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Dietary calcium decreases plasma cholesterol by

down-regulation of intestinal Niemann–Pick C1 like 1

and microsomal triacylglycerol transport protein and

up-regulation of CYP7A1 and ABCG 5/8 in hamsters
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Scope: It has been shown that calcium supplementation favorably modifies plasma lipopro-

tein profile in postmenopausal women. The present study investigated the interaction of

dietary calcium with genes of transporters, receptors and enzymes involved in cholesterol

metabolism.

Methods and results: Forty-eight ovariectomized hamsters were fed one of the four diets

containing 0, 2, 6 and 8 g calcium per kg. Plasma total cholesterol (TC), triacylglycerols (TG), and

non-high density lipoprotein cholesterol were dose-dependently decreased, whereas high-density

lipoprotein cholesterol (HDL-C) was dose-dependently increased with the increasing dietary

calcium levels. Dietary calcium had no effect on protein mass of hepatic sterol regulatory

element binding protein-2 (SREBP), liver X receptor-alpha (LXR), 3-hydroxy-3-methylglutaryl-

CoA reductase (HMGR), LDL receptor (LDLR) and cholesterol-7a-hydroxylase (CYP7A1).

However, dietary calcium up-regulated the mRNA levels of hepatic CYP7A1 and intestinal ATP

binding cassette transporters (ABCG5/8) whereas it down-regulated the intestinal Niemann-Pick

C1 like 1 (NPC1L1) and microsomal triacylglycerol transport protein (MTP). In addition, dietary

calcium increased the activity of intestinal acyl coenzyme A: cholesterol acyltransferase 2, while it

decreased plasma cholesteryl ester transport protein (CETP).

Conclusion: Beneficial modification of lipoprotein profile by dietary calcium was mediated by

sequestering bile acid absorption and enhancing excretion of fecal cholesterol, via up-regulation

of mRNA CYP7A1 and intestinal ABCG 5/8 with down-regulation of mRNA NPC1L1 and MTP.
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1 Introduction

Plasma total cholesterol (TC) and LDL cholesterol (LDL-C)

correlate positively, whereas HDL cholesterol (HDL-C)

correlates inversely with coronary heart disease. Calcium

supplementation has been shown to decrease plasma TC in

rabbit [1], hamster [2], rat [3, 4], pig [5] and humans [6]. It

has been also demonstrated that calcium supplementation

improves the lipoprotein profile in hyperlipidemia patients

[7]. Particularly in menopausal women, calcium supple-

mentation not only decreases LDL-C but also increases

HDL-C level [8]. It appears that dietary calcium is more

effective in reducing plasma TC in women than that in men
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[6, 8]. It has been proposed that the beneficial effect of

calcium supplementation on the lipoprotein profile is

mediated by its enhanced activity on fecal excretion of bile

acids [9].

Intestinal absorption of cholesterol is a transporter-

facilitated process (Fig. 1). Niemann–Pick C1 like 1

(NPC1L1) localizes to the brush border membrane of

absorptive enterocytes in the small intestine and is respon-

sible for the uptake of cholesterol [10]. Intestinal acyl co-

enzyme A: cholesterol acyltransferase 2 (ACAT2) esterifies

cholesterol to form cholesteryl ester (CE). Microsomal tri-

acylglycerol transport protein (MTP) assembles CE into

chylomicrons, which is subsequently transferred into

blood through the lymphatic system. ACAT can differentiate

cholesterol from phytosterols and prefer the former

as a substrate [11]. ATP-binding cassette transporters

(ABCG5 and ABCG8) return some cholesterol and most

phytosterols to the lumen of the intestine for excretion

(Fig. 1).

LDL carries most cholesterol in circulation in humans

while in rodents HDL does most [12]. Although lipoprotein

metabolism differs across species, elimination of cholesterol

is in general regulated at the transcriptional level by sterol

regulatory element-binding protein 2 (SREBP) and liver X

receptor (LXR) in a coordinated manner [13, 14]. SREBP

governs the transcription of 3-hydroxy-3-methylglutaryl-CoA

reductase (HMGR) and LDL receptor (LDLR), with HMGR

acting as the rate-limiting enzyme in cholesterol synthesis,

whereas LDLR being responsible for the removal of

LDL-C from the circulation (Fig. 1). LXR regulates the

transcription of a gene encoding cholesterol-7a-hydroxylase

(CYP7A1), which is a rate-limiting enzyme in conversion of

cholesterol to bile acids in the liver and elimination in the

bile fluid [14].

Despite extensive research on the link between dietary

calcium and plasma lipoprotein profile, information on the

interaction of dietary calcium with the genes of these

transporters, receptors and enzymes involved in cholesterol

metabolism in vivo is lacking. In view of the pronounced

hypocholesterolemic activity of calcium supplementation in

postmenopausal women [6, 8], this study adopted ovar-

iectomised hamsters as a model to (i) examine the effect of

dietary calcium on the gene expression of intestinal

NPC1L1, ABCG 5 and 8, ACAT and MTP; and (ii) char-

acterize how dietary calcium interact with hepatic SREBP,

LXR, HMGR, LDLR and CYP7A1.

2 Materials and methods

2.1 Diets

All diet ingredients were purchased from Harlan Teklad

(Madison, WI, USA) except for lard, which was obtained

from the local market (the same batch for all the experi-

ments). DL-methionine, cholesterol and calcium dibasic

phosphate were purchased from Sigma Chemical (St. Louis,

MO, USA). The calcium-deficient diet (Ca-0) was prepared

by mixing the following ingredients (g/kg diet): cornstarch,

508; casein, 242; lard, 50; sucrose, 119; calcium-deficient

mineral mix, 40; vitamin mix, 20; DL-methionine, 1;

cholesterol, 1. The other three experimental diets were

prepared by adding 5 g of CaHPO4 (equivalent to 2 g Ca/kg

diet; Ca-2), 15 g of CaHPO4 (equivalent to 6 g Ca/kg diet; Ca-

6) and 20 g of CaHPO4 (equivalent to 8 g Ca/kg diet; Ca-8),

respectively, into Ca-0 diet. In view of about 6 g Ca/kg in

rodent chow diet, Ca-0, Ca-2, Ca-6 and Ca-8 diets repre-

sented the amount of calcium deficiency, inadequacy,

adequacy and sufficiency, respectively. The powered diets

were mixed with a gelatin solution (20 g/L) in a ratio of 200 g

diet per liter. Once the gelatin has set, the diets were cut into

pieces of approximately 10 g cubes and stored frozen at
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�201C. In this study, the atherogenic diets containing 0.1%

cholesterol were chosen in order to investigate the interac-

tion of dietary calcium with absorption of dietary

cholesterol.

2.2 Hamsters

Forty-eight ovariectomized Golden Syrian hamsters (Meso-
cricetus auratus; 120–130 g) were obtained from the Labora-

tory Animal Services Centre, The Chinese University of

Hong Kong. Experiments were conducted following the

approval and in accordance with the guidelines set by the

Animal Experimental Ethical Committee, The Chinese

University of Hong Kong. Ovariectomized hamsters

were randomly divided into four groups (n 5 12) and housed

(two per cage) in wire-bottomed cages at 231C in an animal

room with 12-h light–dark cycle. All hamsters were accli-

matized to the Ca-8 diet for a period of 2 wk and subse-

quently maintained on their respective diets for additional

6 wk. Respective diets and water were available ad libitum,

with any uneaten food being weighed and replaced

with fresh food daily. Body weights were measured and the

fecal samples per cage were collected weekly. Blood (1 mL)

was obtained from the retro-orbital sinus into a heparinized

capillary tube at the end of weeks 0, 3 and 6 following

food deprivation for 14 h over night and light anaesthesia,

using a mixture of ketamine, xylazine and saline

1:1:5, (4:1:5; v/v/v). After the blood was centrifuged at

1000� g for 10 min, the plasma was collected and stored at

�201C until analysis. Following the last blood sample

collection at week 6, all the hamsters were killed by carbon

dioxide suffocation. The livers were removed, washed in

saline and weighed. The first 10 cm of duodenum was

discarded, and the next 30 cm of the small intestine was

kept. All tissue samples were flash frozen in liquid nitrogen

and stored at �801C until analysis.

2.3 Quantification of calcium in plasma, diet and

feces

Calcium in plasma, diet and feces was measured according

to the AOAC Official Method 968.08 (AOAC International,

1995). In brief, the sample (2.0 g) was weighed into a

porcelain crucible and placed into a furnace at 5501C for 4 h.

The carbon-free ash residues were cooled at room

temperature and dissolved in 10 mL of 3 M HCl solution

followed by being boiled for 10 min. The solution was cool

and diluted to a volume of 100 mL. The measurement

solution was then prepared by twofold dilution with addition

of 1% lanthanum oxide (AAS grade, Sigma) to reduce

phosphate interference. The standard solution of calcium

(Sigma) was subjected to the same procedure. The solution

was quantified in a Varian Spectra-800 atomic absorption

spectrophotometer. Instrumental conditions were set at a

pump flow rate, 3.0 mL/min; wavelength, 422.7 nm; lamp

current, 10 mA; slit width, 0.5 nm; and air/C2H2 flow ratio, 3

to 1. Plasma calcium concentration was measured using a

commercial kit (Sigma).

2.4 Measurement of plasma lipoproteins

Plasma TC and triacylglycerols (TG) were quantified using

the enzymatic kits from Infinity (Waltham, MA, USA.) and

Stanbio Laboratories (Boerne, TX, USA), respectively [15].

To measure plasma HDL-C, LDL and very LDL were first

precipitated with phosphotungstic acid and magnesium

chloride using a commercial kit (Stanbio Laboratories).

HDL-C in the supernatant was determined similarly as it

was for TC. Non-HDL-C was calculated by deducting HDL-C

from TC.

2.5 Quantification of liver cholesterol

Cholesterol concentration in the liver was determined

using a method as we described previously [15, 16]. Briefly,

stigmastanol as an internal standard was added into

the liver sample. Methanol-chloroform mixture (2:1, v/v)

were used to extract total liver lipids. The chlor-

oform–methanol layer was saved and evaporated to dryness

under a gentle stream of nitrogen gas. The liver lipids were

then mildly saponified and the cholesterol was converted

into its trimethylsilyl-ether (TMS) derivative before the GC

analysis.

2.6 Quantification of fecal neutral and acidic sterols

Neutral and acidic sterols in the feces were analyzed as we

described previously [15, 16]. In brief, stigmasterol and

hyodeoxycholic acid were added into the fecal samples as

internal standards for quantification of fecal neutral and

acidic sterols, respectively. After being mildly hydrolyzed,

the fecal neutral sterols were extracted into cyclohexane and

were converted into their TMS derivatives. The acid sterols

in the bottom aqueous layer were saponified, extracted and

converted into their TMS derivatives. Both the analyses of

individual neutral and acidic sterol TMS derivatives were

performed in a fused silica capillary column (SAC-5,

30 m� 0.25 mm, id; Supelco, Bellefonte, PA, USA) using a

Shimadzu GC-14 B Gas-Liquid Chromatograph equipped

with a flame ionization detector (Kyoto, Japan). Stigmasterol

and hyodeoxycholic acid added in the samples were used to

quantify each neutral and acidic sterols, respectively. The

total neutral sterols were the sum of cholesterol, coprosta-

nol, coprostanone, dihydrocholesterol, campesterol,

b-sistosterol amd stigmastanol, whereas the total acid sterols

were the sum of lithocholic, deoxycholic, chenodeoxycholic,

cholic and ursodeoxycholic acids.
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2.7 Measurement of intestinal ACAT activity

Intestinal ACAT activity was measured according to the

method we described previously [17]. Briefly, the intestinal

microsome was prepared and incubated with cholesterol.

The reaction was initiated by adding an assay reagent

consisting of [14C] oleoyl-Coenzyme A, non-radioactive

oleoyl-Coenzyme A and fatty acid-free bovine serum albu-

min. The reaction was stopped by adding chloroform:

methanol mixture (2:1, v/v) and saline. After addition of [3H]

cholesterol oleate, the reaction mixture was centrifuged and

the lower organic layer was collected followed by addition of

cholesteryl oleate. Cholesterol and CE were separated on a

thin-layer silica gel plate (Merck, NJ, USA) in hexane:ethyl

acetate:acetic acid (80:20:1, v/v/v). The band corresponding

to cholesterol oleate was cut off and transferred into a

scintillation vial followed by addition of OptiPhase HiSafe 2

scintillation fluid (Perkin-Elmer). Radioactivity was then

measured in a LS 6500 scintillation counter (Beckman) and

the data were calculated based on [3H] recovery.

2.8 Quantification of plasma cholesteryl ester

transport protein

Plasma CETP concentration was measured using a

commercial kit (ALPCO, Salem, NH, USA). In brief, plasma

(10 mL) was diluted to 1:80 with citrate buffer (pH 5.5) and

added to the tested wells coated with anti-CETP MoAb

followed by incubation for 2 h. CETP in the plasma was

captured by the antibody. After washing to remove all the

unbound materials, HRP-labeled anti-CETP MoAb was

added. After incubation for 1 h and subsequent washing, the

substrate solution was added followed by addition of the

stop reagent. The intensity of color that developed was read

by a microplate reader. The absorbance was proportional to

the concentration of CETP in the plasma.

2.9 Determination of plasma 25-hydroxyvitamin D

Plasma 25-hydroxyvitamin D was considered to be the most

reliable measure of overall vitamin status. It was quantified

using an enzyme immunoassay kit from the Immuno-

diagnostic Systems (Boldon Business Park, UK)

2.10 Western blotting analyses of intestinal MTP

and liver SREBP, LDL-R, HMGR, LXR and

CYP7A1

Western blotting analyses were carried out as we described

previously [15]. Briefly, the frozen liver was homogenized,

the extract was centrifuged,and the supernatant was collec-

ted and considered the ‘‘total protein’’ [18]. After the total

protein was centrifuged at 35 000 rpm, the supernatant was

removed and the pellet (membrane and nuclear protein)

was saved followed by re-suspension into the same

homogenizing buffer. The protein concentration was

determined using a protein concentration assay kit (Bio-Rad

Laboratories, Hercules, CA, USA). The target proteins

were separated on a 7% SDS-PAGE gel and then transferred

to polyvinylidene difluoride membranes (Millipore, Bill-

erica, MA, USA) using a semi-dry transfer system.

Membranes were then blocked in 5% non-fat milk Tris-

buffered saline with Tween-20 for 1 h and overnight at 41C

in the same solution containing anti-LDL-R antibody

(Santa Cruz Biotechnology, CA, USA), anti-HMGR

(Upstate USA, Lake Placid, NY, USA), anti-CYP7A1 (Santa

Cruz Biotechnology), anti-LXR, or anti-SREBP antibody

(Santa Cruz Biotechnology) [18]. The membrane

was then incubated for 1 h at 41C in diluted horseradish

peroxidase-linked Goat anti-rabbit IgG, donkey anti-rabbit

IgG or goat anti-mouse IgG. The membranes were devel-

oped with ECL enhanced chemiluminescence agent and

subjected to autoradiography on SuperRX medical X-ray

film. Densitometry was quantified using the BioRad

Quantity ones software. Data on abundance of SREBP,

LDLR, HMG R, LXR and CYP7A1 were normalized with

b-actin [15].

2.11 Real-time PCR analyses of mRNA of liver

SREBP, LDLR, HMGR, LXR, CYP7A1, ABCG5,

ABCG8, MTP and small intestine NPC1L1,

ABCG5, ABCG8, ACAT and MTP

Both liver and intestine samples were pulverized with

liquid nitrogen in a mortar, and total liver mRNA was

extracted and isolated using Tizols Reagent (Invitrogen,

Carlsbad, CA, USA). Briefly, total RNA from liver and

intestine was converted to cDNA using a high-capacity

cDNA reverse transcription kit, respectively (Applied

Biosystems, Foster City, CA, USA). Reverse transcription

was carried out in a thermocycler (Gene Amps PCR system

9700, Applied Biosystems), with program set as initiation

for 10 min at 251C, followed by incubation at 501C for

90 min and at 851C for additional 5 min. The cDNA

synthesized was stored at �201C.

Real-time PCR analysis was carried out on a Fast Real-

time PCR System 7500 (Applied Biosystems). Primers and

TaqMans probes were used for real-time PCR analysis of

liver GAPDH, CYP7A1, HMGR, LDL-R, SREBP-2 and LXR

[15]. For intestine NPC1L1, ABCG5, ABCG8, ACAT2, MTP

and 18S, SYBR green was used as fluorophore [19–21]

(Table 1). The reaction mixture was subject to thermal

cycling under the following conditions: heating up to 951C

in 20 s, followed by 40 cycles at 951C for 3 s and 601C for

30 s. Data were analyzed using the Sequence Detection

Software version 1.3.1.21 (Applied Biosystems). Gene

expressions were calculated according to the comparative

Threshold cycle (CT) method (Applied Biosystems).
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2.12 Statistics

Data were expressed as mean7SD. The group means were

statistically analyzed using two-way analysis of variance

(ANOVA) and post hoc LSD test on SigmaStat Advisory

Statistical Software (SigmaStat version 14.0, SPSS,

Chicago, IL, USA). Significance was defined as p-value less

than 0.05.

3 Results

3.1 Food intake, body and organ weight

No significant differences in the final body weight

were observed among the four ovariectomized groups.

Similarly, there were no significant differences in food

intakes among the four groups (data not shown). The

weights of kidney, heart, liver and adipose tissues (epididy-

mal and perirenal pads) were similar among the four

groups.

3.2 Quantification of calcium in plasma, diet and

feces

Plasma calcium concentrations increased with the

increasing dietary calcium level with Ca-8 group being

13.871.3 mg/dL (range: 12.3–16.4 mg/dL) followed by

Ca-6 group being 12.570.8 mg/dL (range: 11.3–14.0 mg/

dL), Ca-2 group being 11.270.7 mg/dL (range:

10.3–12.1 mg/dL) and Ca-0 group being 10.170.5 mg/dL

(range: 9.5–10.4 mg/dL). The actual calcium concentration

in diets of Ca-0, Ca-2, Ca-6 and Ca-8 groups was 0.470.1,

2.370.2, 6.270.3 and 8.370.4 g/kg, respectively. Fecal

calcium excretion demonstrated a dose-dependent increase

with the increasing dietary calcium (Ca-0, 5.872.8 mg/g;

Ca-2, 36.6711.3 mg/g; Ca-6, 87.176.5 mg/g and Ca-8,

125.2712.8 mg/g).

3.3 Plasma TC, HDL-C, TG and non-HDL-C/HDL-C in

ovariectomized hamsters

Four groups of ovariectomized hamsters had similar levels of

plasma TC, HDL-C and TG at the beginning of the experiment

(week 0). At the end of week 3, plasma TC, non-HDL-C and

TC:HDL-C were dose-dependently decreased, whereas HDL-C

was dose-dependently increased with the increasing dietary

calcium levels (Table 2). When the experiment reached the end

of week 6, the calcium-induced elevation of HDL-C and

reduction in plasma TC, non-HDL-C and TC:HDL-C became

more significant (Table 2). Dietary calcium levels had no effect

on plasma TG at the end of week 3. However, plasma TG

demonstrated a dose-dependent decrease with the increasing

dietary calcium at the end of week 6 (Table 2).

3.4 Liver cholesterol

Hepatic cholesterol demonstrated a dose-dependent

decrease pattern with the increasing dietary calcium levels

(Table 2). Compared with that in Ca-0 group, liver choles-

terol was reduced by 2% in Ca-2, by 17% in Ca-6 and 21% in

Ca-8 group.

3.5 Plasma 25-hydroxyvitamin D

Vitamin D promotes the intestinal absorption of calcium.

However, no difference in plasma 25-hydroxyvitamin D was

seen among the four ovariectomized groups fed Ca-0, Ca-2,

Ca-6 and Ca-8 diets (Table 2).

3.6 Fecal excretion of neutral and acidic sterols

Total fecal outputs in weeks 1, 3 and 6 were pooled and their

concentrations of neutral sterols and acidic sterols were

analyzed and calculated as milligrams per day. To simplify the

Table 1. Quantitative real-time PCR primers used to measure hamster intestine RNA levels

Gene Forward primer 50 30 Reverse primer 50 30

GAPDH GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA
CYP7A1 GGTAGTGTGCTGTTGTATATGGGTTA ACAGCCCAGGTATGGAATCAAC
HMG-CoA R CGAAGGGTTTGCAGTGATAAAGGA GCCATAGTCACATGAAGCTTCTGT A
LDL-R GCCGGGACTGGTCAG ATG ACAGCCACCATTGTTGTCCA
SREBP-2 GGACTTGGTCATGGGAACAGATG TGTAATCAATGGCCTTCCTCAGAAC

NPC1L1 CCTGACCTTTATAGAACTCACCACAGA GGGCCAAAATGCTCGTCAT
ABCG5 TGATTGGCAGCTATAATTTTGGG GTTGGGCTGCGATGGAAA
ABCG8 TGCTGGCCATCATAGGGAG TCCTGATTTCATCTTGCCACC
ACAT2 CCGAGATGCTTCGATTTGGA GTGCGGTAGTAGTTGGAGAAGGA
MTP GTCAGGAAGCTGTGTCAGAATG CTCCTTTTTCTCTGGCTTTTCA
18S TAAGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC
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Table 2. Changes in hepatic cholesterol and plasma TC, total TG, HDL-C, non-HDL-C, TC:HDL-C, vitamin D, compesterol and lathosterol in
ovariectomized hamsters fed the Ca-deficient diet (Ca-0) and three experimental diets supplemented with 2 g (Ca-2), 6 g (Ca-6) and
8 g (Ca-8) Ca per kg dieta), respectively

Ca-0 Ca-2 Ca-6 Ca-8 p

Week 0

TC (mg/dL) 210.4734.07 211.5751.5 210.5733.3 211.9736.3 1.00
TG (mg/dL) 123.1749.2 134.7768.4 124.1744.3 116.69758.3 0.89
HDL-C (mg/dL) 119.3713.2 117.2713.7 106.96717.9 112.077.2 0.13
Non-HDL-C (mg/dL) 98.9721.1 105.50733.2 110.14721.7 109.5725.5 0.75
Non-HDL-C:HDL-C 0.8270.21 0.8670.22 1.0570.24 0.9670.22 0.109
TC:HDL-C 1.870.2 1.870.3 2.070.3 1.970.3 0.20

Week 3

TC (mg/dL) 236.4715.7a 229.4719.2ab 221.4719.7b 215.2715.5b 0.04
TG (mg/dL) 132.5735.3 121.4737.0 142.3720.5 133.5717.9 0.33
HDL-C (mg/dL) 92.375.6b 94.573.4b 95.979.4b 109.0715.90a o0.01
Non-HDL-C (mg/dL) 143.2714.5a 134.5719.6ab 125.7719.7b 104.1722.5c o0.01
Non-HDL-C:HDL-C 1.5470.17a 1.4270.21ab 1.3370.26b 0.9770.29c o0.001
TC:HDL-C 2.570.2a 2.470.2ab 2.370.3b 2.070.3c o0.01

Week 6

TC (mg/dL) 261.1739.3a 258.7742.4a 242.7733.6ab 222.2711.5b 0.02
TG (mg/dL) 207.2720.7a 179.8727.8ab 163.6730.0b 152.4748.0c o0.01
HDL-C (mg/dL) 104.574.2c 105.677.2c 129.4713.8b 142.0711.6a o0.01
Non-HDL-C (mg/dL) 152.8728.5c 123.5785.5c 113.3727.6b 81.5716.5a o0.01
Non-HDL-C:HDL-C 1.4870.31a 1.4070.30a 0.8870.21b 0.5870.16c o0.001
TC:HDL-C 2.570.3c 2.470.3c 1.970.2b 1.670.2a o0.01
25-Hydroxy D (mg/dL) 2.4370.81 2.4770.14 2.3470.73 2.3270.44 0.99
CETP (mg/mL) 0.5970.04a 0.5670.02a 0.5470.06ab 0.5070.040b 0.04
Liver cholesterol (mg/g) 41.578.3a 41.075.1a 34.474.0b 32.976.8b 0.04

a,b,c: in a row for a given week with different online letters differ significantly, po0.05.
a) Values are means7SD, n 5 10.

Table 3. TC intake, fecal excretion of total neutral sterols, total acidic sterols (mg/hamster/day) and cholesterol balance in ovariectomized
hamsters fed the Ca-deficient diet (Ca-0) and three experimental diets supplemented with 2 g (Ca-2), 6 g (Ca-6) and 8 g (Ca-8) Ca
per kg dieta), respectivelya), at week 6

Ca-0 Ca-2 Ca-6 Ca-8 p

Cholesterol intake (CI) 11.5570.82a 9.8870.41b 10.6070.82ab 10.7170.94ab 0.10
Fecal neutral sterols (NS)
Coprotanol 0.6670.34b 1.4470.50a 1.3170.52ab 1.4070.70a 0.41
Coprostanone 0.0470.04 0.0470.01 0.0370.01 0.0370.01 0.19
Cholesterol 0.3470.23 0.3170.15 0.6470.31 0.4770.43 0.44
Dihydrocholesterol 0.2270.11 0.3270.09 0.3070.05 0.3770.07 0.27
Campesterol 0.0270.01 0.0470.04 0.0370.03 0.0470.05 0.98
Total 1.2870.41b 2.1570.47a 2.3170.64a 2.3070.48a 0.07

Fecal acidic sterols (AS)
Lithocholic 0.7470.22 1.2070.24 1.1370.40 1.3270.79 0.34
Deoxycholic 0.0570.02b 0.0570.01b 0.0670.03b 0.1470.08a 0.05
Chenodeoxycholic 0.3370.07 0.2870.08 0.1770.10 0.4770.35 0.35
Cholic acid 0.1070.07b 0.2670.07b 0.3570.18ab 0.6770.46a 0.04
Ursodeoxycholic 0.0870.02b 0.0770.02b 0.1470.06ab 0.2070.09a 0.03
Total 1.3070.54b 1.8770.29ab 1.8570.62ab 2.8171.70a 0.11
Apparent cholesterol retained (CR 5 CI�NS�AS) 9.1371.31a 5.7470.54b 5.9071.52b 5.5571.79b 0.04
Apparent cholesterol absorption (CR/CI) 78.9878.99a 58.0173.70b 55.23710.86b 50.81713.02b 0.04

a,b,c: at the same row with different online letters differ significantly, po0.05.
a) Values are expressed as mean7SD, n 5 10.
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presentation, only data in week 6 were shown (Table 3).

Compared with those in Ca-0, total fecal neutral sterols were

increased in the Ca-2, Ca-6 and Ca-8 groups. However, no

significant differences were seen among the Ca-2, Ca-6 and

Ca-8 groups. Coprostanol, cholesterol and dihydrocholesterol

were the major neutral sterols in the feces. Although the effect

of dietary calcium on fecal coprostanol was not dose-depen-

dent, Ca-2 and Ca-8 groups had greater excretion than Ca-0

(Table 3).

It was apparent that the total acidic sterol excretion was

increased in Ca-2, Ca-6 and Ca-8 groups compared with that in

Ca-0 hamsters. Regarding the individual acidic sterols, deoxy-

cholic, cholic and ursodeoxycholic acids were dose-dependently

increased with the increasing dietary calcium (Table 3).

3.7 Cholesterol balance

Total intake of cholesterol was compared with the excretion

of neutral and acidic sterols (Table 3). Cholesterol retention

was calculated by difference between the intake and excre-

tion of both neutral and acidic sterols. The apparent

cholesterol absorption (cholesterol retention/cholesterol

intake) demonstrated a dose-dependent decrease with the

increasing dietary calcium levels.

3.8 Western blotting and mRNA analysis of

SREBP-2, HMGR, LDLR, LXR and CYP7A1

Immunoreactive mass of liver SREBP-2, HMGR, LDLR,

LXR and CYP7A1 was measured using Western blotting

(Fig. 2). There were no significant differences in these

proteins among the four ovariectomized groups. Similarly,

no differences in mRNA abundance of SREBP, HMGR,

LDLR and LXR in the liver were observed among the control

and the four experimental groups (Fig. 3). However, hepatic

mRNA CYP7A1 was up-regulated in a dose-dependent

manner with the increasing dietary calcium (po0.05).

3.9 Real-time PCR mRNA analysis of intestinal

NPC1L1, ABCG5, ABCG8, ACAT2 and MTP

RT-PCR analysis demonstrated that calcium at 8 g/kg diet

could up-regulate the production of mRNA ABCG5/8

(Fig. 4). In contrast, calcium at 8 g/kg diet down-regulated

the mRNA level of MTP and NPC1L1, whereas it had no

effect on the mRNA ACAT.

3.10 Real-time PCR mRNA analysis of hepatic

ABCG5, ABCG8 and MTP

RT-PCR analysis demonstrated that calcium at 6 and

8 g/kg diet could up-regulate the production of

mRNA ABCG5 with no effect on mRNA ABCG8 and MTP

(Fig. 5).

3.11 Intestinal ACAT analysis

Dietary calcium at 8 g/kg suppressed intestinal ACAT

activity (Fig. 6). However, calcium supplementation at level

of 2 and 6 g/kg had no significant effect on the ACAT

activity.

3.12 Plasma CETP concentration

Plasma CETP concentration in Ca-0, Ca-2, Ca-6 and Ca-8

groups was 0.59, 0.56, 0.54 and 0.50 mg/mL (Table 2),

respectively, demonstrating a decreasing trend with the

increasing dietary calcium (po0.05).

4 Discussion

It remains unclear if dietary calcium-induced reduction in

plasma-TC is dose-dependent. Daily calcium intake of about

1000 mg is generally recommended for adult population in

humans. For rodents, purified diets, termed AIN-76A or AIN-

93G and recommended by the American Institute of Nutri-

tion, contain about 6 g calcium/kg diet [22]. Calcium levels of

0, 2, 6 and 8 g/kg diet adjusted in this study represented the

amount of calcium deficiency, inadequacy, adequacy and

sufficiency, respectively, in hamsters. Earlier studies have

shown that calcium supplementation favorably modifies the

lipoprotein profile in hamsters [2], rats [3, 4], pigs [5] and

humans [7, 8], Jacqmain et al. [6] have examined the associa-

tion between daily calcium intake and plasma lipoprotein

profile in 235 men and 235 women, finding that daily calcium

intake was negatively correlated with adiposity and plasma

TC, LDL-C and TC:HDL-C ratio. A similar observation was

made by Reid et al. [8], who investigated effect of calcium

citrate supplementation (1 g/day) on fasting serum lipid

concentrations in menopausal women, demonstrating that

calcium supplement increased HDL-C level, decreased

LDL-C:HDL-C ratio and caused beneficial changes in circu-

lating lipids. In view of popularity of calcium supplementation

among postmenopausal women [23], this study was the first to

establish clearly that dietary calcium dose-dependently

decreased plasma TC, non-HDL-C, TC/HDL-C and TG levels,

whereas it dose-dependently increased plasma HDL-C level in

ovariectomized hamsters, a model to study the cholesterol

metabolism in postmenopausal women (Table 2). Results

suggest that calcium supplementation beneficially models the

circulating lipid profile in a dose-dependent manner.

In recent years, inhibition on plasma CETP as a strategy

of raising plasma HDL-C has become popular [24–27].

Distribution of cholesterol among the lipoproteins is

partially dependent on plasma CETP, which is a plasma
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protein responsible for transferring CE from HDL to LDL

with an exchange of the equivalent TG. This process is an

essential part of the reversal cholesterol transport. Dietary

calcium decreased the ratio of non-HDL-C (mainly LDL-C)

to HDL-C, arousing our interest to study the effect of dietary

calcium on plasma CETP concentration. Although the

underlying mechanism remains unexplored, this study was

the first time to demonstrate that the decrease in the ratio of

non-HDL-C to HDL-C caused by the increasing dietary

calcium was associated with the decreased CETP concen-

tration (Table 2).

It remains unknown how dietary calcium interacts with

the gene expressions of receptors, proteins and enzymes

involved in cholesterol elimination pathway. Excessive
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cholesterol is eliminated via the following two mechanisms.

First, cholesterol can incorporate into bile fluid and elimi-

nated as the fecal neutral sterols (Fig. 1). Second, cholesterol

is converted to bile acids and eliminated as the fecal bile

acids. It is known that calcium can bind bile acids to

decrease their re-absorption and increase their excretion into
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feces, thus leading to reduction in the liver and plasma

cholesterol level [8, 9]. Our data showed that addition of

calcium in diets increased fecal bile acids output (Table 3)

and reduced the hepatic cholesterol concentrations (Table

2). In addition, we further investigated the effect of dietary

calcium on SREBP, LDLR, HMGR, LXR and CYP7A1,

finding there were no differences in the protein levels of

SREBP-2, HMGR, LDLR, LXR and CYP7A1 among the four

ovariectomized groups (Figs. 1 and 2). However, dietary

calcium was able to up-regulate the mRNA CYP7A1 in a

dose-dependent manner without affecting the mRNA levels

of SREBP, HMGR, LDLR and LXR. We believe that driving

force of dietary calcium to reduce plasma TC level starts in

the intestine, where calcium binds bile acids to form a

precipitate and increases the excretion of bile acids. This

process is mediated by up-regulation of CYP7A1. To explore

the underlying mechanism by which dietary calcium had no

effect on the protein levels of SREBP, LDLR, HMGR, LXR

and CYP7A1, the following explanations could be offered.

Hamsters have a diurnal pattern in expression of HMGR

with their activity in midnight being several times higher

than that in midday [28]. Perhaps, the abundance in HMGR,

SREBP, LDLR, LXR and CYP7A1 was already very low

because hamsters in this study were sacrificed with an

empty stomach, so that cholesterol catabolism rate was nil

and no effect of dietary calcium in these proteins could be

seen after the overnight fasting. In this regard, we are

currently investigating the possible postprandial effect of

dietary calcium on these proteins in hamsters with a full

stomach.

Effect of dietary calcium on sterol absorption is currently

unknown. This study was the first time to demonstrate that

dietary calcium deficiency could decrease the fecal excretion

of not only acidic sterols but also neutral sterols (Table 3).

Compared with that in the Ca-0 group, total neutral sterol

excretion in Ca-2, Ca-6 and Ca-8 groups was increased by

68–80%, respectively. Most interestingly was that dietary

calcium down-regulated the mRNA NPC1L1 and MTP,

whereas it up-regulated the mRNA ABCG 5/8, suggesting a
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decrease in cholesterol absorption associated with dietary

calcium mediated by its effect on the gene expression of

these transporters involved in neutral sterol absorption.

We have also measured liver mRNA ABCG5/G8 and

MTP, finding calcium at 6 and 8 g/kg diet up-regulated

only ABCG5 but not ABCG8 and MTP. It is known that

ABCG5/8 facilitates the secretion of liver sterols into bile

and serve as an alternative mechanism, independent of

intestinal ABCG5/G8, to protect against the accumulation of

dietary sterols in plasma [29]. However, it was unclear how

dietary calcium only up-regulated hepatic mRNA ABCG5

without any effect on hepatic mRNA ABCG8 and MTP.

This study found that plasma calcium concentrations

increased slightly from 10.1 to 13.8 mg/dL when dietary

calcium increased from 0.4 (Ca-0 group) to 8.4 g/kg diet (Ca-8

group), indicating that plasma calcium was not proportionally

increased with that in diet. Result was in agreement with that

of Dawson-Hughes et al. [30], who demonstrated plasma

calcium in subjects given an additional of 500 mg calcium

plus 700 IU vitamin D increased only by 2%. This is because

plasma calcium concentration is tightly regulated by a

complex homeostatic mechanism involving three major

hormones: parathyroid hormone, calcitonin and 1,25-dihy-

droxyvitamin D [1,25(OH)2D3] [30, 31].

In summary, we found that dietary calcium favorably

modified plasma lipoprotein profile by decreasing plasma

TC, non-HDL-C, TC/HDL-C, non-HDL-C/HDL-C and TG

levels, whereas increasing plasma HDL-C level in ovari-

ectomized hamsters. Dietary calcium-induced reduction in

plasma TC was accompanied by inhibition on intestinal

ACAT activity, up-regulation of mRNA CYP7A1, down-

regulation of mRNA NPC1L1 and MTP as well as up-

regulation of intestinal mRNA ABCG 5/8. In addition,

dietary calcium dose-dependently decreased plasma CETP

activity, thus leading to a significant reduction in the ratio of

non-HDL-C to HDL-C.
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