
Pergamon Toxicology in Vitro 10 (1996) 117-128 

Effects of Saponins and Glycoalkaloids on 
the Permeability and Viability of 

Mammalian Intestinal Cells and on the 
Integrity of Tissue Preparations In Vitro 

J. M. GEE*, G. M. WORTLEY, I. T. JOHNSON, K. R. PRICE?, 
A. A. J. J. L. RUTTENf, G. F. HOUBEN$ and A. H. PENNINKSf 

Nutrition Diet and Health Department and tFood Molecular Biochemistry Department, Institute of Food 
Research, Norwich Laboratory, Norwich Research Park, Colney, Norwich, Norfolk NR4 7UA, UK and 
SGeneral Toxicology Department, TN0 Nutrition and Food Research Institute, PO Box 360, 

Utrechtseweg 48, NL-3700 AJ, Zeist, The Netherlands 

(Accepted 12 October 1995) 

Abstract-The effects of potato and tomato glycoalkaloids and a saponin mixture from Gypsophilu were 
investigated in cytotoxicity studies (neutral red uptake, mitochondrial MTT reduction and release of 
lactate dehydrogenase), using cultured cell lines of rat and human intestinal mucosal epithelium. 
Experiments to assess the effects of these compounds on the integrity of the intestinal epithelium were 
also carried out using preparations of isolated rat jejunum in vitro. By investigating the effect of these 
compounds on cultured cells and on intestinal tissue preparations, changes in membrane integrity, as 
evidenced by lactate dehydrogenase leakage in cell culture, could be confirmed in a system more relevant 
to the whole gut. Of the compounds tested, a-tomatine was consistently the most potent in all tests, and 
indications of a synergistic effect on membrane depolarization were observed between achaconine and 
a-solanine at total glycoalkaloid concentrations of less than 1 IIIM (co.86 mg/ml), with an optimum when 
the former comprised 25% of the mixture. An increase in the apparent permeability of the brush border 
was observed at sublethal concentrations of the compounds, and this may have important implications 
with respect to enhanced uptake of macromolecules, such as allergens, whose passage through the 
epithelium is normally somewhat restricted. Copyright 0 1996 Elsevier Science Ltd. 

INTRODUCTION 

It has been known for some time that complex 
triterpene aglycone-based compounds can affect the 
integrity of biological membranes. In fact this prop- 
erty has been used as the basis for a range of assays 
for these substances, but the degree to which disrup- 
tion occurs varies markedly between chemicals and 
appears to be related to their structure, although the 
way in which this occurs is not yet fully understood. 
Included in this group of compounds are the bioac- 
tive food constituents, saponins and glycoalkaloids, 
which can be isolated from a variety of plant species. 
For example, a range of saponins can be isolated 
from Gypsophila and Allium species, and glycoalka- 
loids such as cr-solanine and CI- and p-chaconines are 
found in potatoes, while a-tomatine is found in green 
tomatoes (Price et al., 1987). 

*Author for correspondence. 
Abbreviations: DEEM = Dulbecco’s modified Eagle’s 

medium; EC, = 50% effective concentration; 
FCS = foetal calf serum; LDH = lactate dehydrogenase; 
pd = potential difference; PEG = polyethylene glycol. 

One of the functions of intestinal mucosa is to act 
as a protective barrier to the external environment, 
while allowing the efficient passage of nutrients into 
the circulation. However, this barrier can be compro- 
mised by a range of permeabilizing agents including 
foodborne toxins and micro-organisms, as well as 
mechanical and chemical damage, and this may allow 
the passage of normally excluded compounds across 
the mucosal membrane, with the possibility of the 
induction of allergenic effects. The discovery that 
some human foods contain membranolytic constitu- 
ents that can facilitate the transfer of macromolecules 
across the rat gut mucosa has focused attention on 
this issue (Gee and Johnson, 1988; Gee et al., 1989; 
Johnson et al., 1986) and a permeabilizing effect on 
cultured pituitary cells has also been reported (Izzi 
et al., 1992). The effect of the potato glycoalkaloids 
cr-chaconine and a-solanine on membrane potential 
has been demonstrated in frog embryos by Blanke- 
meyer et al. (1992). They showed an increased uptake 
of an electrochromic dye in the presence of these 
compounds which equated approximately to pub- 
lished values for their teratogenicity in the frog 
embryo teratogenicity assay (FETAX). In further 
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experiments using a frog skin preparation, the same 
authors have shown that these changes are allied to 
a reduction in sodium active transport (Blankemeyer 
et al., 1995), and that biological activity is influenced 
by the chemical structure of the carbohydrate groups 
on the side-chain at the 3-position of the aglycone 
(Rayburn et al., 1994). Oleszek et al. (1994) have also 
reported that chemical structure plays a significant 
role in the depolarizing capability of structurally 
divergent alfalfa saponins on mammalian small intes- 
tine. In a recent paper by Sung et al. (1995) differ- 
ences between the effects of soyabean saponins and 
Gypsophilu saponin on cultured colon tumour 
cells were reported. Although both inhibited growth 
and viability, only Gypsophila saponin induced 
concentration-dependent changes in membrane per- 
meability, as assessed by leakage of cytoplasmic 
lactate dehydrogenase. 

The present study reports an investigation into the 
effects of a range of these compounds on rat intestine 
in vitro, and species-specific effects on cultured cell 
lines derived from rat and human tissue. Experiments 
were carried out to assess the concentrations of these 
substances that elicit changes in membrane function 
in relation to the level at which they become cyto- 
toxic. As the solubility of these compounds varies 
with pH, the relevance of the environment within the 
human intestinal tract is also discussed. 

MATERIALS AND METHODS 

Test materials 

Individual glycoalkaloids: purified cr-tomatine 
(MW 1033), a-solanine (MW 867) and a-chaconine 
(MW 851) were purchased from Sigma Chemical Co. 
(Poole, Dorset, UK) and used for biological evalu- 
ation without further purification. 

Saponin: crude Gypsophilu saponin is an impure 
(approx. 66%) mixture of saponins extracted com- 
mercially from the roots of Gypsophilu, an herba- 
ceous plant. The unpurified mixture has previously 
been shown to cause significant depolarization of the 
gastrointestinal mucosa (Johnson et al., 1986). 
Although Gypsophifu saponins do not occur in the 
human diet they are an excellent positive control for 
physiological studies on the mammalian intestine, but 
further purification is necessary if they are to be used 
as a reference material. Gypsophila saponin (Sigma 
Chemical Co.) was purified by reversed-phase flash 
chromatography using the following procedure. Por- 
tions (5 g) were dissolved in distilled water (50 ml), 
loaded onto an octadecyl-silica gel chromatography 
column (100 g, SiO,-C8) and eluted with distilled 
water (500 ml) and then methanol (500 ml, redistilled 
AnalaR grade). The methanol fraction, containing 
the saponins, was collected and evaporated under 
reduced pressure. The residue was redissolved in 
distilled water and freeze-dried. The purity was 
assessed by dissolving the mixture in methanol-water 
(1: 1, v/v) at a concentration of 5.0 mg/ml, and 

subjecting it to both normal and reversed-phase 
thin-layer chromatography (silica gel, chloro- 
form-methanol-water, 65 : 35 : 10; and Silica gel-C18, 
methanol-water, 3 : 2). Compounds were visualized 
by spraying the plates with p-anisaldehyde: sulfuric 
acid: acetic acid (0.5: 1: 50) followed by heating at 
120°C. The mean molecular weight was taken as 
1500. 

Glycoalkaloid mixture: a mixture of glycoalkaloids 
commonly present in the potato tuber, cc-chaconine, 
P-chaconine (2-rhamnosiglucoside of solanidine) and 
r-solanine, was isolated, using a modification of the 
method of Dabbs and Hilton (1953), and subjected to 
HPLC to quantify the proportions of the various 
constituent compounds. Partially sprouted seed pota- 
toes (150 kg) of several varieties were obtained from 
a commercial source, washed, dried and transferred 
to chitting trays and stored at 10°C and high humid- 
ity in the dark for up to 6 months to induce maximum 
growth of aetiolated shoots. The sprouts were re- 
moved and then stored at - 30°C prior to freeze-dry- 
ing. The freeze-dried material (1 kg) was ground to a 
powder in a rotary blender then suspended in 
aqueous acetic acid (2%, v/v, 6 litres) for 2 days at 
room temperature. The mixture was then filtered, and 
the residue mixed with acetic acid (2%, v/v, 4 litres) 
and stored at room temperature for a further day, 
prior to storage at -40°C. The combined filtrate (5 
litres) was treated with ammonia solution (30%, v/v) 
to precipitate the glycoalkaloids, stirred and stored at 
1°C for approximately 28 days, after which it was 
filtered and the residue dried in uucuo over phos- 
phorus pentoxide overnight. The dry residue was 
added to acetic acid-ethanol (2 : 100; 1.3 litres), boiled 
for 30 min, filtered to remove basic ammonium phos- 
phate, and the filtrate evaporated under reduced 
pressure at 40°C to approximately 300ml. To this 
mixture was added distilled water (600 ml) and am- 
monia solution (30%, v/v, 120 ml), and the mixture 
heated to 80°C for 30 min. The resulting precipitate, 
essentially a mixture of the three glycoalkaloids, was 
filtered off and dried under vacuum at 60°C (yield 
approx. 12 g). Subsequent analysis was carried out by 
thin-layer chromatography (TLC) and HPLC. 

TLC analysis of the glycoalkaloid mixtures 

Sub-samples of the extract were dissolved in 
methanol-water (1: 1) and the identity of the glycoal- 
kaloid components was verified by TLC using silica 
gel plates eluted with chloroform-methanol: 1% am- 
monia (44:44: 12). Spots were visualized with iodine 
and Rfs assigned: 0.79 (/3-chaconine), 0.68 (CI- 
chaconine) and 0.54 (cl-solanine). 

HPLC analysis of the glycoalkaloid mixtures 

Further quantification of the glycoalkaloid mixture 
and purified cc-chaconine and a-solanine was per- 
formed using HPLC. Samples were dissolved in 
methanol using ultrasonication, and filtered through 
a methanol-primed Millex-HV 0.45 pm filter unit. 
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Analysis was carried out using an automated isocratic 
HPLC system fitted with a 250mm x 4.6-mm stain- 
less-steel column, packed with amino modified 
silica, particle size diameter 5 pm. The injection 
volume was 10~1, and the buffer used was 20 mM 
KH,POd-acetonitrile (1: 3). Preliminary TLC indi- 
cated the presence of /?-chaconine, a-chaconine and 
a-solanine in approximately equal amounts. More 
rigorous HPLC analysis showed these ratios to be 
1: 1.9 : 1.8. The mean molecular weight was taken as 
800. 

The pure glycoalkaloids and the mixture extracted 
from potato sprouts were completely soluble at 
pH4.5 within the concentration ranges used for 
assays. Where experiments were carried out at higher 
pH values, gradual neutralization of the solutions did 
not cause precipitation. 

Cell lines and tissue culture conditions 

Monolayers of rat small intestinal cells (IEC-6, 
passage 2 1, ATCC designation CRL 1592); epithelial 
cells of rat ileum (IEC-18, passage 22, ATCC desig- 
nation CRL 1589), human colon adenocarcinoma 
cells (CaCo-2, passage 86, ATCC designation HTB 
37) and human embryonic intestinal cells (INT-407, 
passage 281, ATCC designation CCL 6) were 
cultured to confluency in 24well plates (Costar, 
Cambridge, MA, USA). This occurred in 2 days for 
IEC-6, IEC-18 and CaCo-2 cells and in 3 days for 
INT-407 cells. The number of cells per well (2.0 cm’) 
for monolayers was approximately 2 x IO5 for IEC-6 
and IEC-18, 2.7 x 10’ for CaCo-2 and 11.8 x 10’ for 
INT-407. IEC-6 and IEC-18 cell lines were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) 
(Flow Laboratories, Rickmansworth, UK) (glucose 
4.5 g/litre) supplemented with 5% foetal calf serum 
(FCS, Flow Laboratories), 2 mM L-glutamine (Flow 
Laboratories), gentamicin (Flow Laboratories, 
50 mg/htre), 0.0825% (v/v) sodium bicarbonate 
(Sigma Chemical Co.), and bovine pancreas insulin 
(Sigma Chemical Co., 5 mg/litre). The CaCo-2 and 
INT-407 cell lines were cultured in DMEM sup- 
plemented with essential amino acids, 10% foetal calf 
serum (Flow Laboratories), 2 mM L-glutamine (Flow 
Laboratories) and gentamicin (Flow Laboratories, 
50mg/litre). Cultures were placed in a humidified 
incubator at 37°C in air containing 5% COZ. 

Cytotoxicity of compounds in cell culture 

Stock solutions of test compounds were prepared 
immediately prior to use by dissolving them in tissue 
culture medium (DMEM), supplemented with co- 
factors but excluding 5% FCS. The serum-free test 
stock solutions were incubated at 37°C for 30min, 
followed by a IO-mm ultrasonic treatment. One drop 
of 1.5 M HCl was added only to the glycoalkaloid 
stock solution to achieve complete solubility. The 
cells were exposed to each of the test materials at 
concentrations of 0, 0.41, 1.23, 3.70, 11.1, 33.3 
and 100 mg/litre (for CaCo-2 and INT-407 a 

concentration of 300 mg/litre was included) for 2 hr 
at 37°C under 5% CO,. Assays using IEC-6 and 
IEC-18 cell lines were performed in duplicate, 
whereas those for CaCo-2 and INT-407 lines were 
carried out in triplicate. 

After the 2-hr treatment period, samples of the 
exposure medium were collected for the determi- 
nation of the release of lactate dehydrogenase (LDH), 
using a Cobas-Bio Centrifugal Analyzer (Hoffman- 
La Roche, Basle, Switzerland). Thereafter, the 
cells were carefully washed twice using DMEM, and 
incubated at 37°C under 5% C02, with either 
500mg/litre MTT (Sigma Chemical Co.) or 
50mg/litre neutral red (Sigma Chemical Co.) to 
assess viability (Borenfreund et al., 1988; Boren- 
freund and Puemer, 1985; Mossman, 1983). After 
3 hr the cells were washed twice using DMEM and 
the accumulated dyes were extracted with acidified 
(0.04 N HCl) isopropanol (MTT-formazan precipi- 
tate formed in cells) or with 50% ethanol in aqueous 
acetic acid (0.02 N) (neutral red uptake by cells). The 
absorbance of each extract was determined by spec- 
troscopy at a wavelength of 560 nm or 540 nm, 
respectively. The values for the data obtained in the 
MTT and the neutral red assay are expressed as a 
percentage of the control (untreated) cultures, 
whereas the LDH-release is expressed as activity of 
the enzyme (Uptre). EC, values were elaborated 
from single-logarithmic transformed dose-effect 
curves obtained from the duplicate or triplicate 
measurements. 

Membrane depolarization in cannulated everted sacs 

Membrane depolarization has previously been 
shown to be associated with changes in mucosal 
permeability. An established in vitro technique using 
isolated rat jejunal everted sacs (Johnson et al., 1986) 
was modified to allow the simultaneous monitoring 
of changes in the glucose-induced transmural poten- 
tial, by incorporation of a specially designed electrode 
holder and multi-channel recorder. Male Wistar rats 
(approx. 250 g) were allowed a commercial pellet feed 
(Labsure CRM, Poole, UK) and water ad lib. prior 
to sacrifice by an ip injection of sodium barbiturate 
and cervical dislocation. The entire small intestine 
was excised and rinsed with Krebs bicarbonate 
buffered saline (pH 7.2-7.4). The first 10 cm distal to 
the pyloric sphincter was removed and three 5-cm 
segments of everted proximal jejunum were ligatured 
at one end and tied to glass cannulae. These cannu- 
lated segments were filled with buffered saline and 
allocated randomly to tubes containing buffered 
saline and glucose (5 g/litre, 9 ml). Sacs were incu- 
bated at 37°C until a steady state had been estab- 
lished, and were subsequently exposed to identical 
media (control) or solutions of the various com- 
pounds in Krebs glucose buffer (tests). Incubations 
were carried at a pH compatible with full solubihty 
of the test materials (pH 4.5 for the glycoalkaloids 
and pH 7.2 for the saponins), over a concentration 
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range of 0.4 to 6.0mg/ml (0.5-4.0m~). An 
ultrasonicator was used to achieve full solubility. 
Depolarization was complete in 10-I 5 mitt, during 
which sacs at pH 7.2 remained fully viable. Some 
decline in potential difference (pd) occurred in the 
control sacs incubated at pH 4.5, but this was de- 
ducted from the ‘test’ response. The glycoalkaloid 
mixture was also assayed over the pH range 4.5 to 
7.2, using a series of phosphate-citrate buffers and 
pre-gassing all solutions with oxygen. The pH 
of each solution was checked at the beginning 
and end of the experiment, and no significant 
changes were recorded. The rate and magnitude of 
depolarization of test sacs were calculated, after 
correction for deterioration in viability by sub- 
traction of changes occurring in the control sac. 
In all incubations compounds remained fully soluble, 
and no turbidity indicative of precipitation was 
visible. 

Permeability of the intestinal epithelial brush border 

To investigate the relationship between depolar- 
izing activity and effects on the integrity of the 
intestinal mucosal epithelium, everted rings of rat 
proximal small intestine were incubated with LX- 
tomatine or potato glycoalkaloid mixture, in the 
presence of a radiolabelled non-absorbable marker. 
Male Wistar rats were killed by injection of sodium 
pentabarbital and cervical dislocation, and the prox- 
imal small intestine was removed. The first 10% 
(duodenum) was discarded and the remainder rinsed, 
everted and cut into approximately 2mm rings. 
Approximately 4-6 rings were added to 10 ml 
Krebs-bicarbonate buffer containing D-glucose 
(5 g/litre) and “C-polyethylene glycol 4000 (PEG, 
Amersham International plc, Aylesbury, Bucks, UK; 
final concentration 3.7 MBq/litre), together with CI- 
tomatine (0.10, 0.51 and 2.07mg/ml) or potato gly- 
coalkaloid mixture (0.08, 0.40 and 3.20 mg/ml). The 
pH was adjusted to pH 4.5 to improve solubility, and 
a control flask containing no addition but at the 
same pH was also included. Where necessary, 
solubilization was assisted by sonication. 

Flasks were incubated in a shaking water-bath 
(37°C 110 strokes/min) for 6 min under 95% oxy- 
gen: 5% carbon dioxide. Rings were harvested by 
filtration and washed immediately with ice-cold 
physiological saline (50 ml). These were dried, 
weighed and digested in concentrated nitric acid 
(0.4 ml) at 70°C for 15 min then allowed to cool. 
Trizma base (3.6 ml, 0.75 M) was added, the solutions 
mixed and 0.5 ml samples removed for counting. 
These were added to Quicksafe A scintillant (9.5 ml, 
Zinszer) shaken and counted in a Philips 4700 liquid 
scintillation spectrometer with conditions specific for 
single label 14C. Changes in mucosal membrane per- 
meability were expressed as an increase in the appar- 
ent uptake of radiolabehed PEG per minute per gram 
of dry tissue, and were compared to a control value 
which allowed for any label trapped in the extracellu- 

lar spaces, as well as that crossing the mucosal 
epithelium. 

Statistics 

The results for the uptake of 14C-PEG by everted 
rings of jejunum were analysed for significance by 
two-tailed Student’s paired t-test. 

RESULTS 

Cytotoxicity 

The cell lines used in the present study showed 
some degree of differentiation on confluency in vitro, 
the stage at which test materials were added. The 
effects of the various concentrations of glycoalkaloids 
and of the Gypsophila saponin mixture on monolayer 
cultures of rat and human intestinal cells are shown 
in Figs l-3. Cytotoxicity, as a result of increased 
membrane permeability, was assessed by measuring 
LDH released into the culture medium (Fig. 1). Cell 
viability was quantified by the active uptake of 
neutral red (Fig. 2) or by measuring mitochondrial 
MTT reduction (Fig. 3). To quantify and compare 
the in vitro effects of the various food constituents, 
EC,, values (the concentration elucidating a 50% 
effect) were obtained by linear regression analysis, 
and are summarized in Table 1 (rat cell lines) and 
Table 2 (human cell lines). All the test compounds 
caused a release of LDH, and a-tomatine was consist- 
ently the most potent in this respect, eliciting a 
response at a concentration of 1 mg/litre. Compar- 
able results were obtained for all cell lines after 
incubation with the bioactive agents at a level of 
100 mg/litre for 2 hr which produced maximal cyto- 
toxicity. At concentrations below this, the Gypsophila 
saponin mixture had the lowest cytotoxicity to cul- 
tured human cells, whereas a-solanine was least 
effective on rat-derived cells. Cell viability, as assessed 
by both neutral red uptake and mitochondrial MTT 
reduction, was markedly reduced by a-tomatine and 
the Gypsophila saponin mixture in the rat cell lines. 
However, the cultured human cells appeared to be 
more resilient to exposure to the test compounds. In 
general, a 50% inhibition of the parameters measur- 
ing the active processes in cells (neutral red uptake 
and MTT reduction) was observed at comparable or 
lower concentrations than those causing 50% LDH 
release. 

Intestinal membrane depolarization and permeabiliza- 
tion 

When assayed using the everted sac technique, the 
glycoalkaloid a-tomatine produced the most rapid 
decline in mucosal transepithelial potential difference 
(pd). At the same molarity (0.5m~) the potato 
glycoalkaloid mixture and cr-chaconine were about 
half as potent, and a-solanine had a much weaker 
effect. Maximum depolarization rates for each of the 
above compounds, obtained at a pH compatible with 
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full solubility, are shown in Table 3. The purified 
Gypsophi!u saponin mixture gave similar results for 
transmural depolarization as previously reported 
(Johnson et al., 1986) with an activity only slightly 
lower than that of a-tomatine at 0.5 mM. Both the 
mixtures showed saturation of activities between 1 
and 2m~. 

Whereas the majority of saponins are soluble at 
neutral pH, many of the glycoalkaloids are only 
partially so, and would therefore only exert their full 
effect on intestinal membrane integrity whereas con- 
ditions were optimum for solubilization. Further 
investigation of the mixture derived from potato 
sprouts revealed an optimum for membrane depolar- 
ization in the region of pH 6.0 (Fig. 4). This value is 
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very similar to that in the proximal jejunum of 

healthy volunteers, as measured in previous studies 
by radiotelemetry (Gee & Fairbairn, unpublished 
data); it may be even lower in the microclimate 
adjacent to the brush border (Lucas et al., 1975). 

In experiments to investigate any possible inter- 
actions between the effects of a-chaconine and a- 
solanine, cannulated everted sacs were exposed to 
mixtures of these glycoalkaloids at either a constant 
chaconine concentration (0.21 g/litre) with increasing 
solanine levels (0.1 l-O.87 mg/ml), or at a total gly- 
coalkaloid concentration of 0.43 mg/ml (a-chaconine 
and a-solanine in the ratios 1: 10, 1:3, 1: 1 and 2: 1). 
In all incubations compounds remained fully 
soluble, and no turbidity indicative of precipitation 

(b) 

Concentration (mgllitre) 

Concentration (mgllitre) 

Fig. 1. Effects of various bioactive food constituents on the release of LDH into the tissue culture 
medium of rat intestinal IECB (a) and IEC-18 cells (b), and human INT-407 cells (c) and CaCo-2 
cells (d): 0 Gypsophila saponins; 0, a-tomatine; A, glycoalkaloid mixture; n , a-chaconine; 0, 
a-solanine. Values are arithmetic means of duplicate or triplicate assays. Standard error bars are omitted 

for clarity. Mean coefficient of variation = 0.17 f 0.02. 
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(d) 

60 

0.41 1.24 3.70 11.133.3 100 300 
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Fig. 2. Effects of various bioactive food constituents on neutral red uptake from the tissue culture 
medium of rat intestinal IEC-6 (a) and IEC-18 cells (b), and human INT-407 cells (c) and CaCo-2 
cells (d): 0, Gypsophila saponins; 0, a-tomatine; A, glycoalkaloid mixture; a, a-chaconine; 0, 
a-solanine. Percentages are calculated from arithmetic means (n = 2 or 3) of assays with test compounds 
relative to the control (n = 69). Standard error bars are omitted for clarity. Mean coefficient of 

variation = 0.12 * 0.02. 

was visible. Previous experiments had shown that at greater than the sum of the individual responses for 
0.43 mg/ml a-chaconine caused sub-maximal de- each glycoalkaloid, up to a total glycoalkaloid con- 
polarization, but cc-solanine had virtually no effect on centration of 0.65 mg/ml (Fig. 5a). For example, at a 
pd (Gee et al., 1989). Above this concentration the total glycoalkaloid concentration of 0.43 mg/ml, a 
solanine response ranged from just detectable to 1: 1 mixture of a-chaconine and a-solanine depolar- 
rapid depolarization. Whereas a-chaconine caused ized the mucosal epithelium to the same extent as 
significant depolarization at 0.21 and 0.43 mg/ml, 0.43 mg/ml a-chaconine alone (Fig. 5a). When the 
a-solanine failed to show any effect at these concen- total glycoalkaloid concentration was held at 
trations, but elicited a rapid reduction in membrane 0.22 mg/ml, and the proportion of chaconine to 
potential at 0.87 mg/ml, indicating that the threshold solanine varied, the maximum response was found to 
of activity was higher for a-solanine. When sacs were be when the ratio between the two glycoalkaloids was 
exposed to a constant chaconine concentration 1: 3, respectively (Fig. 5b). The glycoalkaloid ratio 
(0.21 mg/ml), in the presence of increasing solanine in potatoes as consumed is approximately 2: 1 
levels (0.1 l-0.87 mg/ml), the depolarization was chaconine: solanine. 
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(a) 

lb) 

Concentration (mghitre) 

Concentration (mg/litre) 
Fig. 3. Effects of various bioactive food constituents on MTT reduction in tissue culture by rat intestinal 
IEC-6 (a) and IEC-I8 cells: 0, Gypsophila saponins; 0, a-tomatine; A, glycoalkaloid mixture; n , 
achaconine; 0, a-solanine. Percentages are calculated from arithmetic means (n = 2 or 3) of assays 
with test compounds relative to the control (n = 69). Standard error bars are omitted for clarity. Mean 

coefficient of variation = 0.21 f 0.05. 

Although the measurement of changes in trans- membrane permeability, the uptake of a non-ab- 
mural pd provides a very sensitive index of epithelial sorbable marker, in this case “C-labe11ed PEG, was 
integrity, it should be realized that any inhibition of assessed. A purified mixture of saponins from 
glucose or inorganic ion transport may produce Gypsophila has previously been shown to increase the 
effects that mimic increased permeability. To investi- uptake of PEG by between 40 and 60% (Gee et al., 
gate the relationship between the depolarizing ac- 1993; Johnson et al., 1986). Both a-tomatine and the 
tivity of the test compounds and their effect on glycoalkaloid mixture from potatoes caused an 

Table I. Effects of saponins and glycoalkaloids on intestinal IEC-6 and IEC-18 cells after a 2-hr 
exoosure oeriod. Comoarison of EC, values (ma/We1 

Test compound 

LDH release 

IEC-6 IEC-I 8 

MTT assay 

IEC-6 IEC- I 8 

Neutral red assay 

IEC-6 IEC-18 

Saponin mixture 22.56 22.12 2.14 16.49 0.93 6.06 
a-Tomatine 2.58 3.03 0.95 0.90 1.10 2.67 
Glycoalkaloid mixture 20.54 23.18 IS.27 20.37 IS.20 19.36 
dl Chaconine 8.09 12.59 2.87 8.38 4.47 6.31 
d -Solanine 26.SS 58.62 24.02 25.11 16.12 67.86 
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Table 2. Etfects of saponin mixture, a-tomatine and glycoalkalold 

mixture on intestinal INT-407 and CaCo-2 cells after a 2-hr ex- 

posure. Comparison of EC,,, values (mg/litre) 

LDH release Neutral red uptake 

Test substance INT-407 taco-2 INT-407 CaCo-2 

Saponin mixture 59 56 43 67 

~Tomatine 74 6.X 49 31 

Glycoalkalold 

mixture 9.4 7.7 2.9 13.x 

increase in the apparent permeability of the brush 
border of the mucosal epithelium. In the presence of 
0.1 mg/ml (0.1 mM) a-tomatine, the apparent per- 
meability to PEG increased by 25% (P < 0.002). 
However, a concentration of 6 mg/ml of potato gly- 
coalkaloid mixture was necessary to achieve a similar 
effect (P < 0.001). Evidence for a dose response with 
a threshold concentration around 0.75 g/litre was 
observed for the potato glycoalkaloid mixture, 
whereas a similar elevation was seen at all concen- 
trations (0.1-2.0 mg/ml) of a-tomatine, indicating the 
higher potency of this compound. 

DISCUSSION 

The toxicity and teratogenicity of glycoalkaloids 
produced by plants in the Solanaceae family have 
been recognized for some time, and were reviewed by 
Morris and Lee (1984). This particular family of 
plants includes the potato, which contains cc-solanine 
and a- and p-chaconines. and the tomato which 
produces a-tomatine. Levels of these compounds 
vary in different parts of the plant, and can increase 
in response to tissue damage. For example, freshly 
dug potato tubers may contain between 9 and 
400 mg/kg of chaconines and solanines (Morris and 
Lee, 1984) and higher levels of glycoalkaloids 
(310-1000 mg/kg) have recently been reported in an 
established Swedish potato variety (Hellenas et al., 
1995). Humans appear to be particularly sensitive to 
potato glycoalkaloids, with intakes of between 3 and 
6mg/kg body mass being reported as lethal (Morris 
and Lee, 1984). Consequently levels above 200 mg/kg 
tubers are generally considered unsafe for human 
consumption (Sinden and Webb, 1972). Teratogenic 
effects have also been demonstrated by Rayburn et al. 
(1994) in frogs and Waalkens-Berendsen et al. (1992) 
in rats. The latter reported that a-tomatine reduced 
the body weight, the number of live foetuses born to 
female rats, and a concomitant increase in foetus 

resorption. They also showed that surviving offspring 
suffered an increased incidence of skeletal defects. 
UK mean daily intakes of saponins range from 
14.6 mg/person for an average white family to 
213.4 mg/person in Asian vegetarians (Ridout et al., 
1988). The aim of the present study was to investigate 
the effects of some of these compounds on cellular 
integrity at concentrations below the levels which 
cause acute toxicity to the body, and to assess their 
effects on the intestinal mucosal epithelium. 

In vitro toxicology studies showed that the human- 
derived cells appeared somewhat less sensitive to the 
effects of the three bioactive compounds tested com- 
pared with cells from rat intestine. While concen- 
trations of 33.3 mg/litre induced a maxima1 LDH 
release in the rat-derived cells, concentrations above 
100 mg/litre were necessary to elicit maximal LDH 
release by the human-derived INT-407 and CaCo-2 
cells. Results for the human cell lines were in good 
agreement with effects of Gypsophifa saponin ob- 
served by Sung et al. (1995) using colon carcinoma 
cells in culture. However, with respect to the ranking 
of the three test compounds according to their cyto- 
toxic potency, it should be noted that for the rat cell 
lines, the glycoalkaloid mixture and the Gypsophila 
saponin mixture had comparable activities which 
were lower than that of a-tomatine. In the assays with 
human cell lines, the glycoalkaloid mixture appeared 
more active with a cytotoxicity comparable to that of 
r-tomatine. The observation that a-tomatine was the 
most potent of the chemicals tested both in the 
cultured cells and the intestinal tissue preparations is 
in agreement with the results obtained by Keukens 
et al. (1992) who used a model in oitro system, and 
measured the leakage of 6-carboxyfluorescein from 
loaded vesicles prepared from egg yolk and sterols. 

Observations from the experiments using isolated 
preparations of mucosal tissue have established that 
exposure of the intact small intestinal epithelium to 
saponins and glycoalkaloids leads to a loss of in- 
tegrity which is sufficient to enable high molecular 
weight compounds to cross the mucosal brush border 
barrier. The extent of this effect is in part dependent 
on the solubilization of the permeabilizing com- 
pounds, which is in turn determined by the pH of the 
lumenal environment. In fact the lower solubility of 
the glycoalkaloids at neutral pH may act as a natural 
defence in some areas of the gastrointestinal tract; 
however, in the healthy human duodenum the lume- 
nal pH is similar to the optimum for membranolytic 

Table 3. Depolarization of rat proximal jejunum by saponins and glycoalkaloids in airro 

Concentration Maximum 

depolarization 

Compound test PH 0w (mg/ml) rate (mV/min) &SE 

Gypsophila saponins 7.2 0.5 0.75 - 0.912 0.107 

Glycoalkaloid mixture 4.5 0.5 0.40 - 0.408 0.080 

a Chaconine 4.5 0.5 0.43 - 0.606 0.271 

OL -Solanine 4.5 0.5 0.43 + 0.053 0.032 

ol-Tomatine 4.5 0.5 0.52 - 1.036 0.103 
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Fig. 4. Effect of pH on the depolarizing activity of potato glycoalkaloid mixture at (a) 0.75 and (b) 
6.0 mg/ml, on rat proximal jejunal everted sacs. Data are arithmetic means of five replicates with standard 

errors. 

activity in vitro. The degree of depolarization varies 
greatly with different compounds and, in addition to 
optima1 solubility, appears to be also closely related 
to the chemical structure of these compounds (Bom- 
ford et al., 1992; Keukens et al., 1992). 

In general terms the concentrations of the 
compounds that were cytotoxic were an order of 
magnitude lower than those eliciting mucosal 
depolarization. However, when comparing viability 
with effects on epithelial permeability it should be 
remembered that the exposure times for cultured cells 
were approximately tenfold greater, and thus com- 
pounds may also have been more effective at lower 
concentrations because of this. The assay systems 
also measure different parameters, reflecting different 

metabolic events, but in both they are indicative of 
cellular integrity. Variations can also be explained 
in terms of the fact that cultured cells are naked 
and relatively undifferentiated, whereas the full 
differentiation and mucus secretions of the mucosal 
epithelium may have a protective effect in intact 
epithelial preparations. 

Although cr-tomatine was the most active of the 
compounds tested, it is only present in significant 
quantities in the green fruit of tomato, being rapidly 
degraded during the ripening process. Potatoes are 
the principle source of glycoalkaloids in the human 
diet (Mazurczyk, 1989), and there is little doubt as to 
their toxicity at higher than normal concentrations 
(Hellenas et al., 1992; Morris and Lee, 1984; Salina, 
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1990). Potato glycoalkaloids are probably the most nine has previously been reported by Roddick and 
significant source of membranolytic activity in con- Rijnenberg (1987) and Roddick et al. (1988) who 
ventional human diets, and it is recognized that the demonstrated this effect using phosphatidylchlo- 
difference between a non-toxic intake and a poten- line/cholesterol liposomes, and plant (red beet) cells, 
tially harmful dose is only four- to fivefold (Morris fungal protoplasts of Penicillium notatum or rabbit 
and Lee, 1984). The constituent glycoalkaloids vary erythrocytes, measuring the uptake of “‘1-glycinin or 
considerably in their toxic potential (Rayburn et ul., the leakage of peroxidase activity. As reported here, 
1994). Of the /I-chaconines the predominant 1,2- they found that a I : 1 mixture of a-chaconine and 
rhamnosylglucoside is approximately IO times as r-solanine elicited a pronounced synergistic response, 
toxic to frog embryos as the 1,4-rhamnosylglucoside, which was maximal where chaconine comprised 40% 
and has a similar LCS,, activity to a-chaconine. of the mixture in the case of liposomes and beet cells, 
A synergistic effect between a-chaconine and z-sola- or 70% in the case of protoplasts and erythrocytes. 
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Fig. 5. Maximum rates of depolarization of rat proximal jejunum in the presence of differing 
chaconine-solanine ratios. (a) Individual glycoalkaloids and mixtures: (i) 0, 0.21 mg/ml chaconine; N, 
0.43 m&ml chaconine; q , 0.43 mg/ml solanine; H, 0.87 mg/ml solanine; (ii) 0.21 mg/ml chaconine plus 
0.11 (Cl), 0.22 (m), 0.43 (m) or 0.87 (EA) mg/ml solanine. (b) Glycoalkaloid concentration constant 
at 0.22 mg/ml, ratio of chaconine to solanine varied as shown. Data are arithmetic means of five replicates 

with standard errors. 
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This interaction is extremely relevant to the natural 
abundance of glycoalkaloids in potatoes, optimal 
proportions of a-chaconine and a-solanine being 
capable of eliciting a far greater effect than a- 

chaconine or a-solanine alone. In the incubations 
using rat intestinal preparations reported here, at a 
low total glycoalkaloid concentration (0.22 mg/ml) 
the greatest effect was recorded using a 1: 3 mix- 
ture of chaconine to solanine. This caused 
depolarization at a rate very similar to that with 
0.43 mg/ml a-chaconine, and was consistent with 
data obtained by Roddick and Rijnenberg (1987). As 
the glycoalkaloids occur naturally in combination, 
the potential for enhanced activity especially at low 
concentrations is clearly a possibility, and could lead 
to more severe cellular damage than originally antici- 
pated. Synergy between soya bean lectin and soya 
saponins has been demonstrated by Alvarez and 
Torres-Pinedo (1982) using mucosal samples from 
rabbit jejunum, causing them to speculate on the 
existence of independent lectin-stimulated and sa- 
ponin-stimulated pathways for the mucosal uptake of 
macromolecules. 

Effects on the permeability of biological mem- 
branes have been demonstrated at lower glycoalka- 
loid levels than reported here (Blankemeyer et al., 

1995), but these experiments were carried out on frog 
skin. This robust preparation permits considerably 
longer incubation periods. If the exposure time and 
concentration of the test compound are both import- 
ant factors, this could partially account for the higher 
levels of glycoalkaloids and saponins required to elicit 
effects in the relatively short incubations with rat 
intestinal preparations described here. Another differ- 
ence between the amphibian and mammalian models 
is that only the latter measures changes in a glucose- 
induced transmural potential, which is analogous to 
membrane function during nutrient uptake. It would 
appear that the mammalian gastrointestinal tract 
has adapted to dietary influences, and is capable of 
withstanding the effects of very low levels of these 
membranolytic agents. However, situations do occur 
in which amounts of glycoalkaloids sufficient to cause 
disturbance of membrane function are ingested (Hel- 
lenas et al., 1995). Dilution and concentration will 
take place during the digestive process and the 
absorption of nutrients and fluids respectively, 
but the existence of glycoalkaloid and saponin con- 
centrations, within the ranges causing membrane 
depolarization, are entirely feasible. As a conse- 
quence, an increase in the permeability of the mucosal 
epithelium may cause passage of potential allergens 
across the gut wall, and hence induce a subsequent 
allergenic reaction (Gee et al., 1994; Price et al., 

1987). An increase in gut permeability, which may 
underlie some forms of food allergy, is assumed to 
be a local effect, and cells with altered membrane 
integrity may still remain viable. Sublethal concen- 
trations of saponins and glycoalkaloids may therefore 

be significant in terms of mediating the occurrence of 
hypersensitivity to food components. 
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