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Effects of dietary minerals on
cholesterol metabolism in rabbits fed
cholesterol-free atherogenic diets

S. Sammam, E.M. Kurowska, N. Guthrie, L.. Eckel, and K.K. Carroll

Department of Biochemistry, University of Western Ontario, London, Ontario, Canada

To investigate the effect of dietary minerals on cholesterol metabolism, four groups of rabbits were fed
semipurified diets with modified mineral mixes for 7 weeks. Compared with the control diet that contained
minerals at the 4% (wtiwt) level (diet A), LDL-cholesterol was significantly higher (P < 0.05) in those
fed a diet with a lower amount of minerals (diet B). The inclusion of a supplement to diet B to restore
the more abundant minerals to the level found in diet A (diet C) had no effect on LDL-cholesterol,
however, the inclusion of a trace element supplement (diet D) resulted in a lowering of LD L-cholesterol
to the level observed in the control diet. Hepatic, fecal, and total plasma cholesterol concentrations were
not statistically different in the four groups. Fecal bile acids were also unaffected by the dietary variations.
The data suggest that a reduction in dietary minerals increases the concentration of LDL cholesterol by
a mechanism unrelated to the rates of cholesterol and bile acid excretion, and the trace elements are more

likely to be involved than the abundant minerals.
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Introduction

Dietary animal proteins, such as casein, have been
shown to raise plasma cholesterol concentrations in a
variety of animal species when compared with proteins
of plant origin.!? In rabbits, the hypercholesterolemia
can be modulated by the type and amount of other
dietary components such as carbohydrates, fat, and
fiber.>-5 More recently, the role of dietary minerals in
this effect has been highlighted, particularly as the
reduction in the amount of mineral mix in the diet
exacerbates the hypercholesterolemia.®’

The rise in the plasma cholesterol concentration of
rabbits fed casein-containing diets relative to those fed
soy protein occurs rapidly® and in the absence of di-
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etary cholesterol,®* that is, the hypercholesterolemia
is of endogenous origin. The enterohepatic circulation
is thought to play an important role in this effect,®
particularly as lower amounts of sterols and bile acids
are excreted in animals fed casein relative to controls
fed soy protein.® Because dietary minerals, such as
calcium, can interfere with the enterohepatic circula-
tion,!! it is possible that a reduction in dietary minerals
will reduce the excretion of bile acids by allowing them
to remain soluble and available for reabsorption. This
could be responsible for the observed increase in the
concentration of plasma lipoproteins.

The aims of this study were first to test the hypoth-
esis that the reduction in dietary minerals reduces the
excretion of cholesterol and bile acids, and second to
determine which group of minerals, those found in
larger amounts or the trace elements, is associated
with the increase in plasma cholesterol.

Materials and methods

Young male New Zealand White rabbits (approximately 1.5
kg) were obtained from Reimen’s Fur Ranches (Guelph,
Ontario, Canada) and housed under conditions described
previously.”? The animals were randomly divided into four
groups of four animals each and maintained on commercial
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pelleted Purina Rabbit Chow (Ralston Purina Co., St. Louis,
MO, USA) for 1 week.

All animals were adapted to semipurified diets by feeding
them a mixture of powdered chow and their respective semi-
purified diets, for 1 week. Following the week of adaptation,
rabbits were fed the diets for an additional 6 weeks. The
diets were provided ad libitum and the animals had access
to deionized water. The composition of the diets is described
in Table 1.

The mineral mix was varied among the diets. Diet A, the
control diet, contained the Philips-Hart mineral mix at the
4% level. Diet B contained the same mineral mix as diet A
but at a lower level (2.5%), with the balance being made up
with dextrose. Diet C contained the smaller amount of min-
erals in addition to a supplement of the more abundant
minerals to equal their level in diet A. This supplement
contained potassium, calcium, sodium, magnesium, and iron.
Diet D consisted of the lower level of minerals with a sup-
plement of the trace elements to equal their level in diet A.
This supplement included manganese, iodine, copper, zinc,
and cobalt. Thus, the diets were designed to narrow the
group of minerals associated with the hypercholesterolemia
induced by a reduction in dietary minerals by selectively

Table 1 Composition of the semipurified diets fed to rabbits

Component Composition
Caseina 270
Dextrose® 598
Cellufloura 50
Mineral mixe 40
Molassest (50% (vol/vol) 30
Corn oile 10
Vitaminsd 2

aQObtained from ICN Life Science Group, Nutritional Biochemicals
Division, Cleveland, OH, USA.

bObtained from a local feed mill.

cMineral mix A, B, C, or D. Composition described in more detail in
Table 2.

dComposition of the vitamin mix has been described previously.'?

replenishing the mineral mix with either the abundant min-
erals or the trace elements. These modifications of the min-
eral mix are shown in Table 2.

At weekly intervals, blood samples were collected from
the marginal ear vein of fasted animals and plasma choles-
terol concentrations were measured. After 7 weeks on the
diet, the concentration of plasma cholesterol and its distri-
bution among the lipoproteins was determined. VLDL (d <
1.006 g/mL), IDL (1.006-1.019), LDL (1.019-1.063), and
HDL (1.063-1.21) were isolated from plasma by discontin-
uous ultracentrifugation using an SW 40 rotor.'* Cholesterol
concentrations in the plasma and lipoprotein fractions were
determined using an enzymatic method (CHOD-PAP kit;
Boehringer Mannheim, Montreal, Quebec, Canada).

Feces were collected over a 24-hour period after the
animals had been on the diet for 6 weeks. Feces were freeze
dried, homogenized, and a representative sample taken for
the analysis of cholesterol and total bile acids. Total bile
acids were measured using an enzymatic method." Fecal
cholesterol was measured enzymatically (CHOD-PAP kit)
after saponification of the feces in ethanolic KOH and ex-
traction with petroleum ether'e as modified by Huff and
Carroll.*

The animals were subsequently killed by anesthetic ov-
erdose (Euthanyl; Canada Packers, Cambridge, Ontario,
Canada) and the livers were excised. Lipids were extracted
using the Folch method'” and total cholesterol concentrations
were measured enzymatically (CHOD-PAP kit).

Statistical analysis was carried out using one-way analysis
of variance and the Kruskal-Wallis test was used to confirm
the results. Subsequently Tukey’s test was used to assess
differences between the groups. Differences were considered
significant at P < 0.05.

Results

The plasma cholesterol concentration of all rabbits
increased from initial values regardless of the diet fed
such that a marked hypercholesterolemia was evident
within 2-3 weeks. Compared with group A, plasma
cholesterol levels were elevated in groups B and C,
while those in group D had a similar plasma cholesterol

Table 2 Composition of the mineral mix2 included in the semipurified diets (g/100g diet)

Ab Bc Cd De
Minerals
Potassium phosphate dibasic 1.288 0.805 1.288 0.805
Calcium carbonate 1.20 0.75 1.20 075
Sodium chloride 0.668 0.4175 0.668 04175
Magnesium sulphate 0.408 0.255 0.408 0.255
Calcium phosphate monobasic 0.3 0.1875 0.3 0.1875
Ferric citrate (16-17% Fe) 011 0.06875 0.11 0.06875
Trace elements
Manganese sulphate-H,O 0.0204 0.01275 0.01275 0.0204
Potassium iodide 0.0032 0.002 0.002 0.0032
Copper sulphate-5H,0 0.0012 0.00075 0.00075 0.0012
Zinc chloride 0.001 0.000625 0.000625 0.001
Cobalt chioride-6H,0 0.0002 0.000125 0.000125 0.0002
Dextrose 0 1.5 0.0008 1.49025

aPhillips-Hart mineral mix 1V, plus cobalt. Obtained from ICN Biochemicals, Cleveland, OH, USA.

®This was provided in the diet at 4g/100g.

cProvided in the diet at 2.5g/100g with dextrose added (1.5g/100g).

9Mix B with abundant minerals restored to the level found in A.
eMix B with trace elements restored to the level found in A.

482 J. Nutr. Biochem., 1992, vol. 3, September



Dietary minerals and hypercholesterolaemia: Samman et al.

concentration. However, differences between these
values did not reach statistical significance. The hyper-
cholesterolemia was associated with a significant rise
in LDL cholesterol in groups B (7.23 + 0.98 mmol/L,
mean = SE) and C (7.09 = 0.68) compared with
group A (4.48 = 0.50) (P < 0.05) (Figure 1). VLDL,
IDL, and HDL were similar in the four groups (Figure
1).

All animals gained weight over the experimental
period, with animals fed diet A exhibiting the highest
weight gain followed by diets C, D, and B, respectively
(mean values shown in legend to Figure 2). However,
the rate of body-weight gain was variable and poorly
correlated with plasma LDL cholesterol concentrations
(Figure 2).

Despite the differences in LDL cholesterol, hepatic
cholesterol was not statisticaily different among the
four groups (Table 3), but there was a tendency (P <
0.09) for animals in groups B and C to have higher
concentrations of hepatic cholesterol. When liver
weights were taken into account, animals in group D
had a lower hepatic cholesterol content relative to
group A, reflecting the smaller liver weight of group
D (Table 3).

The rate of cholesterol excretion tends to be higher
as the amount of dietary minerals is reduced, that is,
in diets B, C, and D (Table 4). The excretion of bile
acids in groups B and C was 28-33% higher than group
A, and excretion in group D was 61% lower. Differ-
ences in the excretion of bile acids and cholesterol did
not reach statistical significance, possibly due to the
small number of animals in each group (Table 4).

Discussion

These data confirm our previous findings, which showed
a rise in LDL cholesterol when the level of dietary
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Figure 1 Distribution of cholesterol in plasma and lipoprotein frac-
tionsa of rabbits fed semipurified diets® with varying amounts of
minerals.

a DL values not sharing a common superscript are significantly
different (P < 0.05). Differences between all other means are not
statistically significant. Values expressed as mean + SE.

®Diets are defined in Tables 1 and 2.
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Figure 2 Relationship2 between weight gain® (g/7 weeks) and LDL
cholesterol (mmol/L) in rabbits fed semipurified dietse with varying
amounts of minerals.

aThe relationship is defined asy = 976.6 —1.67x, r2 = 0.21.
®Mean weight gain (g/7 weeks) = SE are: group A: 7772 = 113,
group B: 4392 + 69, group C: 738> = 29, group D: 636 * 73.
Values sharing a common superscript are significantly different from
each other (P < 0.02) using ANOVA and Tukey's test.

°Diets are defined in Tables 1 and 2.

Table 3 Liver weights and cholesterol concentrations

Weight Cholesterol
(g, wet weight) mg/g mg/total liver weight
A 679 + 69 148 = 0.29 102.4 = 404
B 496 = 47 1.71 = 0.22 846 = 177
C 599 = 3.2 164 + 0.25 971+ 43
D 538 + 54 129 + 044 67.4 + 18.2
Values expressed as mean + SE.
Table 4 Fecal cholesterol and bile acid excretion
Total bile acids Cholesterol
(rmol/day) (mg/day)
A 309 + 78 3.66 = 1.09
B 431 = 323 7.18 £ 577
C 46.2 + 225 6.90 = 464
D 122 + 8.1 6.61 = 835

Values expressed as mean * SE.

minerals was reduced.®’ In addition, the data suggest
that trace elements are more likely to be involved in
this effect than are the more abundant minerals.
Consistent with previous reports,®-81%12.13 regardless
of the mineral mix, the plasma cholesterol concentra-
tion of all rabbits increased from initial values such
that a marked hypercholesterolemia was evident among
the four groups (Figure 1). However, there were some
group differences in LDL cholesterol as the mineral
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mix was manipulated. Compared to the control diet
(A), LDL cholesterol concentrations were significantly
higher for groups B and C. That is, the reduction in
minerals induced a rise in LDL cholesterol (group B)
and the supplementation of the diet with the more
abundant minerals (group C) had no apparent effect
on plasma cholesterol or its distribution among the
lipoproteins. The replenishment of the low mineral
diet with a trace element supplement (group D) re-
sulted in this difference being negated.

Casein-fed animals excrete less fecal sterols than
controls fed soy protein,® possibly due to a lower con-
tent of minerals associated with the diet, particularly
the protein source.® It was hypothesized that a reduc-
tion in the dietary minerals may further decrease the
excretion of sterols, causing an increase in the hepatic
pool, which in turn stimulates the secretion of choles-
terol-rich lipoproteins.” However, despite the differ-
ential in LDL cholesterol, the excretion of cholesterol
and bile acids was not statistically different, possibly
due to large variations in the response.

The lack of effect of mineral supplements on plasma
cholesterol concentrations (diet C) is in contrast to
previous findings. Van der Meer et al.!' showed that
calcium supplements reduce plasma cholesterol, an
effect similar to that shown in humans.* However, an
important difference in this study is the use of a mixed
supplement (Table 2), not just calcium, which results
in greater alterations in amount and ratios of minerals
in the diet.

Although the mechanism by which trace elements
affect lipoprotein metabolism remains unknown, the
effect is likely to represent a balance of the influences
of copper, zinc, manganese, iodine, and cobalt (Table
2). A review of numerous studies in rats!” and a case
report in a human?® demonstrated the hypercholester-
olemic effect of copper deficiency. The effect appears
to be due to an increase in the activity of hepatic
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase.? However, the role of copper is not entirely
clear, because in the Watanabe Heritable Hyperlip-
idemic (WHHL) rabbit®* (a model for familial hyper-
cholesterolemia) and in hyperlipidemic humans,?
plasma copper levels are elevated. In addition, the
effect is partly dependent on the ratio of zinc:copper. ™

A limited number of well-controlled studies of the
effect of zinc deficiency on cholesterol metabolism
have been carried out. They suggest that the deficiency
is associated with depressed cholesterol levels,” but
paradoxically, the activity of HMG-CoA reductase is
elevated.”® From a recent review of the literature, it
was concluded that the association between zinc and
cholesterol metabolism may be non-specific.?

In rats fed high dietary iodine, plasma triacylgly-
cerol and cholesterol levels were lower than controls,
an effect thought to be mediated by altered thyroid
function.?* The effect of a decrease in dietary man-
ganese on cholesterol levels in rats is strain-dependent
and requires further study. In one report, plasma and
HDL cholesterol were reduced in Sprague-Dawley
rats,”” whereas no effect was reported when Wistar or
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genetically hypercholesterolemic RICO rats were
used.?

In conclusion, elucidating the mechanism by which
minerals affect cholesterol homeostasis is confounded
by the complex dietary interactions displayed by min-
erals. Because their bioavailability and absorption is
dependent on the amounts and ratios present in the
diet, altering a single constituent of a mineral mix may
result in non-direct effects caused by another. To con-
trol for non-direct effects, and to help clarify the role
of specific minerals, future studies should include
measurements of biochemical markers of mineral status.
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