h) Ti/28(h) Ty/2: (h)

Total radioactivity Rat 14+1.6 89+22 61 + 13
Hamster 1.5+04 7.7 £ 3.0 62 + 22

Unchanged Rat 19+1.4 9.9+0.8 32 £ 6.5
a-solanine Hamster 2.1+ 1.4 8.9 £ 2.8 39 £ 13

3.1.1.1.2. a-Chaconine

Norred et al. (1976) studied the toxicokinetics of [*H]-a-chaconine (tritiated in the aglycone moiety at
carbon atoms adjacent to the double bond and to the nitrogen atom) in male Sprague-Dawley rats
(200-300 g bw). Rats were dosed either by gavage (5 mg/kg bw) or i.p. injection (5-25 mg/kg bw) and
housed in metabolic cages up to at least 100 h after treatment. Following oral administration of 5 mg/kg
bw, fecal elimination of 60% and 80% of the administered radioactivity dose was observed after 24 and
48 h, respectively. Urinary excretion reached a plateau of 10% of the administered radioactivity dose
by 24 h. Maximum levels in tissues were measured after 6-12 h, with higher levels in liver (about 1.3%
of the radioactivity dose) and blood (about 0.2%). The radioactivity recovery considering the sum of
fecal elimination, urinary excretion and gastrointestinal content, ranged approximately from 85 to 100%
across the selected timepoints. Following i.p. injection of 5-10 mg/kg bw, elimination took place via the
urine (10-15% of the administered radioactivity dose excreted 24 h after treatment) and the feces
(<10%). However, reduced urinary excretion was observed at the highest dose administered (25 mg/kg
bw); complete absence of fecal elimination was also observed at 15 and 25 mg/kg bw with a
corresponding increase in the radioactivity detected in the gastrointestinal tract. A metabolic study was
performed using TLC, which the CONTAM Panel considers to be of limited value. Following oral
treatment with 5 mg/kg bw, about 63% and 16% of the radioactivity present in feces and urine was
extracted with ether, respectively. TLC analysis of the feces and urine extracts revealed the presence
of a main metabolite with the same retention factor of solanidine. About 25% of radioactivity detected
in feces was attributable to the parent compound.

The distribution of radioactivity in subcellular fractions of hepatocytes in female Swiss-Webster mice
exposed to a-chaconine was investigated by Sharma et al. (1983). Following oral administration of 10
mg/kg [*H]-a-chaconine, mice were sacrificed at 3, 6, 14, 72 and 120 h after exposure and liver tissue
and blood were sampled. The distribution of radioactivity in subcellular fractions of hepatocytes was
studied. Higher radioactivity levels in liver homogenate were measured from 3 until 14 h after the
exposure, with the nuclear subcellular fraction containing the highest levels, followed by mitochondria
and microsomes. In a second experiment, mice were orally exposed to different doses (1, 3 or 10
mg/kg) and sacrificed after 14 h. The radioactivity distribution in liver homogenate and cellular
subcellular fractions was observed to increase consistently with the administered dose. Finally, mouse
pre-treatment with the cytochrome P450 inducer dibenzo[a]pyrene resulted in an increased radioactivity
in all the liver subcellular fractions. However, lower levels were measured in the subcellular fractions,
possibly suggesting an increased metabolism of a-chaconine due to enzymatic induction by
dibenzo[a]pyrene.

Alozie et al. (1979a) studied the toxicokinetics of [3H]-o-chaconine in male Golden hamsters
administered a dose of 10 mg/kg bw by gavage or i.p. injection. Hamsters were sacrificed at regular
time intervals (3 animals per time point) up to 168 h after treatment and radioactivity was measured in
different tissues. Urine and feces were collected and measured for radioactivity. Subcellular distribution
of labelled a-chaconine was also studied in various tissues. After the oral exposure, distribution of
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radioactivity in various tissues was observed at the different timepoints, in particular higher levels were
observed in lungs, liver, and skeletal muscles. Radioactivity levels remained high in the intestine
throughout the oral study and also relatively high in the i.p. study, possibly suggesting high biliary
excretion. Following oral exposure, the excretion of radioactivity occurred mainly via the urine reaching
about 21% of the administered dose after 168 h, whereas only a minor fraction was detected in feces.
The study of subcellular distribution showed a-chaconine or its metabolites to be distributed mainly in
the nuclear, microsomal and soluble cellular fractions in various tissues including brain, heart and liver.
The residual radioactivity present in the cellular subfractions following a wash procedure with methanol
suggested that a fraction of a-chaconine (or a-chaconine metabolites) could bind to macromolecules
(type not specified) in these tissues.

In a follow-up publication, Alozie et al. (1979b) studied the metabolic fate of a-chaconine in Golden
hamsters following oral exposure to 10 mg/kg bw [3H]- a-chaconine. Urine and feces were collected at
different time points up to 168 h after exposure and subsequently extracted with water or chloroform.
These extracts were analysed by TLC. In urine, initially unaltered a-chaconine appeared to be the only
excreted substance (100% of detected radioactivity at the 12 h timepoint, corresponding to 0.25% of
the administered dose), showing a declining trend towards the end of the study. Solanidine appeared
in urine 24 h after the exposure and reached a maximum level after 72 h. Four other metabolites could
be detected but not identified, two of them representing the major peaks at 168 h. The total excretion
in feces represented only a minor amount of the administered dose (see Alozie et al., 1979a) and was
mainly constituted by the parent compound.

3.1.1.2. Humans

The studies identified on the toxicokinetics of GAs in humans are described below, and details are given
in Appendix C.

3.1.1.2.1. Mixtures of a-solanine and a-chaconine

The kinetics of a-solanine and a-chaconine in human volunteers was studied by Hellenas et al. (1992).
Seven healthy male adults were administered a peeled mashed potato meal containing 82 mg/kg -
solanine and 118 mg/kg a-chaconine. The study subjects were given a portion adjusted to reach a dose
of 1 mg TGAs/kg bw. Blood was sampled at regular intervals prior the exposure and up to 25 h following
the exposure and the content of a-solanine, a-chaconine and solanidine were determined via HPLC
analysis. Average serum Cmax for a-solanine and o-chaconine were 7.7 and 14.4 ng/mL, with average
Tmax Of 5.1 and 6 h, respectively. Solanidine reached the maximum level after 8 h (ranging from 1.0 to
4.8 ng/mL across subjects) and remained apparently constant until the end of the study. Average
apparent biological half-lives were calculated to be approximately 11 and 19 h for a-solanine and -
chaconine, respectively, with low variability across subjects. The CONTAM Panel noted that the reliability
of the calculated half-lives was limited by the short observation period (25 h). Adverse/undesirable
effects were observed in most of the study volunteers, as described in Section 3.1.3.

Mensinga et al. (2005) studied the pharmacokinetics and toxicity of a-solanine and a-chaconine in 6
male and 8 female healthy volunteers treated with escalating doses of the two GAs either via solutions
(0.30, 0.50 or 0.70 mg TGA/kg bw) or in a form of a mashed potato meal (0.95, 1.10 or 1.25 mg total
TGA/kg bw). Both the solution and the potato meals contained approximately equal amounts of the two
GAs. Blood was sampled from all subjects at various timepoints as from 1 h before treatment till 96 h
after treatment and serum GA levels were measured by HPLC analysis. Both a-solanine and a-chaconine
showed similar tmax in serum ranging from 4 to 8 h without correlation with the administered doses.
Maximum serum concentrations (Cmax) showed strong positive correlations for a-solanine and a-
chaconine both for administration via solution (correlation coefficient 0.98) and via potato meal (0.97)
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(see Table 5). A similar result was obtained for the 0-24 h Areas Under the Curve (AUCo-24), whereas
a significant correlation was observed only in subjects treated with mashed potatoes for the AUC from
point zero to infinity (AUCo-»). Serum half-lives showed a high inter-individual variability and were
generally longer for a-chaconine (27-84 h, average of 44 h) than for a-solanine (5—42 h, average of 21
h). One volunteer exposed to 1.25 mg/kg bw experienced adverse effects as described in Section
3.1.3.1.2.

Table 5. Pharmacokinetic parameters (ranges) of a-solanine and a-chaconine in human volunteers
(adapted from Mensinga et al., 2005).

GAs solution GAs in mashed potatoes
Dose (mg/kg bw) 0.30 0.50 0.70 0.95 1.10 1.25
Number of subjects 2 2 2 3 3 2
a-Chaconine
Cmax (Hg/L) 2.8-3.2 3.2-4.5 3.3-6.3 5.2-7.4 2.9-7.8 6.3-9.7
Tmax (h) 5-6 5-6 4-5 5-7 5-8 7-12
Ti/2 (h) 32-37 49-84 29-39 27-49 49-60 37-45
AUCo-» (ug h/L) 117-130 148-242 128-227 237-345 168-316 299-419
a-Solanine
Cmax (Hg/L) 2.9-3.9 3.54.7 3.1-6.5 7.0-10.7 3.8-10.6 8.0-11.8
Tmax (h) 5-6 5-6 44 5-5 5-8 7-8
Ti,2 (h) 17-35 5-28 8-17 14-18 1—42 18-19
AUCo- (g h/L) 84-89 47-110 50-86 164-163 111-200 204-256
3.1.1.2.2. Solanidine

Claringbold et al. (1982) administered an unreported dose of [*H]-solanidine by a single i.v. injection in
two male and one female volunteers. Blood was sampled at various times and urine and feces were
collected. The decrease of radioactivity in plasma followed a three-phase trend and levels were detected
up to 150 h after the treatment. The authors estimated that in blood, about 70% of radioactivity
detected was retained by erythrocytes, which could explain the slow clearance from plasma. After 24 h
only 3 to 7% of the administered radioactivity was excreted in urine and feces.

The same authors also studied the presence of solanidine in five post-mortem liver samples. The
extraction procedure from liver homogenates identified four solanidine containing fractions (free,
glucuronide, glycoside and a residual fraction obtained following acid hydrolysis). In two out of five liver
samples, no solanidine was detected in any of the four fractions. In another sample, no free solanidine
was found and solanidine was observed mainly as the glucuronide (70%). In the two remaining samples,
free solanidine accounted for 25 and 15%, respectively. In their acid hydrolysed fraction, solanidine
accounted for 42 and 60%, respectively.

3.1.1.2.3. Biomarkers of exposure

Three studies were identified in which a radioimmunoassay method was developed to quantify
solanidine in human plasma. In the first study, Matthew et al. (1983) described the method and reported
the results on 34 human donors. One limitation of this method was that the rabbit immune serum
developed had a 100% cross-reactivity with a-solanine, a-chaconine and demissidine. However, a
preliminary extraction step using chloroform allowed the specific determination of solanidine. The
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method was applied on plasma of 34 human donors (7 males and 27 females), randomly selected from
a hospital clinic. All plasma samples showed quantifiable levels of solanidine, with mean levels of 1.56
+ 1.17 and 1.20 + 0.93 ng/mL calculated for males and females, respectively.

The assay developed by Matthew et al. (1983) was subsequently applied by Harvey et al. (1985a) to
study the levels of solanidine in 57 volunteers (30 males and 27 females) during winter. The
consumption of potatoes and potato products of 33 subjects was recorded for one month. Two male
volunteers maintained a potato-free diet for several weeks while their serum was regularly analysed for
solanidine levels. The mean levels of solanidine were 10.8 £ 5.4 ng/mL and 7.9 + 4.3 ng/mL in males
and females, respectively. A positive correlation between consumption of potatoes and potato products
and serum solanidine levels was found both in male and female subjects in the subgroup that recorded
their diets. Avoidance of potato consumption corresponded to a drop in the serum levels of solanidine,
reaching minimum levels (lower than the assay sensitivity of 0.5 ng/mL) three weeks after the cessation
of potato intake.

In a subsequent study, Harvey et al. (1985b) adapted the radioimmunoassay method to quantify both
solanidine and the TGA levels in serum and saliva. Two groups of volunteers (18 males and 15 females
from UK, and 5 males and 5 females from Sweden) were analysed for levels of GAs during summer. All
the subjects maintained their standard diet during the study, with the exclusion of three Swedish
volunteers, who had daily consumption of two potato cultivars known to be high in GAs for a week
before serum and saliva sampling. Mean levels of solanidine and TGAs (all subjects) were respectively
14.5 (5.8 ng solanidine/mL) and 38.5 nmol/L in serum, and 3.2 (1.3 ng solanidine/mL) and 3.7 nmol/L
in saliva. No marked differences were observed among the UK and Swedish subjects following standard
diets. Significant correlations were shown between serum and salivary levels both for solanidine and
TGAs, and between serum solanidine and serum TGA levels. The three subjects consuming potato
varieties high in GA levels had substantially higher serum and salivary levels compared to the other
Swedish subjects (e.g. in serum solanidine mean levels were 10.5 nmol/L (4.2 ng solanidine/mL) in the
7 subjects following standard diets, and 80.8 nmol/L (32.3 ng solanidine/mL) in the 3 subjects with
high-alkaloid diets).

3.1.1.3. Farm animals, horses and companion animals
Only scant information is available on the toxicokinetics of GAs in ruminants.

King and McQueen (1981) studied the effect of rumen on a-solanine and a-chaconine /n vitro. Rumen
contents were collected from a rumen-fistulated cow before the morning feeding and processed to
remove feed particles. A mixture of a-solanine and a-chaconine was isolated from potato blossom and
added to the rumen inoculum at a concentration of 1 mg/mL. At different timepoints up to 48 h,
chloroform extracts were analysed by GC-NPD. The analyses revealed the formation of solanidine, that
reached a maximum concentration at 12 h, when a subsequent conversion to a 5,6-dihydro derivative
of solanidine, identified as 5B-solanidan-3p3-ol, was observed. By 24 h the hydrolysis of the GA mixture
reached a plateau and the sum of the 2 aglycones recovered from the rumen inoculum were on average
83% of the test concentration (approximately 30% constituted by solanidine and 50% by its 5,6-dihydro
derivative).

Bushway et al. (1984) studied the potential transfer of GAs into cow’s milk. Three samples of potato
meal were analysed for their GA content and incorporated at 10 or 20% (w/w) in bovine feed ration,
corresponding to 2.25 and 4.5 kg potato meal per day, respectively. The mean contents of a-chaconine
and a-solanine in the potato meal samples were 515 and 285 mg/kg dw, respectively. This resulted in
estimated daily exposure of 3.6 and 2.0 mg/kg bw for a-chaconine and a-solanine, respectively, at the
highest level of potato meal intake, and of 1.78 and 0.99 mg/kg bw, respectively, at the lower level of
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dietary inclusion?. Considering the evidence from the King and McQueen (1981) study, that GAs are
almost completely converted to aglycones in rumen, milk samples from dairy cows fed with spiked
bovine feed ration were analysed by GC-NPD for the presence of solanidine. No solanidine was detected
in any milk sample (LOD: 0.14 mg/L).

3.1.1.4. Summary on toxicokinetics

Overall, limited conclusions on the toxicokinetics profiles of a-solanine and a-chaconine can be drawn
based on the available evidence

Limited information is available from toxicokinetic studies in experimental animals. Both a-solanine and
a-chaconine showed a relatively low bioavailability in experimental animals. Different toxicokinetic
profile were observed in rats and hamsters. In hamsters there is indication for higher absorption and
slower excretion rates for both substances in comparison with rats. In particular in rats, following oral
exposure to labelled a-solanine or a-chaconine, radioactivity was excreted mainly via the feces (about
60% in 24 h and more than 80% after 4 days) as solanidine. Urinary excretion accounted for about 3—
10% of the doses for a-solanine and 10% o-chaconine. Conversely, in hamsters, a lower fecal excretion
was observed, with urinary excretion reaching about 10% for a-solanine and 21% for a-chaconine 7
days after the exposure. Information on the metabolic profiles of a-solanine and a-chaconine were
mainly obtained via TLC techniques and are of low reliability.

The blood kinetics profiles of a-solanine and a-chaconine in humans were relatively well studied in two
volunteer studies, using HPLC methods and showing comparable results. In volunteers exposed to
mixtures of a-solanine and o-chaconine in the range of 0.3-1.25 mg TGA/kg bw via consumption of
mashed potato meals, peak levels in serum were reached approximately 6-8 h after exposure,
independently from the doses. Both substances showed long serum half-lives, suggesting a possible
accumulation. a-Chaconine showed longer serum half-life than a-solanine (44 and 21 h, respectively).
In addition, in one study the blood clearance of o-solanine and a-chaconine corresponded to the
increase in solanidine levels, which reached a maximum level after 8 h and remained apparently constant
up to 24 h following exposure. No further information on metabolism and no information on excretion
was available in these studies. A volunteer study using tritiated solanidine support the evidence of slow
clearance from plasma associated with a high retention of radioactivity in erythrocytes, with a
corresponding slow excretion in urine and feces. In a separate experiment, solanidine was detected in
3 out of 5 post-mortem liver samples, either in the free form or in conjugated form (e.g. as glucuronide-
conjugate). Levels of solanidine were regularly detected in the blood of human volunteers in a series of
studies using a radioimmuno assay for the detection of solanidine or TGAs. In particular, in one
experiment solanidine could be detected in serum of two volunteers up to three weeks after they started
a potato-free diet. Overall, these studies provide some limited information on the kinetics of potato GAs,
mainly suggesting their hydrolysis to solanidine following absorption and the slow clearance of solanidine
from blood.

Only scant information is available on the toxicokinetics profile of potato GAs in ruminants. In an /n vitro
study, a-solanine and o-chaconine were shown to be extensively converted to solanidine and
subsequently to a 5,6-dihydro derivative of solanidine, identified as 5B-solanidan-3p-ol. Another study
showed no detection of solanidine in cows’ milk upon consumption of feed spiked with a potato meal
contaminated with a-solanine or a-chaconine, suggesting a low potential to transfer into milk for GA.
No information was retrieved for other farm animals, horses or companion animals.

Toxicokinetic data on tomato and aubergine GAs and their aglycones could not be identified, neither for
experimental animals nor for humans.

2 Assuming 650 kg bw.
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3.1.2. Toxicity in experimental animals

The selection criteria for studies relevant to inform the toxicity in experimental animals are described in
Section 2.1.

In the descriptions below the doses are reported as mg/kg bw per day. If the doses were reported on
molar basis in the original study, these were converted using the molecular weights given in Appendix
A. Due to the weight of the oligosaccharide in the GAs, the aglycones have a lower molecular weight
by a factor of ~ 2. This should be considered when comparing the dose-response relationships of GAs
and aglycones at doses given in mg/kg bw per day.

3.1.2.1. Acute toxicity studies

3.1.2.1.1. GAs from edible parts of S. tuberosum

Regarding acute oral toxicity of potato GAs (Table 6), a single oral application of 250 mg/kg bw of a-
solanine did not affect serum levels of liver transaminases or serum cholinesterase activity in rats (Dalvi
et al., 1985). Mice showed no lethality at a dose of 1,000 mg/kg bw (Nishie et al., 1971).

An LDso value of 590 mg/kg bw was identified for a-solanine in male and female rats (Gull, 1960).
However, it is uncertain whether pure a-solanine was tested, as it appears likely that the standard (an
extract of potato sprouts, purified by crystallisation) contained an unknown amount of a-chaconine.
Therefore, the study cannot be used for risk assessment. Diarrhoea was reported to be the most
frequent symptom at lower doses of the extract.

When compared to oral toxicity, considerably lower doses of potato GA, aglycones or mixtures caused
symptoms or were lethal when applied i.p. or i.v. (see Table 7). For example, LDso values for a-solanine
ranged from 32.3-42 mg/kg bw in mice to 67 mg/kg bw in rats. Reported symptoms were diarrhoea
and reduced spontaneous motor activity (Gull, 1960). The LDso of a-chaconine, applied i.p., appears to
be similar, i.e. 19.2 or 32.3 mg/kg bw in mice and 84 mg/kg bw in rats (Nishie et al., 1975; Sharma et
al., 1979; Chaube and Swinyard, 1976). Rabbits showed a similar sensitivity as rats and mice towards
a-solanine and a-chaconine, i.e. lethality occurred when a-solanine was applied at an i.v. dose of 10
mg/kg kg bw, and at i.p. doses of either 20 or 40 mg/kg bw or when animals received a-chaconine at
an i.p. dose of 50 mg/kg bw (Nishie et al., 1971, 1975). Swinyard et al. (1973) reported an LDso value
of < 40 mg of a-solanine per kg bw for rhesus monkeys (administered i.p.).

Regarding i.p. application of defined mixtures of a-solanine and o/B-chaconine, Syrian hamsters were
relatively sensitive showing an LDso value between 10 and 25 mg/kg bw, while in rats the LDso value
was 60 or 75 mg/kg bw (Gull, 1960; Phillips et al., 1996; Chaube and Swinyard, 1976).

The aglycone solanidine was tested in mice only at a single i.p. dose of 500 mg/kg bw, which exerted
no lethal effects (Nishie et al., 1971).

3.1.2.1.2. GAs from edible parts of food plants other than S. tuberosum

The studies identified are reported in Table 8 and 9.

Wilson et al. (1961) reported on 100% lethality in rats after applying 900-1,000 mg/kg bw in rats.
Histologic analyses revealed an acute mucosal erosion of the stomach associated with a mild acute
inflammation in the submucosa.

Regarding mixtures, Baker et al. (1989) treated hamsters with water suspensions of lyophilised seeds
of aubergine containing 160 mg TGA/kg dry weight (dw). The authors reported that solasodine was the
only aglycone detectable. A dose of 6,316 mg dw (approximately 1 mg TGA/kg bw) caused
haemorrhagic gastritis in hamsters.
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When compared to oral toxicity, considerably lower doses of tomato GAs were lethal when applied i.p.
or i.v. The LDso values for a-tomatine in mice ranged from 18 mg/kg bw (i.v.) to 32.4 mg/kg bw (i.p.)
(Sackman et al., 1959; Wilson et al., 1961; Nishie et al., 1975). After s.c. administration, the LDso was
raised to >1,000 mg/kg bw (Sackman et al., 1959). Rabbits appear to be less sensitive than mice, since
a single i.p. dose of a-tomatine at 100 mg/kg bw did not cause death of the animals (Nishie et al.,
1975).

The LDso value of a-solamargine was determined to be 42 mg/kg bw, when applied i.p. to rats (Al Chami
et al., 2003).

3.1.2.1.3. Summary on acute toxicity studies

Regarding oral exposure to a-solanine, an LDso of 590 mg/kg bw was identified for rats, while mice
showed no lethality at a dose of 1,000 mg/kg bw. When compared to gavage, considerably lower i.p.
doses elicited effects, e.g. in mice, the LDso was 40-42 mg/kg i.p., and in rats increased liver
transaminases in serum were reported at 20 mg/kg bw i.p. Likewise, the aglycone solanidine exerted
no significant effect in mice at 500 mg/kg bw i.p.

Relative potency of toxicity of different GAs can be deduced after i.p. application and appear to be
similar, i.e. in rats the LDso was 67 mg/kg bw for a-solanine and 84 mg/kg bw for a-chaconine, and in
mice it was 32.3—42 mg/kg bw for a-solanine and 19-32.3 mg/kg bw for a-chaconine. Lethality occurred
in New-Zealand rabbits starting at 40 mg/kg bw of a-solanine and at 50 mg/kg bw for o-chaconine. In
mice, the aglycone solanidine exerted no effect when applied at 500 mg/kg bw i.p., contrasting to the
pronounced toxicity of a-solanine and a-chaconine after the identical route of exposure.

Lethal doses of a-tomatine were approximately 900-1,000 mg/kg bw p.o. in rats. Acute lesions
comprised erosion, and also inflammation occurred in the stomach. When applied i.v. or i.p., LDso values
of 18 to 32.4 mg/kg bw were found in rodents. Again, the parenteral route was found to increase the
toxicity of GAs from tomato.
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1404  Table 6. Acute toxicity in experimental animals: oral administration of glycoalkaloids (GAs) (a-solanine) or mixtures, from edible parts of S. tuberosum.

Test compounds Species Observed effects Highest dose Lowest dose LDso Reference
Dose route with no effect with effect (mg/kg bw)
Doses (mg/kg bw) (mg/kg bw)

a-Solanine @ Sprague-Dawley rats (M) - 250 Dalvi et al.
No/sex/group: 5 (1985)

Single gavage:
0, 20 or 250 mg/kg bw

a-Solanine @ Albino mice (M) - 1,000 Nishie et al.
No/sex/group: n.r. (1971)

Single oral application:
0 or 1,000 mg/kg bw

Mixture of a-solanine and  White rats (M/F) Diarrhoea 300 Gull (1960)
unknown proportion of a- No/sex/group: 9
chaconine ® Lethality 590

Single gavage:
300, 600 or 1,200 mg/kg bw

1405 F: females. M: males. n.r.: not reported.
1406 (a): Chemical standard obtained from a commercial supplier, with high purity (95% pure or higher).
1407 (b): Poorly characterised chemical standard (e.g. purity or composition not defined).
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1408 Table 7. Acute toxicity in experimental animals: non-oral administration of glycoalkaloids (GAs) (a-solanine, a-chaconine), mixtures, and the aglycone
1409 (solanidine), from edible parts of S. tuberosum.

Highest dose

Lowest dose

with no :
. with effect LDso
Test compound Species/ dose route Observed effects effect (ma/kg bw) Reference
(mg/kg bw) ~ (mg/kg bw)
a-Solanine Rats (M/F) / i.p. | Hepatic glycogen content 5 Satoh et al. (1967)
} @ . 1 Serum liver transaminases -
a-Solanine @ Rats (M) / i.p. | Serum cholinesterase activity 20 Dalvi et al. (1985)
) ) . . . 67 Chaube and
a-Solanine Wistar rats (F) / i.p. Lethality Swinyard (1976)
Lethality 42
a-Solanine @) Albino mice (M) / i.p. Nishie et al. (1971)
| Spontaneous motor activity 5 10
a-Solanine @ Balb/c mice (F) / i.p. Lethality 10 20 40 '("'z%qs;”'k'a etal.
a-Solanine (@ Swiss-Webster mice (M) /i.p.  Lethality 32.3 Patil et al. (1972)
a-Solanine ®) Swiss-Webster mice (M) /i.p.  Lethality 32.3 Sharma et al. (1979)
a-Solanine @ Swiss-Webster mice (M) / i.p.  Lethality 34.5 Nishie et al. (1975)
. . ) Khodayari et al.
- (a) -
a-Solanine @ Balb-c mice (M) / i.p. 40 (2013)
EEG alterations (i.p.) <15 > 15
1 Respiratory rate, lower blood 2
w-Solanine @ Rabbits (sex n.r.) / i.p. ori.v. ~ Pressure (i.v.) Nishie et al. (1971)
Lethality (i.p.) 20
Lethality (i.v.) 10
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a-Solanine @ White New-Zealand rabbits Lethality 40 Nishie et al. (1975)
(sex n.r.) / i.p.
. Rhesus monkey (sex n.r.) / . 40 Swinyard et al.
- (a) 0,
a-Solanine i.p. Lethality (100%) 2%20 <40 (1973)
a-Chaconine ® Swiss-Webster mice (M) /i.p.  Lethality 32.3 Nishie et al. (1975)
a-Chaconine @) Swiss-Webster mice (M) /i.p.  Lethality 19.2 Sharma et al. (1979)
. . . . Chaube and
= (b)
a-Chaconine Wistar rats (F) / i.p. Lethality 84 Swinyard (1976)
Altered EEG of occipital cortex 10
a-Chaconine ®) Sprague-Dawley rats (M) / i.p. Aldous et al. (1980)
Bradycardia 10 20
a-Chaconine ® White New-Z ealand rabbits Lethality 50 Nishie et al. (1975)
(sex n.r.) / i.p.
Mixture of a-solanine
and unknown proportion = Rats (M/F) / i.p. 75 Gull (1960)
of a-chaconine ©
Mixture (a)
a-solanine: o-chaconine = Syrian hamster (M) / i.p. Lethality 10 25 >10 <25 Phillips et al. (1996)
(1:1)
Mixture (d)
a-solanine, a-chaconine
and B-chaconine . . Chaube and
comprised ~20% of the Wistar rats (F) / i.p. 60 Swinyard (1976)
extract at a ratio of
1:2:0.3, respectively
Solanidine (@ Albino mice (M) / i.p. - 500 Nishie et al. (1971)

EEG: electroencephalogram. F: female. M: male. n.r.: not reported
(a): Chemical standard obtained from a commercial supplier, with high purity (95% pure or higher).

(b): Chemical standard obtained by in-house isolation from plant material, and checked for purity (95% pure or higher).

(c): Poorly characterised chemical standard (e. g. purity or composition not defined).

(d): A non- or only partly purified extract or material for which the glycoalkaloid composition and concentration is given.
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Table 8. Acute toxicity in experimental animals: oral administration of glycoalkaloids (GAs) (a-tomatine) from edible parts of S. /ycopersicum and extracts

from edible parts of S. melongena.

Substance Species (sex) Observed effects Highest dose Lowestdose LDso Reference
(purity) Dose route with no with effect (mg/kg bw)
Doses effect (mg/kg bw)
(mg/kg bw)
o-Tomatine @ Rats (M/F) 100% lethality 900-1,000 Wilson et
No/sex/group: n.r. al. (1961)
Oral dose of 900—-1,000 mg/kg bw given
within 24 h
Water suspensions of Syrian hamster (sex n.r.) Haemorrhagic 1 Baker et al.
ground lyophilised fruits of No/sex/group: 2 gastritis (1989)

ripe S. melongena ®
Single oral application: 6,316 mg
suspension/kg bw

TGA content of dried matter: 0.016%
(corresponding to 1.0 mg TGA/kg bw)

F: females. M: males. n.r.: not reported
(a): Chemical standard obtained by in-house isolation from plant material, may contain a-dehydrotomatine as an impurity.
(b): A non- or only partly purified extract or material for which the GA composition and concentration is given.
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Table 9. Acute toxicity in experimental animals: non-oral administration of glycoalkaloids (GAs) (a-tomatine, o-solamargine) from edible parts of S.

lycopersicum or S. melongena.

Substance (Purity) Species (sex) Observed Highest dose Lowest dose LDso Reference
Dose route effects with no (mg/kg bw)
effect (mg/kg bw)
(mg/kg bw)
a-Tomatine ®) :VI\;ce (sexn.r) Lethality 18 Wilson et al. (1961)
a-Tomatine @ iS\[;wss-Webster mice (M) Lethality 32.4 Nishie et al. (1975)
. Mice (sex n.r) . Sackmann et al.
z (b)
o-Tomatine i.p. Lethality 25 (1959)
. Mice (sex n.r) . Sackmann et al.
z (b)
o-Tomatine s.c. Lethality > 1,000 (1959)
«-Tomatine @ ?"g"te New-Zealand rabbits (sex n.r.) - 100 Nishie et al. (1975)
. Wistar rats (M) . Al Chami et al.
R ©
a-Solamargine i.p. Lethality 42 (2003)

M: male. n.r.: not reported

(a): Chemical standard obtained from a commercial supplier, may contain o-dehydrotomatine as an impurity.
(b): Chemical standard obtained by in-house isolation from plant material, may contain a-dehydrotomatine as an impurity.
(c): Poorly characterised chemical standard (e. g. purity or composition not defined).
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3.1.2.2. Repeated dose toxicity studies

3.1.2.2.1. GAs and aglycones from edible parts of S. tuberosum

The studies on effects following repeated oral doses are summarised in Table 10, 11 and 12. The no-
observed-effect level (NOEL) (or lowest-obserserved-effect level, LOEL) and NOAEL (LOAEL) values
indicated, have been derived by the CONTAM Panel, unless stated otherwise.

a-Solanine

a-Solanine reduced body weight gain and the absolute liver weight when given at 416.6 mg/kg bw per
day (the only dose administered) for one week to Swiss Webster mice (Friedman et al., 1996). The food
intake remained unaffected.

A lower dose (180 mg a-solanine/kg bw per day) reduced the growth rate in rats treated over a period
of 5 weeks which was not due to an altered food intake of the animals. No further compound-related
symptoms were reported (Gull, 1960). Based on the lower body weight at 180 mg/kg bw per day, a
NOAEL of 90 mg a-solanine/kg bw per day was derived.

Hamsters exhibited lethality in 50% of the animals and reduced growth and relative liver weights when
exposed daily to 100 mg a-solanine/kg bw (the only dose administered) for 5 days. The lowered body
weight gain might have been caused by a decreased food intake by the animals. Serum glucose, serum
creatine, red blood cell (RBC), haemoglobin and haematocrit were elevated (Langkilde et al., 2008).

a-Chaconine

a-Chaconine lowered body and liver weights at 409 mg/kg bw per day (the only dose administered) in
mice over a period of 7 days (Friedman et al., 1996). The food intake by the animals was unaffected.

In hamsters, 100 mg/kg bw per day (the only dose administered) for 5 days induced lethality (in 25%
of the animals) and reduced body weight gain and relative liver weights despite of an unaltered food
intake (Langkilde et al., 2008). Serum glucose, serum creatine, RBC, haemoglobin and haematocrit were
elevated.

Solanidine

The aglycone solanidine was administered to mice for up to 28 days at doses ranging from 95.5 to 381.8
mg/kg bw per day (Friedman et al., 1996, 2003a). Adverse effects were seen at 190.9 mg/kg bw per
day, such as decreased body weight gain and increased absolute and relative liver weights (Friedman
et al., 1996). Feed intake was lowered at a daily dose of 381.8 mg/kg bw. Based on increases in absolute
and relative liver weights at day 14 and 28 of treatment, a NOAEL of 95.5 mg solanidine/kg bw per day
was derived.

Mixtures of GAs

Friedman (1992) fed mice potatoes containing 64 mg TGAs (20 mg a-solanine and 37 mg a-
chaconine)/kg fresh weight. o-Solanine and o-chaconine were quantified by HPLC-UV, while TGA were
determined by a colourimetric method (possibly detecting other GAs as well, see Section 1.3.2). The
potatoes were admixed as powder at high concentrations (up to 40%) to the diet presumably causing
dietary imbalances of macro- and micronutrients. Increased absolute and relative weights of pancreas
were observed at the highest TGA dose of 23.2 mg/kg bw per day. The CONTAM Panel agrees with the
assumption of the authors that the effects on the pancreas may be due to presence of trypsin inhibitor
activity in the potato powder and not caused by GAs. Consequently, no NOAEL was derived for this
study.
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For a period of 3 days, Phillips et al. (1996) treated male hamsters orally with doses up to 50 mg TGA/kg
bw per day at a ratio of a-solanine: a-chaconine of approximately 1:1. No adverse effects could be
observed. However, the study was conducted with a low number of animals per treatment group.

In a series of experiments, Langkilde et al. (2008, 2009, 2012) tested defined mixtures of a-solanine
and a-chaconine in female hamsters. At a ratio a-solanine:a-chaconine of 1:2.5, gavage of 75 mg
TGA/kg bw per day induced lethality (in 25% of the animals), lowered food intake, decreased the relative
liver weight and increased hemoglobin and haematocrit within 5 days of treatment (Langkilde et al.,
2008). At gavage of 100 mg TGA/kg bw per day, lethality was seen again in 25% of the animals, body
weight gain was lowered and the relative weight of adrenals, serum creatine and RBC were elevated
(Langkilde et al., 2008). The LOAEL in this study was 75 mg TGAs/kg bw per day based on the lethality
and the decreased relative liver weight in female hamsters.

An a-solanine:a-chaconine ratio of 1:3.7 with a dose of 33 mg TGA/kg bw, applied by daily gavage,
raised white blood cells (WBC), RBC and serum aspartate aminotransferase (AST), and decreased
albumin, proteins and urea in blood within 4 weeks (Langkilde et al., 2009). When the ratio «-
solanine:a-chaconine was 1:70 at a dose of 33.3 mg TGAs/kg bw per day, death occurred in one of the
four treated animals 2 h after gavage. Weight of adrenal glands, AST, WBC and RBC were affected
(Langkilde et al., 2009). Thus, the NOAEL was 10 mg TGAs/kg bw per day irrespective of whether o-
solanine and a-chaconine were applied at a 1:3.7- or 1:70-ratio.

Langkilde et al. (2012) investigated the putative effects of a wildtype (‘Desiree’) and a genetically
modified potato line (SGT 9-2). While the wildtype potato contained o-solanine:a-chaconine at a ratio
of 1:3.1, the SGT 9-2 line exhibited a ratio of 1:25.5-26 and a considerably lower TGA content
(determined by HPLC-UV). All animals of the study received diets, which were identical in the
concentrations of minerals, vitamins, sucrose/dextrin, soybean oil and cellulose but contained 0%, 20%,
40% or 60% freeze-dried powder of control or SGT 9-2 potatoes (trypsin inhibitor activity of the powders
was not excluded). The variable proportions of potato powder in the diets were compensated to some
extent by adjusted contents in caseinate and corn/potato starch. Since the TGA content of the SGT 9-2
line was considerably lower than in the controls, commercially available a-solanine and a-chaconine
were added to the diets with SGT 9-2 in order to treat animals with TGA doses as occurring in control
potatoes. However, the ratio between the two GAs was kept as being typical for the SGT 9-2 line. In
addition, one of the diets (40% powder of control potatoes) was spiked with commercially available a-
solanine and a-chaconine to elevate the TGA dose to 33 mg/kg bw per day. When the relative proportion
of a-solanine:a-chaconine was 1:3.1, a daily TGA dose of 33 mg/kg bw exerted no effect over a period
of 90 days. At a ratio of 1:25.5-26 again no effects were seen at TGA doses of up to 20.6 mg/kg bw
per day (Langkilde et al., 2012). In any case, the NOEL in this study was 33 mg TGA/kg bw per day at
a ratio a-solanine:a-chaconine of 1:3.1 (the highest dose tested).

In contrast to data published in 2009, Langkilde et al. (2012) did not find adverse effects when hamsters
were exposed to 33 mg TGAs/kg bw per day for 90 days with a ratio of a-solanine:a-chaconine of
approximately 1:3.1. In this study the NOEL for TGAs was 33 mg/kg bw per day which is considerably
higher than in the study appearing in 2009. The different outcome may be based on the fact, that in
the study of 2009 purified standards were applied to the animals as bolus by gavage, whereas in the
study published in 2012, freeze-dried potato powder, partly spiked with commercial standards, were
administered via the diet.
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Preparations based on edible parts of S. tuberosum and sprouts

In some experiments the effects of plant parts of potatoes were studied. Tusnio et al. (2013a) used
potato sprout meal with 41.85 g TGAs/kg admixed to the diet to provide daily doses of up to 36 mg
TGAs/kg bw to rats (no information on the ratio of a-solanine:a-chaconine provided). The potato sprout
meal did not exhibit any trypsin inhibitor activity. This treatment did not elicit any effect when applied
over a period of 28 days (Tusnio et al., 2013a). Thus, the NOEL was 36 mg TGAs/kg bw per day (the
highest dose tested).

In a second experiment, commercial potato protein concentrates were applied, which contained 677—
3,185 mg TGAs/kg (Tusnio et al., 2013a) and which did exhibit trypsin inhibitor activity. Again, the ratio
of a-solanine:a-chaconine was not given and might have been variable. TGA doses of 13.9-52.7 mg/kg
bw per day affected the gastrointestinal tract and caused decreased relative stomach weight, increased
relative weight of the intestine and elevated serum alanine aminotransferase (ALT) levels. The study
authors speculated that these alterations were rather due to trypsin inhibitor activity than the GA content
in the diet (Tusnio et al., 2013a). Consequently, no NOAEL or LOAEL could be derived.

Azim and colleagues performed three studies in rabbits and compared the effects of green or ripe
potatoes, fed as chow (Azim et al., 1982, 1983, 1984). In all studies, the GA content in potatoes was
determined but no ratio of a-solanine:o-chaconine was given. Furthermore, the studies lack negative
controls. Generally, decreased body weight and increased relative liver weights were reported. However,
the data are difficult to interpret since untreated controls are missing. No NOEL or LOEL could be
derived.

Swinyard et al. (1973) used potato strain B5141-6, containing a mean TGA content of 260 mg/kg fw
(range: 150-350 mg/kg fw). a-Solanine accounted for 25% of the TGA content, while the remaining
GAs were not specified, but probably contained a-chaconine. The tubers were diced and admixed to
the diet. By this procedure Rhesus monkeys were treated with approximately 3.47 mg TGAs/kg bw per
day for 25 days, which did not elicit any significant effect on food consumption and body weight.
However, the study lacks an untreated control group. Therefore, no NOAEL could be derived.

Summary of repeated dose toxicity studies with GAs and aglycones from edible parts of S.
tuberosum and sprouts

To conclude, a-solanine and a-chaconine reduced body and liver weights in mice after one week at
416.6 and 409 mg/kg bw per day, respectively. A NOAEL was set for a-solanine at 90 mg/kg bw per
day based on reduced growth of rats, treated for 5 weeks. In hamster, body and relative liver weights
were lowered by 100 mg/kg bw of either a-solanine or a-chaconine, applied for 5 days. The aglycone
solanidine caused adverse effects in mice treated with 190.9 mg/kg bw per day up to 4 weeks; the
NOAEL was 95.5 mg/kg bw per day.

Mixtures of a-solanine and a-chaconine were applied to hamsters over 90 days (Langkilde et al., 2012).
The NOEL was 20.6 mg/kg bw per day (a-solanine:o-chaconine ratio of 1:25.5-26) and 33 mg/kg bw
per day (a-solanine:a-chaconine ratio of 1:3.1) (the highest doses tested). The NOEL of 33 mg/kg bw
per day is identical to the LOAEL reported in another study, in which 33 mg/kg (a-solanine:a-chaconine
ratio of 1:3.7), applied via gavage for 4 weeks, caused gastrointestinal effects in hamsters (Langkilde
et al., 2009). The different outcome at the identical dose may be due to the bolus effect of gavage in
the 2009 study and the matrix effects of the basal chow in the 2012 study.

Regarding edible parts of potato and sprouts, the NOEL was 36 mg TGA/kg bw per day, fed to rats for
28 days (the highest dose tested). No effects were seen in monkeys at a daily dose of 3.47 mg TGA/kg
bw, applied for 25 days.
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3.1.2.2.2. GAs and aglycones from edible parts of food plants other than S.
tuberosum

The studies identified are reported in Table 13.
o-Tomatine

o-Tomatine was tested in rats at doses of 1.25 to 250 mg/kg bw per day over periods of 5 to 200 days.
No effects were reported at 250 mg/kg bw per day when given for 5 days, and at 20 mg/kg bw applied
over a period of 200 days (Wilson et al., 1961). A NOAEL of 20 mg/kg bw per day for rats was identified
from this study (the highest dose applied in this study). A dose of 600 mg/kg bw caused decreased
intrahepatic cholesterol after 7 days of administration (Cayen et al., 1971). Based on the lower hepatic
cholesterol concentration, the LOEL was 600 mg a-tomatine/kg bw per day in male rats. When the
effects on the cholesterol metabolism were studied in rats in more detail, Cayen et al. (1971) reported
on reduced uptake of dietary cholesterol by the liver, an elevated hepatic and intestinal cholesterol
synthesis and increased fecal sterol excretion without affecting bile acid excretion at 1,200 mg -
tomatine/kg bw per day for 2 weeks (see also Section 3.1.2.9).

In mice, 496 mg a-tomatine/kg bw per day (the only dose administered) for one week did not affect
body or liver weights (Friedman et al., 1996).

When hamsters were treated with 30.5 mg/kg bw per day for 3 weeks, the LOEL was 30.5 mg a-
tomatine/kg bw per day, based on the elevated fecal sterol and coprostanol excretion (Friedman et al.,
2000a) (see also Section 3.1.2.9).

a-Solasonine

a-Solasonine increased the body weight gain in mice at 424.4 mg/kg bw per day (the only dose
administered) for 7 days despite of an unaltered food intake by the animals. No further effects were
reported (Friedman et al., 1996).

Tomatidine

Wilson et al. (1961) obtained the aglycone tomatidine by hydrolysis, as described by Fontaine et al.
(1948). When given to rats daily at 1.25 to 20 mg/kg bw for 200 days, tomatidine exerted no significant
effects (Wilson et al., 1961). The NOEL in this study was 20 mg tomatidine/kg bw per day for rats (the
highest dose tested). Two studies in mice reported an elevated absolute and/or relative liver weight at
199.5 mg/kg bw per day, when applied for 7 or 14 days (Friedman et al., 1996, 2003). Further
observations were decreased feed intake (day 7 at 399 mg/kg bw per day) and reduced body weight
gain (day 14 at 199.5 mg/kg bw per day) (Friedman et al., 1996, 2003). The LOAEL was 199.5 mg/kg
bw per day, based on the reduced body weight gain and elevated absolute and relative liver weight in
female mice.

Solasodine

The aglycone solasodine was tested in Swiss-Webster mice at doses of up to 397.2 mg/kg bw per day
(Friedman, 1992; Friedman et al., 1996, 2003). In the first study, Friedman (1992) reported on
decreased body weight gain (despite of unaltered food intake), gastric gland degeneration,
cholangiohepatitis, elevated relative liver weight and increased serum glutamic oxaloacetic transaminase
(GOT), glutamic pyruvic transaminase (GPT) and bilirubin, when animals received 160 mg/kg bw per
day for 7 and/or 14 days. This indicates that the gastrointestinal tract and the liver were affected
severely by this compound. The NOAEL was 80 mg/kg bw per day, based on the effects on body weight
and on the gastrointestinal tract at 160 mg/kg bw per day in mice. In the two subsequent studies, the
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same study authors administered partly higher doses than in the study published in 1992 and focused
on compound effects on body and liver weights (Friedman et al., 1996, 2003). Decreased body weight
gain (despite of unaltered food intake) and increased relative and/or absolute liver weights were induced
at 198.6 mg solasodine/kg bw per day (Friedman et al., 2003). At 397.2 mg/kg bw per day feed intake
was reduced at day 7 of treatment (Friedman et al., 1996). Due to the high level and the limited dose
ranges applied, these studies were not used to identify a NOAEL.

Friedman et al. (1996) compared the relative potencies of equimolar doses of the aglycones with regard
to the increase in liver weight in mice and found that solanidine, solasodine and tomatidine were nearly
equal (see also Table 10). This was confirmed by Friedman et al. (2003). In contrast, equimolar doses
of the GA a-solasonine decreased insignificantly the liver weight (Friedman et al., 1996). Wilson et al
(1961) applied a-tomatine and tomatidine at 20 mg/kg bw per day for a period of 200 days to rats.
When considering the different molecular weights of the compounds the a-tomatine dose was 20
pmol/kg bw per day and the tomatidine dose 50 pmol/kg bw per day. Nevertheless, tomatidine did not
elicit any effect, as was true also for a-tomatine.

Summary of repeated dose toxicity studies with GAs and aglycones from edible parts of
food plants other than S. tuberosum

To conclude, a-tomatine exerted no effects in mice receiving 496 mg/kg bw per day for 1 week. A NOEL
of 20 mg/kg bw per day (the highest dose tested) was identified for rats, treated for 200 days. In
hamsters, the LOEL was 30.5 mg/kg bw per day, based on an increased fecal sterol and coprostanol
excretion. a-Solasonine increased the body weight gain in mice when treated daily with 424.4 mg/kg
bw for 1 week (the only dose applied). For tomatidine, a LOAEL of 199.5 mg/kg bw per day was derived
in mice, and a NOEL of 20 mg/kg bw per day (the highest dose applied) in rats. For solasodine, a NOAEL
of 80 mg/kg bw per day was identified in mice, based on decreased body weight gain, gastric gland
degeneration, and liver toxicity at higher doses.
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1621  Table 10. Repeated dose oral toxicity studies with glycoalkaloids (GAs) (a-solanine and a-chaconine) and the aglycone (solanidine) from edible parts of S.
1622 tuberosum.

Test compound Species/Experimental design and doses Most sensitive endpoint Highest dose Lowest dose with Reference
with no effect effect
(mg/kg bw/day) (mg/kg bw/day)
a-Solanine ® Swiss-Webster mice (F) | bw gain 416.6 Friedman et al.
No/sex/group: 8 | absolute liver weight 416.6 (195€)
Diet: 0 or 2.4 mmol/kg diet (equivalent to 0 or
416.6 mg/kg bw per day @)
Duration: 7 days
a-Solanine © White rats (M) | growth rate 90 180 Gull (1960)
No/sex/dose: 5-10
Diet: 0, 20, 50, 100, 250, 500, 1,000, 2,000
mg/kg diet (equivalent to 0, 1.8, 4.5, 9, 22.5,
45, 90, or 180 mg/kg bw per day @)
Duration: 5 weeks
a-Solanine @ Golden Syrian hamster (F) Lethality (50% of animals) 100 Langkilde et al.
No/sex/group: 4-8 . . (2008)
| food intake and bw gain 100
Gavage: 0 or 100 mg/kg bw per day . ] For mixtures of
| relative liver weight 100 a-solanine and
Duration: 5 days a-chaconine,
1 RBC, HGB, HCT 100 see Table 12
1 serum glucose, creatine 100
| serum alk phosphatase, 100
albumin
a-Chaconine ®) Swiss-Webster mice (F) | bw gain (day 7) 409 Friedman et al.
No/sex/group: 8 . (1996)
| absolute and relative liver 409

Diet: 0 or 2.4 mmol/kg diet (equivalent to 0 or
409 mg/kg bw per day @)

Duration: 7 days

weight (day 7)
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a-Chaconine (@ Golden Syrian hamster (F) Lethality 0 100 Langkilde et al.
No/sex/group: 4-8 (2008)
/sexfgroup | bw gain 100 )
Gavage: 0 or 100 mg/kg bw per day o ] For mixtures of
| relative liver weight 100 a-solanine and
Duration: 5 days a-chaconine,
1 RBC, HGB, HCT 100 see Table 12
1 serum glucose, creatine 100
Solanidine @ Swiss-Webster mice (F) | food intake (day 14) 190.9 381.8 Friedman et al.
No/sex/group: 8-16 . (1996)
| bw gain (day 7) (no 95.5 group) 190.9
Diet: 0, 1.2, 2.4 or 4.8 mmol/kg diet .
(equivalent to 0, 95.5, 190.9 or 381.8 mg/kg ¥ PW 9ain (day 14) 0.9 3818
bw per day ) 1 absolute and relative liver ~(no 95.5 group) 190.9
Duration: 7, 14 or 28 days weight (day 7)
1 absolute and relative liver  95.5 190.9
weight (day 14, 28)
Solanidine @ Swiss-Webster mice (F) | bw gain 190.9 Friedman et al.
No/sex/group: 10 o (2003)
1 absolute and relative liver 190.9

Diet: 0 or 2.4 mmol/kg diet (equivalent to 0 or  weight
190.9 mg/kg bw per day @)

Duration: 14 days

F: female. M: male. bw: body weight. RBC: red blood cell. HGB: haemoglobin. HTC haematocrit.

(a): Chemical standard obtained from a commercial supplier, with high purity (95% pure or higher).

(b): Chemical standard obtained by in-house isolation from plant material, and checked for purity (95% pure or higher).
(c): Poorly characterised chemical standard (e. g. purity or composition not defined).

(d): Applying EFSA default values.
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1630 Table 11. Repeated oral toxicity studies with defined mixtures of glycoalkaloids (GAs) (a-solanine and a-chaconine) from edible parts of S. tuberosum.

Test compound Species Observed effects  Highest dose with no effect Lowest dose with effect Referenc
gg::sroute GA (a-solanine/a-chaconine) GA (a-solanine/a-chaconine)
(mg/kg bw per day) (mg/kg bw per day)
Potatoes containing 6.4  Swiss-Webster mice (sex n.r) 1 absolute and ~11.6 (3.63/6.71) ~23.2 (7.25/13.4) Friedman
mg TGA (20 mg o - No/sex/group: 4-5 relative pancreas (1992)
lanine; 37 - weight
50 anln_e mg a Oral application (diet): 0, 1, 5,
chaconine) per kg fw, o .
admixed as powder to 10, 29 or ‘_IO %o potat_o powder in
diet @ the diet with approximately 0,
2.9, 14.6, 29.1, 58.2 or 116.4
mg TGA/kg diet @ (equivalent to
0, 0.6, 5.8, 11.6 and 23.2 mg
TGA/kg bw per day )
Duration: 7 and 14 days
a-Solanine:a-chaconine ~ Syrian hamster (M) No effect 50 (25/25) Phillips et
(1:1) @ No/sex/group: 2 al. (1996)
Gavage: 0, 5, 10, 25 or 50 mg
GA/kg bw per day
Duration: 3 days
a-Solanine:a-chaconine  Golden Syrian hamster (F) Lethality (in 25%) 75 (21.4/53.6) Langkilde
: (@ No/sex/group: 4-8 etal.
(1:2.5) fsexfgroup | food intake 75 (21.4/53.6) (2008)
Gavage: 0, 75 or 100 mg/kg bw
per day | bw gain 75 (21.4/53.6) 100 (28.6/71.4) For single
L compound
Duration: 5 days | relative liver 75 (21.4/53.6) controls
weight see Table
11

1 relative adrenal 75 (21.4/53.6)
weight

100 (28.6/71.4)

www.efsa.europa.eu/efsajournal 51

EFSA Journal 20YY;volume(issue):NNNN



Glycoalkaloids in feed and food

1 HGB, HCT
1 RBC

1 serum creatine

75 (21.4/53.6)
75 (21.4/53.6)

75 (21.4/53.6)
100 (28.6/71.4)
100 (28.6/71.4)

o-Solanine:a-chaconine  Golden Syrian hamster (F) 7 WBC and RBC 10 ™ (2.1/7.9) 33 (7/26) Langkilde
1:3.7) @ No/sex/group: 4 etal.
(1:3.7) | albumin, ureaand 10 ™ (2.1/7.9) 33 (7/26) (2009)
GaVage: 0,0.1,0.33,1,3.3,10 p|asma proteins
or 33.3 mg/kg bw per day
T serum AST
Duration: 28 days 10M (2.1/7.9) 33 (7/26)
Distended stomach
and intestine 10M™ (2.1/7.9) 33 (7/26)
a-Solanine:a-chaconine ~ Golden Syrian hamster (F) Mortality (25%) 10 (0.1/9.9) 33.3 (0.5/32.8) Langkilde
1:70)@ No/sex/group: 4 et al.
( ) fsex/group 7 WBC and RBC 10 ™ (0.1/9.9) 33.3 (0.5/32.8) (2009)
Gavage: 0, 0.1, 0.33, 1, 3.3, 10 . -
or 33.3 mg/kg bw per day | albumin, ureaand 10 (0.1/9.9) 33.3(0.5/32.8)
plasma proteins
Duration: 28 days
1 serum AST 10™ (0.1/9.9) 33.3(0.5/32.8)
Distended stomach 10 ® (0.1/9.9) 33.3 (0.5/32.8)
and intestine
a-Solanine:a-chaconine  Golden Syrian hamster (F) No effects 33 (8/25) Langkilde
(1:3.1) No/sex/group: 10 et al.
(2012)
S. tuberosum Desiree Diet: TGA at 0, 6.9, 13.8, 20.6 or
(added to chow as 33 N mg/kg bw per day
freeze-dried powder) (9 .
© Duration: 90 days
a-Solanine:a-chaconine  Golden Syrian hamster (F) No effects 20.6 (1.0/19.6) Langkilde
: - et al.
(1:25.5-26) No/sex/group: 10 (2012)

S. tuberosum SGT9-2
(added to chow as
freeze-dried powder)

Diet: TGA at 0, 6.9, 13.8 or 20.6
mg/kg bw per day
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1631
1632
1633
1634
1635
1636
1637
1638
1639
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and spiked with GA from  Duration: 90 days
commercial source @

a-Solanine:a-chaconine ~ Golden Syrian hamster (F) No effects 8.6 (0.3/8.5) Langkilde
(1:25.5-26) from S. No/sex/group: 10 etal.
tuberosum SGT 9-2 (2012)

(added to chow as Diet: TGA at 0 or 8.6 mg/kg bw
freeze-dried powder) () per day

Duration: 90 days

F: females. M: males. n.r.: not reported. TGA: total GA content. AST: aspartate aminotransferase. WBC: white blood cells. RBC: red blood cells. HCT: haematocrit. HBG: haemoglobin.

(a): Chemical standard obtained from a commercial supplier, with high purity (95% pure or higher).

(b): Chemical standard obtained by in-house isolation from plant material, and checked for purity (95% pure or higher).

(c): Poorly characterised chemical standard (e. g. purity or composition not defined) or with a non or only partly purified extract or material for which the GA composition and concentration is given.
(d): A non or only partly purified extract or material for which the GA composition and concentration is given.

(e): Spiked with GAs from commercial source.

(F): Applying EFSA default values

(9): Anticipating 78% water content of potatoes, the GA content would be 291 mg TGA, 91 mg a-solanine and 168 mg a-chaconine per kg potato powder.

(h): Approximative values read from the figures of the study.
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