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Membrane damage by bile salts: the protective 
function of phospholipids 
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The direct toxicity of sodium deoxycholate (SDC) and lysophosphatidylcholine (LPC) to 
biological membranes was assessed by measurement of goldfish overturn time. When 
hosphatid lcholine (PC) was incorporated into the aqueous media, the toxicity of both 

~ D c  and EPC was reduced, as indicated by increased overturn time. Fish were also 
pretreated for various times in media containing (a) 1 mM SDC and (b) 1 mM SDC with 
1 mM PC. Subsequent transfer to solution. 100 mg litre-1 uinalbarbitone sodium showed 
that reciprocal overturn times for fish treated using metlod (a) increased linear1 with 
duration of pretreatment up to a limiting value, obtained after 20 min exposure; db rnin 
exposure to 1 mM SDC was directly toxic. Fish pretreated using regimen (b) survived lon~er 
when challenged with barbiturate, and the reciprocal overturn times were a linear funct~on 
of time of pretreatment up to at least 40 min. PC also. provided protection against 
membrane damage caused by the synthetic surfactant sod~um dodecyl sul hate. Mixed 
micelle formation between PC and surfactant is thought to account for tEe protective 
effects. The results are of significance in the consideration of reflux hypotheses for the 
aetiology of gastric ulceration and also to the possible formulation of drug delivery systems 
intended to enhance absorption whilst minimizing gastrointestinal damage. 

Bile salts and phosphatides are the two major types 
of surface active compounds occurring naturally 
within the intestine. It has been reported that poorly 
soluble drugs are better absorbed following the 
stimulation of bile production (Crounse 1961; Gian- 
nina et a1 1966) and that the co-administration of bile 
salts enhances the absorption of a number of drugs in 
both the rat (Kakemi et al 1970; Feldman et a1 1970; 
Kimura et a1 1972) and the goldfish (Gibaldi & 
Nightingale 1968; Nightingale et al 1969; Marriott & 
Kellaway 1976). Mayerson et a1 (1969) demonstrated 
that the absorption of riboflavine in man was 
increased by 5&80% by prior dosing with sodium 
deoxycholate (SDC). Bile salts, beside increasing 
drug solubility (Martin et a1 1978a) and dissolution 
rate (Bates et a1 1966) also increase absorption by 
altering the permeability of biological membranes 
(Feldman & Gibaldi 1969a; Feldman et a1 1970). 
Indeed, elevated levels of bile acids (Rhodes et al 
1969) and lysophosphatidylcholine (LPC) (Johnson 
& McDermott 1974) in the stomach, as a result of 
bile reflux, have been implicated in the initiation of 
gastric ulceration by causing leakage of hydrogen 
ions from the gastric lumen (Davenport 1968,1970). 
These naturally occurring surfactants have also been 
shown to break down mucus structure (Martin et al 
1978b) and to be directly toxic to membranes 

(Kellaway & Marriott 1977). Low concentrations of 
bile salt cause pronounced changes in the gross 
appearance of the mucosal surface (Gibaldi & 
Feldrnan 1970; Yonezawa 1977; Gullikson et al1977) 
and accelerate the release of phospholipids and 
protein from the membrane (Whitmore et al 1979). 

Although bile salts and LPC are apparently toxic 
to the gastric mucosa, as well as to in vitro 
preparations, no extensive disruption of the intesti- 
nal rnucosa occurs. The purpose of this study was, 
therefore, to examine whether phosphatidylcholine 
(PC) (the major phospholipid in bile) would reduce 
the toxicity of bile salts and lysophospholipids to 
biological membranes, by combining with them to 
form mixed micelles. 

The goldfish was selected as a convenient model 
membrane system, since it provided an easily deter- 
minable end point for toxicity studies (Kellaway & 
Marriott 1977) and has been used extensively for 
drug absorption investigations. 

M A T E R I A L S  A N D  METHODS 

Goldfish, Carassius aurata, common variety, 3-5 g 
were used. Overturn times were obtained at 
18-20 "C and 3-9 fish were used at each surfactant 
concentration. Sodium deoxycholate (Sigma (Lon- 
don) Chemical Co. Ltd., Poole) and sodium dodecyl 

t Correspondence. sulphate, specially purified for biochemical work 
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(BDH Chemicals Ltd., Poole), were used as sup- 
plied. 

Egg phosphatidylcholine (BDH) was purified by 
elution from an alumina column followed by re- 
crystallization, as described previously (Martin et al 
1978a). After a single spot was obtained by thin-layer 
chromatography, the phospholipid was stored at 
5 OC under dry acetone until required. Sols were 
prepared by adding dry PC to buffered surfactant 
solution and using a 20 kHz sonic probe (Dawe 
Instruments) for 30-60 min until a transparent 
dispersion was obtained. 

LPC was prepared from purified egg PC using the 
method of Hanahan et al (1954). The product was 
recrystallized from hot butan-Zone and stored under 
dry acetone at 5 OC. 

Toxicity experiments 
A range of surfactant concentrations was made in 
0.1 M Tris buffer (pH 7.4) and an overturn time (T) 
determined for individual fish immersed in 100 ml of 
solution. The reciprocal of overturn time was used as 
an index of toxicity. 

SDC Concn (mrnol litre-1) 

FIG. 1. The effect of sodium deoxycholate concentration 
mmol litre-1) on the reciprocal of overturn time. T-1 

Inin- 1 ) for the bile salt alone (+) and the bile salt in the 
presence of 5 mM PC (0). Standard error bars are 
~ncluded. 

Determination of critical micelle concentration (cmc) 
The cmc of sodium dodecyl sulphate was determined 
from the inflection of the log molar concentration 
versus surface tension plot. Surface tensions were 
determined using a Du Noiiy tensiometer (Cam- 
bridge Instruments, London) at 20 OC. 

Absorption experiments 
Pretreatment solutions were prepared by dissolving 
1 mmol litre-1 of SDC in 500 ml Tris buffer (pH 7.4). 
PC I mM was also included in some solutions, 
sonication being employed, as described previously, 0.16- 

RESULTS 

Toxicity experiments 
A plot of SDC concentration against T-1 (Fig. 1) 
produced a similar curve to that previously described 
by Kellaway & Marriott (1977) and a minimum was 
confirmed to occur at a concentration of 5 mmol 
litre-l. Whilst linearity existed at higher concentra- 
tions, the minimum effective concentration of SDC 

to obtain a clear sol. Fish were immersed in the 
pretreatment solution for time periods ranging from 
5 4 0  min, rinsed, and subsequently transferred to a 

SDC concn (rnrnol litre-1) 

+ SDC 
- o SDC+2.5mM LPC A . SDC+2.5mM LPC* o 

FIG. 2. The effect of sodium deoxycholate concentration 
mmol litre-') on the reciprocal of overturn time, T-I 

[mi"- 1) for the bile salt alone (+), in the presence of 2.5 m~ 
LPC (0) and 2.5 mM LPC combined with 2-5 mM PC ( A ) .  
Standard error bars are included. 

buffered (Tris, pH 6.8) solution of quinalbarbitone 
sodium 100 mg litre-' (EliLilly & Co. Ltd, Basing- 
stoke). The time taken (min) for overturn (To) was 
obtained and used as a measurement of drug 
absorption rate. 

V 
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necessary to produce overturn was found to be 
approximately 0-5 mmol litre-l. The presence of 5 
mmol litre-' PC significantly increased overturn 
times (P < 0.01) at all of the deoxycholate concen- 
trations examined. The minimum effective concen- 
trations of bile salt in the presence of PC was 
increased to over 3 mmol litre-l. 

LPC was directly toxic to the goldfish membrane, 
2.5 mmol litre-' causing overturn in 12 min (Fig. 2). 
When this concentration of LPC was present with 
deoxycholate, then the toxicity increased additively 
as SDC concentration increased. When PC was 
added to the LPCISDC solution then overturn times 
were increased by a factor of between 2 and 3. 

0.2 - 
= SDS 

- o SDS+5mM PC 

0.16 - 

obtained in the same molar concentrations of SDC 
(Fig. 1). A minimum was again found to exist in the 
curve, 5 mM SDS being less toxic than 4 mM SDS. 
When PC was included with SDS, overturn times 
were lengthened and a good linear relationship 
(linear correlation coefficient, 0.999) was found to 
exist between 1TT and SDS concentration. The 
presence of PC did not appear to increase the 
minimum effective concentration of SDS (Fig. 3) as 
it did when incorporated with SDC (Fig. 1). 

Absorption experiments 
The influence of bile salt induced membrane 
damage on drug absorption was examined by pre- 
treating the goldfish for various times and subse- 
quently transferring them to a solution containing 
quinalbarbitone sodium. The overturn time To was 
found to decrease with increasing SDC exposure 
time up to 20 mins (Fig. 4). When exposure was 
lengthened to 30 min, no further increase in To was 
noted whereas 40 min exposure to 1 mM SDC was 
directly toxic to the goldfish membrane (Fig. 1) and 

w -  . Retreatment with 1 mM SDC 

- e  Pretreatment with ImM SDC+lmM PC 
A 

n 

0.16- 

T;' 
- 

0 2  4 6 8  1 0 1 2  
SDS Concn (mmol litre-1) 

FIG. 3. The effect of sodium dodecyl sulphate concentration 

I mmol litre-') on the reciprocal of overturn time. T-1 
min-1) for SDS alone (W) and in the resence of 5 mM PC 
0). Standard error bars are includecf 

10 20 30 40 
Vme of pretreatment (min) 

To examine whether PC reduced the toxicity of 
other anionic surfactants (as well as SDC) the effect FIG. 4. The influence of time of pretreatment (min) with 
of increasing concentrations of sDS on overturn ~ ~ ~ , " ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ f l ~ P , ~ i ~ ~ ~ ~ p $ I , " , " ~ ) ~ ~ $ ( ~ ~  
times Was investigated. Fig. 3 shows that Overturn 1itre-I uinalbarbitone sodium. Standard error bars are 
times in SDS were remarkably similar to those include!. 
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overturn occurred before immersion in the barbitu- 
rate solution. When 1 mM PC was included in the 
pretreatment solution, then To values were 
increased and the curve of To-1 against exposure 
time proved to be linear (linear correlation coeffi- 
cient, 0.973) up to 40 min (Fig. 4). 

DISCUSSION 

The relationship between bile salt toxicity and 
concentration is complex, as shown by the shape of 
the curve in Fig. 1. Although gross histological 
changes have been reported in intestinal tissue 
treated with bile salts (Yonezawa 1977; Gibaldi & 
Feldman 1970), the exact mechanisms by which the 
effects are exerted on biological membranes remain 
unclear. The minimum in the curve when SDC 
concentration is plotted against I n  (Fig. 1) may 
reflect a change in mechanism of bile salt damage to 
the membrane. At lower concentrations the bile salt 
may be incorporated into membranes with subse- 
quent alteration of the permeability whilst higher 
concentrations of bile salt extract and solubilize both 
protein and lipid components. The possibility that 
submicellar and postmicellar concentrations of bile 
salt may affect biological membranes in a signifi- 
cantly different manner is supported by permeability 
studies with salicylate (Feldman & Gibaldi 1969a). 
The amount of membrane protein and lipid released 
at different bile salt concentrations has been shown 
to correlate well with altered drug permeability 
characteristics (Feldman et a1 1973; Whitmore et a1 
1979). Considering the membrane altering effects of 
different surfactant concentrations in relation to a 
cmc is probably of dubious value in the case of bile 
salts. Bile salts have been shown not to possess the 
distinct cmc of the long chain hydrocarbon surfac- 
tants, but instead associate in a complex stepwise 
manner (Mukerjee & Cardinal 1976). SDC forms 
dimers and higher oligomers in different proportions 
dependent upon concentration, and some associa- 
tion occurs even in dilute solution (Chang & Cardi- 
nal 1978). If this model of association is correct, then 
the wide variation in literature values for the cmc of 
SDC (Small 1971) may be explained. A previous 
attempt by one of us to obtain cmc of SDC in Tris 
buffer, produced an inflection in conductivity and 
surface tension curves corresponding to a bile salt 
concentration of 4-5 mmol litre-1 (Marriott & 
Kellaway 1976). Such a value appears to correspond 
to the region of the minimum in Fig. 1. 

PC reduces the toxicity of the bile salt, as 
evidenced by the increased overturn times (Fig. 1). 
Mixed micelles are formed between SDC and PC 

where disc-shaped himolecular leaflets of the phos- 
pholipid are surrounded on the hydrophobic parts 
by bile salt molecules (Small 1971). A more recent 
model (Zimmerer & Lindenbaum 1979) suggests 
that bile salt may also be incorporated within the 
phospholipid interior. The mixed micellar aggreg- 
ates reduce the rate at which the intact membrane is 
damaged because of the reduced solubilizing capac- 
ity of bile salt micelles for membrane components. 
Since 1 mole of bile salt can solubilize up to a 
maximum of 2 moles of PC (Small 1971), 5 mM PC 
should be completely solubilized by 2.5 mM SDC. 
The new minimum effective concentration of SDC 
necessary to produce turnover in the presence of 
5 mM PC is approximately 3 mmol litre-' (Fig. 1). 

The integrity of the intestinal mucosa may, there- 
fore be maintained in vivo partially because of mixed 
micelle formation between the bile salts and PC. 
Within the gastrointestinal tract hydrolysis of PC will 
proceed to give the lysophospholipid, LPC, a process 
which is catalysed by bile salts and trypsin (Johnson 
& McDermott 1974). The mixed bile saltIPC micelles 
of the type described previously will, therefore, 
break down as hydrolysis proceeds. Fig. 2 shows that 
LPC is directly toxic to the goldfish membrane and 
that toxicity is directly additive to that caused by 
SDC. It is perhaps significant that no extensive 
disruption of the intestinal mucosa is apparent until 
the bile salts reach the site of active absorption in the 
ileum, where mucosal cells have the shortest life span 
(Fry & Staffeldt 1964). These results would also 
appear to be of significance in vivo when, as a result 
of a faulty pyloric sphincter, reflux of duodenal 
contents into the stomach initiates the process that 
may ultimately lead to gastric ulceration (Rhodes 
1972). After reflux, hydrolysis of PC continues, the 
mixed PCIbile salt micelles break down and the LPC 
and bile salts are released to attack both mucus 
structure (Martin et al 1978b) and the underlying 
mucosa (Davenport 1968, 1970). PC reduces the 
toxicity of the LPClSDC system to the membrane 
(Fig. 2) by again decreasing the solubilizing capacity 
for membrane protein and lipid components. 

The synthetic anionic surfactant, SDS was found 
to be as toxic to the goldfish membrane as SDC (Fig. 
3). The toxicity is partially attributable to the lysis of 
the gill cells induced by direct action of the surfactant 
(Abel 1976). SDS causes gross histological damage 
to the intestinal mucosa (Nadai et al1972; Yonezawa 
1977;), protein and lipid components are released 
(Feldman & Reinhard 1976; Whitmore et al 1979) 
and permeability to diffusing species is increased 
(Nadai et al 1975; Whitmore et al 1979). Surface 
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tension data indicated that the cmc of SDS in the Tris medium. Subsequent barbiturate overturn times 
buffer system was 0-92 mmol litre-'. Although were reduced (Fig. 4) because membrane integrity 
0.5 mmol litre-' proved directly toxic to  the goldfish, was preserved for a longer period as a result of mixed 
overturn times were found t o  decrease rapidly micelle formation. Membrane barbiturate and 
immediately above the cmc. A minimum was found salicylate (Feldman & Gibaldi 1969b) transfer rates 
in the plot of SDS concentration against reciprocal of increase therefore, after bile salt treatment but 
overturn time (Fig. 3) a t  approximately 5 mmol decrease towards those obtained in the untreated, 
litre-l, which is well above the determined cmc. The intact membrane when P C  is included. 
inflection in the curve may again be indicative that In conclusion, it would appear that the deleterious 
the toxicity of SDS t o  the goldfish, as with SDC, is effects of bile salts, LPC and synthetic anionic 
mediated via two different mechanisms which oper- surfactants to  biological membranes are reduced in 
ate at surfactant concentrations above and below 4-5 the presence of PC. The  presence of P C  in bile may 
mmol litre-'. If this is the case, the altered pattern of therefore be  of importance in maintaining intestinal 
toxicity would appear to  be unrelated to  the cmc of integrity in vivo. 
the surfactant. It is apparent that the formation of 
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