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Interaction of dietary protein, cholesterol and age on lipid
metabolism of the rat

By YONG-SOON CHOI, SHOICHIRO GOTO, IKUO IKEDA
AND MICHIHIRO SUGANO*

Laboratory of Nutrition Chemisiry, Kyushu University School of Agriculture 46-09,
Fukuoka 812, Japan

(Received 19 September 1988 — Accepted 20 December 1988)

1. Male rats at | (young) and 9 months (adult) of age were fed on purified diets, supplemented with or without
cholesterol, containing 200 g protein/kg (casein (CAS), whey protein (WHY) or soya-bean protein (SOY)) for
4 weeks.

2. SOY exerted a hypocholesterolaemic effect in young rats regardless of dietary cholesterol, whereas in adult
rats it was observed only when a cholesterol-enriched diet was given. WHY was also hypocholesterolaemic in rats
of both ages given cholesterol. SOY tended to reduce the liver cholesterol both in young and adult rats.

3. The liver hydroxymethylglutaryl-CoA reductase (NADPH) (EC 1.1.1.34) activity tended to be lower in the
vegetable-protein groups than in the animal-protein groups in young rats, but the age-related reduction was
observed only in the latter groups.

4. There was no significant age-related difference in the activity of liver cholesterol 7a-monooxygenase (EC
1.14.13.17) in response to diets. However, when cholesterol was given, activity tended to decrease with age. Rats
given SOY excreted more faecal steroids than those given casein, particularly adult rats.

5. The fatty acid profile of phosphatidylcholine and the A6-desaturase activity of liver microsomes indicated
the reduced desaturation of linoleate in the SOY and WHY groups compared with the CAS groups.

6. The results thus showed a complex interaction of protein type, cholesterol and age on cholesterol
homeostasis.

The reduction in the turnover rate of cholesterol with age may lead to an elevation of the
serum cholesterol level (Kritchevsky, 1980). However, age-related degeneracy of cholesterol
metabolism could be manipulated by dietary polyunsaturated fatty acids (Dupont et al.
1972; Choi & Sugano, 1988). As dietary protein influences the serum cholesterol level in
animals by modifying cholesterol dynamics (Huff & Carroll, 1980; Nagata er al. 1982),
dietary intervention with protein may ameliorate the age-related disturbance of cholesterol
metabolism. The protein effect on cholesterol metabolism appears to be dependent on
dietary cholesterol (Nagata et al. 1980, 1981 ; Eklund & Sjéblom, 1986). In addition, dietary
protein alters the fatty acid profile of tissue phospholipids and eicosanoid production
(Huang et al. 1986; Sugano et al. 1988), and ageing also influences these processes (Brenner,
1981).

The hypocholesterolaemic effect of soya-bean protein compared with casein in relation
to age is not fully understood in rats, although results from rabbits have shown a reduced
susceptibility to dietary proteins with age (Terpstra et al. 1983; Pfeuffer & Barth, 1986;
Park et al. 1987). Also, it is not known how ageing influences the dietary-protein-dependent
change in the desaturation system. Thus in the present study we examined the effect of
dietary protein and cholesterol on various indices of lipid metabolism in the liver of rats of
different ages.

* Far reprints.
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MATERIALS AND METHODS
Animals

Young (3 weeks old) and adult (9 months old) male Sprague-Dawley rats, obtained from
Seiwa Experimental Animals, Fukuoka, were individually housed in a temperature- and
light-controlled room (20--23°, lights on 08.00-20.00 hours). After acclimatization to a
commercial non-purified diet (Type NMF; Oriental Yeast Co., Tokyo) for 1 week, rats
were divided into three groups of six animals each and fed ad lib. on one of three
experimental diets containing casein (CAS; Wako Pure Chemicals, Osaka), whey protein
(WHY; Meiji Milk Co., Tokyo) or soya-bean protein (SOY; Fujipro R, Fuji Oil Co.,
Osaka) as the protein source. The actual crude protein contents (nitrogen x 6:25) of these
commercial protein sources were 860, 900 and 860 g/kg respectively. The diet was prepared
according to the formula recommended by the American Institute of Nutrition (American
Institute of Nutrition, 1977) and contained (g/kg): protein 200, maize oil 50, mineral
mixture 35, vitamin mixture 10, choline bitartrate 2, bL-methionine 3, cellulose 50, maize
starch 150 and sucrose to 1000. AIN76 vitamin and mineral mixtures were the product of
Nihon Nosan Kogyo Co., Kanagawa. In one experiment (Expt 2), cholesterol (5 g/kg diet)
was added at the expense of sucrose. After 4 weeks, rats were killed by decapitation at night
(01.00 hours). Procedures recommended by Kyushu University for the use and care of
laboratory animals were followed.

Analyses

The activity of hydroxymethylglutaryl-CoA reductase (NADPH) (EC 1.1.1.34; HMG-
CoA reductase), cholesterol 7a-monooxygenase (EC 1.14.13.17) and A6-desaturase of
liver microsomes was measured as described previously (Choi et al. 1987; Choi & Sugano,
1988). Serum, liver and microsomal lipids were extracted according to the method of Folch
et al. (1957). Cholesterol, triglyceride and phospholipid were measured according to the
method of Sperry & Webb (1950), Fletcher (1968) and Rouser et al. (1966) respectively. The
fatty acid composition of microsomal phosphatidylcholine was analysed by gas-liquid
chromatography (GLC) (Choi & Sugano, 1988). Faecal neutral and acidic steroids were
analysed by GLC using Sa-cholestane (Nakarai Chemicals, Kyoto) (Miettinen et al. 1965)
and 23-nordeoxycholic acid (Steraroids Inc., Wilton, NH) {(Uchida ez a/. 1977; Kuriyama
et al. 1979) as internal standards respectively. Microsomal cholesterol was determined
enzymically (Chot ef al. 1987) and protein by the method of Lowry et al. (1951).

Values were analysed by Student’s ¢ test to examine the age-effect between the same
dietary group, or a one-way analysis of variance followed by Duncan’s multiple-range test
to inspect all differences within the same age-group.

RESULTS
In both experiments with (Expt 2) or without (Expt 1) dietary cholesterol, there were no
statistically significant differences in food intake, weight gain and relative liver weight
among age-matched rats given different proteins (values not shown).

Table 1 summarizes the concentration of serum lipids. In Expt 1, in which diets free of
cholesterol were given, the concentration of serum cholesterol was significantly lower in the
SOY-fed group than in the two milk-protein-fed groups in young but not adult rats due to
an age-related increase in serum cholesterol in the SOY group. The serum triglyceride
concentration was comparable in the age-matched groups, but decreased with age in all
groups of rats. No significant difference due to diet or age was observed in serum
phospholipid. In Expt 2, with cholesterol-enriched diets, the serum cholesterol level was

ssald Assanun sbpuquied Ag suljuo paysiiqnd L 10686 LNIG/6£01°01/b10"10p//:sdny


https://doi.org/10.1079/BJN19890141

https://doi.org/10.1079/BJN19890141 Published online by Cambridge University Press

533

Dietary protein, cholesterol, age and lipids

'7€s *d 998 ‘s1a1p Jo s[re1op 104 |
(60-0 > &) s1eJ SunoA Suipuodsaliod 10§ 250yl WOl JUSIAYIP AUBSYIUTIS 2Iom SON[RA UBIIA
(50-0 > J) ya1sgip Apuesyrudis s1om s19139] 1dussiodns S)IUn Y)im sanjea ‘sjel paystew-ade 10 .,
‘pidijoydsoyd “Ig ¢opiIsoAiSi ‘0], {j0191sa]oyod 18301 ‘HD L ‘wijoxd uesqg-eAos ‘X O weioad Loym ‘AHM UISEd ‘YD)

L1T qC9L1 IL *q20V1T 99¢ =L08CT 8b 16081 8L a8PL1 o€l =ETET 1d
19C P 1TC 9Ly #q5€9¢ 681 =t CCT 1€l 681 (414 9781 pee 9454 DL
201 1£86 IS *qL0€1 81 #2061 X4 aCSOT Ly «8101 SL [8¥42! HOL

7 ¥dxg
69 LSYT Svl 109C Cil 8I¢€T 981 (4544 (43! 1L9T 69 069C 1d
611 *+C161 [A%3 vIL] 91 *CLL 011 8¥CT 478 Braqé 8CC 8T6T DL
194 * P01 0L YL IS (3481 c8 4978 4 wCIT1 €8 26911 HOL

1 1dxg
as UBIA as URSA as UBdN as uBI as ueap as UBIA

AOS AHM SVD AOS AHM SVYO
npy Funo §

Ljoaa1sajoyo (1 1dxsy)
moynm 40 (g 1dxzg) yiim su2104d jua42ffip Suidiniuos §1a1p usal siva jnpo pup Sunod wr (1/3w) suonvaiuasuod pidiyy winias *| qe

(dnoig A1ejarp/siel XIs 10§ SI0LID PIBPURIS JI9Y) ()M SIN[BA UBSIN)


https://doi.org/10.1079/BJN19890141

https://doi.org/10.1079/BJN19890141 Published online by Cambridge University Press

YONG-SOON CHOI AND OTHERS

534

‘zes -d 99s ‘sjarp jo s[1eap 104 L
(60-0 > J) sye1 Sunok Furpuodsaiiod 10§ 2501} WOI] JUIIIYIP AJUBOYTUTIS I19M SON[BA UBDN
(S0-0 > J) 11agp Apuedyrudis olom s19119] 1diosiodns ayIun yiim sanjeA ‘S1BI PIYOIBUI-38R 10 ¢
‘pudijoydsoyd ‘“J ¢opr1sokSim ‘D {[0121s9[010 [€10) ‘HD L ‘uiejoid ueaq-eAos ‘X OS ‘utajoid ASUm ‘XHM {UISEd ‘SY)

S0 L-8C €1 *£6C b1 v-8C S0 0t ¢-0 8-0¢ 8-0 0-0¢ 1d
6< 19SS £-01 qeb €8 9] 2501 €6 9-6S I-L 169 8 6-v8 DL
€T 991 1-Z *«V-61 |4 (L1114 <l at-01 [ qb-01 YT et-81 HOL
7 Wdxg
S0 b St 90 qt-St 9-0 «8-0¢ 0 q0-9¢ ¢l abve 90 o 1€ 1d
0-S 9t S€ av9-CS p-Cl e8-LL Sy 16-6¢ €L ae V9 LL 6 1L DL
-0 a69-T Lr0 as90Y 060 %85S 0 6L-C |74 we e0 (483 IU%
[ wdxyg
as UBIIN as UBI as UBOA as uBdN as UBON as UBd
AOS AHM SVO AOS AHM SVO
Hapy Juno x

(1 1dxq) moyna 40 (7 1dx) ynm

(dno1d £yeya1p/siel Xis 10§ SIOLI pIEpUB)S JI9Y) IIM SIN[BA UBOIA)

Lpoaaysaj0yo

suago.4d quasaffip Sunupiuod s1a1p uaar8 sivs ynpp puv Sunod wp (8/3ut) spaaay prdy 49417 "7 d1qBL


https://doi.org/10.1079/BJN19890141

https://doi.org/10.1079/BJN19890141 Published online by Cambridge University Press

535

Dietary protein, cholesterol, age and lipids

'zgs 'd 295 ‘s191p Jo s[reiop 10 |

(500 > 4) siel unoA Suipuodsaliod ay) 10j J501) WOJ JUAIYIP Aueoyiudis alom Sanjea UBSW
(500 > &) 1URI_YIP ANueoyiuSis a1om s10139] 1duosiadns ayijun yim sonfea ‘sjel payolew-age 104 -

(L1°€1°¥1° 1 DF) sseuagixoouow-o;

[oIa1sa[oYd {(H€ 171 1 2F) (HdAVN) 35e10Nnpar yo))-[A1ein[S[AY1awAxoIpAy ‘aseionpal yo)-OH ‘uioid ueaq-eAos ‘A0S ‘uvjosd Aaym ‘XHM ‘upsed ‘SyD

19-0 89-L 68-0 *8L9 j74 1 SL9 (20! 6L-6 Sl [£A! 89-1 €L6 aseuafAxoouow-»/ [0I1$2[0YD
8L 9-LE 8- *6-C¢ 0-Cl (914 123 S-Sy 8Tl 0-06 TLT 8L IsePNpal yo-HIWH
7 wdxg
0-L1 ol¥8 p-Ll qz1-€6 91 =LV] 9-61 b-L6 L-8T €16 [ X4 124! aseInesa(J-9v
S0 9-11 01 Ll 91 I-11 60 1l S1 143! Il €Sl ssguadAxoououwl-x/, [0IISIAOYD
9 €LE S9 *C6T 149 *1LT 79 £6t 06 009 €S 9Cs asenpal yo)-OWH
1 dxg
as UBd 3s UBIN EY UBI £ B as UBIJA as UBa
AOS AHM SVO AOS AHM SVD
Hapy gunox

(dnoug A1ejatp/sies XIs 10§ SI0112 PIBPURIS JIAY) UM SONJeA UedA)

Lpo421831040 (1 21dxy) mmoynm 4o (7 1dxy) ynm suiarosd

u2.43ffip Sunyviuod s1a1p uaa18 sip4 jnpo puv 3unod ui (u12304d 3w 42d unw [joud) saudzuo UIOSOONU 1241] fO SaNALOY Y] "€ dqRL


https://doi.org/10.1079/BJN19890141

536 YONG-SOON CHOI AND OTHERS

higher in the CAS group than in the SOY and WHY groups at both ages. An age-related
increase in serum cholesterol was observed in the CAS and WHY groups but not in the
SOY group. The concentration of serum triglyceride was comparable in three groups of
young rats, but it was higher in rats given WHY than in those given CAS or SOY in adult
rats. There was also a protein-dependent difference in the serum phospholipid level, and it
was higher in rats given CAS than in those given WHY or SOY at both ages. A significant
age-related increase in serum triglycerides and phospholipids was observed only in the
WHY group.

Table 2 shows concentrations of liver lipids. In Expt 1, the liver cholesterol level in adult
rats was lower in the SOY group than in the CAS group, the WHY group being
intermediate. There was no detectable difference in liver cholesterol in young rats. Liver
cholesterol increased with age only in rats given CAS. The liver triglyceride level was
highest in the CAS group and lowest in the SOY group at both ages. CAS reduced liver
phospholipid compared with other proteins at both ages. However, no age-related changes
were found in the concentrations of these lipids. In Expt 2, dietary cholesterol produced an
accumulation of cholesterol in the liver. However, the concentration of liver cholesterol was
significantly lower in young rats, but not adult rats, given WHY or SOY than in those given
CAS. The significant age-effect on liver cholesterol was observed in the SOY and WHY
groups. The concentration of liver triglyceride was influenced by the protein type, in
particular in adult rats; it was lower in the SOY groups than in the CAS groups, the WHY
groups being intermediate. Liver phospholipid was comparable in age-matched groups, but
it decreased with age in the WHY group.

Table 3 shows the specific activities of HMG-CoA reductase, cholesterol 7z-mono-
oxygenase and Aé6-desaturase of liver microsomes. When the diet free of cholesterol
was given, the HMG-CoA reductase activity of young rats tended to be lower in the SOY
group than in the CAS or WHY groups. However, since the age-related reduction in
activity was observed only in the two milk-protein groups, it tended to be higher in the SOY
group in adult rats. Although the HMG-CoA reductase activity was low in rats given
cholesterol, the response in young rats resembled that observed in rats given diets free of
cholesterol. The activities of cholesterol 7a-monooxygenase were in general similar
regardless of age or dietary protein in both experiments, except for the WHY group in
which it decreased significantly with age when cholesterol was added to the diet. In rats
given diets free of cholesterol, the A6-desaturase activity was higher in the CAS group than
in the other groups, especially for adult rats, but no age-related changes were observed for
all groups.

Table 4 shows the fatty acid composition of liver microsomal phosphatidylcholine in
Expt 1. At both ages, there was a protein-dependent difference in the proportion of
linoleate; it was significantly higher in the SOY group than in the CAS group, and
intermediate in the WHY group. Since the proportion of arachidonate was similar for all
groups, the ratio of 20:3r-6 plus 20:4n-6/18:2n-6 was lower for rats given SOY than for
those given CAS. The ratio tended to decrease with age. In general, the proportions of
20:3n-6 and 22:6n-3 increased significantly whereas that of 22: 51-6 decreased with age for
all groups. However, there was no dietary-protein-dependent difference in the ratio of
22:5n-6/20:4n-6 in age-matched rats, although it was significantly reduced with age.

Although dietary cholesterol modified fatty acid compositions of liver microsomal
phosphatidylcholine, a dietary-protein-dependent difference could be observed (Table 5);
the proportions of 18:2r-6 and 20:3n-6 were higher, and those of 20:4n-6 were lower in the
SOY group than in the CAS and WHY groups. Dietary cholesterol lowered the ratio of
20:3n-6 plus 20:4n-6/18:2n-6, but it was again higher in rats given CAS than in those given
SOY. The difference between the CAS and WHY groups in the proportions of 22:5#-6 and
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22:6n-3 was significant. The age-related change in the fatty acid composition was most
marked in the WHY group; 18:2n-6, 20:31-6 and 22:6n-3 increased whereas other fatty
acids tended to decrease with age.

Table 6 shows faecal excretion of steroids in Expt 2. Faecal dry weight was higher for
the SOY group than for the CAS and WHY groups at both ages. Acidic steroid excretion
was markedly higher in rats given SOY than in those given milk proteins at both ages. In
the CAS and SOY groups, but not the WHY groups, there was an age-dependent increase
in acidic steroid excretion. Neutral steroid excretion tended to be higher in rats given SOY
than in those given CAS. Thus, the total amount of steroids excreted tended to be higher
in the vegetable-protein group than in the two milk-protein groups at both ages, in
particular in adult rats.

DISCUSSION

The present study showed the diversity of the hypocholesterolaemic action of SOY
compared with CAS in rats (Nagata et al. 1980, 1981; Bosisio ef al. 1981; Sugano et al.
1982; Eklund & Sjoblom, 1986; Pfeuffer & Barth, 1986; Park et al. 1987). In adult rats the
hypocholesterolaemic effect of SOY was evident when the cholesterol-enriched diet was
given, whereas in young rats it was evident when the cholesterol-free diet was given. Also,
the liver cholesterol-lowering effect of SOY was variable. The difference in the response of
serum and liver cholesterol suggests a complex interaction of both age and dietary
manipulation. The difference between young and adult rats in the response of serum
triglyceride to dietary cholesterol suggests a different responsiveness in lipoprotein
metabolism (Pfeuffer & Barth, 1986). At both ages, WHY exerted a cholesterol-lowering
effect compared with CAS when cholesterol was added to the diet. A similar finding has
been reported for young rats (Sautier er al. 1983) and for pigs (Norton er al. 1987).

The effect of dietary protein on HMG-CoA reductase activity also showed a complex
pattern due to age or dietary cholesterol, When rats were fed on cholesterol-free diets, SOY
reduced the activity to some extent in young rats, whereas it tended to be higher in the SOY
group than in the other protein groups in adult rats (Table 3). A similar pattern of response
to SOY was observed even when rats were fed on cholesterol. The finding in young rats
given a SOY diet free of cholesterol was inconsistent with that reported previously (Nagata
et al. 1982). The reason for the discrepancy is not apparent, but the difference in the dietary
fat level may be responsible, since both the type and amount of dietary fat modify the
hypocholesterolaemic effect of SOY (Nagata et al. 1980; Sugano et al. 1988). However, the
depression in cholesterol synthesis of young rats given SOY compared with those given
CAS may result in a lowering of serum and liver cholesterol. The weak cholesterol-lowering
effect of SOY in adult rats given a cholesterol-free diet may be compatible with that
observed in aged rabbits (Terpstra er al. 1983). Suppression of HMG-CoA reductase
activity by dietary cholesterol is accompanied by an increase in hepatic cholesterol due to
the increased levels of cholesteryl esters (Dietschy & Wilson, 1970; Rodwell ef al. 1976;
Uchida et al. 1977). However, HMG-CoA reductase activity does not necessarily seem to
be inversely correlated with liver microsomal cholesterol or cholesteryl ester contents under
various conditions (Rodwell et al. 1976; Ide et al. 1978).

Although cholesterol 7a-monooxygenase activity has been considered to be regulated by
microsomal cholesterol content (Balasubramaniam er al. 1973; Shefer et al. 1981), the
results of recent studies do not necessarily support this concept (Einarsson et al. 1987;
Bjorkhem & Akerlund, 1988). In the present study there was no dietary-protein-dependent
difference in cholesterol 7a-monooxygenase activity, in agreement with the results for
young rats given cholesterolaemic diets (Bosisio ez al. 1981). However, the significant
cholesterol-lowering effect of SOY in adult rats given cholesterol may be a reflection of the
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increased steroid excretion. In contrast, the age-dependent increase in the liver cholesterol
pool in rats given a WHY diet supplemented with cholesterol may also, in part, be
attributed to reduced steroid excretion.

The increase in the secretion of glucagon appears to be associated with metabolic
changes caused by dietary SOY as compared with CAS (Noseda & Fragiacomo, 1980;
Sugano er al. 1982). An age-related reduction in serum glucagon concentration was
reported by Klug ez al. (1979). Thus, the change in the glucagon status may at least in part
be responsible both for the protein- and age-dependent difference in the response of HMG-
CoA reductase, as glucagon reduces the activity of this enzyme (Rodwell et al. 1976).

The A6-desaturase activity was low in rats give SOY or WHY compared with those given
CAS at both ages, suggesting that the quality of dietary protein influences the fatty acid
desaturation system. Although glucagon decreases desaturase activity (Brenner, 1981), the
protein-dependent difference was not necessarily attributable to the difference in amino
acid composition because WHY reduced desaturase activity to the same extent as SOY.
Interference of SOY with the desaturation system appears to be limited to the early steps
(Sugano et al. 1988), as estimated by the ratios of linoleate:linoleate metabolites in tissue
phospholipid.

Dietary cholesterol greatly suppressed overall desaturation in all groups, suggesting a
primary role for cholesterol rather than the quality of dietary protein in the regulation of
linoleate metabolism. The decrease in the activity of A6-desaturase by dietary cholesterol
was recently reported in rats by Garg et al. (1988). However, the mechanism by which
dietary cholesterol modifies the desaturation system is not evident at present and hence the
relation between the desaturase activity and the level of hepatic cholesterol is not clear.
Garda & Brenner (1985) reported evidence that suggests dependence of A6-desaturation of
linoleate on the level of microsomal cholesterol. Further investigations are needed to
elucidate the role of dietary cholesterol in fatty acid desaturation. Although the ratio of
20:3n-6+20:4n-6/18:2n-6 in microsomal phosphatidylcholine tended to decrease in ali
groups with age, no age-related reduction in desaturase activity was observed. The ratio of
22:5n-6/20:4n-6 decreased significantly with age regardless of dietary protein, suggesting
a reduced capacity for Ad-desaturation in relation to age (Choi & Sugano, 1988). We have
recently shown that defective desaturation induced by SOY could at least be partly
overcome by supplementation with y-linolenic acid, the A6-desaturation product of
linoleate (Sugano et al. 1988).

In summary, the effect of dietary protein on serum cholesterol was modified not only by
dietary cholesterol but also by age. The age-related increase in serum cholesterol observed
in rats given a SOY diet free of cholesterol was diminished by cholesterol supplementation.
WHY in a cholesterol-enriched diet also exerted a hypocholesterolaecmic effect at both ages,
but it failed to ameliorate the age-related increase in serum lipids. The fatty acid desaturase
system was also affected by the protein quality and cholesterol content of the diet. These
results suggest a complex interaction of dietary protein, cholesterol and age on the
regulation of lipid metabolism in the rat model.
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