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Cholesterol precipitation from supersaturated bile is the earliest and determinant step in the
formation of cholesterol gallstones, which is thought to be diet-dependent. Bile composition,
appearance and growth of cholesterol crystals were studied in fresh gall-bladder biles from pigs
adapted to four different protein-containing diets over 3 weeks: 160 g dietary protein/kg as casein
(C16;n 6), or as soyabean-protein concentrate (316), or a mixture of both protein sources
(casein—soyabean protein, 70: 30, w/w) (CS16), or 320 g of the mixed protein/kg (CS326).
Moreover, all four diets contained 3 g cholesterol/kg and Beayclodextrin/kg as modifiers of

bile composition towards cholesterol pro-crystallization. Cholesterol precipitation was most
active after the high-protein diet, CS32, and the casein diet, C16, and lowest after the soyabean-
protein diet, S16. It was intermediate after the mixed diet, CS16, but still much lower than in the
former two groups. These diet-induced variations were suggested to be mediated through
modifications in the biliary profile of bile acids, whereas all other biliary constituents studied
were essentially unchanged. The fasting level of plasma cholesterol was lowest in both 160g
protein/kg diets containing soyabean protein (S16 and CS16), highest for the high-protein diet
CS32, and intermediate for the C16 diet. These results should encourage clinical studies on the
effect of soyabean protein, or other vegetable proteins, for primary or recurrence prevention of
cholelithiasis at its earliest stage.

Plasma lipids: Bile composition: Soyabean protein: Cholesterol crystals

Cholesterol gallstones are predominantly reported in Westerngall-bladder bile (Justet al. 1997). We effectively demon-
countries and are believed to be related to diet (Heaton, 1984;strated that including 3 g cholesterol/kg and 58-gyclo-
Pixley et al. 1985; Haye®t al. 1992; Kern, 1994; Attiliet al. dextrin/kg into otherwise well-balanced pig diets led to an
1998; Caroliboset al. 1998). Although this pathogenesis is increase in chenodeoxycholic acid in bile up to levels
complex and involves several recognized steps (Hay & observed in human subjects, and thus favoured cholesterol
Carey, 1990), precipitation of cholesterol crystals from super- nucleation. This model allows reliable measurements of
saturated gall-bladder bile is the earliest and determinant stepghe cholesterol crystallization rate under various treatments
in the genesis of cholesterol-rich gallstones. Delaying cho- and concomitant screening of biliary candidates for the
lesterol precipitation through nutritional intervention proto- modulation of cholesterol precipitation. In the present
cols would thus be of great interest for preventing study we investigated whether the protein intake interfered
cholelithiasis at its earliest stage in human subjects. This, with precipitation of cholesterol crystals in gall-bladder bile
however, is an unexplored field, due until recently to the lack of our animal model. In an effort to identify the biliary
of appropriate animal models. In this context, we proposed compounds supporting the diet-induced differences in cho-
growing pigs given dietary cholestergl-eyclodextrin as lesterol precipitation rate, bile acids, phospholipids, choles-
new donors of sufficiently large quantities of nucleating terol and biliary proteins were measured quantitatively.

Abbreviations: CHc, cholesterol crystal concentrations; C16, diet containing 160 g casein/kg; CS16, diet containing 160 g casein—soyabean protein (70: 30,
wiw)/kg; CS32, diet containing 320 g casein—soyabean protein/kg; S16, diet containing 160 g soyabean protein/kg.
* Corresponding author: Dr Catherine Juste, fax33 1 34 65 24 92, email juste@jouy.inra.fr
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Different species of bile acids and phosphatidylcholines, replaced by a semi-purified cholester@ieyclodextrin-
which are known to interfere with cholesterol precipitation enriched diet, containing 160 g protein/kg as casein (C16

(Halpernet al. 1993; Konikoffet al. 1994; Tazumeet al. diet). Pigs were stabilized on this diet for 1 week. They were
1994), were further analysed. Biliary proteins, which are then weighed, and divided into four groups, in such a way
proposed as crystallization effectors in pig bile (Catlal. that four siblings were assigned to different experimental

1998), were also purified and assayed for their cholesteroldiets formulated to measure both the effects of protein
crystallization-influencing activity. Lastly, blood lipids, as origin and protein level in the diet: 1609 protein/kg diet
well as sterol excretion in the faeces, were studied con- as casein (C16), or as soyabean-protein concentrate (S16),
comitantly, in order to provide a complete description of the or as a mixture of both protein sources (casein—soyabean
current model and ascertain whether a beneficial shift in bile protein, 70: 30, w/w) (CS16), or 320 g of the mixed protein/
composition towards anti-crystallization would or would kg diet (CS32) (Table 1). Casein hydrochloride (Union
not result in a harmful modification of blood variables. Coopeative des Caseeries, Surgees, France) was used
as the source of casein and was found to be 90% pure.
Soyabean proteins were introduced into the diet as a
] soyabean-protein concentrate (DANPRO H, 669 g protein/
Animals kg; Central Soya, Aarhus, Denmark). All four diets con-

We used twenty-four castrated male pigs of the Large White t@ined sucrose, 3g cholesterol/kg and S&-gyclodextrin/
strain (six litters of four pigs), weighing 34 (sem 03) kg at kg, as inductors of cholestero_l crysta|||z_at|on in p|g-b|le
the beginning of the experiment. They were housed indivi- (Justeet al. 1997). They were isoenergetic, and provided
dually, maintained at 25under normal light (from 07.00 the same quantities of total lipids and fibre, as well as a

hours to 19.00 hours) and dark cycles, and fed daily at 08.00€0NStant starch : sucrose ratio (Table 1). _
hours and 16.00 hours with free access to water. All pigs _All four dietary groups were provided with their respec-

received humane care in compliance with the ‘Principles for five experimental diets (two meals of 800 g each per d) in
Biomedical Research Involving Animals’ developed by the Powdered form mixed with water for 3 weeks, before blood
Council for the International Organisations of Medical @nd bile collection. Growth was measured over the last 2
Sciences (1986). The experimental protocol was approvedWeeks, and stools were collected, weighed and frozen under
by our Institute in agreement with the Department of Health Vacuum within the last 4d. On the final day of the experi-
and Human Services (USA, identification number: #A5105- Ment the animals underwent general anaesthesia to obtain a
01), and conditions of housing were approved by the French gall-bladder bile aspirate, according to the protocol detailed

Direction des Services \f@inaires (Ministry of Agriculture). ~ Previously (Justet al. 1997), as well as a peripheral blood
sample (20 ml taken into NEDTA as an anticoagulant).

Plasma was immediately separated by centrifugatiorf,at 4
then divided for lipid and lipoprotein analyses, and stored
Over a 3 d period, the standard growing diet was gradually at —20° after addition of monoiodoacetamide (1 mg/ml

Materials and methods

Experimental design

Table 1. Ingredients (g/kg diet) and analysis (/kg diet) of the experimental semi-

purified diets containing 160 g protein/kg diet as casein (C16), or as soyabean-protein

concentrate (S16), or as a mixture of both protein sources (casein—soyabean protein,
70: 30, wiw; CS16), or 320g of the mixed protein/kg diet (CS32)

Diet. .. C16 S16 CS16 CS32

Ingredients
Casein* 17800 00 1244 24809
Soyabean-protein concentratet 00 2390 710 1433
Soyabean oil 1500 1500 1500 1500
Maize starch 3830 3683 3780 2452
B-Cyclodextrin 500 500 500 500
Sucrose 14500 14309 1448 958
Cholesterol 30 30 30 30
Celluloset 5000 438 364 229
Mineral mix 300 300 300 300
Vitamin mix 100 100 100 100
Antioxidant 10 10 10 10

Analysis
Energy (MJ) 198 192 19.6 20.4
Protein (g; N x6.25) 16001 15803 1598 31814
Lipids (g) 1526 1500 15007 1508
Cholesterol (g) 30 30 30 30
Fibret (9) 41(3 400 408 391

* Casein hydrochloride, consisting of (g/kg): protein 900, fat 14, ash 5 and moisture 81.

T Soyabean-protein concentrate consisting of (g/kg): protein 669, carbohydrates 49, fat 5, ash
38, total fibre 189 and moisture 50.

I Total fibre measured according to the method of Prosky et al. (1988).

ssa.d Ansseniun abpriquied Aq auljuo paysiignd 615000005 L L£000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114500000519

Diet and cholesterol crystals in bile 413

plasma) as an inhibitor of cholesterol esterificatioirézeu as previously detailed (Justet al. 1997). Cholesterol

et al. 1997). Gall-bladder aspirates (50—60 ml) were mixed crystal concentrations (CHc), as enzymically determined,
thoroughly and immediately fractionated undep End were plottedv. time (t), as previously described (Justeal.
sterile conditions. Cholesterol crystallization was monitored 1995) and expressed as a sigmoidal function of t, according
from fresh samples. Biochemical analyses and protein to the equation:

purification were carried out from samples frozen rapidly CHe=a-+ ([b— a]/1 + —mit-m)

in liquid N, and then stored at80° until use.

wherea is CHc at the initiation of crystallizatiora(was set
to zero, as no cholesterol crystal could be initially observed
in microscopy or measured enzymicallyy,is maximum
Plasma lipids Plasma levels of total cholesterol, phos- CHc at equilibrium (inwg/ml), cis maximum crystal growth
pholipids and triacylglycerols were measured using com- rate (in wg/ml per d) andm is the time required for
mercially available kits (CHPOP-method, Boehringer, maximum crystal growth rate (in d). Sets of data (one set
Meylan, France for cholesterol, and Wako kits, Osaka, of data represents one experiment on one gall-bladder bile)
Japan for phospholipids and triacylglycerols). Lipoproteins for the same diet were averaged, and a single curve was
were fractionated by ultracentrifugation in a density fitted for each treatmenn(6).
gradient (Feszou et al. 1997), and each fraction was Cholesterol crystallization-influencing activity of biliary
analysed for lipids as described earlier. proteins Biliary proteins from 2ml of each gall-bladder

Biliary lipids. Cholesterol, phospholipids, and bile aspirate were purified, according to the method previously
acids in bile were measured enzymically on decolorized detailed (Catalaet al. 1998). Half the purified protein
isopropanolic dilutions (1:10, v/v). For the analysis of fraction was lyophilized and its cholesterol crystallization-
molecular species of phosphatidylcholines, total biliary influencing activity was assayed in 1ml reconstituted
lipids were extracted from 500l gall-bladder bile (Folclet supersaturated model bile (sodium taurocholate—egg yolk
al. 1957). Phosphatidylcholines were then separated (Sin-|ecithin—cholesterol 78 : 175 : 98 molar ratio; final lipid
gleton et al. 1965), and their different molecular species concentration, 95 g/l) (Catalet al. 1998). Monitoring and
were resolved by HPLC (Just al. 199b). Further GLC  modelling of cholesterol crystallization in artificial protein-
was performed to identify methyl esters of fatty acids enriched biles was the same as that described earlier for
derived from each molecular species of phosphatidylcholine native bile. The protein concentration in a sample was
(Leonardi et al. 1987). Individual molecular species of derived from its amino acid composition (Catada al.
conjugated bile acids were determined by HPLC (Legrand- 1998). The remainding protein fraction was frozen-80°
Defretinet al. 1991). The hydrophobicity index of each gall-  for further protein identification (results not reported).
bladder bile was calculated from its bile acid composition,
using the hydrophobicity indices known for common conju- - .
gated bile acids (Heuman, 1989) and assigning to the Statistical analysis
hydrophobicity index of the less common highly hydrophilic - Data were analysed by means of the S-plus software system
glycine conjugate of @&hydroxy-6-oxo-B-cholanoic acid a  (version 3.4) running under the UNIX operating system
value of-0[35. Concentrations of cholesterol, phospholipids, (AT&T Software Sales, Greensboro, NC, USA) on a Sun
and bile acids were expressed as mmol/l, as well as mol/670 MP computer. Data are presented as mean values with
100mol. Individual molecular species of bile acids or their standard errors. ANOVA followed by the Newman-
phospholipids were expressed as mol/100 mol. Total lipid Keuls test for multiple comparisons was used when compar-
concentration (g/l) was determined from the sum of the ing the four diets. Differences were considered significant at
concentrations of bile acids, phospholipids and cholesterol p < 005. Parameter values of crystallization curves were
using the appropriate molecular masses of the different obtained by maximum likelihood estimation and compared
molecular species for bile acids and phosphatidylcholines pbetween treatments using a maximum likelihood ratio test
previously quantified. (Bouvier & Huet, 1994; Hueet al. 1996).

Faecal steroids For each pig, faeces collected over 4d
were thawed under vacuum, pooled, and homogenized.
After adding predetermined amounts of radioactive markers
([1,2-°H]cholesterol and CJtaurocholate sodium salt), Food consumption was complete in all animals, and they
neutral sterols and bile acids were extracted from 2mg remained in good health throughout the experiment, without
faeces (Riottotet al. 1993). They were then separated any significant difference in body-weight gain (868N
through liquid—liquid extraction, and bile acids were 38), 791 ¢em 26), 843 ¢EM 54) and 903 {EM 34) g/d for
deconjugated. Finally, trimethylsilyl derivatives of neutral diets C16, S16, CS16 and CS32 respectively).
sterols and bile acids were assayed by GC in the presence of
cholestane as an internal standard (Jastd. 1997). Daily
faecal outputs of cholesterol and bile acids were calculated
after correction for faecal flow, on the basis of a theoretical Triacylglycerol and phospholipid levels in fasting plasma
90 % recovery of dietarg-sitosterol taking into account that ~ were not affected by the nature or the level of protein intake
this phytosterol is a reliable marker in pigs (Maedlal. 1972). (triacylglycerols 236 4EM 20), 173 §EM 36), 223 §EM 57)

Cholesterol crystallization in native bile This was and 195 §emM 34) mg/l for diets C16, S16, CS16 and CS32
monitored from 2 ml freshly obtained gall-bladder aspirate, respectively; phospholipids 1164ef 74), 1077 §EM 55),

Analytical methods

Results

Plasma lipids
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1087 6eM 103) and 1150 M 78) mg/l for the same  measured for pigs fed on C16 or CS16 diets. The cheno-
diets). Fasting cholesterol concentrations were significantly deoxycholic level was highest for pigs fed on C16 and CS32
highest for the high-protein diet CS32 (1354¥ 146) mg/ diets, intermediate for those fed on the CS16 diet and lowest
), and lowest in both 160g protein/kg diets containing for those fed on the S16 diet. Another result concerns the
soyabean-protein concentrate (938M 64) and 936 {EM hydrophobicity index that increased regularly as dietary
80) mg/l for diets S16 and CS16 respectively). The con- casein supply increased (S38CS16< C16<CS32). The
centration was intermediate for the 1609 protein/kg diet difference, however, was only significant between the
C16 (1101 $em 90) mg/l), but not significantly different  extreme values S16 and CS32.
from the other three groups. These differences in plasma Table 4 displays the distribution of the molecular species
cholesterol level were essentially located in the LDL frac- of biliary lecithins which were, for all four groups, in
tion, which was significantly highest in pigs receiving the decreasing order (and isn1-sn2 order): 16:0-18:2-
CS32 diet (902 M 94) mg/l) when compared with the  18:0-18:2> 16:0-18:1(18:0-20:4) 18:2-18:2= 18:1—
three diets containing 160 g protein/kg (584N 37), 508 20:4. The twosn-1-palmitoyl species, 16:0-18:2 and 16:0—
(seM 34) and 502 gem 42) mg/l for diets C16, S16 and 18:1, followed reciprocal changes and did not differ sig-
CS16 respectively, all three not significantly different). nificantly between C16 and S16 diets on the one hand, and
CS16 and CS32 diets on the other. The S16 group was
characterized by the highest proportion of the 18:0-18:2
lecithin species, whereas the CS32 diet was characterized by 4
Table 2 indicates that neither absolute concentrations northe lowest proportion of the 18:2—18:2 species.
molar percentages of bile acids or cholesterol, neither total
lipid nor protein concentrations, differed significantly
between groups. In contrast, the absolute concentration of
phospholipids was significantly lowest with the high-protein  As shown in Table 5, faecal neutral steroid excretion (g/d)
diet CS32 when compared with the two diets containing was lowest with the C16 diet, highest with the S16 diet and
160 g protein/kg as casein (C16) or soyabean concentrateintermediate with the two mixed diets. The proportion of
(S16). However, it was not significantly different when soyabean concentrate in the diet was therefore related to the
compared with the CS16 diet. The molar percentages of faecal neutral steroid excretion. Total excretion of bile acids
phospholipids followed the same variation between groups in faeces was less influenced by dietary protein, but their
but the difference was never statistically significant. distribution was considerably changed through a striking
The respective proportions of the individual conjugated decrease in the percentage of hyocholic acid, as well as
bile acids presented in Table 3 differed consistently betweenincreased proportions of chenodeoxycholic, lithocholic, and
groups. Conversion of the primary hyocholic acid to its oxo bile acids for high soyabean concentrate consumption
bacterial metabolite hyodeoxycholic acid was strikingly (diets S16 and CS32). In contrast, the proportion of
increased with the two diets containing high levels of hyodeoxycholic acid in faeces was not affected by the
soyabean-protein concentrate (S16 and CS32). The lesstype of protein in the diet.
represented secondary bile acids-I3ydroxy-6oxo-B-
cholanoic acid and deoxycholic acid followed the same
trend. As a result, the overall proportion of secondary bile
acids in pigs fed on S16 or CS32 diets was twice that Fig. 1(a) displays increases in CHc, as a function of time, in
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Cholesterol crystallization in native bile

Table 2. Absolute and relative concentrations of bile acids, phospholipids, and cholesterol in gall-bladder bile of pigs fed on a semi-purified
diet containing 160 g protein/kg diet as casein (C16), or as soyabean-protein concentrate (S16), or as a mixture of both protein sources (casein—
soyabean protein, 70: 30, w/w; CS16), or 320 g of the mixed protein/kg diet (CS32)*

(Mean values with their standard errors for six pigs per diet)

Diet... C16 S16 CS16 CS32
Bile component Mean SEM Mean SEM Mean SEM Mean SEM
Absolute concentration (mmol/l)
Bile acids 152[90° 886 1921182 30140 15660 2383 135(88° 17128
Phospholipids 221382 2126 220162 4123 1988 2014 13129° 188
Cholesterol 6@7?% 028 6019? 121 5602 050 41242 076
Relative concentration (mol/100 mol)
Bile acids 84122 1.06 86862 2010 85492 133 88492 0@8
Phospholipids 121292 106 10312 185 11@22 078 815% 087
Cholesterol 3592 (0] g 2[73? 032 3292 0[43 20762 0[43
Total lipids (g/l) 92[6? 168 1110% 50 9201% 1207 766° 93
Total proteins (ug/ml) 4792 42 5142 14 5852 38 430° 38

3bMean values within a row not sharing a common superscript letter were significantly different, P< 005 (ANOVA followed by Newman-Keuls test for multiple
comparisons).
*For details of diets and procedures, see Table 1 and p. 413.
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Table 3. Distribution (mol/100 mol) and mean hydrophobicity* of bile acids in gall-bladder bile of pigs fed on a semi-purified diet containing 1609
protein/kg diet as casein (C16), or as soyabean-protein concentrate (S16), or as a mixture of both protein sources (casein—soyabean protein,
70:30, wiw; CS16), or 3209 of the mixed protein/kg diet (CS32)t

(Mean values with their standard errors for six pigs per diet)

Diet. .. C16 S16 CS16 CS32

Mean SEM Mean SEM Mean SEM Mean SEM
Bile acids

Glycodeoxycholic 0062 006 08?2 0B7 0m42 004 on7? o4
Chenodeoxycholic 37712 197 2833° 102 33@[6% 252 37182 316
Glyco 35252 103 26@47° 183 3256 250 31B4% 100
Tauro 21462 0127 2062 036 1002 015 554" o2
Cholic 1592 0B7 0B3? om2 2042 127 1602 oB1
Glyco 0892 056 om2? 020 2[@39? 135 0072 068
Tauro 0718 021 02 0120 052 o6 0B2°2 om2
Hyodeoxycholic 21712 431 5058° 150 26592 8.55 45[36° 482
Glyco 20692 423 48135° 162 25942 850 3991 407
Tauro 1022 038 223b 08 omB4? oms 5@5°¢ 030
Hyocholic 35712 503 9mBsP® 103 32642 727 8m/8° 107
Glyco 341782 4[69 9m4° 1078 321362 7028 803" 1010
Tauro 02?2 023 omzo? on7 oms? o4 0B52 oms
Glyco-30OH-60x0% 3218 0120 1022° 146 4[23% 163 7m1bke 085
Sum of secondary 241992 4[85 6128° 2006 30862 9180 52[64° 467
Sum of glyco-conjugates 94892 07 95[09? 0B7 97B3° 066 8783° 076

Hydrophobicity index -0[028% 0018 -00792 0018 -0[053% 0019 0m10° 0029

abeMean values within a row not sharing a common superscript letter were significantly different, P< 005 (ANOVA followed by Newman-Keuls test for multiple

comparisons).

*Hydrophobicity indices calculated according to Heuman (1989).

T For details of diets and procedures, see Table 1 and p. 413.
} Glyco-3a-hydroxy-6-oxo-53-cholanoic acid.

the incubated gall-bladder biles. Crystallization curves S16 group. As a result, the time required for maximum
essentially differed between dietary groups. Biles from crystal growth raterf, expressed as d, Table 6), where CHc
pigs fed on the CS32 diet started crystallizing first, followed reached half its value at equilibrium, was maximum for the
by biles from the C16 dietary group, then those from the S16 group, minimum for the two groups C16 and CS32 and
CS16 dietary group. Crystallization from group S16 bile intermediate for the CS16 group. Cholesterol crystallization

was the most delayed. The maximum crystal growth rate (

time, classically defined as the day of first appearance of

expressed agg/ml per d, Table 6), measured over the crystals under polarized light microscopy, was in the same

equilibration period, was significantly lower in native biles

order (Table 6). Finally, values for CHc at equilibriutm, (

from the pigs fed on the S16 or CS16 diets compared with expressed ag.g/ml, Table 6) were, in decreasing order:
the other two groups that consumed the C16 or the CS32CS32> C16> CS16=S16.
diet. In the latter two groups, crystal formation reached

equilibrium within 3d, as inferred from the plateau portion
of the crystallization curves (Fig. 1(a)). In contrast, crystals
continued forming at a slow rate for an additional 2 d in

Cholesterol crystallization in artificial model bile enriched
with biliary proteins

biles from the CS16 group and for an additional 5d in the Fig. 1(b) displays increases in CHc as a function of time in

Table 4. Distribution (mol/100 mol) of lecithin species in gall-bladder biles of pigs fed on a semi-purified diet containing 160 g protein/kg diet as
casein (C16), or as soyabean-protein concentrate (S16), or as a mixture of both protein sources (casein—soyabean protein, 70 : 30, w/w; CS16), or
32049 of the mixed protein/kg diet (CS32)*

(Mean values with their standard errors for six pigs per diet)

Diet. .. C16 S16 CS16 CS32
Mean SEM Mean SEM Mean SEM Mean SEM

Lecithin species
18:2-18:2 503% 073 5662 05 5752 083 3B31° 029
18:1-20:4 6867 023 5307 0m7 5282 077 6267 081
16:0-18:2 51B7% 139 49862 174 54028 139 56[B7° 131
16:0-18:1 (18:0-20:4) 13312 034 120982 026 1182 088 1137°¢ 039
18:0-18:2 232372 107 2639° 119 23M2° 106 22[09° 0@4

abeMean values within a row not sharing a common superscript letter were significantly different, P< 005 (ANOVA followed by Newman-Keuls test for multiple

comparisons).

*For details of diets and procedures, see Table 1 and p. 413.
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Table 5. Daily faecal excretion of steroids (g/d) and distribution of faecal bile acids (mol/100 mol) in pigs fed on a semi-purified diet containing 160 g
protein/kg diet as casein (C16), or as soyabean-protein concentrate (S16), or as a mixture of both protein sources (casein—soyabean protein,
70: 30, wiw; CS16), or 3209 of the mixed protein/kg diet (CS32)*

(Mean values with their standard errors for six pigs per diet)

Diet. .. C16 S16 CSs16 CS32
Mean SEM Mean SEM Mean SEM Mean SEM
Faecal excretion (g/d)
Neutral steroids 3342 03 91° 124 576 138 655°¢ o1
Bile acids 202° 0B2 3@7%® 038 4B6° 023 3m7? om2
Total steroids 6262 003 13138° 147 10@2° 172 9722 oB1
Distribution of faecal bile acids (mol/100 mol)
Chenodeoxycholic 1272 or4 483" 079 2078 0B4 4[97° 098
Hyodeoxycholic 65732 10019 70332 358 52[83% 10019 63752 4[86
Ursodeoxycholic 1192 oa7 orzs? 0010 3m26° 106 186 08
Hyocholic 25092 9198 371° 107 29932 10013 322" 1015
Lithocholic 2022 069 1003° 168 50172 146 19[04° 202
Oxo acids 3[79° oa7 10132° 185 620 162 7262 27

abeMean values within a row not sharing a common superscript letter were significantly different, P< 005 (ANOVA followed by Newman-Keuls test for multiple

comparisons).
*For details of diets and procedures, see Table 1 and p. 413.
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Fig. 1. Development of cholesterol crystals in (a) fresh gall-bladder
biles and (b) supersaturated model biles enriched with biliary proteins
purified from the same fresh gall-bladder biles. Gall-bladder biles
were aspirated from pigs fed on a semi-purified diet containing 1609
protein/kg diet as casein (A), or as a soyabean-protein concentrate (O),
or as a mixture of both protein sources (casein—soyabean protein,
70:30, w/w; O), or 320 g of the mixed protein/kg diet (). Fresh gall-
bladder biles and model biles were incubated in vitro, as described on
p. 413. Values are means for six pigs per dietary group, with standard
deviations represented by vertical bars (small standard deviations
(Fig 1(b)) were obscured by the symbols). Data were fitted using a
non-linear package on a Sun 670 MP Computer.

supersaturated model biles enriched with biliary proteins
purified from gall-bladder bile of pigs adapted to the various
protein diets. All model biles began crystallizing simulta-
neously, and the crystal growth rates did not differ signifi-
cantly over the equilibration period. Likewise, microscopic
observations did not allow discrimination between samples,
which invariably formed first crystals on day 1 of incuba-
tion. Only the maximum CHc at equilibriunb, expressed
aspg/ml, Table 6) was affected by dietary protein. It was
slightly, but significantly, lower in model biles enriched
with biliary proteins from pigs fed on a soyabean-protein
concentrate as the only protein supply, compared with the
other three dietary groups (all three not significantly differ-
ent). This occurred without any significant change in the
total protein content of bile (Table 2).

Discussion

Soyabean-protein concentrate is high in protein but also
contains many other constituents (Anderson & Wolf, 1995;
Potter, 1995), which may have been responsible, at least
partially, for the effects reported in the present work.
However, in another study (Just¢al. 1997), we demon-
strated that soyabean isolate containing as much as 855¢g
protein/kg (with a concomitant decrease in other constitu-
ents) was still more effective than soyabean concentrate in
decreasing cholesterol crystallization and LDL-cholesterol
in pigs, thus suggesting a determining role of the protein
fraction, rather than other constituents.

In the present study, both time-sequential enzymic deter-
mination of cholesterol crystals and concomitant micro-
scopic observations demonstrated that replacing casein with
soyabean concentrate as the only protein source (S16)
considerably lowered cholesterol precipitation from pig
bile. When this substitution was restricted to 30% of
the dietary protein supply (diet CS16), cholesterol crystal-
lization was still efficiently decreased. These results are
consistent with the demonstration of a decreased cholesterol
gallstone risk in rabbits (Ozben, 1989) and hamsters
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Table 6. Crystallization time as microscopically observed, and parameter estimates* for the cholesterol crystallization kinetics in gall-bladder biles

of pigs fed on a semi-purified diet containing 160 g protein/kg diet as casein (C16), or as soyabean-protein concentrate (S16), or as a mixture of

both protein sources (casein—soyabean protein, 70 : 30, w/w; CS16), or 320 g of the mixed protein/kg diet (CS32), and in model bile enriched with
purified biliary proteins from the same pigst

(Mean values and standard deviations from six observations)
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Diet. .. C16 S16 CS16 CS32
Mean SD Mean SD Mean SD Mean SD
Gall-bladder bile
Crystallization time (d) 122 05 60° 12 43 18 132 0m
Kinetic parameterst
b (ng/ml) 420° 18 296" 50 315° 25 530°¢ 18
¢ (pg/ml per d) 2272 74 37° 11 60° 20 2952 80
m (d) 1382 016 375° 114 192° 054 134?2 o2
Model bile
Crystallization time (d) 10?3 00 102 0D 108 0D 102 0o
Kinetic parameterst
b (wg/ml) 15292 15 1389° 15 14822 16 1512°2 15
¢ (ng/ml per d) 2482 30 2232 24 1962 20 2332 24
m (d) 60172 07 5522 o7 61332 022 5B0? o7

abe Mean values within a row not sharing a common superscript letter were significantly different, P< 0[05 (maximum likelihood ratio test).

*Values and sD were derived by mathematical modelling of crystallized cholesterol concentrations as sigmoidal functions of time.

T For details of diets and procedures, see Table 1 and p. 413.

f Parameters b, ¢, and m are interpreted as (b) maximum cholesterol crystal concentration at equilibrium, (¢) maximum crystal growth rate and (m) time required for
maximum crystal growth rate. For details of cholesterol crystallization monitoring in native and model bile, see p. 413.

(Kritchevsky & Kilurfeld, 1983; Sullivan-Gormaret al. decreasing cholesterol crystal precipitation from the corre-
1985; Trautweiret al. 1993) fed with soyabean protein in  sponding gall-bladder biles. Those variations in the hydro-
total or partial replacement of casein. It is of particular phobicity index, despite integrating various changes in the
interest that, in our study, these diet-induced changes in thepattern of the bile acid pool, were essentially related to diet-
propensity of bile to crystallize cholesterol among groups induced fluctuations of chenodeoxycholic acid, the main
supplied with 160g protein/kg diet occurred without any hydrophobic bile acid in pig bile. The proportion of cheno-
significant change in total biliary lipid and protein content or deoxycholic acid was lower in gall-bladder biles from both
in the relative proportions of bile acids, phospholipids, and groups S16 and CS16 exhibiting the lowest crystal growth
cholesterol. Thus it can be argued that the S16 and CS16rate. This corroborates other demonstrations in native (Dus-
diets acted as potent promoters of antinucleating qualitative serreet al. 1988; Trautweiret al. 1993; Justest al. 1997)
effectors in pig bile, while the C16 diet induced potent and artificial (Salvioliet al. 1983; Dusserreet al. 1988;
pronucleating activity. Cholesterol crystallization, however, Donovanet al.1989; Stolket al. 1994; Justet al. 1995; van
was still more substantial when a high-protein diet, even one de Heijning et al. 1995) biles where, for a given bile
containing soyabean concentrate (CS32), was administeredacid : phospholipid : cholesterol ratio and an unchanged
to the animals. In this case, the observed low concentrationtotal lipid concentration, as observed between the different
of biliary phospholipids could contribute to promoting dietary groups in our present study, the cholesterol-holding
cholesterol precipitation. capacity of bile was greater in the presence of more
We then wanted to identify the qualitative biliary effec- hydrophilic bile acids. Another remark concerns the
tors that could have participated in inducing those differ- mechanism underlying these diet-induced fluctuations of
ences in cholesterol crystallization between groups. Today, biliary chenodeoxycholic acid. Between the three groups
biliary proteins are suggested to be cholesterol-crystalliza- C16, CS16 and S16, decreasing levels of chenodeoxycholic
tion modifiers and their ‘balance’ or ‘imbalance’ is thought acid in bile coincided with increasing excretion of this acid
to be essential for defining cholesterol precipitation from and its main bacterial product, lithocholic acid, in the
native bile (Catalaet al. 1998). In the present study, faeces. It can thus be argued that chenodeoxycholic acid
however, we could not demonstrate any obvious diet- would be less efficiently recycled in pigs fed on soyabean-
dependent differences in the crystallization-influencing protein concentrate, as a result of (1) accelerated passage of
activity of the protein bulk purified from native bile and digesta through the small intestine (van der Meer & Beynen,

assayed into reconstituted supersaturated model bile. 1987; Beynenret al. 1990), where chenodeoxycholic acid
Molecular species of bile acids present in bile are another would be less efficiently absorbed through passive diffusion
gualitative effector of cholesterol crystallization (Justal. (Aldini et al. 1996), and (2) increased bacterial conversion

1995). In the present study, the respective proportions of theof chenodeoxycholic acid to poorly absorbable lithocholic
different molecular species of bile acids were consistently acid in the hindgut. However, in the CS32 group, cheno-
modified by the dietary protein source. As a result, the deoxycholic acid increased both in bile and faeces. To
overall hydrophobicity index of the bile acid pool shifted explain this apparent paradox, it could be argued that the
towards decreasing hydrophobicity, according to the order CS32 diet containing 224g casein and 96g soyabean
CS32> C16> CS16> S16, which coincided exactly with  protein/kg (1) had a C16-like effect in the small intestine,
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as long as casein was not completely digested, and (2) hadended to decrease the plasma cholesterol level as compared

an S16-like effect in the hindgut. The latter assumption was with casein as the only protein source (C16). This corro-
reinforced by the analogy of the bile acid distribution in borates other demonstrations of the hypercholesterol-
faeces from the CS32 and S16 groups. The tremendousaemic action of high-protein diets in rabbits (Newburgh &
increase in bacterial transformation of primary to secondary Clarkson, 1923; Terpstrat al. 1981) and of the hypo-
bile acids in response to a high consumption of soyabean-cholesterolaemic action of soyabean protein as compared
protein concentrate was also shown by the respectivewith animal protein in man and a variety of animal models
proportions of hyocholic acid and its bacterial products, including pigs (Kimet al. 1978, 1980; van der Meer &
hyodeoxycholic and @hydroxy-6-oxo-$-cholanoic acids, Beynen, 1987; Erdman & Fordyce, 1989; Beynetal.
in bile from the CS32 and S16 groups. A tendency for 1990; Carroll, 1991; Terpstrat al. 1994).
secondary bile acid content to increase in the small intestine In conclusion, this study demonstrates the inhibitory
of pigs given soyabean isolate instead of casein, has alreadyinfluence of soyabean-protein concentrate as the only pro-
been reported (Schokt al. 1985). tein supply on cholesterol crystallization from bile and on
In our present study, faecal loss of total bile acids was cholesterol level in plasma. The effectiveness of a mixed
essentially unchanged, regardless of the type of protein incasein—soyabean-protein (70 : 30, w/w) diet in delaying and
the diet, whereas that of total neutral steroids increased withreducing biliary cholesterol precipitation was also high,
increasing intake of soyabean-protein concentrate (€16 provided that the diet was not overly high in protein. This
CS16< CS32< S16). In other studies, excretion of both finding could be of interest in clinical nutrition. Substituting
neutral and acidic steroids was shown to increase with soyabean protein or other vegetable proteins for part of the
soyabean protein consumption (Kieh al. 1980; Fumagalli normal animal protein supply in human Western diets could
et al. 1982; Tanakeet al. 1984; van der Meer & Beynen, be an application, or at least a therapeutic adjuvant, for
1987; Beynen, 1990b). We previously demonstrated that primary and recurrence prevention of cholelithiasis at the
B-cyclodextrin, when incorporated at a level of 50g/kg in earliest stage of crystal formation.
the diet, represented a major driving force for bile acid loss
in the faeces, but interfered minimally with neutral steroid Acknowledgements
elimination (Feézou et al. 1997; Justeet al. 1997). We
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