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Abstract

The purpose of the present study is to investigate the effects of hypochlorhydria induced by proton pump inhibitor (PPI) administration

and intake of a dairy product fermented by lactobacilli (DFL) on bone metabolism in growing rats. Male rats, aged 3 weeks, were divided

into two groups: a control group fed a casein-based diet and a group fed a DFL-based diet. Each group was fed its respective experimental

diets for 9 d. At day 5 of the feeding period, each group was divided into two subgroups: one that received a saline injection and one

that received a PPI injection. Rats were subcutaneously administered saline or PPI for 5 d. Faecal Ca excretion was determined from

day 6 to day 9. At the end of the experiment, plasma and femurs were collected. Administration of PPI significantly decreased bone mineral

density (shown by X-ray computerised tomography) and bone strength (shown by a three-point bending test) in the control group. Plasma

osteocalcin, type I collagen C-telopeptides, 1,25-dihydroxyvitamin D and parathyroid hormone concentrations were elevated by PPI

administration in the control group. Faecal Ca excretion and urinary P excretion in the control group were remarkably increased by PPI

administration. On the other hand, these adverse effects of PPI were not observed in the DFL group. These results suggest that hypochlor-

hydria-induced bone loss may result from high bone turnover induced by secondary hyperparathyroidism due to Ca malabsorption and

that DFL intake cancels these adverse effects probably via improving Ca malabsorption in growing rats.
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Most physiological functions decline progressively with age.

Gastric acid secretion also decreases with advancing age in

humans(1) and rats(2,3). Recently, Aoki et al. reported that

chronic atrophic gastritis, a factor of hypochlorhydria, is very

common among the elderly(4).

There are some studies suggesting the association between

hypochlorhydria and bone loss. Many researchers have

reported that gastrectomy induces bone loss in rats(5–8) and

human subjects(9–12). However, gastrectomy in itself has

multiple risk factors other than hypochlorhydria for bone loss.

For example, the production of the stomach hormone ghrelin,

which is involved in bone physiology, is suppressed by gastrect-

omy(13). Some studies have shown that the use of proton pump

inhibitors (PPI), the most potent acid-suppressing drugs, is

associated with an increased risk of hip fracture(14,15). However,

there is limited research showing the effects of hypochlorhydria

induced by PPI on bone metabolism in human subjects or

animals.

The absorbability of Ca is dependent on its solubility.

The acidity in the stomach and resulting chyme increases Ca

solubility(16). Thus, hypochlorhydria is considered to have a

potential adverse effect on bone metabolism via the inhibition

of Ca absorption.

The usefulness of cows’ milk(17,18) or dairy products includ-

ing cows’ milk and yogurt(19) for the prevention of osteoporo-

sis has been reported. Dairy products contain much soluble Ca

and especially a dairy product fermented by lactobacilli (DFL)

such as yogurt contains much L-lactic acid, which might result

in the improvement of Ca solubility under hypochlorhydria.

Therefore, we hypothesised that DFL may improve the effects

of hypochlorhydria on bone metabolism.
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Abbreviations: BMD, bone mineral density; CT, computerised tomography; DFL, dairy product fermented by lactobacilli; MMICA, minimum moment of
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In the present study, we indicated that PPI-induced hypo-

chlorhydria decreases bone mineral density (BMD) in growing

rats, which is accompanied by high bone turnover induced by

secondary hyperparathyroidism due to Ca malabsorption.

Additionally, we demonstrated that DFL intake cancels these

adverse effects, probably via improving Ca malabsorption.

Experimental methods

Diets

The DFL was produced as follows: skimmed milk was cultured

with Lactobacillus bulgaricus and Streptococcus thermophilus;

to this, rennet containing chymosin (EC 3.4.23.4) was added.

The DFL was separated from whey using a separator and sub-

sequently lyophilised. The lyophilised DFL was sterilised by

40 kGy electron beam irradiation. We removed whey from the

cultured skimmedmilk to reduce the mineral content of theDFL.

The control diet was the modified American Institute of

Nutrition (AIN)-93G diet with dextrin and sucrose as the

carbohydrate source and casein as the protein source (Table 1).

For the DFL diet, we substituted lyophilised DFL for casein;

the L-lactic acid content of the DFL diet was 14·0 g/kg diet.

Ca, P and crude protein were adjusted to the same level

in the two experimental diets. Crude protein in the diets

was calculated as total Kjeldahl N £ 6·38.

Animals

A total of forty-eight Sprague–Dawley rats, aged 3 weeks, were

purchased from Charles River Japan (Kanagawa, Japan) and

cared for in accordance with the guidelines of the ethics com-

mittee on animal use of Meiji Dairies Corporation, as well as

the relevant laws (no. 105, 1973) and notifications (no. 6,

1980) of the Japanese Government. The rats were individually

housed in stainless-steel metabolism cages in a temperature-,

humidity- and light-controlled room (21 ^ 28C, 55 ^ 15 %

humidity, 12 h light–12 h dark cycle). We used sixteen rats to

investigate the effects of subcutaneous injection with omepra-

zole (OM) sodium (Omepral Injection 20; AstraZeneka,

Osaka, Japan), a PPI, at a dose of 20 mg/kg on gastric acid

secretion. After an adaptation period of 7 d, rats were divided

into four body weight-matched groups of four rats. We

measured the volume and pH of gastric juice according to the

modified method of Uchida et al.(3). Briefly, before and at 2, 9

and 21 h after subcutaneous administration with OM sodium

at a dose of 20 mg/kg, the pylorus of the stomach of each rat

was ligated and the abdominal incision was sutured under iso-

flurane anaesthesia. Gastric juice was collected for 3 h after the

pylorus ligation. The gastric juice was centrifuged at 3000g for

15 min, and the volume and pH of cumulative gastric juice were

measured. All rats were fasted for 24 h before the operation.

We divided thirty-two residual rats into two body weight-

matched groups of sixteen rats each: the control and DFL

groups. All groups were allowed free access to their respective

experimental diets and demineralised water for 9 d. On day 5

of the feeding period, each dietary group was subdivided

into two body weight-matched groups of eight rats each:

one received physiological saline injections (PPI 2 ) and one

received PPI injections (PPI þ ). The PPI þ groups were sub-

cutaneously injected with OM sodium at a dose of 20 mg/kg

every 12 h from day 5 for 5 d. The PPI 2 groups were subcu-

taneously injected with physiological saline in the same

manner. We measured food intake and body weight daily

during the experimental period.

Sample collections

All faeces and urine of each rat were collected from day 6 for

4 d. After being cleaned of foreign adhering matter, the faeces

were lyophilised and weighed. The lyophilised faeces were

ground to a fine powder form. The faecal and urinary samples

were used for Ca and P determinations.

Blood samples were obtained from the abdominal aorta

using heparinised plastic syringes and needles under diethyl

ether anaesthesia at the end of the experimental period. The

plasma samples were separated by centrifugation at 3000 g

for 15 min at 48C and stored at 2808C until analysis.

After killing, each rat’s left and right femurs were excised and

cleaned of adhering tissues. The right femurs were stored in a

70 % ethanol solution (Wako Pure Chemical Industries, Osaka,

Japan) for X-ray computerised tomography (CT) measurement

and mechanical testing. The left femurs were dried in an

air-forced oven at 988C and weighed. Subsequently, the left

femurs were ashed in a muffle at 5508C and reweighed.

Table 1. Composition of the experimental diets

Experimental diets Control* DFL diet†

Ingredients (g/kg diet)
Dextrin 532·0 505·6
Casein 200·0 0·0
Lyophilised DFL‡ 0·0 233·5
Sucrose 80·8 80·8
Soyabean oil 70·0 70·0
Cellulose powder 50·0 50·0
Mineral premix§ 35·0 35·0
Calcium carbonate 12·4 8·7
Potassium phosphate 6·8 3·3
Vitamin premixk 10·0 10·0
L-Cystine 3·0 3·0

Analytical values (g/kg diet)
Ca 5·1 4·9
P 2·6 2·7
Crude protein{ 172·3 172·3

DFL, dairy product fermented by lactobacilli; AIN, American Institute of Nutrition.
* The modified AIN-93G diet.
† Containing a lyophilised DFL; the L-lactic acid content of the DFL diet was

14·0 g/kg diet.
‡ For details of production of the lyophilised DFL, see Experimental methods.
§ The mineral premix was prepared according to AIN-93G formulation(39) without

Ca and P. It contained (g/kg): potassium citrate tri-potassium monohydrate,
70·78; sodium chloride, 74·00; potassium sulfate, 46·60; magnesium oxide,
24·00; ferric citrate, 6·06; zinc carbonate, 1·65; manganous carbonate, 0·63;
cupric carbonate, 0·30; potassium iodate, 0·01; sodium selenate anhydrous,
0·01 025; ammonium paramolybdate 4-hydrate, 0·00 795; sodium metasilicate
9-hydrate, 1·45; chromium potassium sulfate 12-hydrate, 0·275; lithium chloride,
0·0174; boric acid, 0·0815; sodium fluoride, 0·0635; nickel carbonate, 0·0318;
ammonium vanadate, 0·0066; powdered sucrose, 774·026.

k The vitamin premix was prepared according to the AIN-93 formulation(39) with
choline bitartrate. It contained (g/kg): nicotinic acid, 3·000; calcium pantothenate,
1·600; pyridoxine-HCl, 0·700; thiamin-HCl, 0·600; riboflavin, 0·600; folic acid,
0·200; D-biotin, 0·020; cyanocobalamin, 2·500; all-rac-a-tocopheryl acetate,
15·000; all-trans-retinyl palmitate, 0·800; cholecalciferol, 0·250; phylloquinone,
0·075; choline bitartrate, 250·000; powdered sucrose, 724·655.

{ Crude protein in the diets was calculated as total Kjeldahl N £ 6·38.
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Determination of calcium and phosphorus concentrations

The samples of faeces, urine and plasma were mineralised in

trace-element-grade concentrated nitric acid (Wako) using a

microwave system (Multiwave3000; Perkin Elmer, Tokyo,

Japan) and analysed for Ca and P by inductively coupled

plasma spectroscopy (ICP-S7500; Shimadzu, Kyoto, Japan).

The ashed femurs were completely dissolved in 1 M-nitric

acid, diluted with demineralised water to the appropriate

concentration, and used for Ca and P determinations by

inductively coupled plasma spectroscopy.

Calculations

The amount of apparent Ca absorption (mg/4 d) was calcu-

lated as (Ca intake 2 faecal Ca) and the rate of apparent Ca

absorption (% of intake) as ((Ca intake 2 faecal Ca)/Ca

intake) £ 100. The amount of Ca retention (mg/4 d) was calcu-

lated as (apparent Ca absorption – urinary Ca) and the rate of

Ca retention (% of intake) as ((apparent Ca absorption – urin-

ary Ca)/Ca intake) £ 100. The parameters of P were calculated

in the same way.

Determination of bone mineral density and bone strength
by X-ray computerised tomography

The whole right femurs were scanned at 1 mm intervals using

a LaTheta (LCT-100M) experimental animal CT system

(ALOKA, Tokyo, Japan). The cortical BMD, cancellous BMD,

total BMD, minimum moment of inertia of cross-sectional

areas (MMICA) and polar moment of inertia of cross-sectional

areas (PMICA) were calculated using LaTheta software (ver-

sion 1.31; ALOKA, Tokyo, Japan). MMICA and PMICA

represent the flexural rigidity and the torsional rigidity,

respectively.

Mechanical testing

A three-point bending test was performed using a load tester

(Bone Strength Tester model TK-252C; Muromachi Kikai,

Tokyo, Japan) with the right femurs after scanning using the

LaTheta experimental animal CT system. The right femurs

were placed on a supporter with two loading points 4 mm

apart. A breaking force was applied vertically to the midpoint

of femurs by the crosshead at a constant speed of 5 mm/min

until fracture occurred. The breaking energy of the femur

was obtained from the load-deformation curve, which was

recorded continually by a computerised monitor linked to

the load tester.

Biochemical analysis

Plasma levels of osteocalcin, type I collagen C-telopeptides,

25-hydroxyvitamin D (25(OH)D) and 1,25-dihydroxyvitamin

D (1,25(OH)2D) were assayed by a Rat-MID Osteocalcin EIA

kit, a RatLaps EIA kit, a 25-Hydroxy Vitamin D EIA kit and a

1,25-Dihydroxy Vitamin D EIA kit, respectively, all of which

were purchased from Immunodiagnostic Systems Nordic a/s

(Herlev, Denmark). The plasma level of intact parathyroid

hormone (PTH) was assayed by a Rat BioActive Intact PTH

ELISA kit (Immnunotopics, San Clementre, CA, USA).

Statistics

Data were expressed as mean values with their standard

errors. One-way ANOVA, followed by Dunnett’s test, was

used to analyse the effects of PPI administration on the

volume and pH of cumulative gastric juice. Treatment effects

were analysed by two-way ANOVA (diet £ PPI), and Tukey–

Kramer’s test was used to detect significant differences

among the groups. Differences were considered significant

at P,0·05. All statistical analysis was performed with StatView

5.0 (SAS Institute, Inc., Cary, NC, USA).

Results

Volume and pH value of cumulative gastric juice before
and after proton pump inhibitor administration

The volume of cumulative gastric juice was significantly lower at

2–5 and 9–12 h after PPI administration compared with the

basal level, and recovered to the basal level at 21–24 h after

the administration. The pH value was significantly higher at

2–5 h after the administration compared with the basal level

and recovered to the basal level at 9–12 and 21–24 h after the

administration (Table 2). Ayazi et al.(20) reported that the

median gastric pH for normal subjects was 1·5 and classified

the patients of gastric pH above the 95th percentile of normal

(above pH 2·9) as hypochlorhydric. In the present study, the

pH values at 0 h (basal) and 2–5 h after PPI administration

Table 2. Volume and pH of cumulative gastric juice before and after subcutaneous administration with
omeprazole sodium at 20 mg/kg†

(Mean values with their standard errors for four rats per group)

Time after PPI administration (h)

Basal 2–5 9–12 21–24

Mean SEM Mean SEM Mean SEM Mean SEM ANOVA: P

Volume (ml/3 h) 2·92 0·35 1·62* 0·06 1·80* 0·04 3·02 0·32 0·0011
pH 1·46 0·03 3·17* 0·39 1·56 0·06 1·46 0·02 ,0·0001

PPI, proton pump inhibitor.
* Mean value was significantly different from that of the basal value (P,0·05).
† For details of procedures, see Experimental methods.

Effect of fermented milk on bone metabolism 1489
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corresponded with the normal and hypochlorhydric levels,

respectively.

Body weight

Body weight at the termination of the experiment was 108·0

(SEM 2·9) g in the control/PPI 2 group, 100·4 (SEM 3·0) g in

the control/PPI þ group, 107·5 (SEM 2·4) g in the DFL/

PPI 2 group and 105·4 (SEM 2·8) g in the DFL/PPI þ group,

respectively. No significant difference in the final body

weight was observed among all groups.

Bone mineral density and bone strength

PPI administration significantly decreased cortical, cancellous

and total BMD of the femur in the control group but did not

affect these parameters in the DFL group (Table 3). Similar

findings were observed in the MMICA and PMICA of the

femur. Dry weight, ash weight, Ca content and P content of

the femur were also significantly decreased by PPI adminis-

tration in the control group but were not affected by the

administration in the DFL group. Breaking energy of the

femur was significantly lower in the control/PPI þ group

than in the control/PPI 2 group but did not differ between

the DFL/PPI 2 and DFL/PPI þ groups.

Plasma biochemical parameters

Plasma total Ca and P concentrations did not differ among all

groups (Table 4). Plasma osteocalcin (a bone turnover

marker) and type I collagen C-telopeptides (a bone resorption

marker) concentrations were significantly increased by PPI

administration in the control group but did not differ between

the DFL/PPI 2 group and the DFL/PPI þ group. There was

no significant difference in the plasma 25(OH)D concentration

among all groups. Plasma 1,25(OH)2D concentration was

significantly increased by PPI administration in the control

group but did not differ between the DFL/PPI 2 group and

the DFL/PPI þ group. Plasma intact PTH concentration was

significantly increased by PPI administration in the control

group but there was no significant difference between the

DFL/PPI 2 group and the DFL/PPI þ group.

Calcium and phosphorus balance

Food intake during the metabolic experiment did not differ

among all groups (Table 5). Ca intake was slightly higher in

the control/PPI 2 group than in the DFL/PPI 2 group, but

did not differ among the other groups. Faecal Ca excretion

was significantly increased by PPI administration in the

control and DFL groups, and was significantly lower in

the DFL/PPI þ group than in the control/PPI þ group. The

amount and rate of apparent Ca absorption were significantly

decreased by PPI administration in the control and DFL

groups, and were significantly higher in the DFL/PPI þ

group than in the control/PPI þ group. The amount of

urinary Ca excretion was significantly decreased by PPI

administration in the control and DFL groups. The amount T
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and rate of Ca retention were significantly decreased by

PPI administration in the control and DFL groups, and were

significantly higher in the DFL/PPI þ group than in the

control/PPI þ group.

P intake did not differ among all groups. No significant

difference in the amount of apparent P absorption was

observed among all groups. The rate of apparent P absorption

was significantly higher in the control/PPI 2 group than in

the DFL groups, but did not differ among the other groups.

Urinary P excretion was significantly increased by PPI admin-

istration in the control and DFL groups, and was significantly

higher in the control/PPI þ group than in the DFL/PPI þ

group. The amount of P retention was significantly decreased

by PPI administration in the control group but did not differ

between the DFL/PPI 2 group and the DFL/PPI þ group.

The rate of P retention was significantly decreased by PPI

administration in the control and DFL groups and was signifi-

cantly higher in the DFL/PPI þ group than in the control/

PPI þ group.

Discussion

The purpose of the present study is to investigate whether

hypochlorhydria in itself adversely influences bone strength

Table 4. Effects of hypochlorhydria induced by a proton pump inhibitor (PPI) and dietary dairy product fermented by lactobacilli (DFL) on plasma
biochemical parameters of rats*

(Mean values with their standard errors for eight rats per group)

Control/PPI 2 † Control/PPI þ ‡ DFL/PPI 2 § DFL/PPI þ k Two-way ANOVA: P

Mean SEM Mean SEM Mean SEM Mean SEM PPI Diet Interaction

Total Ca (mg/ml) 108 2 105 2 109 3 107 2 0·2617 0·4645 0·9198
Total P (mg/ml) 143 9 152 6 150 6 156 8 0·2858 0·4708 0·8664
Osteocalcin (ng/ml) 756a 47 965b 60 755a 26 784a,b 53 0·0197 0·0684 0·0735
CTX (ng/ml) 74·8a 3·0 92·1b 6·0 77·8a,b 3·7 78·3a,b 2·9 0·0317 0·1843 0·0422
Intact PTH (pg/ml) 61a 21 215b 28 73a 16 163a,b 40 0·0001 0·4831 0·2476
25(OH)D (nmol/l) 34·5 1·8 33·3 2·2 36·4 1·7 33·8 2·2 0·3472 0·5686 0·7343
1,25(OH)2D (pmol/l) 555a 64 1101b 107 479a 50 679a 97 0·0001 0·0055 0·0456

PPI–, physiological saline injection; PPI þ , PPI injection; CTX, type I collagen C-telopeptides; PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D,
1,25-dihydroxyvitamin D.

a,b Mean values within a row with unlike superscript letters were significantly different (P,0·05).
* For details of procedures and diets, see Experimental methods and Table 1.
† Rats given a control diet for 9 d and subcutaneously administered with physiological saline every 12 h from day 5 for 5 d.
‡ Rats given a control diet for 9 d and subcutaneously administered with omeprazole sodium at 20 mg/kg every 12 h from day 5 for 5 d.
§ Rats given a DFL diet for 9 d and subcutaneously administered with physiological saline every 12 h from day 5 for 5 d.
k Rats given a DFL diet for 9 d and subcutaneously administered with omeprazole sodium at 20 mg/kg every 12 h from day 5 for 5 d.

Table 5. Effects of hypochlorhydria induced by a proton pump inhibitor (PPI) and dietary dairy product fermented by lactobacilli (DFL) on calcium and
phosphorus balance in rats during the metabolic experiment*

(Mean values with their standard errors for eight rats per group)

Control/
PPI 2 †

Control/
PPI þ ‡ DFL/PPI 2 § DFL/PPI þ k Two-way ANOVA: P

Mean SEM Mean SEM Mean SEM Mean SEM PPI Diet Interaction

Feed intake (g/4 d) 54·1 1·7 50·4 1·4 49·4 1·3 50·6 1·5 0·4120 0·1384 0·1067
Ca

Intake (mg/4 d) 277·2a 8·8 258·1a,b 7·2 242·9b 6·3 249·0a,b 7·5 0·3948 0·0070 0·1042
Faecal excretion (mg/4 d) 22·4a 3·6 111·8c 7·6 25·4a 5·5 67·8b 6·0 ,0·0001 0·0015 0·0004
Apparent absorption (mg/4 d) 254·7a 7·4 146·3d 8·7 217·5b 7·3 181·1c 6·8 ,0·0001 0·8742 ,0·0001
Apparent absorption (% of intake) 92·0a 1·2 56·6c 2·9 89·6a 2·2 72·8b 2·3 ,0·0001 0·0045 0·0003
Urinary excretion (mg/4 d) 27·3a 3·9 3·9b 0·8 19·4a 3·0 8·3b 1·1 ,0·0001 0·4904 0·0217
Retention (mg/4 d) 227·4a 5·4 142·4d 8·1 198·1b 5·1 172·8c 6·3 ,0·0001 0·9294 ,0·0001
Retention (% of intake) 82·2a 1·0 55·1c 2·6 81·7a 1·3 69·5b 1·9 ,0·0001 0·0007 0·0003

P
Intake (mg/4 d) 138·6 4·4 129·1 3·6 134·1 3·5 137·5 4·1 0·4385 0·6218 0·1108
Faecal excretion (mg/4 d) 4·5a 0·7 6·2a 0·4 6·9a,b 0·8 9·1b 0·7 0·0052 0·0004 0·7438
Apparent absorption (mg/4 d) 134·1 3·9 122·9 3·5 127·2 3·4 128·4 4·1 0·1863 0·8622 0·1054
Apparent absorption (% of intake) 96·8a 0·4 95·2a,b 0·3 94·9b 0·6 93·4b 0·5 0·0022 0·0004 0·8658
Urinary excretion (mg/4 d) 3·1a 0·5 26·0c 2·9 2·2a 0·2 14·2b 2·4 ,0·0001 0·0023 0·0072
Retention (mg/4 d) 131·0a 3·9 96·9c 3·8 125·0a,b 3·3 114·2b 4·1 ,0·0001 0·1474 0·0046
Retention (% of intake) 94·6a 0·4 75·1c 2·2 93·2a 0·7 83·1b 2·1 ,0·0001 0·0399 0·0052

PPI–, physiological saline injection; PPI þ , PPI injection.
a,b,c,d Mean values within a row with unlike superscript letters were significantly different (P,0·05).
* For details of procedures and diets, see Experimental methods and Table 1.
† Rats given a control diet for 9 d and subcutaneously administered with physiological saline every 12 h from day 5 for 5 d.
‡ Rats given a control diet for 9 d and subcutaneously administered with omeprazole sodium at 20 mg/kg every 12 h from day 5 for 5 d.
§ Rats given a DFL diet for 9 d and subcutaneously administered with physiological saline every 12 h from day 5 for 5 d.
k Rats given a DFL diet for 9 d and subcutaneously administered with omeprazole sodium at 20 mg/kg every 12 h from day 5 for 5 d.
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and BMD. We ascertained that the subcutaneous injection with

OM sodium at a dose of 20 mg/kg to growing rats moderately

increased the pH value of gastric juice to an extent similar to

that observed in aged rats (aged 86 weeks)(3) and patients

with hypochlorhydria(20). An in vitro study(21) suggested that

PPI might directly influence the proton pump in the osteoclast

other than in the stomach, leading to a decrease in bone

resorption and an increase in BMD. On the other hand, in the

present study, bone resorption was stimulated rather than

inhibited by PPI administration in the control group. Although

the reason for this discrepancy is unclear, the direct inhibitory

effect of PPI on the osteoclastic proton pump may be too

small to decrease bone resorption at least in the present study.

Therefore, we considered that the pharmacological effect of

PPI other than the induction of hypochlorhydria on bone

metabolism can be disregarded in the present study.

In the present study, PPI-induced hypochlorhydria

decreased femoral strength and BMD as shown by X-ray CT

and a practical quantitative method in growing rats fed a

control diet. Additionally, we have observed that long-term

hypochlorhydria induced by PPI decreased femoral BMD

in adult rats (S Takasugi, K Ashida, S Maruyama, Y Komaba,

T Kaneko and T Yamaji, unpublished results). These results

suggest that hypochlorhydria adversely influences BMD irre-

spective of age. Kirkpantur et al.(22) reported that maintenance

haemodialysis patients taking OM have lower BMD when

compared with non-users of acid-suppression drugs, which

supports the present results. To clarify the mechanism by

which hypochlorhydria induced by PPI decreased BMD, we

measured plasma bone turnover marker and bone resorption

marker. The present study indicated that hypochlorhydria

induced by PPI resulted in high bone turnover, leading to a

decrease in BMD and bone strength in the control group.

We also found that hypochlorhydria induced by PPI admin-

istration increased plasma PTH concentration in the control

group, which probably results in the high bone turnover(23).

It is well known that PTH plays a predominant role in the

maintenance of plasma ionised Ca level, sensing minute-

by-minute changes in the plasma ionised Ca(24). In the present

study, PPI-induced hypochlorhydria remarkably increased

faecal Ca excretion, and decreased apparent Ca absorption

and Ca retention. These results suggest that hypochlorhydria

suppressed Ca absorption, subsequently leading to hyperpara-

thyroidism. The decrease in urinary Ca excretion observed in

the control/PPI þ group is considered to be due to hyperpar-

athyroidism(24). We did not observe the decrease in the blood

total Ca level in the control/PPI þ group, although plasma

PTH level was increased. Tordoff et al.(25) reported that

although short-term Ca deprivation decreased plasma ionised

Ca level and increased plasma PTH level, it did not affect

plasma total Ca, which is consistent with the present study.

PPI-induced hypochlorhydria increased the conversion of

25(OH)D to 1,25(OH)2D in the control group, which probably

results from the increase in plasma PTH level(26). Hypochlor-

hydria induced by PPI also remarkably increased urinary P

excretion, leading to the decrease in P retention in the control

group. This increase in the urinary P was likely to be due to

the increase in plasma PTH level(27).

We demonstrated that the DFL diet partially improved the

effects of PPI-induced hypochlorhydria on apparent Ca

absorption and Ca retention. Ca solubility is one plausible

mechanism by which hypochlorhydria decreased apparent

Ca absorption and the DFL diet improved apparent Ca absorp-

tion under hypochlorhydria. The absorbability of Ca is depen-

dent on its solubility. Acidity in the stomach and the resulting

chyme increase Ca solubility(16). Therefore, it is likely that

PPI-induced hypochlorhydria decreased Ca solubility, leading

to the Ca malabsorption, and that the DFL diet improved Ca

solubility, leading to a partial improvement of Ca absorption.

In fact, we ascertained in an in vitro digestion study with

artificial digestive fluid without hydrochloric acid that the

soluble Ca fraction of the digest of the DFL diet was about

twice higher than one of the control diet even after neutralis-

ation by adding sodium bicarbonate (S Takasugi, K Ashida,

S Maruyama, Y Komaba, T Kaneko and T Yamaji, unpublished

results). There are two possible explanations why the DFL diet

could improve Ca solubility under hypochlorhydria. The first

is that the DFL diet contains a high level of L-lactic acid.

Tang et al.(28) reported that Ca-fortified soyamilk fermented

with Lactobacillus increased Ca solubility, and the increase

is related to a lowered pH associated with L-lactic acid. The

second is that the DFL diet contains more soluble Ca sources

such as calcium phosphate(29) than calcium carbonate, a prac-

tically insoluble Ca source in water(30,31). Approximately 100 %

of Ca in the control diet is derived from calcium carbonate,

while 30 % of Ca in the DFL diet is calcium phosphate derived

from the lyophilised DFL and the residual 70 % of Ca is cal-

cium carbonate. On the other hand, we also found that a

control diet fortified with as much L-lactic acid as the DFL

diet improved apparent Ca absorption to an extent similar to

that by the DFL diet in growing rats with hypochlorhydria

induced by PPI (S Takasugi, K Ashida, S Maruyama, Y Komaba,

T Kaneko and T Yamaji, unpublished results). The control diet

fortified with L-lactic acid contains only calcium carbonate

as the Ca source. These results support the idea that the

DFL diet could improve Ca solubility under hypochlorhydria

mainly due to L-lactic acid. However, it remains unclear the

extent to which fermentation products such as L-lactic acid

in the DFL diet could contribute to the improvement of Ca

absorption under hypochlorhydria, and whether unfermented

dairy products could also improve Ca absorption under hypo-

chlorhydria, since dairy products including the DFL have some

favourable factors for Ca absorption(32).

The DFL diet cancelled the adverse effects of hypochlorhy-

dria on bone strength, BMD, bone turnover and 1,25(OH)2D,

and partially improved the increase in plasma PTH concen-

tration and urinary P excretion, and the decrease in P reten-

tion. These results suggest that the ameliorating effects of

the DFL diet on Ca absorption under hypochlorhydria resulted

in the improvement of plasma PTH and 1,25(OH)2D, leading

to the maintenance of normal bone turnover, BMD, bone

strength and P metabolism.

Hypochlorhydria is reported to impair the utilisation of

other nutrients such as Fe or induce small-intestinal bacterial

overgrowth(33). Some researchers have indicated the negative

effects of Fe deficiency on bone metabolism in rats(34) and
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the adverse effects of small-intestinal bacterial overgrowth on

bone(35) and Ca metabolism(36) in human subjects. In addition,

some researchers have suggested the stimulating effect of

lactic acid fermentation on Fe absorption in Caco-2 cells(37)

and the ameliorating effect of yogurt supplementation on

small-intestinal bacterial overgrowth in the elderly(38).

It remains uncertain whether the changes in bone and Ca

metabolism observed in the present study depend on these

previously reported alterations induced by hypochlorhydria.

Further study is necessary to clarify these issues.

In conclusion, the present study indicated that PPI-induced

hypochlorhydria decreases BMD in growing rats, which is

accompanied by high bone turnover induced by secondary

hyperparathyroidism due to Ca malabsorption. Additionally,

we demonstrated that DFL intake cancels these adverse effects

probably via improving Ca malabsorption.
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24. Pérez AV, Picotto G, Carpentieri AR, et al. (2008) Minireview
on regulation of intestinal calcium absorption. Emphasis on
molecular mechanisms of transcellular pathway. Digestion
77, 22–34.

25. Tordoff MG, Hughes RL & Pilchak DM (1998) Calcium intake
by rats: influence of parathyroid hormone, calcitonin, and
1,25-dihydroxyvitamin D. Am J Physiol 274, R214–R231.

26. Schiavi SC & Kumar R (2004) The phosphatonin pathway:
new insights in phosphate homeostasis. Kidney Int 65,
1–14.

27. Shaikh A, Berndt T & Kumar R (2008) Regulation of phos-
phate homeostasis by the phosphatonins and other novel
mediators. Pediatr Nephrol 23, 1203–1210.

28. Tang AL, Shah NP, Wilcox G, et al. (2007) Fermentation of
calcium-fortified soymilk with Lactobacillus: effects on cal-
cium solubility, isoflavone conversion, and production of
organic acids. J Food Sci 72, M431–M436.

29. Pansu D, Duflos C, Bellaton C, et al. (1993) Solubility and
intestinal transit time limit calcium absorption in rats. J Nutr
123, 1396–1404.

Effect of fermented milk on bone metabolism 1493

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114511002017  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114511002017


30. Straub DA (2007) Calcium supplementation in clinical prac-
tice: a review of forms, doses, and indications. Nutr Clin
Pract 22, 286–296.

31. Takasugi S, Matsui T & Yano H (2005) Effects of excess
calcium as a different form on mineral metabolism in rats.
Anim Sci J 76, 469–474.

32. Tunick MH (1987) Calcium in dairy products. J Dairy Sci 70,
2429–2438.

33. Pohl D, Fox M, Fried M, et al. (2008) Do we need gastric
acid? Digestion 77, 184–197.

34. Medeiros DM, Stoecker B, Plattner A, et al. (2004) Iron
deficiency negatively affects vertebrae and femurs of rats
independently of energy intake and body weight. J Nutr
134, 3061–3067.

35. Stotzer PO, Johansson C, Mellström D, et al. (2003) Bone
mineral density in patients with small intestinal bacterial
overgrowth. Hepatogastroenterology 50, 1415–1418.

36. Walshe K, Healy MJ, Speekenbrink AB, et al. (1990) Effects
of an enteric anaerobic bacterial culture supernatant and
deoxycholate on intestinal calcium absorption and disac-
charidase activity. Gut 31, 770–776.

37. Bergqvist SW, Andlid T & Sandberg AS (2006) Lactic acid fer-
mentation stimulated iron absorption by Caco-2 cells is
associated with increased soluble iron content in carrot
juice. Br J Nutr 96, 705–711.

38. Schiffrin EJ, Parlesak A, Bode C, et al. (2009) Probiotic
yogurt in the elderly with intestinal bacterial overgrowth:
endotoxaemia and innate immune functions. Br J Nutr
101, 961–966.

39. Reeves PG, Nielsen FH & Fahey GC Jr (1993) AIN-93 purified
diets for laboratory rodents: final report of the American
Institute of Nutrition ad hoc writing committee on the
reformulation of the AIN-76A rodent diet. J Nutr 123,
1939–1951.

S. Takasugi et al.1494

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114511002017  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114511002017

