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Abstract. Understanding the reaction of bone to physicalchemical markers have been used to evaluate the mech
exercise is important for the development of strategies tmisms involved [1-7]. Formation markers such as osteo
increase and maintain bone mass. In this study the aim waalcin and the carboxy-terminal propeptide of type |
to investigate the relationship among exercise intensityprocollagen (PICP) and resorption markers such as the ca
physical capacity, and the biochemical responses, estimatdmbxy-terminal cross-linked telopeptide of type | collagen
by measuring biochemical markers of bone metabolism i{ICTP) [8] reflect the different stages of bone remodeling
serum. As a complement to the circulating concentrationgnd provide useful instruments for studies of the remodeling
we also accounted for the plasma volume shifts during angrocess, at least in metabolic bone disease [9, 10]. Furthe
after exercise. The study included 10 men and 10 womerinformation is provided by analysis of serum parathyroid
mean age 29 years, with a wide range of physical capacityhormone (PTH), which has both anabolic and catabolic ef
who performed a standardized running exercise test on fects on bone and is known to increase during different
motor-driven treadmill with loads corresponding to 47 andkinds of exercise [11-13].

76% of VO, max (maximal oxygen uptake) followed by a  The interpretation of the changes of concentrations dur
maximal effort until exhaustion. Total work time was abouting and after exercise poses a particular problem since thel
35 minutes. Venous blood samples were drawn at rest, aftare concomitant changes in plasma volume. Exercise is a
each load, and after 30 minutes and 24 hours of recoverycompanied by hemoconcentration and plasma volume e»
The reductions in plasma volume during exercise were 4.3%ansion occurs during the recovery period [14]. These shift:
(P <0.05) and 15.1%R < 0.001) whereas after 24 hours in are mainly due to redistribution of blood flow and capillary

recovery there was an expansion of 7.9%(0.001). There exchange dynamics [14]. Conclusions based on changes
were marked, intensity-related, increases of PICP and tALRoncentrations alone could therefore be misleading, sinc
concentrations § < 0.001) during exercise. Since these these deviations might only reflect plasma volume shifts
were of the order of plasma volume reduction they did notand not, as might be inferred, a true metabolic response.
correspond to a change in the calculated circulating amount Against this background we studied the relationship be:
(content). However, as the concentrations returned to baséleen exercise and bone metabolism, with special regard t
during recovery, the total circulating amounts were in-the intensity of exercise, level of physical fitness, and
creased at this pointP(< 0.05). Osteocalcin was also in- plasma volume changes.

creased during recover?  0.01), although concentrations
were unchanged during the entire study. The amoBnt (

0.001) and concentratiorP(< 0.05) of ICTP were also

increased during follow-up. Serum PTH concentrations ros&ubjects

(P < 0.05) in proportion to the intensity of exercise and

remained elevated during recovery. The subjects,Wiax A total of 20 healthy individuals (10 women and 10 men) were
demonstrated positive relationships to the biochemical reselected to represent a range in age and physical fitness. The me
sponses to exercise in bone and BMD of the legs, and 89¢ was 28 years (range 22-39 years) in women and 30 yea
negative relationship to basal PTH levels. Bone turnovefange 21-46 years) in men. Mean height for women was 171 cr

: . . ange 155-180 cm) and 183 cm for men (range 175-195 cm]
and PTH secretion was stimulated by exercise, and lovy o 7 weights were 64 kg (range 51-77 kg) and 79 kg (rangs

basal levels of PTH and high BMD were induced by a highgg g5 kg), respectively. Maximal oxygen uptake (¥@ax) was
level of physical fitness. These observations correlate welhn average 46.8 ml x kg x min™* (range 37.8-58.8) in women

with the favorable effects of exercise and training on boneand 56.2 ml x kg* x min™* (range 48.2—67.1) in men.
mass.

Materials and Methods

Key words: Parathyroid hormone — Collagen markers — Experimental Protocol
Osteocalcin — Exercise. The experimental design is presented in Figure 1. The experimer
was carried out in the morning on a motor-driven treadmill and
started with a 10-minute warm-up period at a work load corre-
sponding to 30% of V@max. This was immediately followed by
Weight-bearing exercise affects bone metabolism, and big¥ork periods at successively increased inclination and speed, 1
minutes each at submaximal loads corresponding to 47 and 76% «
VO, max. A final maximal effort until exhaustion, lasting for 4-5
_— minutes, gave a total work time of about 35 minutes. Venous blooc
Correspondence tddelena Brahm samples were drawn at rest, immediately after each submaxim:
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Blood samples at rest and after 24 hours of recovery were collectegin€ relative change in plasma contef), i.e., total amount of

in the morning after a breakfast with a low calcium content (i.e.,t e substance was calculated from the _relf_;ltlon between the me
dairy products were excluded). Serum was obtained through cerfUred (G) and the expected concentration:

trifugation at +4°C and then stored at 70°C until analyzed for C. —C

biochemical markers of bone metabolism (osteocalcin, PICP, and ACo (%) =—2—5 % 100

ICr:]TP), tot(al ser)um cglcillém, intact serum PTH, total aII|<aIine phoi- Ce

phatase (tALP), and albumin concentrations. Samples from the : : ;

same individual were always analyzed in the same assay and on% Bone mineral density (BMD, g/cfh was measured with a

unar DPX-L apparatus [16]. The precision error in our labora-
two assays were needed to analyze all 120 serum samples. Inte}: .- o |
assay variation should thus be of minor importance. ry, expressed as the coefficient of variation, was tested thre

Total serum calcium concentrations (intra- and interassa imes a week on phantoms provided by the manufacturers and ws

e . A elow 1% over a period of 1 year.
variation 1.29 and 1.96%, respectively) and tALP activity (intra- Oxygeon uptakg was deterymined with an on-line registration

and interassay variation 2.11 and 1.94%, respectively) were d : : ;
termined spectrophotometrically as part of the clinical routine ail(\/lMai(ijrlﬁgll c?;;ggécip;igoevgaslmagﬂﬁgd glsart?]%ePebv(glgétDv?lﬂPgﬁ ”;)r']

the Department of Clinical Chemistry, Central Hospital, Falun.; ; ; : ; .
The Caﬁ:ium values were adjusted fo)r, the concomit:gnt serum alncreasein workload did not result in an increase in oxygen uptake

bumin values. Serum osteocalcin (intra- and interassay variation

2.7 and 5.5%, respectively) was measured by radioimmunoasseg( .

(CIS Bio International, Gif-Sur-Yvette Cedex, France) and intacttatistical Methods

PTH (intra- and interassay variation 2.9 and 3.5%, respectively) b%_ ) .

a sandwich radioimmunometric method (Nichols Institute, SanThe StatView SE+Graphics software package (Abacus Concept
Juan Capistrano, CA, USA) at the Department of Clinical Chem-Berkeley, CA, USA) was used for all statistical analyses including
istry, University Hospital, Uppsala. Serum concentrations of PICPcalculation of mean values and the standard deviation (SD) as we
(infra- and interassay variation 1.8 and 6.7%, respectively) an@s analysis of variance (ANOVA) for the description of the per-
ICTP (intra- and interassay variation 4.8 and 5.4%, respectively{.emage change of substances at different times during exercis
were measured by radioimmunoassay using commercially availlinear regression models were used to take age and sex into co
able kits (Orion Diagnostika, Espoo, Finland). Lactate concentrasideration in correlations between substances measured in bloo
tions were immediately analyzed with a 2300 GL electrode/enzy-Age, sex, height, and weight were used to adjust relations betwee
matic-based method from Yellow Springs International, Ohio,BMD or VO, max and other variables. R value less than 0.05
USA on hemolyzed blood. Hematocrit was used to account for thavas considered significant.

changes in plasma volume and was analyzed by microcentrifuga-

tion at the Department of Clinical Chemistry, Central Hospital,

Falun. To estimate the changes in plasma volume and to corre®esults

concentrations of substances for these changes we used the for-

mula of van Beaumont et al. [15] which is valid for exercise lasting o 0
less than 2 hours since red blood cell volume is then constant [14The hematocrit increased from 43.0 + 2.8% at rest to 47.3 -

The formula is based on the hematocrit values before jHotd h.99 @ < 0.001) immediately after the maximal exereise,
after (Hct) exercise as well as the initial concentration Y@  and decreased to below resting values (41.3 + 3.8%;
calculate the change in plasma volunPy) and the expected 0.01) 24 hours after exercise (Fig. 2). The calculated plasm
concentration () if the change in plasma volume involves a shift volume thus decreased by 4.3 + 6.8%< 0.05) after the
of water alone: last submaximal load and by 15.1 + 11.6% < 0.001) at
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54 +7.4% and 15.5 £ 11.0%), closely following the changes of
524 plasma volume, and the total circulating amount of PICP
50l was consequently unchanged during exercise. The conce
9 trations returned to basal levels soon during recovery wher
= 9 as the volume expanded, the amount increased (6.6
g 48 17.0%; P < 0.05). The serum concentrations of tALP in-
T 44 creased during exercise (3.6 + 5.0%;< 0.01 and 9.0
g 42) 6.2%; P < 0.001, respectively) and an increased circulating
* amount was demonstrated during recovery (5.2 + 11 B%;
40 < 0.05), a pattern similar to that of PICP. The ICTP con-
38 centrations demonstrated an inconsistent pattern during e;
sel—y . . ercise but were increased at the end of exercise (11.0
1 2 3 4 5 6 15.5%; P < 0.001). The content of ICTP remained un-
> ] > > changed during exercise, but after 24 hours of recovery bot
Rest Exercise Recovery concentrations (5.7 + 11.19% < 0.05) and total amount
5 (13.6 £ 15.2%;P < 0.001) were increased.
sa] *kx There was an increase of serum PTH concentrations im
e mediately after exercise (20.8 + 46.4%; < 0.05), and
3 so during the recovery period both concentrations (maximal
E increase 36.8 £ 47.09% < 0.001) and total amount (maxi-
3 48 mal increase 39.0 + 48.5%,< 0.001) were increased (Fig.
T 44 4). Total serum calcium concentrations, adjusted for con
E comitant albumin levels, were slightly increased after ter-
G 44 mination of exercise (3.0 £ 3.19% < 0.001) (Fig. 4). Ab-
@ a2l solute values for concentrations of PTH, calcium, and bio-
markers are presented in Table 1.
40 : 7 . . . . Thle individlual level of physical fithess (Vnax in mi
> 3 4 5 pb x kg™ x min™") was inversely related to the basal concen-
Rest Exorci > tration of PTH @ = —-0.73,P = 0.02; Fig. 5) and remained
e xerctse Recovery significant after adjustment for age and sgx= —0.9,P =

20, e 0.04). Though V@ max displayed no relationship to basal

levels of bone biomarkers, positive relations were founc
between VQ max and the changes in osteocalcin (Fig. 5)
which remained after ajustment for age and sex. Maxima
lactate concentrations were not related to either basal leve
or changes in biomarkers, PTH, or total serum calcium dur:
ing or after exercise.

Change in plasma volume (%)
[r.

10 VO, max was also positively related to BMD of the legs
15] (B = 0.01,P = 0.008), also after adjustment for age, sex,
20 height, and weight = 0.009,P = 0.03) (Fig. 6), and
54 BMD at different sites was inversely related to the basal
concentrations of osteocalcin, tALP, ICTP, and total serur

30 3 I T T z calcium, but not to PICP or PTH (Table 2).

-« >4 >

Rest Exercise Recovery

Fig. 2. Changes in hematocrit (%), serum albumin (g/liter) and Discussion
plasma volume (%) during and after exercise.

Understanding the reaction of bone to physical exercise i

important for the development of strategies to achieve higl
the termination of the maximal exercise. There was a 7.5 fpeak bone mass and prevent bone loss. In this study the ai
9.2% volume expansiorP(< 0.001) after 24 hours of re- was to investigate the relationship among exercise intensity
covery (Fig. 2). Blood lactate concentrations increased fronphysical fitness, and the biochemical responses of bone bic
2.1 + 0.8 mmol/liter after warm-up, to 2.2 + 1.1 mmol/liter markers. Furthermore, calculations were made of the shift
and 4.0 + 2.3 mmol/liter on the submaximal loads, and to an plasma volume in order to correct for spurious change:
maximal value of 10.6 + 2.7 mmol/liter. caused by volume shifts alone.

The changes of serum concentrations of the biomarkers, Several previous investigations have described change
together with adjustments for the shifts in plasma volumejn the serum concentrations of bone biomarkers during ex
are given in Figure 3. No changes in the serum osteocalciarcise [1-7], and generally inferred that those reflected bon
concentrations were evident during the entire study periognetabolism. Only by calculating the total circulating
despite the changes in plasma volume. A 13.6 + 15.4%mount (content) is it possible to evaluate the net results
decreaseR < 0.001) in the circulating amount (content) of i.e., whether there is an influx to or efflux from the vascular
osteocalcin immediately after the maximal exercise as welpool. These movements depend on several factors, e.g., pr
as a 8.3 £ 15.5% increas® (< 0.01) after 24 hours of duction/secretion, metabolism, clearance, degradation, di
recovery was thus calculated. In contrast, there was &ibution, diffusion, and excretion. Estimation of the relative
marked increaseP(< 0.001) in the serum PICP concentra- contribution of these different components was not the sub
tion in proportion to the increasing intensity of exercise (7.4ject of the present study. In general, it has been suggeste
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Fig. 3. Percentage changes in concentrations (plain line) and total amount (dashed line) of biochemical markers of bone mefibolisr
< 0.05, */*P < 0.01, **/**P < 0.001. Vertical bars denote SD.

Table 1. Concentrations of parathyroid hormone (PTH), total serum calcium, and biochemical markers of bone metabolism be
during, and after exercise

10 minutes at 10 minutes at 5 minutes at 30 minutes of 24 hours of
Rest 47% of VO, max  76% of VO, max VO, max recovery recovery

PTH (ngl/liter) 31.9+109 30.0x127 35.9+133 37.0+14.2 42.1+14.6 38.1+18.:
Serum calcium (mmol/liter) 2.38+0.05 2.40+0.05 2.41+0.08 2.45+0.06 2.39+0.06 2.36 £ 0.(
Osteocalcin jeg/liter) 125+3.4 12.1+3.1 125+3.1 126+3.2 12.3+3.3 125+3.4
PICP (gl/liter) 162 £ 55 154 +£41 172 £ 54 184 £51 159 +48 158 + 46
tALP (ukat/liter) 2807 2.8+0.7 2907 3.0+£0.7 2.8+0.7 2707
ICTP (w/liter) 44+15 41+13 43+1.4 48+1.4 43+14 46+15

Mean values are given with their standard deviation (SD)

that the concentration rather than the content of hormones igassive influx but rather an increased synthesis of type
most important since target tissues are exposed to higheollagen, presumably stimulated by exercise. Osteocalcin i
biological concentrations [17]. Also, decreased amounts o& highly specific marker of osteoblastic activity [19]. The
freely diffusible substances in plasma may yield higher conunchanged concentrations of this small molecule (about 5.
centrations at the target tissue level. kDa) during exercise suggest free movements across tt
The changes in the marker of type | collagen synthesisyascular bed. The decreased plasma content during exerci
PICP, are instructive for this discussion. The concentrationsould thus result from diffusion to the extravascular space
were increased during exercise but since these chang@$e increased amount during recovery indicates either
closely followed the reduction in plasma volume they arestimulation of the osteoblasts or a “rediffusion” of osteo-
likely to mainly reflect retention of the molecules (with a calcin during plasma volume expansion. The increase
size of about 100 kDa) in the circulation during exercise,amount of total ALP after 24 hours of recovery could also
when plasma water moves into the extravascular space [18hdicate enhanced bone turnover since the bone-specifi
The increased content of PICP after 24 hours of follow-upALP is the major contributor to the total circulating enzy-
(unaltered concentration in an increased circulating vol-matic activity [19], at least during resting conditions. The
ume), on the other hand, is not likely to be caused by aoncentrations of ICTP, a 10 kDa marker of type | collagen
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o
degradation, increased at the end of exercise, probably ase 504

result of volume contraction. The finding that both the con- g
centration and total amount increased after 24 hours of reE
covery again favors increased bone turnover as the m

Q
n

O
probable explanation. gg 40
Within this fairly small group of healthy subjects there £ < 35
was a relationship between Onax and bone mass. A &

similar relationship has been reported in a larger populatiorg
of women over 65 years of age [20]. These findings clearly g
support the view that regular exercise improves skeleta
health. The positive relationships between M@ax and the
changes in bone biomarkers during and after exercise impl
that a proportion of the biochemical response to exercise i
dependent on the fitness level and thus, that a better effe:
of physical activity on bone metabolism is achieved with
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training. The negative relationships between both formatior.

and degradation markers and BMD at different sites indicateig. 5. Relationships between the maximal oxygen uptake {VO

that a low turnover, estimated by biochemical markers, maynax) and the changes of osteocalcin concentrations immediatel

be favorable for the skeleton. after exercise (% = 0.91,P = 0.003) and after 24 hours of
As found in earlier investigations [11-13] there was alsorécovery (%) = 1.1,P = 0.009) as well as basal PTH concen-

an increase of serum PTH concentrations during exercise ifi@tions (ng/liter)p = -0.73),P = 0.02).

the present study, despite a rise in total serum calcium con-

centrations. PTH is probably rapidly equilibrated between

plasma and extravascular fluid [21], but the persistent el-

evations of both the concentration and total amount of seroidism) causes negative bone balance [22] whereas inte

rum PTH during 24 hours of follow-up are in line with an mittent injections have anabolic properties [23]. The inverse

anabolic role of PTH [11] in the metabolic response torelationship between basal serum PTH concentrations ar

exercise. Chronic hypersecretion of PTH (hyperparathyVO, max indicates that, besides the induced elevations ¢
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Table 2. B coefficients obtained in linear regression models of BMD (¢fjcamd BMC (g) and basal levels of biochemical markers of bone metabolisn

(independent variable)

Total serum calcium

Osteocalcin igg/l)* PICP @g/l)® tALP (pkat/l)? ICTP (ug/l)? PTH (ng/If (mmol/l)?
B Pvalue 8 Pvalue B Pvalue B Pvalue B Pvalue B P value
Total body BMD -0.02 0.006 -0.0004 0.30 -0.06 0.01 -0.04 0.04 -0.001 0.72 -0.6 0.16
BMC -63 0.0008 -15 0.23 -225 0.003 -107 0.07 16 0.80 -2329 0.06
Regional BMD
Arms -0.01 0.06 -0.001 0.09 -0.08 0.003 -0.04 0.06 0.001 0.49 -09 0.03
Legs -0.02 0.02 -0.001 0.18 -0.07 0.04 -0.05 0.02 -0.002 0.35 -0.8 0.14
Trunk -0.01 0.03 —0.00009 0.80 -0.04 0.08 -0.02 0.17 0.0003 0.87 -0.5 0.23
Ribs -0.01 0.03 -0.0002 0.60 -0.04 0.02 -0.02 0.12 0.001 0.41 -0.5 0.10
Pelvis -0.02 0.02 0.00004 0.94 -0.04 0.19 -0.03 0.17 0.00001 1.0 -0.6 0.29
Spine -0.02 0.02 -0.0002 0.74 -0.08 0.06 -0.07 0.02 0.003 0.30 -11 011
Lu(rlr_mlzaalr_4s)pine BMD -0.02 0.07 -0.001 0.44 -0.11 0.02 -0.06 0.11 0.003 0.45 -0.7 034
Femur BMD
Neck -0.03 0.007 -0.001 0.24 -0.11 0.002 -0.07 0.01 0.001 0.86 -1.3 0.02
Ward's triangle -0.03 0.001 -0.001 0.20 -0.12 0.001 -0.07 0.009 0.001 0.75 -1.1 0.08
Trochanter -0.03 0.008 -0.001 0.25 -0.11 0.009 -0.07 0.03 -0.001 0.67 -1.5 0.02

2 Adjusted for sex, age, height, and weight

Ng 1,
) 3
n 1,
b
a1,
=
m
1 4
1
1,14
35 40 45 50 55 60 65 70
VO5 max (mixkg"1xmin-1) 5
Fig. 6. Relationship between the maximal oxygen uptake {VO
max) and BMD of the legsf( = 0.009,P = 0.03).
6

PTH concentrations during acute exercise, physical fithess?.
is also important for the resting level of PTH. Possibly the
most favorable effects on the skeleton are achieved with low
resting levels and large increases during acute exercise.

In summary, the stimulation of bone turnover and PTH 8.
secretion by exercise, as well as the low basal levels of PTH
and higher BMD found in more physically fit individuals,
indicate favorable effects of physical exercise and training
on the skeleton in healthy subjects.

10.
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