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Abstract Introduction

Insulin-like growth factor-I (IGF-I) is a nutritionally depen-
dent bone trophic hormone which stimulates osteoblast
function and collagen synthesis in vivo and in vitro. We
hypothesized that in the fasting state, IGF-I levels would
decline significantly and would establish a model in which
we could investigate the effects of IGF-I administration on
bone turnover. We therefore studied 14 normal women ages
19-33 (mean, 24±4 [SD] years) during a complete 10-d
fast. After 4 d of fasting, subjects were randomized to re-
ceive rhIGF-I or placebo subcutaneously twice a day for 6
d. Bone turnover was assessed using specific markers of
formation (osteocalcin and type I procollagen carboxyl-ter-
minal propeptide [PICP]) and resorption (pyridinoline,
deoxypyridinoline, type I collagen crosslinked N-telopeptide
[N-telopeptide] and hydroxyproline). Serum levels of PICP
and osteocalcin decreased from 143±52 to 60±28 ng/ml (P
= 0.001) and from 7.6±5.4 to 4.2±3.1 ng/ml (P = 0.001)
respectively with 4 d of fasting. Urinary excretion of pyridi-
noline and deoxypyridinoline decreased from 96±63 to
47±38 nmol/mmol creatinine (P < 0.05) and from 28±17
to 14±11 nmol/mmol creatinine (P < 0.05) respectively.
Mean IGF-I levels decreased from 310±81 to 186±78 ng/
ml (P = 0.001).

In the second part of the experimental protocol, serum
osteocalcin and PICP levels increased 5- and 3-fold, respec-
tively with rhIGF-I administration and were significantly
elevated compared with the placebo group at the end of
treatment (20.9±17.3 vs. 5.9±6.4 ng/ml for osteocalcin [P
< 0.05] and 188±45 vs. 110±37 ng/ml for PICP [P < 0.05]).
In contrast, all four markers of bone resorption, including
urinary pyridinoline, deoxypyridinoline, N-telopeptide and
hydroxyproline were unchanged with rhIGF-I administra-
tion. This report is the first to demonstrate that bone turn-
over falls rapidly with acute caloric deprivation in normal
women. RhIGF-I administration uncouples bone formation
in this setting by significantly increasing bone formation,
but not resorption. These data suggest a novel use of rhIGF-
I to selectively stimulate bone formation in states of under-
nutrition and low bone turnover. (J. Clin. Invest. 1995.
96:900-906.) Key words: insulin-like growth factor I * bone
turnover * fasting - nutrition * osteocalcin
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Insulin-like growth factor-I (IGF-I) is a critical endocrine factor
in the physiological regulation of bone formation with potent
effects on bone growth and remodeling. IGF-I acts through
specific receptors on cells of osteoblast lineage to stimulate
collagen synthesis (1-4) and increase proliferation and differ-
entiation of osteoblast precursor cells (5-7). IGF-I also func-
tions as a paracrine factor in the local regulation of bone metab-
olism. Osteoblast transcription of IGF-I increases in response
to stimulation by parathyroid hormone (PTH), growth hormone
(GH)' and estrogen (8-12). In turn, locally produced IGF-I
may act to oppose the effects of PTH on osteoblasts (13, 14).

The regulation of IGF-I is nutritionally dependent and circu-
lating levels of IGF-I decline after acute fasting due to acquired
GH resistance and increase with nutritional repletion (15-18).
In severe chronic undernutrition, IGF-I concentrations decrease
in association with low bone turnover and significant bone loss
(19-23). Similarly, bone turnover is diminished in other patho-
logic states in which IGF-I levels are deficient because of an
inherited resistance to the action of GH or in association with
decreased GH secretion (24-28). These data suggest that IGF-
I is an important modulator of normal bone metabolism and
that a deficiency of IGF-I at systemic and/or tissue levels may
contribute to abnormal bone metabolism in undernutrition. Re-
cent experimental data demonstrate that recombinant human
IGF-I (rhIGF-I) increases bone turnover in menopausal women
(29). However, the effects of rhIGF-I on bone turnoverin
undernutrition and other pathologic conditions of low bone turn-
over have not been investigated.

We hypothesized that in the fasting state, IGF-I levels would
decline significantly and would establish a model in which we
could investigate the acute effects of IGF-I administration on
bone turnover. Subjects were fasted for four days before ran-
domization to treatment with rhIGF-I or placebo. Bone turnover
was assessed at baseline and then again before and after treat-
ment with rhIGF-I. Glomerular filtration rate (GFR) and frac-
tional tubular reabsorption of calcium were also determined to
assess renal handling of calcium during rhIGF-I therapy. Our
findings demonstrate: (a) a significant decrease in indices of
both bone formation and resorption during short-term fasting
and (b) rhIGF-I administration uncouples bone formation and
is a potent and selective osteoblast stimulator in states of acute
undernutrition.

Methods

Experimental subjects
We studied 14 women with a mean age of 24±4 yr, range 19-33 yr.
All patients gave written consent as approved by the Subcommittee on

1. Abbreviations used in this paper: %IBW, percent ideal body weight;
ANOVA, analysis of variance; GFR, glomerular filtration rate; GH,
growth hormone; IGFBP, insulin-like growth factor binding protein;
PICP, type I procollagen carboxyl-terminal propeptide.
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Human Studies of the Massachusetts General Hospital. Subjects
weighed between 96-132% of ideal body weight (mean, 115±10%),
as defined by the Metropolitan Life Insurance Tables of Height and
Weight (30). Each participant was in good health without any acute or
chronic medical conditions, was on no medication at the time of the
study and had not received glucocorticoids or any other medication
known to affect bone metabolism. All subjects had normal menstrual
function assessed by clinical history and normal thyroid function deter-
mined by clinical exam and a thyroid stimulating hormone level. Patients
with a history of oral contraceptive use within 6 mo of the study, prior
anorexia nervosa or bulimia or recent history of trauma or bone fracture
were excluded.

Experimental design
Subjects were admitted to the General Clinical Research Center of the
Massachusetts General Hospital and then underwent a two-part sequen-
tial protocol.

Part 1. Acute fasting. In the first part of the protocol, subjects under-
went a total fast for 4 d except for water ad libidum. 20 meq of oral
potassium chloride and 200 mg of allopurinol were administered daily
to prevent hypokalemia and hyperuricemia, respectively. In addition, a
standard multivitamin containing 400 USP units of ergocalciferol was
administered daily throughout the protocol to provide essential vitamins
and minerals. Patients were encouraged to ambulate throughout the
protocol.

Part II. Response to rhIGF-I administration. In the second part of
the protocol, beginning on the fifth day of the fast, subjects were ran-
domized to receive either rhIGF-I 100 tig/kg (Genentech, San Fran-
cisco, CA) or a saline placebo subcutaneously at 1000 and 2200 h.
Subjects were blinded to randomization. Immediately before the first
injection of rhIGF-I, a continuous infusion of 5% glucose/0.45% normal
saline was begun at 50 cc/h to prevent hypoglycemia. Blood glucose
was checked by an Accucheck HI meter (Boehringer Manheim, India-
napolis, IN) every 30 min for 2 h and then 4 and 8 h after each injection
of IGF-I or placebo. The concentration and rate of the glucose infusion
were adjusted on a sliding scale to maintain serum glucose > 60 mg/
dl in both IGF-I and placebo groups. The maximum infusion in any
patient was 10% glucose/0.45% normal saline at 75 cc/h.

Experimental endpoints. Serum electrolytes, calcium, phosphorus,
IGF-I and insulin-like growth factor binding protein-3 (IGFBP-3) levels
were measured at baseline (day 1) and daily on days 5-11. Serum
ionized calcium levels were available on days 5, 8, and 11. Serum
osteocalcin, PICP, PTH, 25-hydroxyvitamin D and 1, 25-dihydroxyvita-
min D levels were measured at baseline and days 5, 8, and 11. Insulin
levels were measured on days 8 and 11. 24 h urine measurements for
calcium, pyridinoline and deoxypyridinoline were made from 0800 to
0800 h on days 1-2, 4-5, 7-8, and 10-11. To further assess bone
resorption during rhIGF-I administration, hydroxyproline and N-telo-
peptide levels were measured in urine samples collected on days 5, 8,
and 11 of the study. Glomerular filtration rate (GFR), calcium filtration
and fractional tubular reabsorption of calcium were calculated on days
5, 8, and 11 to determine the effects of rhIGF-I on renal calcium handling
(see Appendix) (31). Weight was measured daily and percent ideal
body weight (%IBW) was calculated at baseline and days 5 and 11.

Laboratory methods
Serum total and ionized calcium, phosphorus, electrolytes, PTH, 25
hydroxyvitamin D, 1,25 dihydroxyvitarmin D and insulin levels were
measured using published methods (32). Serum IGF-I was measured
after an acid-alcohol extraction using a RIA kit with an intra-assay
coefficient of variation 2.4-3.0% (Corning Nichols Institute). PICP
was measured using a RIA kit with an intra-assay coefficient of variation
of 2.1-3.2% (Incstar, Stillwater, MN). Osteocalcin was measured using
a RIA kit with an intra-assay coefficient of variation of 5.7-8.1% (Corn-
ing Nichols Institute). Urinary excretion of pyridinoline and deoxypyri-
dinoline were measured according to the methods of Uebelhart et al.
and modified by Corning Nichols Institute (33). Urinary excretion of
N-telopeptide was measured by ELISA with a coefficient of variation

Table L Clinical and Biochemical Responses to Four Days of
Fasting

P Normal
Variable Baseline Day 5* valuei range'

Weight (kg) 64.1±7.8 60.0±7.4 0.001
% IBW 115±10 108±10 0.001
IGF-I (ng/ml) 310±81 186±78 0.001 112-450
IGFBP-3 (ng/ml) 3162±466 3075±508 0.35 2300-5300
Serum calcium (mgldl) 8.9±0.3 9.1±0.3 0.03 8.5-10.5
Serum phosphorus (mg/dl) 4.0±0.7 3.6±0.3 0.03 2.6-4.5
Urinary calcium (mg/d) 98±61 172±85 0.04 0.0-300
Serum bicarbonate (meq/l) 27.5±1.7 18.2±3.4 0.001 22-26
PTH (pg/ml) 40±11 15±7 0.001 10-60
25-hydroxyvitamin D (ng/ml) 18±7 22±9 0.004 8-55
1,25-dihydroxyvitamin D

(pg/ml) 28±9 32±10 0.28 16-42
PICP (ng/ml) 143±52 60±28 0.001 50-170
Osteocalcin (ng/ml) 7.6±5.4 4.2±3.1 0.001 0.4-8.2
Pyridinoline (nmol/mmol cr) 96±63 47±38 0.02 22-89
Deoxypyridinoline

(nmol/mmol cr) 28±17 14±11 0.02 4-21
GFR (mIJmin) 97±25 70±23 0.01

The results are mean±SD. * Assessment made prior to the initiation of rhIGF-I
administration (n = 14). $ P values for comparison of Baseline vs. day 5 by the
Wilcoxon Signed-Rank test. 0 In premenopausal women. cr, creatinine. GFR,
glomerular filtration rate.

of 7.9-11.2% (Corning Nichols Institute). Urinary excretion of total
hydroxyproline was measured by colorimetric assay with a coefficient
of variation of 8.4-9.9% (Corning Nichols Institute). IGFBP-3 was
measured using a RIA kit with an intra-assay coefficient of variation of
5.3-6.7% (Diagnostic Systems Laboratories, Webster, TX). All sam-
ples for hormone determinations from a single individual were measured
in duplicate and run in the same assay. Normal values for each assay
are shown in Table I.

Statistical methods
The effects of rhIGF-I administration on experimental endpoints were
determined using a mixed model analysis of variance (ANOVA). The
random effects were subjects and time X subjects and the fixed effects
were treatment, time, and time X treatment. The effect of treatment on
each end point was measured by the time X treatment effect with the
time X subject effect as an error term. Treatment groups were also
compared by the Mann-Whitney test. To determine the effects of acute
fasting, the changes in study endpoints from baseline (day 1) to day 5
(before the initiation of rhIGF-I) were compared in all subjects using
the Wilcoxon Signed-Rank test. Unless noted otherwise, results are
expressed as mean±SD.

Results

Baseline clinical data
Baseline clinical and biochemical data for the entire study group
are shown in Table I. At baseline, serum IGF-I, IGFBP-3, and
markers of bone turnover, calcium metabolism and weight did
not differ significantly in the rhIGF-I and placebo groups.

Part L Acute fasting
Metabolic. Clinical and biochemical responses to 4 d of acute
fasting are shown in Table I. Mean weight loss was 4.1±0.7
kg and represented a 7% decrease in IBW (P = 0.001). Serum
IGF-I levels decreased by 40% (P = 0.001), but serum IGFBP-3
levels did not change significantly with fasting (Table I, Fig. 1).

Bone turnover. Markers of bone formation and resorption
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Figure 1. Serum IGF-I and IGFBP-3 levels in response to fasting and
rhIGF-I administration. (A) IGF-I at baseline and days 5-11 of the
study. (B) IGFBP-3 at baseline and days 5-9 and 11 of the study. Error
bars represent meantl SD. *P < 0.05 and tP < 0.01 vs. Placebo by
the Mann-Whitney test.

decreased significantly after 4 days of fasting (Fig. 2). Serum
levels of osteocalcin and PICP fell by 45% and 58% respectively
(P = 0.001 for each variable, Table I). Urinary excretion of
pyridinoline and deoxypyridinoline also decreased significantly
with fasting (Table I). Serum calcium levels increased and PTH
levels decreased significantly in association with an increase in
urinary calcium levels (Table I). Serum levels of 25-hydroxyvi-
tamin D increased significantly with fasting and a single multivi-
tamin per day, but levels of 1,25-dihydroxyvitamin D did not
change significantly with acute fasting (Table I).

Part II. Response to rhIGF-I administration
Metabolic. Serum IGF-I levels peaked on the first day after
treatment was begun in subjects receiving rhIGF-I and remained
significantly elevated compared to the placebo group throughout
the treatment period (Fig. 1),. IGFBP-3 levels were significantly
decreased in women receiving rhIGF-I compared with placebo
at the conclusion of the study (Fig. 1). Despite the infusion of
glucose, insulin levels were suppressed in both groups and were

not significantly different (Table II). Percent ideal body weight
was also not significantly different in subjects receiving rhIGF-
I compared with placebo. Serum bicarbonate levels normalized
in both groups by day 8 of the protocol and were not signifi-
cantly different in a comparison of subjects receiving rhIGF-I
vs. placebo.

Bone turnover. The rate of change of osteocalcin (P
< 0.05) and PICP (P < 0.001) was significantly greater in the
subjects who received rhIGF-I compared with the placebo group
using a mixed model analysis of variance. In addition, serum
osteocalcin and PICP levels were significantly higher in the
rhIGF-I group compared to the placebo group at the conclusion
of the study (Table II, Fig. 2). Urinary excretion of pyridino-
line, deoxypyridinoline, N-telopeptide and hydroxyproline did
not change significantly in either group (Table H, Fig. 2).

The rate of change in ionized calcium, phosphorus, and PTH
levels as well as urinary calcium excretion did not differ with
respect to treatment by ANOVA (Table H). Comparison be-
tween the treatment groups by the Mann-Whitney test on the
final day of the study demonstrated that ionized calcium levels
and urinary calcium excretion were higher in the rhIGF-I-treated
group compared to the placebo group (P < 0.05), although
both were decreased from baseline. In contrast, serum PTH
levels were lower in the rhIGF-I-treated group (P < 0.05).
Serum calcium levels and 25-hydroxyvitamin D levels de-
creased significantly in the rhIGF-I treated patients compared
to placebo (P < 0.05), but the rate of change in 1,25-dihydrox-
yvitamin D levels was not different between the treatment
groups (Table II). The rate of change in GFR was significantly
greater in subjects receiving rhIGF-I compared with placebo (P
< 0.05) and mean GFR was significantly greater in the rhIGF-
I vs. placebo treated group at the conclusion of the study
[115±20 vs. 88±17 ml/minute (P < 0.05)] (Table II). The
change in GFR remained significant when corrected for weight.
Calcium filtration increased in parallel with GFR in both groups
(Table HI). However, fractional tubular reabsorption of calcium
was decreased in the rhIGF-I-treated patients compared with
controls at the conclusion of the study [98.54±0.83 vs.
99.18±0.29% (P = 0.07) (Table II).

Side effects. No significant side effects attributable to rhIGF-
I administration occurred. Serum glucose levels were main-
tained above 60 mg/dl in all study subjects and no subjects
experienced joint aches, fluid retention, parotid swelling or any
other side effects of rhIGF-I administration. One woman in the
placebo group and one in the rhIGF-I group dropped out on the
fifth day, prior to randomization, because of an unwillingness
to continue the fast. One additional woman in rhIGF-I group
was discontinued from the protocol on day 10 when she devel-
oped an upper respiratory tract infection.

Discussion

Our results demonstrate that there is a profound decrease in
biochemical indices of both bone formation and resorption dur-
ing acute fasting and that rhIGF-I administration selectively
stimulates bone formation in this setting. The rapid decrease in
bone turnover in young women during fasting is a significant
new observation. Serum levels of PICP and osteocalcin fell by
58 and 45%, respectively after only 4 d of fasting. Urine markers
of bone resorption also fell by a similar order of magnitude,
indicating that acute undernutrition has parallel effects on both
bone formation and resorption. These observations are in
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Figure 2. The effects of short-term fasting and rhIGF-I administration on biochemical indices of bone turnover. (A) Serum levels of osteocalcin at
baseline and days 5, 8, and 11 of the study. (B) Serum levels of PICP at baseline and days 5, 8, and 11 of the study. (C) Urinary excretion of
pyridinoline at baseline and days 5, 8, and 11 of the study. (D) Urinary excretion of deoxypyridinoline at baseline and days 5, 8, and 11 of the
study. Error bars represent mean± ISD. *P < 0.05 vs. Placebo by the Mann-Whitney test.

agreement with recent animal data in which bone collagen
mRNA expression was shown to decline significantly after 4 d
of fasting and with in vivo data showing decreased markers of
bone resorption in malnourished children and provide further
evidence for the important affects of acute undernutrition on

bone metabolism (34-37).
One potential mechanism to explain the decline in bone

turnover with short-term fasting is a decrease in systemic and/
or local bone IGF-I concentrations. Serum IGF-I concentrations
are nutritionally dependent (15, 17) and decreased significantly
after 4 d of fasting. Potent effects of IGF-I on osteoblast function
and differentiation in vitro (2, 3, 5, 7) and bone protein synthe-
sis and cancellous bone formation in animals and in humans
have recently been demonstrated (29, 38, 39). Our finding of
decreased serum and urine markers of bone turnover is consis-
tent with biochemical data from other pathologic conditions
associated with deficient IGF-I concentrations (25, 28). In addi-
tion, fasting-induced changes in IGF-I or its binding proteins
may also affect bone turnover at the tissue level through local
autocrine and paracrine actions (40-42). Serum levels of
IGFBP-3, a key determinant of free IGF-I tissue availability
(43), were constant while total IGF-I levels decreased during
fasting. These data suggest that the percentage of free IGF-I
available to bone tissue might have fallen to an even greater
extent than reflected in total IGF-I levels. Fasting could also
decrease bone turnover through an effect on a second IGF bind-
ing protein, IGFBP-1. Serum and local tissue levels of IGFBP-
1 are known to increase with fasting as a result of decreased
serum insulin levels (20, 44). Recent animal data have demon-

strated that increased IGFBP-1 levels during fasting inhibit col-
lagen synthesis by affecting local binding of IGF-I binding to
its receptor (36, 45). Therefore, declining free IGF-I concentra-
tions in bone tissue or activation of a local inhibitor to bone
formation, such as IGFBP-1, may be one of the causes of the
dramatic decrease in bone metabolism observed with fasting.

Additional mechanisms impacting on the fall in bone turn-
over with fasting include changes in serum PTH levels and acid
base status. Serum and urinary calcium levels increased after 4 d
of fasting in association with decreased PTH levels. The likeliest
explanation for the decline in serum PTH levels was the increase
in serum calcium levels. One potential mechanism suggested
by studies in experimental animals to explain the increase in
serum calcium is a direct effect of acidosis to demineralize bone
(46). Recent studies in postmenopausal women have demon-
strated that acidosis might have a PTH-independent effect to
alter bone metabolism (47).

A critical observation in this study is the effect of IGF-I
administration to increase bone formation and uncouple bone
formation and resorption in acute fasting. Serum osteocalcin
levels increased fivefold and PICP levels increased threefold
during rhIGF-I administration, demonstrating the significant ef-
fect of rhIGF-I to increase bone formation in this experimental
model. In contrast, sensitive markers of osteoclast activation
and collagen degradation did not increase with rhIGF-I adminis-
tration, consistent with the known effect of rhIGF-I to decrease
collagen degradation in vitro (8). Serum ionized calcium levels
and urinary calcium excretion decreased in both treatment
groups and did not differ by analysis of variance. In addition,
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Table II. Clinical and Bioc
Administration

Variable

Weight (kg)
rhIGF-I
Placebo

Insulin (/.IU)
rhIGF-I
Placebo

Serum calcium (mg/dl)
rhIGF-I
Placebo

Ionized calcium (mmollliter)
rhIGF-I
Placebo

Serum phosphorus (mg/dl)
rhIGF-I
Placebo

Urinary calcium (mg/d)
rhIGF-I
Placebo

PTH (pg/ml)
rhIGF-I
Placebo

GFR (ml/min)
rhIGF-I
Placebo

Calcium filtration (mg/min)
rhIGF-I
Placebo

Fractional reabsorption of
calcium (%)

rhIGF-I
Placebo

25-hydroxyvitamin D (ng/ml)
rhIGF-I
Placebo

1,25-dihydroxyvitamin D
(pg/ml)

rhIGF-I
Placebo

PICP (ng/ml)
rhIGF-I
Placebo

Osteocalcin (ng/ml)
rhIGF-I
Placebo

Pyridinoline (nmol/mmol cr)
rhIGF-I
Placebo

Deoxypyridinoline (nmol/
mmol cr)

rhIGF-I
Placebo

N-Telopeptide (BCE)
rhIGF-I
Placebo

Hydroxyproline/creatinine
rhIGF-I
Placebo

The results are presented as mea
comparison of treatment effects
insulin levels were compared by
on day S were made after 4 d of
rhIGF-I administration. ND, not
lent. GFR, glomerular filtration:

hemical Responses to rhIGF-I serum calcium levels were significantly lower in response to
treatment with rhIGF-I than in the placebo-treated group. Taken
together, these data provide additional evidence against in-

Day 5 Day 8 Day 11 creased resorption.
Although urinary calcium excretion decreased in both treat-

ment groups, comparison on the final day of the study showed
58.8+4.9 ND 61.6±4.9 higher levels in the rhIGF-1-treated group than the placebo

group. The most likely mechanism to explain the observed dif-
ND 7±5 < 5 ference in urinary calcium excretion between the groups is an
ND 5±0 < 5 effect of rhIGF-I on renal calcium handling. GFR was signifi-

cantly increased in the rhIGF-I group compared to placebo,
9.1±0.3 8.6±0.3 8.8±0.3* consistent with the known effect of rhIGF-I to increase glomeru-
9.0±0.3 8.9±0.2 9.0±0.3 lar filtration (48). Calcium filtration increased in proportion to

1.23±.04 1.25±.04 1.22±+-.03 GFR but tubular reabsorption of calcium decreased. A second

1.20±.04 1.17±.03 1.17±.03 potential mechanism to explain the difference in urinary calcium
excretion is an increase in calcium mobilization from bone

3.6±0.3 3.7±0.4 3.9±0.9 through a systemic effect of rhIGF-I on hormone metabolism
3.6±0.4 3.8±0.5 4.1±0.5 or a paracrine effect on local bone cytokines (49, 50). However,

25-hydroxyvitamin D and PTH levels were significantly de-
173±92 104±58 125±48 creased in the rhIGF-I-treated group compared to the placebo
170_84 73±23 52±16 group and 1,25-dihydroxyvitamin D levels were not different

13±8 14±7 11±4 between the groups. Furthermore, a biologically significant ac-
17±6 22±7 24±8 tion of rhIGF-I to increase calcium release from bone indepen-

dent of increased collagen degradation or osteoclast activation,
69±21 108±24 115±20* as determined by four separate sensitive markers, is unlikely.
71±27 96±36 88±17 Our data demonstrate that rhIGF-I increased bone formation

out of proportion to any detectable increase in resorption and
3.8±1.1 5.9±1.4 6.3+1.1* therefore resulted in an uncoupling of bone formation and re-
3.8±1.6 5.0±1.9 4.6±1.0 sorption in this experimental model. The effect of rhIGF-I ad-

ministration on bone formation is likely the result of elevated
96.65±1.84 98.90±0.66 98.54±0.83 serum and tissue concentrations of IGF-I in women receiving
96.49±1.76 98.83±0.67 99.18±0.29 rhIGF-I compared to placebo. Because supraphysiological doses

of IGF-I were used, we do not know what effects a smaller
27±8 19+6 21±81 dose of rhIGF-I would have had on bone turnover but our data
17±7 16±7 17±7 demonstrate that this dose of rhIGF-I uncouples bone turnover

and selectively stimulate bone formation during short-term fast-

34+10 36±5 27±7 ing. These data sWgest that rhIGF-I may be an important form
30±11 36±9 27±5 of therapy to investigate to increase bone formation in patho-

logic conditions of low bone turnover, such as chronic undernu-
61±21 158±50 188±45* trition and anorexia nervosa.
60±34 97±43 110±37 Other potentially important mechanisms to explain the effect

of rhIGF-I on bone formation include modulation of free IGF-
4.8±3.4 12.6±8.6 20.9±17.3* I concentrations or potentiation of the effects of IGF-I at the
3.6+2.9 4.9±3.7 5.9±6.4 local tissue level through an effect on IGF-I binding proteins.

33+14 44±45 37±30 In this study, IGFBP-3 levels declined significantly over 6 d of
63+52 53±26 28+13 rhIGF-I administration, consistent with prior data on the meta-

bolic effects of rhIGF-I administration in caloric restriction
(51 ). Therefore, the increase in tissue levels of free IGF-I could

10±4 13±12 12±11 affect bone formation. It is unlikely that the observed effects
17±16 15±8 9±5 of rhIGF-I administration on bone turnover were potentiated by

insulin because insulin levels were equivalently suppressed in
964104 7242 582-85 both treatment groups despite glucose infusion. However, calo-

ric repletion may selectively stimulate bone formation in acute
0.036±0.013 0.037±0.021 0.038±0.015 undernutrition without an effect on insulin levels. It is possible
0.051±0.048 0.036±0.027 0.028±0.013 that even the small quantities of glucose administered in this
_ study were enough to alter tissue levels of free IGF-I or related

an±SD. * P < 0.05 and * P < 0.00i in a binding proteins and contribute to the increase in bone turnover.

from day S to day 11I by ANOVA. Weight and Our findings contrast those reported by Ebeling et al. in
the Mann-Whitney test on day 11. Measurements which indices of bone formation and resorption both increased
f fasting and immediately before the initiation of in postmenopausal women in response to six days of rhIGF-I
done. cr, creatinine. BCE, bone collagen equiva- administration (29). Similar IGF-I levels were achieved in both
rate. studies, suggesting that factors associated with gonadal status,
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age, fasting and/or undernutrition may uncouple the effects of
rhIGF-I on bone and permit pure osteoblast stimulation. For
example, estrogen deficiency was present in the postmenopausal
women studied by Ebeling et al. and may have potentiated
the effects of LGF-I to stimulate osteoclasts and enhance bone
resorption (52, 53). Estrogen deficiency was not present in our
young female population and this may help to explain why
rhIGF-I administration did not effect bone resorption. Treatment
of bone cells with IGF-I in vitro increases production of in-
terleukin-6 (IL-6), a cytokine which is known to stimulate
osteoclast formation and bone resorption (49). However, estro-
gen inhibits IL-6 expression in bone marrow-derived stromal
cell cultures and may also act in vivo to modulate the effects
of systemically administered rhIGF-I on cytokine production
and bone resorption (54). Furthermore, the model of acute
fasting to alter endogenous IGF-I levels in our population is
significantly different from the nutritionally replete population
previously studied. A final explanation for our findings is that
an effect on bone resorption may lag behind the immediate
effects of rhIGF-I on bone formation in the fasting state.

This study demonstrates that bone turnover falls rapidly
during short-term fasting in normal women and that administra-
tion of rhIGF-I acts to selectively stimulate bone formation in
this setting. Although further studies are needed to fully eluci-
date the mechanisms by which bone turnover responds to acute
changes in nutritional status, we have demonstrated the potent
effects of IGF-I to uncouple bone formation and resorption in
women undergoing short-term fasting. These data suggest that
rhIGF-I administration should be investigated as a novel therapy
to selectively increase bone formation and bone mass in condi-
tions of chronic undernutrition such as anorexia nervosa, or,
low bone turnover.

Appendix

1. GFR (ml/min) = [urine creatinine] [urine volume] /[serum creat-
inine]

2. Diffusible calcium - [ionized calcium] ( 1.1 )
3. Renal calcium filtration (mg/min) = (GFR) (diffusible calcium)
4. Renal calcium reabsorption (mg/min) = renal calcium filtration

- urinary calcium excretion
5. Fractional reabsorption of calcium (%) = renal calcium reabsorp-

tion/renal calcium filtration
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