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Abstract

Weight loss is associated with bone loss and the risk may be greater in lean than heavier
individuals, but the mechanisms involved remain unclear. We hypothesized that energy restriction
(EnR) would decrease true fractional Ca absorption (TFCA) and be mediated by Ca-regulating
hormones, but differently in obese and lean rats. Rats were fed a high fat (47% energy) or low fat
(16% energy) diet for 4 mo. At 6 mo of age, the resulting lean [284 + 28g (mean % so, h = 18)] and
obese (319 £ 349, n = 20) groups (P < 0.005) were divided into controls (CTL, ad libitum) and
energy-restricted (40% restriction) groups. At baseline, bone resorption (urinary crosslinks) was
higher and bone formation (serum osteocalcin) was lower in obese than in lean rats, whereas Ca
balance components and Ca-regulating hormones did not differ. EnR for 10 wk reduced body
weight by 25 + 7% compared with a 6 + 6% gain in CTL rats (P < 0.001). For both lean and obese
rats, TFCA (5-d measurement, 4°Ca radioisotope) decreased from 30 + 9% to 24 + 9% with EnR,
compared with 25 + 10% to 29 + 11% in controls (P < 0.05). Weight loss was directly correlated
with the decrease in TFCA (r = 0.34, P < 0.05). Uterine weights indicated a reduced estrogenic
activity in energy-restricted rats (P < 0.0001). In lean, but not obese rats, serum estradiol (E>)
correlated with weight loss (r = 0.52, P < 0.05), and tended to correlate with the decrease in TFCA
(r =0.48, P = 0.06). At the end of the study, serum 25-hydroxyvitamin-D was lower and urinary
Ca was higher in lean than obese energy-restricted rats. Distinct endocrine profiles during weight
loss in obese and lean rats suggest that the susceptibility of bone and Ca metabolism to EnR could
differ depending on initial body weight.
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Bone loss has been associated with weight reduction in humans (1-4) and in animal models
(5-7), and may be greater in leaner subjects (3,8). However, the mechanisms regulating
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bone mobilization because of energy restriction (EnR)# and the importance of initial body
weight remain unclear.

Bone-regulating hormones such as 1,25 dihydroxy-vitamin D, parathyroid hormone (PTH)
and estradiol (E») may be altered during EnR (5,9,10) and thus be associated with changes in
Ca absorption. For example, there is evidence that vitamin D accumulates in adipose tissue,
and its release during weight loss may increase circulating levels (11). Serum PTH may rise
with weight reduction (9), and the increased Ca-PTH axis activity may be driven by a
decrease in Ca absorption due to EnR. In addition, intestinal Ca absorption is influenced by
serum E, (12-14), and E, may decline with EnR (5,6), but the relationship between EnR, E»
and Ca absorption is not known. Finally, there may also be an association between weight
loss, increased glucocorticoids and decreased calcium absorption (15). We hypothesized that
EnR in mature lean and obese rats would decrease Ca absorption and that this could be
explained by changes in bone-regulating hormones.

MATERIALS AND METHODS

Animals

Diets

Protocol

Female Sprague-Dawley rats (n = 42; 2 mo old) were obtained from Taconic Farms
(Taconic Farms, MD). Rats were housed in individual wire-bottomed cages and maintained
on a 12-h light:dark cycle with a constant room temperature. Throughout the study, rats
were weighed weekly using a balance scale. All procedures were approved by the Rutgers
University Institutional Review Board for the Use and Care of Animals.

Throughout the study, rats had free access to tap water. Four purified diets (Table 1)
containing 0.5% calcium and 0.3% phosphorus, levels shown to be sufficient for normal
growth and bone mineralization (16), were designed specifically for these experiments
(Research Diets, New Brunswick, NJ). During growth, rats consumed ad libitum either a
control diet (CTL-G, 16% fat energy) based on AIN-93G (17) or a matching high fat diet
(HF, 47% fat energy) to produce obese rats. At 6 mo of age, weight-matched rats were fed a
control diet for mature rats (CTL-M), based on AIN-93M (17) or a 40% EnR diet. Energy
restriction was accomplished by reducing the carbohydrate content and pair-feeding a
reduced quantity of the EnR diets. Daily intakes of protein, fat, fiber, vitamins and minerals
were the same in both diet groups

Initially, 2-mo-old rats consumed the high fat diet (HF) ad libitum for 2 wk to determine
those rats most responsive to the HF diet. The 24 rats with the greatest body weight gain
during these 2 wk were assigned to the “obese” group, and the remaining diet-resistant rats
were assigned to the “lean” group. A 12-wk period of HF or CTL-G feeding followed, until
rats were 6 mo old (considered the age of skeletal maturity). After wk 12, obese rats were

4 Abbreviations used: 25(0H)D, 25 hydroxyvitamin D; CTL, control; DPD, deoxypyridinoline; E, estradiol; EnR, energy restriction/
energy-restricted; HF, high fat diet; OC, osteocalcin; PTH, parathyroid hormone; PYD, pyridinoline; TFCA, true fractional Ca

absorption.

J Nutr. Author manuscript; available in PMC 2014 May 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cifuentes et al.

Page 3

switched to CTL-M diet and all rats were fed the same diet for 5 d, at which time baseline
measurements were taken. From this point on, all control rats (lean and obese) consumed the
same diet (CTL-M) ad libitum. To control for the effect of the estrus cycle on hormones and
bone markers measured in blood, the cytology of vaginal smears was evaluated according to
Salas-Valdes (18) in the early morning hours, thus determining the appropriate day for blood
sampling for each rat (i.e., the day of estrus, as assessed by the appearance of cornified
epithelial cells and a heavy and coarse consistency of the fluid). If rats failed to present the
specific estrus smear characteristics at baseline, hormones and bone markers were not
evaluated. Blood was collected during the week of Ca balance in the early afternoon
between 1200 and 1400 h. After baseline measurements, each body size group was divided
into two weight-matched groups which were assigned to either the CTL or the 40% EnR
diet. This dietary treatment continued for 10 wk, when final measurements were obtained.

Biochemical analyses

Concentrations of E, and 25-hydroxyvitamin D [25(OH)D] were measured in acetonitrile-
extracted serum using a RIA (double antibody, DPC, Los Angeles, CA and DiaSorin,
Stillwater, MN, respectively). Intact bioactive serum PTH was measured using a rat-specific
RIA (Immutopics, San Clemente, CA). Corticosterone was analyzed in 24-h urine samples
using a rat-specific RIA kit (ICN Biomedicals, Costa Mesa, CA). Urinary creatinine
excretion (No. 555 Sigma Diagnostics, St Louis, MO) was measured using a
spectrophotometric method (Microplate autoreader EL311, BioTek Instruments, A = 575).
All CV were <15% as reported by the manufacturers.

Uterus weights

As an indicator of estrogenic activity during chronic EnR, uteri were dissected and weighed
on a balance scale at the time of killing.

Bone turnover

Bone resorption was assessed by total urinary pyridinium crosslinks, pyridinoline (PYD)
and deoxypyridinoline (DPD), which were measured by HPLC after subjecting hydrolyzed
samples to a prefractionation procedure (19). Peaks were detected by fluorescence (20) and
quantitated by external standards. Values are expressed as 24-h excretions (CV of 8 and
13% for PYD and DPD, respectively). Bone formation was assessed in serum using rat-
specific osteocalcin (OC) with an enzyme-linked immunoassay (Biomedical Technologies,
Stoughton, MA) with a CV of <8%.

Intestinal calcium absorption

Calcium absorption and intestinal Ca metabolism (intestinal Ca secretion, endogenous and
total fecal Ca) were measured according to O'Loughlin and Morris (21). Briefly, rats were
placed in individual metabolic cages for a 4-d adaptation period. Rats were administered 2
MBq (0.054 mCi) of 4°Ca intramuscularly on d 4 to monitor the secretion of endogenous Ca
into the gut. Calcium balance was determined over a 5-d period (d 6-10). Daily food
consumption was recorded by weighing any food remaining at the end of each 24-h period.
After the 5-d balance period, complete urine and feces were collected. The entire 5-d fecal

J Nutr. Author manuscript; available in PMC 2014 May 05.
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sample was ashed at 600°C for 18 h and dissolved in 3 mol/L HCI. The pH of urine samples
was adjusted to <2 with HCI to avoid Ca precipitation. Fecal and urinary °Ca were
determined by liquid scintillation counting. Fecal and urinary total Ca concentrations (Cayqt)
were determined using atomic absorption spectrometry.

Calculations

Calcium balance, endogenous fecal Ca and Ca absorption were calculated using the
following equations (21):

Ca consumption (mmol/d)=mean food consumption x food Ca
Ca balance (mmol/d)=Ca consumption — (fecal Caiturine Cagy)
Net Ca absorption (%)= (Ca consumption — fecal Cayy)/Ca consumption x 100

Endogenous fecal Ca (mmol/d)=urine Ca;m X (fecal BCajurine 45Ca)

Unabsorbed dietary Ca (mmol/d)=fecal Ca;y, —endogenous fecal Ca
True fractional Ca absorption (%)= (Ca consumption — unabsorbed dietary Ca)/Ca consumption x 100
Intestinal Ca secretion (mmol/d) =Endogenous fecal Ca/ (1 — true fractional Ca absorption)

Data analysis

Differences between obese and lean groups at baseline (6 mo old) were analyzed by one-
way ANOVA. The effects of EnR were assessed using two-way ANOVA with dietary
treatment and body size as the independent factors and significant interactions or trends (P <
0.1) were further analyzed by Tukey's post-hoc comparison tests. For values measured
serially over time (i.e., body weight), three-way ANOVA with repeated measures over time
was performed. Pearson's correlation coefficient was used to evaluate correlations between
dependent variables. Differences with P-values <0.05 were considered significant. Data are
means + so unless otherwise indicated. All analyses were conducted using the SAS statistical
package (SAS Institute Cary, NC; version 8.0)

RESULTS

Baseline characteristics of lean and obese rats

Body weight and food intake—Four obese and two lean rats were deleted from the
analysis because of death for unknown reasons (n = 1), erratic weight fluctuations (n = 4)
and low food intake during the final balance period (n = 1). Seven of the 38 remaining rats
did not show vaginal smears characteristic of estrus at baseline; thus, their serum
metabolites were not measured. Rats allocated to the obese group were significantly heavier
than their lean counterparts, and continued to be so throughout the experiment (Fig. 1).
During growth, obese compared with lean rats consumed slightly more Ca (1.7 £ 0.3 and 1.5
+ 0.3 mmol/d, respectively) and energy (234 + 38 and 201 + 38 kJ/d, respectively) (P <
0.05). However, energy and Ca intakes did not differ between lean and obese rats during the
EnR period (Table 2).

Calcium metabolism, bone turnover and biochemical analyses—None of the

variables of Ca metabolism differed between the 6-mo-old obese and lean rats at baseline
(Table 3). In obese rats, serum OC levels were lower, whereas 24-h urinary excretions of
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PYD and DPD were higher than in lean rats (Table 3). Urinary excretion of DPD remained
higher in obese rats even after adjusting for body weight (P = 0.01) but this difference was
not significant for PYD (P = 0.12). Body weight was directly correlated with PYD (r = 0.46,
P < 0.005) and DPD (r = 0.57, P < 0.0005) excretion in all rats. Urinary corticosterone and
creatinine excretions and serum PTH, E, and 25(OH)D did not differ between groups.

Energy restriction of lean and obese rats

Body weight and food intake—EnR rats consumed 40% less energy than weight-
matched CTL rats (P < 0.0001) but the same amount of Ca (Table 2). EnR rats had lower
body weights than CTL rats starting at 1 wk of treatment until the end of the experiment
(Fig. 1, Table 2). EnR rats excreted less creatinine and this tended to be greater in lean than
in obese rats (P < 0.08, Table 4).

Calcium absorption—Energy restriction in lean and obese rats decreased true fractional
Ca absorption (TFCA) from 29.9 + 9.0 to 24.4 + 8.8% compared with CTL rats who
changed from 24.8 £ 10.3t0 29.0 £ 11.2% (P < 0.05, Fig. 2). Several other indices of Ca
metabolism did not differ between EnR and CTL rats. However, Ca balance was lower in
EnR (-0.08 + 0.13 mmol/d) than in CTL rats (0.02 + 0.15 mmol/d) at the end of the
experiment, wk 10 (P < 0.05). In addition, urinary Ca loss was greater in EnR (0.12 + 0.04
mmol/d) than in CTL rats (0.10 + 0.02 mmol/d) (P < 0.05) and these losses were greater in
lean (0.14 £ 0.05 mmol/d) than in obese (0.10 £ 0.03 mmol/d) EnR rats (P < 0.05).

Hormones—Ten weeks of EnR reduced estrogenic activity, as indicated by lower uterine
weights than in controls (P < 0.0001, Fig. 3). Serum E, tended to decrease more (P < 0.08)
in lean than obese EnR rats compared with their controls (Table 4). Rats consuming food ad
libitum had greater decreases in serum PTH (70%) than EnR rats (~30%) (P < 0.05, Table
4). Although there were no significant effects of diet on the changes in serum 25(0OH)D
(Table 4), at the end of the study there was an interaction (P < 0.05) in which absolute
concentrations of 25(OH)D were higher in obese EnR than in lean EnR rats (99.1 + 37.7 and
51.4 + 7.5 nmol/L, respectively, P = 0.01). Excretion of corticosterone (24-h) increased
more in EnR than in CTL rats (P = 0.01, Table 4).

Bone turnover—PYD, DPD and OC were not affected by 10 wk of EnR in either obese or
lean rats (data not shown)

Correlation analyses—The correlations between changes in weight and changes in Ca
balance, markers of bone turnover and hormones in obese and lean rats are shown in Table
5 and Figure 4. Not surprisingly, decreases in body weight correlated with decreases in
creatinine excretion, but the association was stronger in lean than in obese rats. As body
weight decreased, TFCA declined (Table 5, Fig. 4A), urinary corticosterone increased and
PTH tended to rise (P < 0.07). Only lean rats showed a decrease in E, with weight loss
(Table 5, Fig. 4B), and importantly, this decrease tended to correlate with a decline in TFCA
in lean (r = 0.48, P < 0.06) but not obese rats (r = 0.10, P < 0.73). Bone turnover markers
did not correlate with weight loss (Table 5). However, decreases in urinary PYD (r = 0.53, P
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<0.001) and DPD (r = 0.33, P < 0.05), but not OC, were associated with decreases in
urinary creatinine excretion, a marker of muscle mass.

DISCUSSION

The results of this study indicate that a 40% restriction in energy intake for 10 wk decreases
the efficiency of intestinal calcium absorption in obese and lean rats, suggesting that
regardless of initial body weight, EnR will negatively affect calcium absorption in mature
rats. The endocrine changes associated with weight loss, however, differed in the obese and
lean groups, suggesting that the negative effect on bone may be mitigated in the obese.

It is expected that at a relatively lower initial body fat (as in our lean compared with obese
rats), there will be greater loss of lean body mass with EnR (22,23). Although body
composition was not measured in this study, only the lean, EnR rats showed complete
absence of adipose tissue (upon visual inspection of the abdominal cavity when uteri were
removed), and a trend for reduced muscle mass, as indicated by 24-h creatinine excretion. In
addition, the weight of lean rats may have adapted to EnR earlier than obese rats, reaching a
plateau during the last 4 wk of restriction (Fig. 1). Differences in the ratios of lean to fat
tissue loss and adaptation to prolonged EnR may play an important role in the different
endocrine responses and ultimate effect on Ca and bone metabolism. For example, it is
possible that less fat tissue after EnR in lean compared with obese rats may have contributed
to greater reduction in serum estrogen and lower final 25(OH)D concentrations.

We hypothesized that EnR would decrease estrogenic activity (5,6) and have a negative
effect on intestinal calcium absorption. Ovarian hormone deficiency has been reported to
impair gut calcium absorption in rats (21,24,25) and in post-menopausal women (26),
whereas treatment with E; has been shown to stimulate absorption in rats (14,21) and in
humans (27). In the EnR rats, uterine weights were significantly lower than those of control
rats, indicating a reduced estrogenic activity with EnR. Furthermore, the EnR-associated
hypoestrogenic state at experiment conclusion was accompanied by a negative calcium
balance. Hence, our results suggest that, in agreement with models of estrogen deprivation
in rats and humans, the mild estrogen deficiency associated with EnR has important
consequences for calcium metabolism.

The observation that weight loss was correlated with a decrease in serum E, only in lean
rats, together with the trend toward a greater decrease in serum E, in lean compared with
obese rats, suggests that the risk for estrogen deficiency due to EnR is greater in lean rats. A
greater body weight may prevent the decrease in E, due to local synthesis of estrogen in
adipose tissue (28) and may protect against bone loss. In addition, the decreases in E; during
weight reduction tended to be associ- ated with decreases in calcium absorption in lean rats.
There may be different mechanisms regulating the decline in calcium absorption in lean and
obese rats during EnR despite reduced estrogenic activity in both lean and obese rats.

Consistent with previous findings of a trend for serum PTH to increase with weight
reduction in women (9), EnR prevented the decrease in serum PTH that was observed in rats
that consumed the diet ad libitum. Previously, we (5) and others (29) did not observe EnR-
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associated differences in serum PTH of rats. In the present study, however, we used a rat-
specific bioactive PTH assay and found differences when the data were expressed as
changes from baseline, whereas in previous studies (5,29) both inactive and active fragments
of the PTH molecule were measured only at the conclusion of the experiments. The
hypothesis that EnR decreases calcium absorption and elevates serum PTH is supported by
these data.

After EnR, obese rats had higher serum 25(OH)D levels than the lean rats. This may have
been because of the relatively greater fat loss that is expected in obese compared with lean
rats (22,23). Brouwer et al. (11) observed that orally administered cholecalciferol in rats
accumulates in adipose tissue, and food deprivation increases serum 25(0OH)D. It is possible
that greater degradation of fat tissue in obese than lean rats caused greater release of stored
vitamin D, resulting in higher circulating 25(OH)D levels. Higher 25(0OH)D levels are
expected to influence calcium metabolism, and this may have been responsible for the lower
urinary calcium losses in obese EnR rats compared with lean rats.

The EnR-associated hyperadrenocorticism observed in this study has been documented
previously in rodents (30). Because elevated levels of glucocorticoid hormones are a risk
factor for bone loss (31,32) and have recently been shown to be associated with calcium
absorption (15), this may be one important mediator of the negative effects of weight
reduction on calcium and bone metabolism.

Bone turnover was not affected by 10 wk of EnR in mature obese or lean rats. We expected
a rise in bone turnover on the basis of our findings of decreased calcium absorption and
estrogenic activity, as well as previous studies showing that EnR decreases bone mass and
strength (5). However, because of the variability of bone markers, a single measurement of
bone turnover may not reflect bone changes over several weeks (33). The present
observations are consistent with previous findings from our laboratory (33) in which bone
resorption was unchanged with EnR. However, bone formation findings differ from the
previously observed EnR-associated elevation of serum OC (33). A possible explanation is
that the time of blood sampling in EnR rats in relation to the last feeding differed between
studies. In the Talbott study (33), blood was drawn ~24 h after the last feeding, whereas in
the present study blood was drawn ~4 h postprandially for a better comparison with rats
consuming food ad libitum. Our data in lean rats support the findings of Ndiaye et al. (29)
that weight loss is associated with decreases in OC in male rats. Data from human studies,
however, are not conclusive, with weight loss being associated with increases (2,9) or no
effect (1) on serum OC.

We observed greater bone resorption and lower formation in obese compared with lean rats
at 6 mo of age. In addition, body weight was directly correlated with bone resorption
markers. To our knowledge, no rodent and very few clinical studies have addressed the
relationship between stable body weight and markers of bone turnover in healthy subjects.
The lower rates of bone formation in the obese are consistent with preliminary data from our
laboratory (34) in which obese women had lower levels of OC than lean subjects. Also,
others (35,36) have found inverse correlations between body mass index and OC. The
intriguing findings of a less favorable bone turnover profile in the obese do not support the
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higher bone density and lower osteoporosis risk described in this group. Our data suggest
that that there is a relationship between body weight and bone turnover, but the underlying
regulating mechanisms are unknown. The implications for bone mass remain unclear and
warrant further investigation.

In summary, EnR was associated with a decrease in intestinal calcium absorption in mature
obese and lean rats. The effect of EnR, however, may be different depending on initial body
weight due to dissimilar endocrine profiles, which are expected to have distinct effects on
calcium handling in the intestine and bone metabolism. In lean, but not obese rats, there was
an association between weight loss and decreases in E; levels, and both tended to correlate
with a reduction in calcium absorption. We propose that the susceptibility of calcium
metabolism to EnR in mature rats depends on initial body weight and may be mediated by
decreased estrogenic activity. Further studies of the mechanisms involved in the changes in
calcium absorption during EnR, such as a possible downregulation of intestinal vitamin D
receptors, calbindin 9k or calcium transport protein 1, are necessary to help explain the
effect of EnR on bone.
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Body weight of obese and lean rats during growth; rats consumed 40% energy-restricted (EnR) or control (CTL) diets. Each
point represents mean + sew in obese CTL (n = 10), obese EnR (n = 10), lean CTL (n =9) and lean EnR (n = 9) groups. *Wk -22
to 0 represent the growth period [high fat (HF) or control diet]. Obese and lean rats differed significantly over time, P < 0.0001

three-way ANOVA with repeated measures over time. TEnR and CTL dietary treatment took place from wk 0 (baseline) to 10
(study conclusion). Body weight differed between obese and lean rats (P = 0.001) and between CTL and EnR groups (P <
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FIGURE 1.

0.0001), three-way ANOVA with repeated measures over time.

J Nutr. Author manuscript; available in PMC 2014 May 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cifuentes et al. Page 12

15
10
S
pr 5
=
e 0 [
5

-10 . M Control

O Energy-restricted
-15
OBESE LEAN
FIGURE 2.

Difference (A) from baseline in true fractional Ca absorption (TFCA) in obese and lean mature rats fed 40% energy-restricted (n
=10 obese, n =9 lean) or control (n = 10 obese, n = 9 lean) diets for 10 wk. Bars represent means + sem 0f the net difference
from baseline. P < 0.05 for diet effect by two-way ANOVA
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FIGURE 3.
Uterine weights in obese and lean mature rats fed 40% energy-restricted (n = 10 obese, n = 9 lean) or control (n = 10 obese, n =

9 lean) diets for 10 wk. Bars represent means * sem; P < 0.0001 for diet effect; bars labeled with different letters differ, P < 0.01
(two-way ANOVA and Tukey's post-hoc test).
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FIGURE 4.
Relationships between percentage change in body weight and (A) true fractional Ca absorption (TFCA) [obese: r =0.47, P =

0.04, n =20; lean: r =0.31, P = 0.20, n = 18] and (B) serum estradiol (E;) [obese: r = 0.05, P = 0.85, n = 15; lean: r =0.52, P =
0.04, n = 16] in obese and lean mature rats fed 40% energy-restricted or control diets for 10 wk.
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TABLE 1

Composition and calcium and energy contents of study diets™”

Ingredient CTL-G HF CTL-M  Energy restriction
g9

Casein 200 200 140 140
L-Cystine 3.0 3.0 1.8 1.8
Cornstarch 429.5 139.5 520.7 214.1
Maltodextrin 100 125 100 75
Sucrose 100 50 100 46.6
Cellulose 50 50 50 50
Soybean oil 175 52.5 10 10
Lard 52.5 157.5 30 30
TBHQ 0.014 0.042 0.008 0.008
Mineral mix 810022G3 35 % 0 0
Mineral mix 510022M4 0 0 % %
Vitamin mix V100375 10 10 10 10
Choline bitartrate 25 25 25 25
Total weight, g 1000.1 825.1 1000.1 615.1
Calcium, mg/g diet 5.0 6.1 5.0 8.1
Phosphorus, mg/g diet 3.0 3.6 3.0 4.9
Energy, ki/g diet (kcal/g diet)y  16.7 (4.0) 20.1(4.8) 159 (3.8) 1555 (3.7)
% Energy

Carbohydrate 63.6 31.7 75.6 59.1

Protein 20.5 20.5 14.9 25.0

Fat 15.9 47.8 9.5 15.9

1 . .
Prepared by Research diets, Inc., New Brunswick, NJ.

Abbreviations: CTL-G, control diet during growth period; HF, high fat diet; CTL-M, control diet for mature rats; TBHQ, tert-

butylhydroxyquinone.

3The mineral mix composition (AIN-93G) (17) was as follows (amount in 35 g): 5.0 g Ca, 1.56 g P,0.59g Mg, 3.6 g K,0.39 S,1.0g Na, 1.6 g Cl,

6.0 mg Cu, 0.2 mg I, 45.0 mg Fe, 10.5 mg Mn, 0.2 mg Se and 30.0 mg Zn.

4The mineral mix composition (AIN-93M) (17) was as follows (amountin 35g): 5.0 g Ca, 20gP,05gMg, 3.6 gK,0.3gS,1.0gNa, 1.6 g Cl,

6.0 mg Cu, 0.2 mg I, 45.0 mg Fe, 10.5 mg Mn, 0.2 mg Se and 30.0 mg Zn.

5The vitamin mixture composition (AIN-93) (17) was as follows (amount in 10 g): 4000 w vitamin A palmitate, 1000 u cholecalciferol, 75 v
vitamin E acetate, 0.75 mg phylloguinone, 0.2 mg biotin, 25 ug cyanocobalamin, 2 mg folic acid, 30 mg nicotinic acid, 16 mg calcium

pantothenate, 7 mg pyridoxine-HCI, 6 mg riboflavin, 6 mg thiamin HCI.
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TABLE 2

Body weight and daily food, energy and calcium intakes of obese and lean mature rats fed 40% energy-
restricted (EnR) or control (CTL) diets for 10 wk'

Obese Lean
CTL EnR CTL EnR
n 10 10 9 9
Body weight
.2 324+ 34 315+ 36 293 +34 275+ 19
Baseline, g
Change, 2% T0£58 419"  A1ESZ 5443"
* *
Food, g/d 152+27 02417 149+1.2 91406
* *
Energy, kJ/d 2448 £ 435 1443 + 26 8 239.3+184 1431 +10.0
Calcium, mmol/d 1.9+0.3 1.9+0.3 19+0.1 1.8+0.1

1Values are means + so.
*

Differs from its control, CTL, P < 0.0001.
2Significant size effect, one-way ANOVA, P < 0.01.

3Significant diet effect, P < 0.0001; two-way ANOVA.
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. - 1,2
Baseline characteristics of obese and lean rats at 6 mo of age

Obese Lean

Body weight, g 319+ 34.2 284 + 28*
Urinary Ca, mmol/d 0.06 £0.03 0.05+0.02
Fecal Ca, mmol/d 1.32+0.16 1.33+0.14
Ca balance, mmol/d -0.04+£0.12 0.00+0.16
Net FCA,3% 1.4+8.0 34+11.0
TFCA, % 25.4+8.3 295+11.3
Endogenous fecal Ca, mmol/d ~ 0.32+0.13  0.36+0.14
Intestinal Ca secretion, mmol/d  0.44+0.20 0.54+0.28

1 *
Osteocalcin, nmol/L 10.3+5.7 153446
PYD, nmol/d 31+12 20+ 0.7*
DPD, nmol/d 1.7+0.6 11+ 0.4*
Creatinine, mmol/d 0.09+0.02 0.08+0.02
Corticosterone, nmol/d 0.80+0.23 0.69+0.16
PTH, pmol/L 93+4.2 7.8+6.7
E,, pmol/L 46.6 £45.9 26.8 +£16.9
25(0OH) D, nmol/L 849+26.0 73.9+24.0

1 .
Values are means + sp, n = 20 obese and 18 lean, except for serum metabolites where n = 15 obese and 16 lean rats.

*
Different from obese, P < 0.05.

2Blood samples: day of estrus determined by vaginal smears.

TABLE 3

Page 17

3Abbreviations: net FCA, net fractional Ca absorption; TFCA, true fractional Ca absorption; urine: pyridinoline (PYD), deoxypyridinoline (DPD),

creatinine and corticosterone; serum: osteocalcin, parathyroid hormone (PTH), estradiol (E2), 25-hydroxyvitamin [25(0OH) D].
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TABLE 4
Percentage change from baseline in serum hormones and urinary creatinine in obese and lean rats fed 40%

energy restricted (EnR) or control (CTL) diets for 10 wk'

Obese Lean P-valuez
CTL EnR CTL EnR Diet Size Diet x Size
%A
PTH3 -789+212 -19.0+83.6 -528+304 29.8+157.2 0.0415 0.2701 0.7353
E, —-9.8+858 0.2+927 489+101.7 -50.6+30.1 0.1428 0.8946 0.0758
25(0OH)D -22+419 13.9+31.0 -134+247 -164+274 0.5687 0.0780 0.4095

Corticosterone  15.8+34.6 160.0+227.8 535+37.1 140.6+116.2 0.0111 0.8324 0.5116
Creatinine 65+231% —20+19.4% 30.0+41.12 -10.6+204° 0.0087 0.4044 0.0782

1 . . . .
Values are means + sp for obese CTL (n = 10 urine, n = 7 serum) and energy-restricted (n = 10 urine, n = 8 serum), and lean CTL (n =9 urine, n =
8 serum) and energy-restricted (n = 9 urine, n = 8 serum) rats. Values in a row with different superscripts letters differ, P < 0.05.

2P-value of two-way ANOVA.

3Serum: parathyroid hormone (PTH), estradiol (E2), 25 hydroxyvitamin D (25(OH) D); 24-h urine: corticosterone, creatinine.
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Pearson's correlation coefficient (r) for the relationship between the change from baseline in body weight (%)
with changes in Ca absorption, Ca balance, hormones, creatinine and bone turnover in obese and lean mature

rats fed 40% energy-restricted and control diets for 10 wk'

Al Obese2 Lean3

r  P-value r P-value r  P-value
TFCA 0.343 0.035 0.467 0.038 0.315 0.204
Ca Balance 0.282 0.086 0.335 0.149 0.117 0.642
E, 0.245 0.184 0.052 0.854 0.516 0.041
25(0H)D -0.200 0.281 -0.265 0.339 -0.042 0.878
PTH —-0.330 0.070 -0.445 0.096 —-0.340 0.198
Corticosterone  -0.567  <0.001 -0.581  0.007  -0.557  0.016
Creatinine 0.433 0.007 0.362 0.117 0.567 0.014
oC —0.048 0.796 -0.093 0.741 0.444 0.085
PYD 0.272 0.098 0.198 0.403 0.376 0.124
DPD 0.242 0.143 0.070 0.770 0.405 0.096

4 Abbreviations: TFCA, true fractional Ca absorption; serum: estradiol (E2), 25-hydroxyvitamin D [25(OH) D], parathyroid hormone (PTH),

osteocalcin (OC); 24-h urine: pyridinoline (PYD), deoxypyridinoline (DPD), corticosterone and creatinine.

Pearson's correlation coefficients were considered significant at P < 0.05.

2Obese n =20 (urine), n = 15 (serum).

3Lean n =18 (urine), n = 16 (serum).
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