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ABSTRACT

Purpose: Bed rest (BR) causes bone loss, even in otherwise healthy subjects. Several
studies suggest that ambulatory subjects may benefit from high protein intake to stimulate
protein synthesis and to maintain muscle mass. However, increasing protein intake above
the recommended daily intake without adequate calcium- and potassium intake may increase
bone resorption. We hypothesized that a regimen of high protein intake (HiPROT), applied in
an isocaloric manner during BR with calcium and potassium intake meeting recommended
values, would prevent any effect of BR on bone turnover. Methods: After a 20-day
ambulatory adaptation to a controlled environment, 16 women participated in a 60-day, 6°
head-down-tilt (HDT) BR and were assigned randomly to one of two groups. Control (CON)
subjects (n=8) received 1 g/kg body mass/d dietary protein. HIPROT subjects (n=8) received
1.45 g protein/kg body mass/d plus an additional 0.72 g branched-chain amino acids (BCAA)
per day during BR. All subjects received an individually tailored diet (before HDTBR:
188898 kcal/d; during HDTBR: 16041125 kcal/d; after HDTBR: 19004262 kcal/d), with the
CON group’s diet being higher in fat and carbohydrate intake. Results: High protein intake
exacerbated the BR-induced increase in bone resorption marker C-telopeptide (>30%)
(p<0.001) by the end of BR. Bone formation markers were unaffected by BR and high protein
intake. Conclusion: We conclude that high protein intake in BR might exaggerate bone loss.
Further long-duration studies are mandatory to show how the positive effect of protein on

muscle mass can be maintained without the risk of reducing bone mineral density.

Keywords: High protein intake, Bed rest, Bone turnover, Branched chained amino acids
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INTRODUCTION

Reduced mechanical loading caused by bed rest (BR) or spaceflight leads to dramatic losses
in bone (Lang et al. 2004) and in muscle mass and strength (Biolo et al. 2004; Ferrando et al.
1996). This is one of the major risks for developing osteoporosis and sarcopenia in
bedridden or immobile elderly people as well as astronauts. In addition to the decreased
mechanical load, nutrient intake may have profound effects on the health of the
musculoskeletal system. Malnutrition could exacerbate bone and muscle loss when the
system is faced with insufficient intakes of energy, protein, calcium, or vitamin D (Biolo et al.
2007; lhle & Loucks 2004). Increasing particular nutrients such as protein by supplementing
branched-chain amino acids or whey protein may provide beneficial effects on muscle
protein synthesis (Antonione et al. 2008; Biolo et al. 1995; Smith et al. 2012, English &

Paddon-Jones 2010).

Clearly, dietary protein provides amino acid precursors required for synthesis and
maintenance of bone structure (Bonjour 2005; Kerstetter et al. 2011; Rouy et al. 2014). But, it
has been hypothesized that dietary protein in excess of the body’s needs can contribute to
acid production and the development of low-grade metabolic acidosis (Remer & Manz 1995),
which may lead to increased bone resorption and release of calcium from bone (Nicoll &
McLaren 2014). Resulting hypercalciuria may increase risk of renal stone formation and
fracture (Dawson-Hughes 2003, Alexy et al. 2005; Buclin et al. 2001; Campbell & Tang 2010;
Massey 2003). One hypothesis to explain protein-induced hypercalciuria is related to the
“acid-ash” hypothesis; that is, excessive intake of protein beyond the body’s requirement
provides excess sulfur-containing amino acids that, when oxidized, yield sulfuric acid (Kraut
& Coburn 1994). The basis for the acid-ash hypothesis is that animal protein is considered to
contain more of sulfur- and phosphate containing amino acids than plant protein contains.
Metabolism of sulfur- and phosphate containing amino acids leads to a transient reduction in

extracellular pH and this can be countered by the ingestion of base precursors, typically
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associated with potassium salts (Ginty 2003; Heaney & Layman 2008; Jehle et al. 2006;

Massey 2003; Nicoll & McLaren 2014; Remer et al. 2014).

The acid-ash hypothesis is under debate and there are several studies and reviews claiming
that no cause- and- effect relationship exists between consumption of dietary acid precursors
and bone health (Cao et al. 2014; reviewed in Fenton et al. 2009 and Fenton et al. 2011).
Other studies demonstrated that a diet with lower potential renal acid loads may positively
affect bone turnover (Buclin et al. 2001; Lanham-New et al. 2008; Wynn et al. 2010) and
bone mineral density (BMD) (MacDonald et al. 2005; New et al. 2004). The majority of these
studies have not been carried out in a metabolic ward. The advantage of metabolic ward
conditions are that they allow to modify only one variable and keep the other impact factors
constant and thereby demonstrate a cause-and-effect relationship. One of the disadvantages
is that they are very expensive and can’t be applied if a parameter only slowly changing over
time, for instance fracture risk, is the main outcome parameter. In such a metabolic ward
setting in BR, Zwart et al have examined bone turnover and shown that in BR but not during
an ambulatory pre-BR phase, higher animal protein intake (1.6 g/kg BM/d) relative to
potassium intake was associated with more bone resorption indices and urinary excretion of

calcium (Zwart et al. 2004).

To our knowledge only two clinical trials have examined the effect of high protein intake on
bone while actively considering other important factors such as calcium, sodium, energy, and
vitamin D intake, consumption of fruits and vegetables, total caloric intake, and the source
and amino acid composition of protein, in addition to ambulation or exercise status (Hunt et
al. 2009; Thorpe et al. 2008a). In a 7-week prospective study in postmenopausal women
(Hunt et al. 2009), Hunt et al. demonstrated that an increase in protein intake—when protein
was mainly animal protein—from 10% to 20% of energy intake does not affect bone health.
Thorpe et al. (2008a) demonstrated, in a study in which BMD was measured in

postmenopausal women and dietary intake was obtained by a 24-hour recall method, that
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protein intake was positively associated with areal BMD in postmenopausal women. This
association, however, was suppressed by a negative association of sulfur from amino acids

with areal BMD at the lumbar spine.

The effect of high protein intake on bone metabolism and bone mass seems to be either
neutral or positive in ambulatory conditions (reviewed in Bonjour 2016; Kerstetter et al.
2011). The Institute of Medicine (IOM) recommended level of protein intake for adults is 0.8 g
/kg BM/d (Institute of Medicine 2002). To overcome reduction in muscle protein synthesis
increasing daily protein intake to levels about 1.0-1.2 (moderately high) (Bauer et al. 2013)
and 1.2-1.5 g/kg BM/d (high) or between 15 and 20% of the daily energy intake (Deutz et al.
2014; Wolfe et al. 2008) are recommended for older people. In line with several authors who
studied the effect of protein intake on bone metabolism (Alexy et al. 2005; Bonjour 2016;
Campbell & Tang 2010; Fenton et al. 2009; Kerstetter et al.1997; Kerstetter et al. 2003a;
Kerstetter et al. 2003b), we also define protein intake of 1.3 to 2.1 g/ kg BM/d as high protein
intake. A moderately high protein intake would range from 0.9 to 1.2 g/kg BM per day, similar
to the definition by Kerstetter et al. (2003a) who defined a diet containing 1.0 g/kg BM/d
protein as moderate. If the effects of high protein intake are positive in ambulatory conditions
where the musculoskeletal system is mechanically loaded, it is still not clear whether, in
conditions where osteoclasts are activated as in BR, increasing protein intake beyond IOM
recommendations might also have positive effects on bone. Therefore the question remains:
how does increasing protein intake during BR—where this could mitigate the decrease in
protein synthesis and muscle mass and strength and may have insulinotropic effects (Frid et
al. 2005; Rietman et al. 2014) that may compensate for a reduced glucose tolerance in BR
(Alibegovic et al. 2009; Yanagibori et al. 1997)—affect bone? High-quality protein products
and branched-chain amino acids seem to have the most beneficial effect on muscle (English
& Paddon-Jones 2010). Given that a positive effect such as maintaining muscle mass by
maintaining muscle protein synthesis (English et al. 2016; Moore 2014) would be very

beneficial in inactivity such as BR, increased protein intake might still increase bone
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resorption processes. However, as mentioned earlier, such an effect of hypothesized

increased bone resorption processes might be mitigated by providing recommended

amounts of calcium in the daily diet (Bowen et al. 2004; Dawson-Hughes 2003; Sahni et al.

2010). We therefore hypothesized in the present study that increasing total protein intake
during inactivity such as BR while providing intakes of calcium and other nutrients at
recommended levels (Institute of Medicine 2004; Institute of Medicine 2011) would be

beneficial for bone health.
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MATERIALS AND METHODS

This study (Women in Space Exploration study, WISE) was a multinational effort among
several space agencies to conduct an intensive study of selected countermeasures against
BR-induced losses of bone and muscle mass, aerobic capacity, orthostatic tolerance, and
muscle performance. We report here the effect of high protein intake along with amino acid
supplementation during long-term head-down tilt (HDT) BR on bone metabolism in women.
The larger study included another treatment group testing an exercise regimen during a 60-
day HDTBR. The results of that study have been published (Smith et al. 2008), including the
control subject data. Many other aspects (e.g., cardiovascular, muscle, BMD) of the
treatment with exercise and high protein intake have also been published (Arbeille et al.
2007; Arbeille et al. 2008; Armbrecht et al. 2011; Beavers et al. 2007; Beller et al. 2011;
Edgell et al. 2007; Gagne et al. 2007; Guinet et al. 2009; Hodges et al. 2010; Kerbeci et al.
2007; Schneider et al. 2009; Zuj et al. 2007), but the findings reported here regarding effects

of protein on bone turnover markers have not been previously published.

Subjects

Sixteen healthy, nonsmoking female subjects (mean + SD 32.4 £ 3.7 y, 166.5 + 6.8 cm,

59.0 + 5 kg) volunteered to participate in the study. Subjects were excluded if they had used
oral contraceptives in the 2 months before the study. In brief, inclusion criteria for the
subjects included body mass index 20-25 kg'm™, regular menstrual cycles, no family history
of chronic or acute disease, and active lifestyle. The exclusion criteria were any orthopedic,
musculoskeletal, or cardiovascular disorders. The full list of inclusion and exclusion criteria is
in the publication of Trudel et al. (Trudel et al. 2009). The protocol for this study was
approved by the local ethics committee (CCPPRB of Toulouse, France), along with the
Ethics Review Board Arztekammer Nordrhein, Duesseldorf, Germany, and many other

partner review boards. Subjects provided written informed consent before participating.
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Study design

The parallel-design study was conducted at the Institute for Space Physiology and Medicine
(MEDES) in Toulouse, France. It consisted of a 20-day ambulatory in-house control period
(pre-HDTBR, day-10 to day-1) followed by 60 days of -6° HDTBR (HDTBR day 1 to HDTBR
day 60). A 20-day ambulatory in-house recovery (post HDTBR, recovery day 1 to recovery

day 20) period followed the BR period.

Subjects were recruited for two different HDTBR campaigns (campaign 1: Feb—May 2005,
campaign 2: Sept—Dec 2005). Subjects were matched according to pre-HDTBR aerobic
fitness levels, and then assigned randomly to either the control (CON, n=8) or the high
protein intake (HIPROT, n=8) group. The CON subjects performed no countermeasures
during HDTBR. During the HDTBR phase, the HiIPROT subjects received, relative to the
control group, an additional 0.45 g/kg BM/d protein (mainly animal protein) in their diet,
provided isocalorically. This protein consisted mainly of milk and milk products, a protein
powder (Hyperprotéiné, Beaubour Nutrition, France), plus an amino acid supplement (with
each main meal, one bag Friliver®, 10 g each) containing 0.12 g of leucine, 0.06 g of
isoleucine, and 0.06 g of valine. The nominal diet for both groups included 1.0 g protein/kg
BM/d, and thus the HIPROT group consumed a total of 1.45 g protein/kg BM/d plus a
supplement of branched-chain amino acids (BCAA) of 0.72 g per day resulting in about 22%
of daily energy intake being protein. The protein content of the regular diet was 62% from
animal sources and 38% from vegetable sources. Actual nutrient intake data are listed in

Table 1.

Diet and metabolic rate
Resting metabolic rate (RMR) was analyzed during the 20 days before HDTBR by indirect
calorimetry (Deltatrac™ I, Datex Ohmeda, Inc, Madison, WI, USA). During the ambulatory

phases (pre-HDTBR and post HDTBR) subjects received dietary energy intake equal to

Page 8 of 40



Page 9 of 40

IN manuscript is the accepted manuscript prior to copy editing and page’ composition. It may differ from the final official version of record.

Appl. Physiol. Nutr, Metab. Downloaded from www.nrcresearchpress.com by Université de Sherbrooke on 01/22/17

For personal use only. This Ju

140% of the RMR to match the light physical activity lifestyle in these phases of the study.
For the HDTBR phase, for both groups the initial caloric intake was set at 125-140% of the
average pre-HDTBR RMR to take into account the lower energy expenditure in BR. During
HDTBR every 15 days, RMR was determined by indirect calorimetry. Body mass was
monitored daily using a bed scale. The goal of this design was to allow subjects to lose
muscle mass during HDTBR, but to maintain their body fat stores to avoid any impact of
changes in fat mass on any outcome parameter. This was achieved by monitoring daily body
mass and energy intake from pre-HDTBR days -14 to -1. When losses of body mass
occurred, the assumption was that 75% and 25% of weight loss were accounted for by fat
and lean tissue mass, respectively. Half of the calculated value of the energy content in the
fat mass lost in kcal/d was added to the daily energy requirement. The final values of the

daily energy requirement were then adapted to the estimated requirement in HDTBR.

Subjects were provided three meals per day, and up to two snacks. Average daily intake of
the macronutrients as well as some minerals is listed in Table 1. The daily menu of both the
control and the HiPROT intake groups was composed of regular food ingredients. A typical
daily menu and a list of typical ingredients are shown in Tables 2a and 2b. Sodium intake
was kept at 1.2-1.6 mmol/kg BM/d and potassium intake at 0.9-1.1 mmol/kg BM/d; calcium
intake in the CON group during the intervention period was 889 + 154 mg/d, while the
HiPROT group received 1291 £ 170 mg/d (Table 1). These levels meet the recommended
dietary allowances (RDA) by the National Institute of Medicine (Institute of Medicine 2011),
which are based on the nutrient composition of Western diets. These diets are considered to
contain a protein content of on average 1.0 to 1.5 g/kg BM/d (Heaney & Layman 2008;
Kerstetter et al. 2003b), which is close to the amount we provided in the present study.
Phosphorus intake was kept at 1.2-1.6 mmol/kg BM/d. Subjects were restricted from
ingesting food and beverage products containing methylxanthine and alcohol during the
study. Subjects were not forced to consume 100% of their provided meals. Leftovers were

weighed and actual individual nutrient intake was calculated.
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Body composition

Total body fat and lean mass were measured by dual-energy x-ray absorptiometry (DEXA)
(HOLOGIC QDR 4500 Elite®) before HDTBR, after about 30 days of HDTBR, and 3 days
after reambulation (R+3). Scans of each volunteer's total body lean and fat mass were
acquired in triplicate before and after HDTBR. Triplicate measures at each time point were
averaged before the statistical analysis was done. The midstudy (30 d) DEXA was performed
with one scan. All DEXA scans were acquired by the same operator to ensure consistency of
positioning and measures. Body composition data derived from the software of the

HOLOGIC QDR 4500 Elite® were used for analyses.

Biological samples

Biological samples (fasting [>10 h] blood samples and two 24-h urine pools) were collected
twice before HDTBR (between day-10 and day-1), two (blood) or three (urine) times during
HDTBR (urine only on HDTBR day14/HDTBR day15, and both collected between HDTBR
day28 and HDTBR day32, and again between HDTBR day56 and HDTBR day60), and once
after HDTBR ended (between 5 and 7 days after BR, days R+5 and R+7) for the
measurement of markers of bone and calcium metabolism. Blood samples were collected
immediately after subjects awakened, at the same time of day, to minimize the effects of
diurnal changes in endocrine and biochemical markers. Blood and urine were processed and

frozen in respective aliquots for each analyte at —-80°C until they were analyzed.

Biochemical analyses

With the exception of tartrate-resistant alkaline phosphatase (TRAP), samples from both
campaigns were assayed at the same time to minimize inter-assay variations in the results.
All biochemical analyses except TRAP were performed immediately after the second
campaign of the study was completed, using standard commercial techniques as previously
described (Baecker et al. 2003; Smith et al. 2012; Smith et al. 2014). Circulating bone- and

10
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calcium-related factors were measured in serum. Samples from all subjects were analyzed at
the same time and samples from one subject one after another to avoid interassay variation.
Only continuously frozen and no previously thawed samples were used for the analyses.
Parathyroid hormone (PTH) was assayed for the intact peptide by radioimmunoassay (RIA)
(Nichols Institute Diagnostics, San Juan Capistrano, CA, USA, and DSL, Stillwater, MN,
USA). Insulin-like growth factor 1 (IGF-1) was analyzed by RIA (Alpco Diagnostics, Salem,
NH, USA). Serum 25-hydroxyvitamin D was determined by RIA after extraction with
acetonitrile (DiaSorin, Stillwater, MN, USA). Markers of bone formation, including N-terminal
procollagen-1 propeptide (PINP; Orion Diagnostica, Finland), bone-specific alkaline
phosphatase (bAP: Quidel Corporation, Santa Clara, CA) and osteocalcin (Biomedical
Technologies, Stoughton, MA, USA), were measured using enzyme-linked immunosorbent
assay (ELISA) and RIA techniques. TRAP, a marker for bone resorption, was analyzed by
commercially available ELISA (SBA SciencesBioCity, Turku, Finland). The samples from the
two study campaigns weren’t analyzed for TRAP in one batch of the assay; the samples from
the first study campaign were analyzed immediately after the first campaign and the samples
from the second campaign were analyzed immediately after the second campaign. The
urinary collagen crosslinks N-telopeptide (NTX) and C-telopeptide (CTX), which are also
markers of bone resorption, were measured using commercially available kits (NTX:
Osteomark, Wampole Laboratories, Princeton, NJ, USA; CTX: Crosslaps, Osteometer
BioTech, Herlev, Denmark). In contrast to TRAP, CTX and NTX were analyzed consecutively
for each subject, using assays from a single batch for all analyses. Data for control subjects
have been previously published for serum calcium, PTH, 25-hydroxyvitamin D, PINP, bAP,

and osteocalcin.

Statistical analysis

Data were analyzed using repeated-measures ANOVA techniques, and using ANOVA for
post hoc testing also. Between-treatment comparisons were done using ANOVA with
[corresponding parameter as response] treatment, day, and treatment by day interaction as

11
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fixed effects, and subject as a random effect. For urine parameters NTX excretion and urine
volume, an analysis of covariance (ANCOVA) was performed, adding the baseline value as a
covariate to the model. Within-treatment comparisons were done for each treatment using
ANOVA with [corresponding parameter as response], day as a fixed effect, and subject as a
random effect. Normal distribution of the data was tested. Statistical analyses were
performed using SAS® software, version 9.3 (2011). Statistical significance was defined as

p<0.05.

12
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RESULTS

Body mass was significantly different between groups before HDTBR (p=0.02, Figure 1). It
decreased by 3.4 kg during HDTBR in the CON group and by 2.9 kg in the HIiPROT group,
with a trend of a more pronounced decrease in the CON group (p=0.09). Total lean body
mass was also significantly different between groups before HDTBR (p=0.04, Figure 1), but
decreased by 1.7 kg in both groups during HDTBR. Total fat mass was not different before
HDTBR. However, during HDTBR fat mass decreased by 0.8 kg in the CON while it stayed

almost stable (-0.2 kg) in the HIPROT group (p=0.04, Figure 1).

Head-down tilt BR increased urinary bone resorption markers CTX, NTX, and TRAP, as well
as urinary calcium excretion, relative to baseline (CTX, p<0.001 (Figure 2); NTX, p=0.001
(Figure 2); TRAP, p<0.001 (Table 3); urinary calcium excretion [Uc,V], p=0.003 (Figure 2)).
When groups were compared, HIPROT was associated with significantly greater amounts of
bone resorption markers (CTX, p<0.001; NTX, p=0.001; UCaV, p<0.001) in HDTBR than was

CON (Figure 2).

Unlike serum calcium concentration, neither phosphate, IGF-1, PTH, 25-hydroxyvitamin D,
PINP, bAP, nor osteocalcin concentration was different between the groups before HDTBR
(Table 3). Head-down tilt BR induced a significant increase in serum calcium concentration

(p=0.001) relative to baseline, whereas high protein intake had no effect (p=0.10) (Table 3).

Serum phosphate levels significantly increased in HDTBR (p<0.001) in both groups, but

there was no significant effect of high protein intake (Table 3).

The concentration of IGF-1 significantly increased during HDTBR (p<0.01) in both groups.
There was a trend for the HIPROT group to have higher concentrations, and a greater
increase during HDTBR, but these did not reach statistical significance (treatment: p=0.08;
time-treatment interaction: p=0.06) (Table 3)).

13
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PTH decreased during BR (p=0.02) whereas high protein intake had no effect on PTH
concentrations. 25-hydroxyvitamin D concentrations only showed a trend of decreasing
during HDTBR (p=0.06), but high protein intake didn’t affect 25-hydroxyvitamin D

concentrations (Table 3).

Regarding bone formation markers, only PINP increased over time because of HDTBR

(p=0.001). Bone-specific alkaline phosphatase and osteocalcin were not affected by either

HDTBR or high protein intake in HDTBR (Table 3).

14
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DISCUSSION

In the present study we have shown that increasing protein intake from a higher level

(1.0 g/kg BM/d) than the dietary reference intake (0.8 g/kg BM/d for adults (Food and
Nutrition Board & Institute of Medicine 2005)) to about 1.6 g/lkg BM/d including
supplementation of BCAA (0.72 g per day) in healthy young women bed rested for

60 days—while keeping a ratio of 60% animal protein intake to 40% vegetable protein intake
and ensuring adequate calcium intake—still led to significant exacerbation of bone resorption
markers during HDTBR. Bed rest alone induced a 55% increase in urinary Ca, a 70%
increase in CTX excretion, and a 62% increase in NTX excretion, while the HiPROT diet led
to 15% higher urinary Ca, 30% higher CTX excretion, and 5% higher NTX excretion relative
to CON during HDTBR. These data suggest that the higher protein intake increased

osteoclast activity and might exacerbate long-term risk for bone loss in bed-ridden people.

It is noteworthy that the level of bone resorption marker excretion was greater in the HIPROT
group than in the CON group during the baseline period before HDTBR. One could speculate
that the HiPROT group had a higher level of exercise supporting muscle strength before
entering the laboratory and the reduction in mechanical loading before HDTBR might have
induced an increase in bone resorption markers. But physical fitness levels for the two
groups seemed to be comparable, judging by peak VO, values measured during bicycle

ergometer exercise (Schneider et al. 2009),

The higher calcium intake in the HIPROT group could have affected calcium excretion. This
higher dietary calcium content was caused by increased amounts of milk products —which
usually have higher calcium levels—, protein powder, and BCAAs used to increase protein
intake. However, in light of the results from a previous study (Baecker et al. 2010), in which
doubling calcium intake (from 1000 to 2000 mg/d) did not affect bone resorption markers, we
presumed that the slightly higher dietary calcium content in the HiPROT group did not affect

bone turnover.

15
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When taking into account an average calcium absorption rate of 24% in the HDTBR phase,
as measured with isotope techniques by LeBlanc et al. (LeBlanc et al. 1995), an additional
97 mg of calcium per day might have been absorbed in the HIPROT group. This would match
the higher average urinary calcium excretion of 97 mg of calcium per day. However, this
estimate presumes a linear increase in calcium absorption with higher calcium intake, which
might not be the case when increasing dietary calcium intake above the recommended level

(Murray 1996).

The increase in urinary calcium excretion is in line with the higher excretion of bone
resorption markers CTX and NTX as well as the lower cortical thickness observed in the
HiPROT group (Armbrecht et al. 2011), suggesting that some of the higher amount of urinary

excreted calcium truly originated from bone.

Kerstetter et al. (Kerstetter et al. 2005) have shown in healthy ambulatory women by a dual
stable isotope technique that an increase in protein intake from 1.0 to 2.1 g/kg body mass/d
for 10 days increased calcium absorption and induced increased urinary calcium excretion
without having any effect on net bone balance. One might argue that this would also be true
for bed-rested subjects. However, in BR, as in this study, serum calcium levels often
increase and serum PTH and 1,25 (OH), cholecalciferol concentrations decrease (Arnaud et
al. 1992; Inoue et al. 2000; Morgan et al. 2014; van der Wiel et al. 1991; Zerwekh et al.
1998), effects that in general result in reduced calcium bioavailability. Since measuring
calcium absorption was not a goal of our experiment, we did not apply dual isotope
techniques to measure true calcium absorption. Therefore, we cannot derive from the
present study whether—under these circumstances—high protein intake induced changes in
calcium absorption rates. However, it does not seem to always be true that increased protein
intake increases calcium absorption. In a study by Hunt et al. (Hunt et al. 2009), high protein
intake (20% of energy versus 10%) did not increase calcium absorption when calcium intake
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was increased from 675 to 1520 mg/d in healthy postmenopausal women over a couple of

weeks.

Increasing protein intake did not induce further increases in PTH- and 25-hydroxyvitamin D
concentrations during BR. In healthy people, PTH and 25-hydroxyvitamin D concentrations
decrease when serum calcium levels increase, to protect the organism from hypercalcemia
and its effects on the body’s systems (Wick 2007). Bed rest itself already caused a reduction
in PTH concentrations. Additionally, urinary calcium excretion was increased and one might
speculate that activation of these mechanisms would suffice to compensate for any further
increase in bone resorption processes and concomitant effects on serum calcium
concentrations. 25-hydroxyvitamin D concentrations only showed a trend of decreasing over
time. 25-hydroxyvitamin D is an indicator of vitamin D supply and is the prerequisite for
hydroxylation to 1,25-dihydroxyvitamin D. Since the test subjects did not receive any vitamin
D supplements in this study, the trend of a decrease was most likely caused by insufficient

ultraviolet (UV) light, because the subjects had to stay indoors.

Increases in bone resorption markers with high protein intake have been shown in a shorter
BR study of 4 weeks in male subjects. Zwart et al. (Zwart et al. 2005) applied (in addition to
the approximately 1 g protein/kg BM/d in the control group) about 0.6 g essential amino
acids/kg BM/d along with 96 g of carbohydrates. These authors had similar results, including
elevated calcium and NTX excretion as seen in our HIPROT subjects, in about 8 weeks of
HDTBR. In their male subjects, urinary NTX excretion was already about 15% elevated in
week 2 of HDTBR with amino acid supplementation. Zwart et al. also found a significant
decrease in urinary pH as well as a positive correlation between sulfur and NTX excretion.
From these increases in calcium and NTX, they concluded that a transient decrease in blood
pH was playing a role in activating osteoclasts and increasing bone resorption. Although
protein plays a major role in bone formation processes, it seems that providing protein with a
high amount of sulfur-containing amino acids and not counteracting its potential acidic effect
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with alkaline precursors may decrease BMD (Alexy et al. 2005; Thorpe et al. 2008a). This
observation is supported by the fact that in postmenopausal women, counteracting a
potentially high renal acid load, when subjects consumed a Western-style diet, with
potassium citrate over a period of only 12 weeks led to increased BMD (Jehle et al. 2006).
Although we did not supplement merely essential amino acids and although we kept the ratio
of 60% animal to 40% vegetable protein in the diet, one might speculate that an increase in
the ratio of animal protein to potassium was also involved in increased bone resorption, as
proposed by Zwart et al. (Zwart et al. 2004). Because dietary potassium intake was kept
constant at an average intake level of about 3 g/d, the increase in animal protein intake led to

a higher animal protein/potassium ratio, which might have caused bone resorption.

In preclinical studies, lowering protein intake for 14 days, from a diet containing 15% casein
to one containing 2.5%, impaired periosteal bone formation in cortical bone of rats (Bourrin
et al. 2000), which may lead to decreased areal BMD as published earlier by that group
(Ammann et al. 2000). In clinical trials, providing 0.7 g protein/kg BM/day as a low protein
intake to young, healthy women led to secondary hyperparathyroidism (Kerstetter et al. 1997;
Kerstetter et al. 2003a). Kerstetter et al. also stated in a review that “most of the
epidemiological evidence shows that when other known dietary factors are controlled, those
individuals who consume low protein diets have lower BMD” (Kerstetter et al. 2003a). In
contrast, high protein intake induced increases in IGF-1 concentrations, resulting in
increased lean body mass (Kerstetter et al. 2011; Zhu et al. 2011), and increased calcium
and NTX excretion in young, healthy women, but no change in serum bAP or osteocalcin
(Kerstetter et al. 1999). In the present study, IGF-1 concentration in HDTBR tended to be
about 50% higher in the HiPROT subjects than in the controls. One would have expected
this increase in IGF-1 to increase protein synthesis and as a result, at least maintain muscle
mass and bone formation processes, so that bone formation would be unchanged from
baseline. Effects of BR are nicely summarized in a review by Galvan et al. (Galvan et al.
2016) showing that postprandial muscle protein synthesis decreases by 45-50% after 14
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days of BR in older test subjects (Ferrando et al. 1997) or 7 days of full leg cast
immobilization in young volunteers (Wall et al. 2016). It was also shown in the study by
English et al (2016) that supplementing leucine, the amino acid that increases protein
synthesis most effectively, had a significant effect on maintaining lean body mass during the
early days of BR (first 7 days), but this effect of leucine levelled off thereafter (Galvan et al.
2016). Similar results were seen in postmenopausal women to whom growth hormone was
administered for 1 year and whose IGF-1 levels were consistently higher than those of the
placebo group. After 1 year, growth hormone had not increased BMD nor lean body mass
(Friedlander et al. 2001). Insofar as this occurs, we might speculate that within 2 months of
the beginning of BR, any beneficial effect of increased protein intake on bone formation
might have either leveled off or—during lower mechanical loading—led to a resistance to

IGF-1 as proposed by Inoue et al. (Inoue et al. 2000).

In inactivity such as BR or space flight, the loss of bone mass is mainly induced by reduced
bone formation together with increased bone resorption (Inoue et al. 2000; Kim et al. 2003;
LeBlanc et al. 2007; Smith et al. 1998; Vico et al. 2000). Providing higher total protein intake
did not affect bone formation significantly. With respect to the analyzed bone resorption
markers, TRAP concentration in fasting blood samples on HDTBR days 30 and 58 did not
change significantly whereas urinary excretion of CTX and NTX per day in the same
collection periods increased significantly. The differences in these trends may have different
reasons. One caveat for the TRAP results might be that the analyses were carried out after
each study campaign; the inter-assay variability might have induced higher overall variability
of the results. One might also argue that taking one fasting blood sample for TRAP analyses
might not be as representative for bone resorption as analyzing the total amount of
resorption markers excreted over 24 hours. The latter may be particularly relevant when the
study is carried out in a metabolic ward setting where subjects are well controlled and one
can be assured that urine is completely collected for a 24-hour period. In addition, we
collected 24-hour urine pools on 2 consecutive days, checked for differences, and if they
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were not different used the mean values of those 2 days for further analyses. We are
confident that the data on urinary excretion of bone resorption markers are reliable, and that
the changes in bone resorption markers truly reflect changes in osteoclast activity.

One may, however, speculate that TRAP concentration in blood might rather reflect the
number of osteoclasts than their activity and therefore shows results different from those for

the other bone resorption markers.

As mentioned earlier, this study was a multinational effort of several space agencies. The
primary goal of this long-term HDTBR study was to demonstrate that increasing protein
intake and supplementing branched-chain amino acids counteracts loss of muscle mass and
strength in women during HDTBR. Beller et al. (2011) analysed BMD and BMC changes in
these test subjects and -in line with our results in increased bone resorption markers- they
have shown significant effects of high protein intake on BMC of whole body, hip, and leg.
Furthermore, BMD and BMC were reduced in the sub-regions of the hip in the HIPROT

group (Beller et al. 2011).

One might therefore speculate whether the further increase of bone resorption markers in the
HiPROT group might be mainly induced in areas where osteoclasts are already activated
because of lower mechanical loading such as in the hip and leg. In these areas the
metabolites of high protein intake, in particular the sulfur- and phosphorus-containing amino
acids (which may be metabolized into the respective acids) may encourage the already
activated osteoclasts further or may induce further recruitment of osteoclasts. Because
osteoclasts need a pH decrease in their extracellular environment to be activated (Arnett
2008), these acid precursors in amino acids might exacerbate the bone resorption process
seen in the HIPROT group. It seems that under ambulatory conditions where similar amounts
of protein were applied, such an effect of high protein intake to increase bone resorption was
not found (Hunt et al. 2009; Thorpe & Evans 2011; Thorpe et al. 2008b). This effect, which
contrasts with our results presented here, might be due to different levels of physical activity.
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It might well be that in ambulatory conditions when bones are mechanically loaded, an
increase in protein intake with adequate calcium intake affects bone in a positive way.
However, if the osteoclasts are activated because of immobility, as in HDTBR, a transient
and moderate decrease in blood pH that might be derived from high protein intake with

adequate calcium intake might exacerbate bone resorption.
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Table 1:

are mean * SD.

Nutrient intake of standardized nutrients in the control and high protein intake (HiPROT) group during the different study phases. Values

Pre HDTBR Post P-value
Control HiPROT Control HiPROT Control HiPROT Pre | HDTBR | Post
Energy (kcal/d) 1848 + 75 1928 + A4 1557 = 107 1651 + 124 1861 + 300 1916  + 322 0.22 0.13 | 0.36
Protein (g/d) 58 + 11 63 + 5 56 + 3 87 + 7 5 + 7 60 + M 0.07 | <0.001 0.13
Protein (% TEE) 12 £+ 2 14 £ 1 14 + 1 22 & 2 13 + 4 13 + 3
Fat (g/d) 58 + 12 64 + 3 52 + 4 55 + 5 63 + 9 65 + 12 0.16 0.15 ] 0.39
Fat (% TEE) 29 £+ 6 30 £+ 5 31+ 3 31+ 2 32+ 10 32+ 7
Carbohydrates (g/d) 259 + 37 277 £ 12 219 +* 19 202 £+ 19 268 + 42 272 £+ 45 0.29 0.06 0.74
Carbohydrates (% TEE) 57 + 8 58 + 8 58 + 5 50 # 4 60 + 20 59 + 14
Sodium (mg/d) 2419 + 598 2719 + 461 2388 + 364 2694 + 363 2416+ 400 2614 + 513 0.03 0.02 0.15
Potassium (mg/d) 3100 + 884 3610 + 583 2895 + 583 3234 + 477 3398 + 757 3787 + 862 0.13 0.15 0.1
Phosphorus (mg/d) 958 + 217 1106 + 163 877 + 142 1228 + 170 953 + 184 1107 + 193 0.02 | <0.001 0.01
Calcium (mg/d) 980 +289 1064 + 228 889 + 154 1291 £ 216 940 + 169 1056 + 238 0.06 | <0.001 0.04
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Table 2a:

Examples of meals of the control and high protein intake (HiPROT) group provided during the 60-day HDTBR study. The choice of

Page 34 of 40

ingredients of this example day, plus the supplement of branched-chain amino acids, achieved the levels of high protein intake. On days
when high protein intake was not achieved by ingredients, protein powder was added to the daily meals.

Breakfast Lunch Snack Dinner
Control HiPROT Control HiPROT Control HiPROT Control HiPROT
Fromage
Almonds Bread Hummus Hummus Banana blanc Asparagus Asparagus
Emmental . . .
Cereals Butter Salmon Salmon cheese Fruit Light sauce | Light sauce
Hazelnut Milk Sauce . Sauce . Bread Basmati rice | Basmati rice
Bearnaise Bearnaise
. . Emmental Emmental
Yoghurt Sugar Ratatouille Ratatouille cheese cheese
Apple juice Orange juice | Salt Salt Banana Banana
Bread Bread Bread
Fromage
Cheese blanc
Grapefruit Grapefruit
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Table 2b:

List of the main ingredients for the creation of different dishes for the 60-day HDTBR study.

Fruit and Vegetables Mill,kr:;:clt\g“k Meat, Fish B(r:eearc;::rs\d f?ri]?seh:i:r::af;
Apple Kidney Beans Camembert Duck Different kinds of | Crépe
Asparagus Kiwi Cantal Ground beef pread Gnocci
Artichoke Lettuce Comte Pork Muesli Pasta
Beetroot Orange Cheese Salmon Rice
Banana Peach Edam Tuna
Broccoli Pear Emmental Turkey
Carrot Peppers Fromage blanc
Cauliflower Pineapple Gouda
Chick Peas Potatoe Milk
Cucumber Prunes Milkshake
Corn Spinach Tome
Endive Tomato Yoghurt
Grapefruit Zucchini
Green Beans
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R
= Table 3: Effect of high protein intake (1.45 g/kg BM/d plus a branched-chain amino acid supplementation of 0.72 g per day) during 60 days of
S HDTBR in women. Pre, before BR; HDT30, head-down-tilt BR, day 30; HDT58, head-down-tilt BR, day 58; Post, after BR; HIPROT,
Qo group with high protein intake (about 1.6 g/kg BM/d). Data are mean values + SD.
S
%;% Pre HDT30 HDT58 Post P-values for
e _ _ . .
fo Protein Protein Protein Protein . treat- Inter-
T . Control Control Control Control time .
@S supplemented supplemented supplemented supplemented ment action
52
g[% Calcium
2 g.(mmol/l_) 220 #+ 002 | 231 * 0.02 230 + 0.02 | 234 + 002 | 233 + 002 | 237 #+ 003 | 224 + 003 | 230 # 0.03 | <0.001 0.01 0.13
218
ghosphate | o0 007 | 135 + 003 139 + 006 | 144 + 004 | 143 + 006 | 147 + 004 | 147 + 003 | 150 + 0.05 | <0.001 | 0.31 0.08
& Q- (mmol/L)
Nao]
ﬁg IGF-1
52 (ng/mL) 449  +42 483 +63 472 +52 614 + 66 456 +47 625 + 68 277 + 33 324 +42 <0.001 0.08 0.06
g=
[@
58

grTHintact | 404 4 64 26.7 + 6.3 172 + 66 232 + 54 446 +145 242 + 75 375 +139 542 +135 0.02 0.83 0.58
g (pg/mL)
So
$5 25-OH
SEVitamnD | 444 £ 55 396 + 6.6 419 + 55 340 + 55 390 + 62 323 + 438 349 + 36 314 + 54 0.06 0.39 0.79
E-ag_(nmollL)
g3 PINP

69.3 * 97 781 + 89 619 + 74 768 + 74 68.1 + 7.6 783 £10.3 773 + 76 96.3 + 13.7 | <0.001 0.33 0.68

88 (ng/mL)
9E
%:%_bAP (UL) | 222 + 30 | 245 <+ 37 226 + 26 | 303 + 48 | 224 + 25 | 283 + 44 | 199 + 32 | 274 + 6.0 0.56 0.22 0.56
g®steocalein [ o0 | 127 4 16 133 + 10 | 131 + 10 | 125 + 08 | 130 + 10 | 121 + 09 | 123 + 1.1 0.21 0.84 | 0.0
L (ng/mL)
=2
2= TRAP
Ef-g(ng/ml_) 278 +0.21 313 £0.27 369 +0.26 426 +0.51 375 +0.29 411 +0.50 323 +0.26 354 £0.37 | <0.001 0.39 0.99
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FIGURE LEGENDS

Figure 1:

Figure 2:

Body mass and composition of women before, during, and after head-down-tilt
(HDT) bed rest (BR) without (CON) or with (HIPROT) high protein intake.

Top: Daily body mass data in healthy women subjected to either 60 days of
HDTBR (CON, open circles) or 60 days of HDTBR plus high protein intake
(HiPROT, triangles). The data are means + SD. Body mass was significantly
different between groups before HDTBR (*p<0.05).

Bottom left: Total body fat mass measured by dual-energy X-ray absorptiometry in
healthy women before HDTBR, after about 30 days of HDTBR, and 3 days after
they were subjected to either 60 days of HDTBR (CON, black bars) or 60 days of
HDTBR plus high protein intake (HIPROT, gray bars). The data are means + SD.
Total body fat decreased significantly in the control group (*p<0.05).

Bottom right: Total lean body mass measured by dual-energy X-ray absorptiometry
in healthy women before HDTBR, after about 30 days of HDTBR, and 3 days after
they were subjected to either 60 days of HDTBR (CON, black bars) or 60 days of
HDTBR plus high protein intake (HiPROT, gray bars). The data are means + SD.
Lean body mass was significantly different between groups before HDTBR

(*p<0.05).

Urinary excretion of calcium and bone resorption markers by women before,
during, and after HDTBR without (CON) or with (HIPROT) high protein intake.
Top: Urinary calcium excretion (UCaV) per day in healthy women subjected to
either 60 days of HDTBR (CON, black bars) or 60 days of HDTBR plus high
protein intake (HIPROT, gray bars). High protein intake induced significant
increases in UCaV (p<0.001). *p<0.05. The data are means + SD.

Middle: Urinary excretion of the bone resorption marker C-telopeptide (UCTX) per
day in healthy women subjected to either 60 days of HDTBR (CON, black bars) or

60 days of HDTBR plus high protein intake (HiPROT, gray bars). High protein
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intake induced significant increases in UCTX (p<0.001). **p<0.01. The data are
means * SD.

Bottom: Urinary excretion of the bone resorption marker N-telopeptide (UNTX) per
day in healthy women subjected to either 60 days of HDTBR (CON, black bars) or
60 days of HDTBR plus high protein intake (HiPROT, gray bars). High protein
intake induced significant increases in UNTX (p<0.001). *p<0.05, ***p<0.001. The

data are means + SD.
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