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Abstract

Purpose Emerging evidence suggests that the progesterone-mediated receptor activator of nuclear factor kB (RANK)/
soluble RANK ligand (sSRANKL)/osteoprotegerin (OPG) pathway plays an important role in mammary carcinogenesis
and is hyperactivated in germline (g)BRCA1/2 mutation carriers. We analyzed the effects of a 3-month intensive lifestyle
intervention within the LIBRE-1 study on the serum levels of OPG and sSRANKL and hypothesized that the intervention
program provides a beneficial impact on the biomarkers by increasing OPG and reducing SRANKL serum concentrations.
Methods Serum levels of OPG and sSRANKL of 49 gBRCA1/2 mutation carriers were quantified using enzyme-linked
immunosorbent assays. We used previously collected blood samples from participants of the prospective LIBRE-1 study,
who were randomized into an intervention group (IG), increasing physical activity and adherence to the Mediterranean diet
(MedD) through supervised sessions from study entry to the first study visit after 3 months and a usual-care control group
(CG). Differences in biomarker levels before and after the 3-month intervention were tested within and between study groups.
Results The lifestyle intervention resulted in a significant increase in OPG for participants in both the IG (¢ =0.022) and
CG (¢=0.002). sSRANKL decreased significantly in the IG (¢ =0.0464) and seemed to decrease in the CG (¢ =0.5584). An
increase in the intake of Omega-3 polyunsaturated fatty acids was significantly associated with an increase in OPG (r=0.579,
q=0.045). Baseline serum levels of SRANKL were a strong predictor for the change of SRANKL in the course of the inter-
vention (B-estimate=— 0.70; g=0.0018). Baseline physical fitness (assessed as VO,peak) might predict the change of OPG
in the course of the intervention program (3-estimate =0.133 pg/ml/ml/min/kg; p=0.0319; ¢=0.2871).

Conclusion Findings from this pilot study seem to confirm our hypothesis by showing an increase in OPG and decrease in
sRANKL over a 3-month lifestyle intervention and suggest that increased physical activity and adherence to the MedD are
potent modulators of the biomarkers OPG and potentially sSRANKL.
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HRT Hormone replacement therapy
1G Intervention group

IQR Interquartile range

LIBRE-1  Pilot study of the lifestyle intervention study
in women with hereditary breast and ovarian
cancer

LIBRE-2  Lifestyle intervention study in women with
hereditary breast and ovarian cancer

MEDAS Mediterranean diet adherence screener

MedD Mediterranean diet

NF Nuclear factor

ocC Ovarian cancer

OPG Osteoprotegerin

PUFA Polyunsaturated fatty acids

RANK Receptor activator of nuclear factor kB

RBCM Red blood cell membranes

REF Reference number

SE Study entry

sRANKL  Soluble receptor activator of nuclear factor
kB ligand

V1 Study visit 3 months after study entry in
LIBRE-1

VO, peak  Maximal oxygen uptake in ml/min/kg

Background

Women with a germline mutation in the tumor suppressor
genes BRCA 1/2 have a high lifetime risk of developing breast
cancer (BC) or ovarian cancer (OC) (69-72% and 16-59%,
respectively) [1]. Since the penetrance of cancer disease is
high but incomplete, the existence of risk-modulating fac-
tors has been postulated, some of which could be lifestyle-
associated [2, 3]. While scientific research has demonstrated
that lifestyle factors, such as physical activity and nutrition,
are modifiers of risk for sporadic BC [4-6], the impact on
genetically predisposed women, such as gBRCA 1/2 mutation
carriers, is still unclear. At present, prophylactic mastectomy
and/or salpingoovarectomy are the only available, but rather
drastic primary prevention options for these women, present-
ing an urgent need for developing less invasive strategies [7].

With regards to the potential of chemoprevention, cur-
rent findings suggest that the osteoprotegerin (OPG)/recep-
tor activator of nuclear factor (NF)-kB (RANK)/ RANK
ligand (RANKL) pathway, a key regulator in bone metabo-
lism, plays a crucial role in the tumorigenesis of gBRCA1/2-
associated BC [8—13]. The activation of the NF-xB pathway
through progesterone-dependent RANK/RANKL signaling
leads to breast tissue proliferation [14—16], as well as the
induction of BC [17, 18], while genetic and pharmaco-
logical RANK inhibition evidently reduce the likelihood
of tumor formation [13]. The RANK/RANKL cascade
might provide potential targets for chemoprevention for
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gBRCA1/2-associated BC [19], especially since the pathway
seems hyperactivated in gBRCA 1/2 mutation carriers leading
to massively elevated RANKL expression [20-22] as well
as notably lower levels of serum OPG [23-26]. Functioning
as a decoy receptor for RANKL, lower OPG levels lead to a
weaker RANKL inhibition, resulting in up to 75% higher BC
risk for gBRCA I mutation carriers with below-average OPG
levels compared to high-risk patients with above-average
serum levels [26].

These abnormal molecular patterns in gBRCA 1/2 muta-
tion carriers seem highly relevant in developing disease
prevention strategies, as physical activity has been found
to affect serum levels of OPG and possibly sSRANKL. Stud-
ies in the general population suggest that endurance train-
ing increases circulating levels of OPG [27, 28] and might
diminish serum levels of progesterone [29, 30] and RANKL
[27].

Additionally, there is a growing body of evidence that the
Mediterranean diet (MedD) might modulate these biomark-
ers [31, 32]. The MedD describes a nutritional concept that
is based on vegetables, grains, and nuts and is character-
ized by a proportionally high intake of olive oil and fish,
which are rich in the n-3 and n-9 polyunsaturated fatty acids
(PUFA), as well as a moderate intake of dairy products and
low consumption of red meat, which contain primarily n-6
PUFA [33]. Several studies have shown that adherence to
the MedD can reduce the risk of cardiovascular disease [34],
inflammation [35], as well as mortality due to BC [36].

Using data from the LIBRE-1 study cohort, we aimed
to explore the effects of a structured lifestyle intervention
program on biomarkers that seem to be dysregulated in
gBRCA1/2 mutation carriers [37, 38].

Subjects and methods
Study cohort and participant recruitment

Women aged 18-69 years with a confirmed germline muta-
tion in the BRCAI or BRCA2 genes were eligible to par-
ticipate in the LIBRE-1 study, a multicenter, prospective,
two-armed randomized (1:1) controlled lifestyle intervention
study. The LIBRE-1 study started in February 2014 [37] and
was planned as the pilot study of the subsequently performed
larger LIBRE-2 study, which started in 2015 [38]. The
LIBRE-2 study is currently still recruiting (n =484, as of
May 2021). The primary endpoint of the LIBRE-1 study was
to investigate the feasibility of a structured lifestyle inter-
vention and its acceptance by the participants, which were
both confirmed positive. [37, 39]. In the present second-
ary analysis of the LIBRE-1 cohort, we analyzed OPG and
SRANKL serum levels from all participants of the LIBRE-1
study (total n=68) of whom both blood samples and all
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clinical data, including questionnaires, anthropometry, cardi-
opulmonary exercise testing (CPET), and measures on fatty
acid profiles in red blood cell membranes (RBCM), were
available for both time points of study entry (SE) as well as
3 months later (V1), resulting in 49 individuals (see Fig. 1).
We focused on the 3-month period of the LIBRE-1 interven-
tion as more pronounced lifestyle-associated effects on the
biomarkers were expected during the intensive phase of the
program [40]. Also, because of the small sample size and
limited detection capacities of our quantitative tests, smaller
changes in OPG and sSRANKL serum levels might be more
difficult to detect. Both gBRCA1/2 mutation carriers with a
history of BC or OC prior to SE (diseased participants) and
non-diseased participants, without previous BC or OC, were
included in the LIBRE-1 study. Informed written consent
was obtained from all participants. The study was approved
by the ethics committees of the three participating centers
(Munich REF: 5686/13, Cologne REF: 13-053, Kiel REF:
B-235/13). The LIBRE-1 cohort was recruited from three
German university hospitals in Munich, Kiel, and Cologne,
members of the German Consortium for Hereditary Breast
and Ovarian Cancer.

Intervention program

The intervention included a structured endurance train-
ing and nutrition education based on the MedD. Over
3 months, the IG received two supervised and one home-
based physical training session per week with the objec-
tive of increasing physical activity to at least 18 metabolic
equivalents of task/-hour, mainly through endurance-based
exercise to improve cardiopulmonary fitness. Nutrition
education followed a group-based approach on fortnightly
basis. The CG attended only one information session at

SE on the benefits of physical activity and nutritional rec-
ommendations in accordance with the German Nutrition
Society [37].

Assessment of clinical data and questionnaires

Data were collected by means of clinical interviews and
questionnaires, CPET, and blood sampling during the
study visits at SE and at 3 months (V1) and secured by
each study center in a central database using OpenCli-
nica (Waltham, MA, USA). To gain objective data on the
effects of the intervention program on cardiopulmonary
fitness, the maximal oxygen uptake (VO2 peak in ml/min/
kg) as a validated surrogate parameter for endurance per-
formance [41] was measured using CPET. CPET describes
a ramp protocol, which measures respiratory gases under
gradually increasing resistance to achieve physical exhaus-
tion [42]. Body Mass Index (BMI, kg/m?) was determined
during physical examination. The Mediterranean Diet
Adherence Screener (MEDAS) [43] was used to score
the nutritional adherence to the MedD with 14 items on
food consumption and MedD habits. To reduce the bias
of unanswered questions, the score was calculated as a
percentage of positively answered questions (1 = stronger
adherence to MedD, 0 =Iless adherence to MedD) to all
answered questions [44]. Participants fasted a minimum
of 12 h prior to each study visit. Blood samples were
processed to aliquots and either analyzed within 48 h or
stored at — 80 °C until usage. Furthermore, we used data
of PUFA in the RBCM as well as in plasma that were con-
ducted on the same LIBRE-1 blood samples, as described
elsewhere [44].

Total IG:

————— -» n= S
LIBREA n=33 IG: n=22
enrolment:
Women with
gBRCA1/2
mutations
n=68 | .
(n=6%) b To:‘aJs%G. """ > CG:n=27 >

Participants with blood samples available for biomarker analyses (n=49)
n=2
———————————————————————————————————————————————— > OPG: n=20
n=5
———————————————————————————————————— »  sRANKL: n=17
Excluded data
due to
measurement
errors
———————————————————————————————————— > OPG: n=27
n=8
———————————————————————————————————————————————— »  sRANKL: n=19

Fig.1 LIBRE-1 study population flow chart showing initial num-
bers of LIBRE-1 participants and available participant data after data
cleansing. BRCA1/2 breast cancer genes 1 and 2; CG control group;

IG intervention group; OPG osteoprotegerin; sSRANKL soluble recep-
tor of nuclear factor kB ligand
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Enzyme-linked immunosorbent assays

A total of 98 blood samples from 49 LIBRE-1 gBRCA1/2
mutation carriers derived from time points SE and V1 were
assayed for serum levels of SRANKL and OPG. For quan-
titative testing of total SRANKL (REF: K1016) and OPG
(REF: K1011), we used enzyme-linked immunosorbent
assay (ELISA) kits from Immundiagnostik AG (Bensheim,
Germany). All tests were conducted according to the manu-
facturer’s protocol. All samples were analyzed in double
measurement on the same microtiter plate. As provided by
the manufacturers, 6 standards and 2 control samples for
sRANKL and 6 standards and 1 control sample for OPG
were run within each kit. In total we used 6 kits for sSRANKL
and 4 kits for OPG. For quality control, we assessed the
intra- and inter-assay coefficients of variation (CV) for each
kit, being between 5.6 and 6.5% (inter-assay CV), as well
as between 3.5 and 12.6% (intra-assay CV), which is gener-
ally accepted as good [45]. All standards and controls were
within the default range, as stated by the manufacturer, with
the exception that in one SRANKL ELISA run the low con-
trol was 6% above the reference range.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
version 8.4.3. for MacOS (GraphPad Software, San Diego,
California, USA). For sSRANKL, we excluded data from 13
participants due to technical measurement errors, as serum
levels were below the detection rate of the ELISA test. For
OPG, we excluded data from 2 participants due to a techni-
cal measurement error (no concentrations were provided by
the ELISA kits). We thus had data available from 20 par-
ticipants in the IG and 27 participants in the CG for OPG as
well as from 17 participants in the IG and 19 participants in
the CG for sSRANKL (Fig. 1).

To test for normal distribution, we used the Shapiro—Wilk
test [46] as well as histograms for graphic estimates.
sRANKL as one of the key parameters in this analysis did
not show normal distribution; therefore, to remain consist-
ent, we used non-parametric tests and presented all metric
data as median and IQR. To test whether two independent
groups were statistically different, we used the Mann—Whit-
ney U test. For categorical variables, we used the Fisher’s
exact test. To test for differences within each study group
before and after the 3-month intervention phase (AV1-SE),
we used the Wilcoxon matched-pairs signed-rank test. Asso-
ciations between two variables were tested using Spearman’s
rank correlation coefficient (r); associations between more
than two variables were tested using multiple linear regres-
sions. Multiple testing was adjusted with a false discovery
rate of 5% according to Benjamini and Hochberg [47]. An
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adjusted p value (g) <0.05 was considered as statistically
significant.

Some sRANKL concentrations yielded a strong posi-
tive deviation from the median, resulting in large variances.
We conducted statistical outlier analyses using the Tukey
method for Boxplots [48], identifying 8 data sets that could
be regarded as outliers. However, we decided not to exclude
these data for several reasons: firstly, no clinical reference
values are yet available for the biomarkers in the context
of hereditary BC, not allowing assumptions with regard to
clinical implausibility. Secondly, we did not find an indica-
tion for measurement errors; hence, by including all measur-
able concentrations, we aimed at preventing arbitrariness.
Thirdly, the comparison of data sets when excluding outliers
achieved similar results.

Results
Study population

Regarding all participant characteristics included in the pre-
sent analysis, the study groups IG and CG did not differ
significantly at SE (Table 1). To test whether our subgroup
of 49 individuals differed from the total LIBRE-1 cohort
(n=68) in any of the characteristics shown in Table 1, we
performed Mann—Whitney U tests between these cohorts,
which showed no statistically significant results (data not
shown).

Individuals from the IG and CG showed a similar sig-
nificant increase in OPG between SE and V1 (Table 2,
Fig. 2A). Furthermore, the IG showed a significant decrease
in SRANKL, while the decrease in this biomarker was non-
significant for the CG (Table 2, Fig. 2B). The extent to which
OPG increased and SRANKL decreased was similar in the
IG and CG.

For VO,peak, while non-significant within and between
groups, the IG showed an improvement in VO,peak
while the parameter in the CG stagnated from SE to V1
(Fig. 3A). Both groups (IG: p=0.0001; g=0.0002), CG:
p=g=0.0165) similarly increased their MEDAS scores sig-
nificantly from SE to V1 (Fig. 3B).

The correlation analyses of PUFA with the biomarker
included n =26 participants from both study groups, as
PUFA analyses were only available for these participants.
The correlation analyses showed that an increase in total
n-3 PUFA in RBCM was significantly correlated with an
increase in OPG (Fig. 4), as well as an increase in the n-3
EPA with an increase in OPG (Supplementary Table 1).
When looking at the study groups individually, an increase
of n-3 PUFA correlated with an increase in OPG in the IG,
yet the correlation was not statistically significant after FDR
correction (r=0.6176; p=0.0212; g=0.1201). There was no



Breast Cancer Research and Treatment (2021) 190:463-475

467

Table 1 Participant
characteristics at study entry
(SE)

Participant characteristics 1IG (n=22) CG (n=27) Total (n=49)
gBRCA 1 mutation, n (%) 15 (68%) 17 (63%) 32 (65%)
gBRCA2 mutation, n (%) 7 (32%) 10 (37%) 17 (35%)
Age, y 41 (33-48) 43 (35-50) 41 (34-49)
Prior BC or OC disease, n (%)* 15 (68%) 17 (63%) 32 (65%)
Postmenopausal, 7 (%)° 11 (50%) 14 (52%) 25 (51%)
Ever took HRT, n (%)° 2 (9%) 5 (19%) 7 (14%)
Ever took contraceptives, n (%) 19 (86%) 27 (100%) 46 (94%)
BMI>24.9, kg/m? n (%) 8 (36%) 11 (41%) 19 (39%)
Ever smoked, n (%) 14 (64%) 17 (63%) 31 (63%)
Pregnancy, n (%)° 15 (68%) 18 (67%) 33 (68%)
Breastfeeding, n (%)f 12 (55%) 15 (56%) 27 (55%)
VO, peak, ml/min/kg® 23 (21-28) 28 (22-32) 26 (22-31)
MEDAS score, %" 46 (36-64) 36 (29-50) 46 (36-64)
OPG, pg/ml 59 (44-71)! 54 (40-=70) 57 (43-70y

sRANKL, ng/ml

126.4 (39.7-5673.9)F

176.4 (52.2-2341.9)!

152.5 (44.1-422.8)™

There were no differences between the study arms in any of the characteristics considered

Values are medians and interquartile ranges. Continuous variables were compared using the Mann—Whit-
ney U test. Categorical variables were compared using the Fisher's exact test. Multiple testing was adjusted
with a false discovery rate (FDR) of 5% based on Table 1 resulting in no significant discoveries

BMI body mass index; BC breast cancer; CG control group; HRT hormone replacement therapy; /G inter-
vention group; OPG osteoprotegerin; OC ovarian cancer; SRANKL soluble receptor of nuclear factor kB

ligand

“Disease status (cancer type and date of diagnosis)

bPostmenopausal status (date of last menstrual period)

“Previous intake of hormone replacement therapy for any period longer than 1 month (yes/no)

dPrevious intake of hormonal contraceptives for any period longer than 1 month (yes/no)

°Full-term pregnancies (excluding abortions) (yes/no)

"Breastfeeding periods longer than 1 month prior to SE (yes/no)

£VO,peak (maximal oxygen uptake) measured through cardiopulmonary exercise testing (CPET)
hAccording to the Mediterranean Diet Adherence Screener (MEDAS)

h=20
In=47
kn=17
'h=19
=36

Table 2 Within and between group differences in OPG and sSRANKL during the course of the 3-month intervention phase (AV1-SE)

IG CG
SE V1 AV1-SE  Within group dif- SE V1 AVI1-SE  Within group Between group
ference p (q) difference p (q)  difference in A
A

OPG (pg/ml) 594 685 +9.1 0.0073 (0.0219) 54.2 66.0 +11.8 0.0004 0.8230
(IG: n=20, CG: n=27) (0.0024) (0.8230)
sRANKL (ng/ml) 1264 676 —58.8 0.0232 1764 1592 —-17.2 0.4653 0.3626
(IG:n=17,CG: n=19) (0.0464) (0.5584) (0.5439)

Difference in OPG and sRANKL assessed at study entry (SE) and after the 3-month intervention program was tested using the Wilcoxon
matched-pairs signed-rank test. Difference in the change over time (AV1-SE) of OPG and sSRANKL between study groups was tested using the
Mann-Whitney U test. Multiple testing was adjusted with a false discovery rate (FDR) of 5% based on Table 2. Results with an FDR-adjusted p
value (g value) <0.05 are shown in bold

CG control group; IG intervention group; OPG osteoprotegerin; SRANKL soluble receptor of nuclear factor kB ligand; VI 3 months after SE
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Fig.2 Change in OPG and sRANKL during a 3-month intervention
phase for IG and CG. A Osteoprotegerin (OPG), B soluble receptor
of nuclear factor kB ligand (SRANKL). Data are shown as medians
with interquartile ranges. Difference to study entry (SE) was tested by
the Wilcoxon matched-pairs signed-rank test and is indicated on top
of the scatter dot plots by asterisks. Differences in AV1-SE between
study groups were tested using the Mann—Whitney U test. Multiple
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Fig.3 Change in VO,peak and MEDAS score during a 3-month
intervention phase for IG and CG. A Maximal oxygen uptake
(VO,peak), B Mediterranean Diet Adherence Screener (MEDAS)
score. Data are shown as medians with interquartile ranges. Differ-
ence to study entry (SE) was tested by the Wilcoxon matched-pairs
signed-rank test and is indicated on top of the scatter dot plots by
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testing was adjusted with a false discovery rate (FDR) of 5%. Results
with an FDR-adjusted p value (g value)<0.05 are shown in bold in
Table 2. There was no significant difference between IG and CG.
*p<0.0232 (g<0.0464), **p<0.0073 (¢<0.0219), ***p<0.0004
(¢<0.0024). CG control group; /G intervention group; VI 3 months
after SE
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asterisks. Differences between study groups were tested using the
Mann—Whitney U test. Multiple testing was adjusted with a false dis-
covery rate (FDR) of 5% based on Fig. 3. Both IG and CG increased
the MEDAS score significantly from SE to V1. *p (¢)<0.0165,
*#%%p <0.0001 (¢<0.0002). CG control group; IG intervention
group; VI 3 months after SE
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80

r=0.5788
p =0.0019, q = 0.0476

AV1-SE n-3 PUFA (%RBCM)

b @ = Intervention group (n=14)
P o @ = Control group (n=12)
&)
-10-
AV1-SE OPG (pg/ml)

Fig.4 Association between changes in osteoprotegerin (OPG), indi-
cated in the x-axis, and changes in n-3 polyunsaturated fatty acids
(PUFA), indicated in the y-axis, over a 3-month intervention phase
from SE to V1 (A) on a total of n=26 participants of the IG and CG.
n-3 PUFA shown as percentage of red blood cell membrane (RBCM)
for n=26 participants of the IG and CG. Correlation analyses were
conducted using Spearman’s rank correlation coefficient (r). Multiple
testing was adjusted with a false discovery rate (FDR) of 5% based
on p values in supplementary table 1, resulting in the g values shown.
PUFA polyunsaturated fatty acid; n-3 omega-3 fatty acid; SE study
entry; VI 3 months after SE

significant association between n-3 PUFA and OPG in the
CG (r=0.4545; p=0.1404; g=0.3978).

There was no significant correlation between the changes
in n-3, n-6, and n-9 PUFA measured in RBCM or plasma and
the changes in SRANKL (Supplementary Table 1). Before
FDR correction, both the total n-6 PUFA and oleic acid
showed significant associations to SRANKL and OPG when

measured in plasma. While an increase in total n-6 PUFA
was positively correlated with an increase in SRANKL and
negatively correlated with OPG, oleic acid showed the oppo-
site trend (Supplementary Table 1).

For sSRANKL, the explorative multivariate regression
models showed a significant association between the base-
line serum level and the changes in the biomarker from SE
to V1 (Table 3). Furthermore, the analysis indicated that past
smoking might be related to a stronger increase in SRANKL,
yet this association was only significant before the p value
was adjusted for multiple testing. For OPG, the multivariate
analysis showed a significantly positive relationship between
baseline VO,peak and changes in OPG, yet this associa-
tion was no longer statistically significant after adjusting
for multiple testing.

Discussion

Experimental evidence suggests that the hyperactivation of
the RANK/RANKL/OPG pathway plays an important role
in the differentiation of the mammary gland [9], stem cell
expansion [49], and ultimately in mammary carcinogenesis
[10] in gBRCA1/2 mutation carriers. In the present analy-
sis, we explored the potential effects of a structured life-
style intervention on OPG and sSRANKL serum concentra-
tions and demonstrated that the MedD in combination with
increased physical activity may be biomarker modulators. To
the best of our knowledge, this is the first time that lifestyle
intervention-based alterations in OPG and sSRANKL serum

Table 3 Multivariate linear

. Independent variables
regression analyses for

Dependent variables

the influence of selected AV1-SE sRANKL AV1-SE OPG

constitutional parameters on - -

changes (AV1-SE) in OPG and Estimate P @ Estimate P @

SRANKL Randomization to IG 382.1 0.6463 (0.8310) —4.87 0.4214 (0.7814)
Age - 6.82 0.8704 (0.9216) —-0.27 0.4083 (0.7814)
Premenopausal 1190 0.2213 (0.6638) 455 0.5036 (0.8241)
Prior BC or OC disease ~ — 1191 0.1283 (0.4619) 271 0.6252 (0.8310)
BMI at SE —78.06 0.4049 (0.7814) 0.93 0.1009 (0.4541)
Ever smoked 1642 0.0815 (0.4541) -1.37 0.7957 (0.9216)
VO,peak, ml/min/kg —65.95 0.4341 (0.7814) 1.33 0.0319 (0.2871)
MEDAS score, % —44 0.8571 (0.9216) —-0.01 0.5520 (0.8280)
Serum level at SE —0.6977 <0.0001 (0.0018)  0.004 0.9646 (0.9646)
R? (adj. R?) 0.6397 (0.5150) 0.2080 (0.01002)

Multivariate linear regression analyses for the influence of selected constitutional parameters on changes in
OPG and sRANKL during a 3-month intervention phase (AV1-SE). Multiple testing was adjusted with a
false discovery rate (FDR) of 5% based on p values in Table 3, resulting in ¢ values, as shown in brackets
and highlighted in bold if statistically significant

BC breast cancer; BMI body mass index; Estimate has the unit of the dependent variable divided by the
unit of the independent variable; /G intervention group; MEDAS Mediterranean diet adherence screener;
OC ovarian cancer; OPG osteoprotegerin; SE study entry; sRANKL soluble receptor of nuclear factor kB
ligand; VO ,peak maximal oxygen uptake; VI 3 months after SE
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concentrations were shown in the context of gBRCA1/2
mutation carriers.

Several studies propose that OPG can be increased
directly through physical activity by the mechanism of
mechanical bone stress [40, 50, 51]. While Ziegler et al.
showed that OPG concentrations increased immediately
after an endurance exercise [27], Bergstrom et al. found
significantly elevated OPG levels after a structured 1-year
endurance training [28]. Hence, the RANK/RANKL/OPG
pathway seems to be responsive to acute as well as chronic
exercise [52]. Our data support these findings by showing
a significant increase in OPG serum concentrations over a
time span of 3 months, indicating a direct responsiveness
of the biomarker to changes in health behavior related to
physical activity.

In contrast to OPG, the influence of physical activity on
sRANKL concentrations is still unclear [28]. Some studies
show that exercise can lower SRANKL serum concentra-
tions, but changes are likely to depend on the intensity of
exercise [53, 54]. Ziegler et al. demonstrated that SRANKL
decreased significantly only when running a marathon, but
not a 15 km distance [27]. Scott et al. reported that while
endurance training instantly increased OPG, only high-
intensity endurance exercise caused an additional decrease
in SRANKL [55]. Our results support these findings, where
we showed diminishing SRANKL concentrations within
both study groups, but only significantly in the IG (Fig. 2B).
This might indicate that only a structured and supervised
intervention program like in the LIBRE-1 IG provides the
intensity needed to effectively change sSRANKL concentra-
tions. However, since the intergroup difference in SRANKL
changes was not significant, the LIBRE-1 lifestyle interven-
tion might not be sufficient to significantly lower sSRANKL
levels. While VO,peak increased in the IG and decreased in
the CG (Fig. 3A), indeed indicating a measurable improve-
ment in cardiopulmonary fitness through the lifestyle inter-
vention, there is a need for further studies with a more
intense exercise design with either more frequent training
sessions or higher intensities. After all, it remains unclear
whether the diminishing effect of exercise on sSRANKL is a
direct mechanism or whether it is a result of an increase of
inhibitory OPG levels [27].

Apart from exercise, OPG and sSRANKL seem to be
responsive to dietary habits. Various nutritional studies
show a modulating impact of PUFA on these biomarkers
[56]. In the present analysis we showed a significant asso-
ciation between the intake of n-3 PUFA, specifically EPA,
and OPG (Fig. 4). Our results indicate that a structured
nutritional intervention might change PUFA intake patterns
sufficiently, as only the IG showed a significant association
to n-3 PUFA in subgroup comparison to the CG (albeit the
non-corrected p value), which supports other PUFA analyses
on the LIBRE-1 cohort [44]. Our results are supported by
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several studies, such as Martin-Bautista et al. who reported
an increase in OPG by 18% and decrease in SRANKL by
7% after a 1-year consumption of n-3 PUFA [57]. The latter
negative correlation between n-3 PUFA and sSRANKL was
also described by several other studies [58, 59]; however,
our data were not able to replicate these results. This might
be due to the rather large variances in our SRANKL data
and might be aggravated by our small sample size. For n-6
PUFA, which are consumed less when following the MedD,
a negative association to OPG as well as a positive asso-
ciation to SRANKL is described [60]. By diminishing the
OPG/sRANKL expression, the intake of n-6 PUFA has been
associated with an increased inflammatory and osteoclastic
activity and hence risk of cardiovascular diseases and osteo-
porosis [61]. While being non-significant after adjusting for
multiple testing, our correlations show congruent results for
n-6 PUFA as well as for the n-9 PUFA oleic acid, for which
olive oil is a primary dietary source and is known to inhibit
osteoclastogenesis. In summary, our correlation analyses
seem to confirm the associations between the different PUFA
and OPG and sSRANKL that are described by various studies
using prospective data of gBRCA1/2 mutation carriers and
suggest that the MedD might modulate the biomarker serum
levels through modification of PUFA intake.

Furthermore, sSRANKL is reported to depend on the met-
abolic status and to diminish as a response to a reduction of
adipose tissue and thus circulating sex hormones, insulin,
proinflammatory cytokines, and the adipocytokine leptin
[62, 63]. It has been shown that the MedD can improve
the metabolic status [64, 65]; hence the nutritional inter-
vention, measured as a significant increase in the MEDAS
score (Fig. 3B), might also explain the observed decrease in
sRANKL concentrations in the IG. Pasanisi et al. showed in
a similar study on gBRCA1/2 mutation carriers that a die-
tary MedD intervention can lead to a reduction of SRANKL
through reduced levels of proinflammatory IGF-1 [32].

We performed exploratory multiple linear regression
models to examine whether participant characteristics at
SE might influence biomarker changes during the study.
To the best of our knowledge, this is the first time that the
dynamics of changes in OPG and sRANKL are assessed
with regards to their initial serum levels. For sSRANKL,
we identified the baseline level as a significant influence
on the change of the serum levels, but not for OPG, sug-
gesting baseline SRANKL levels as a potential candidate to
predict the outcome of a 3-month lifestyle intervention. For
gBRCA1/2 mutation carriers with initially high SRANKL
concentrations, the biomarker seems to decrease stronger
over the intervention phase compared to women with lower
initial SRANKL serum levels. The fact that SRANKL is
associated with a proinflammatory metabolic status [66],
indicates that especially participants with a less active life-
style might benefit from such an intervention program. In
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turn, there might be a saturation effect for participants with
an already healthy lifestyle and initially low sSRANKL levels,
leading to a smaller decrease in the biomarker through an
additional change in health habits. Hence, initial biomarker
levels might also affect the modulative potential of lifestyle
changes. Multivariate regression models also showed that
cigarette smoking might influence the change of SRANKL
in the course of the study. It has been shown that smok-
ing can induce the expression of RANKL mRNA [67] and
increases the SRANKL/OPG ratio by promoting inflamma-
tory cytokines [68]. In a large case—control study it was dem-
onstrated that cigarette smoking increased the risk for BC in
gBRCA1/2 mutation carriers [69] for which SRANKL/OPG
system might present a molecular mechanism of action.
According to our data, baseline physical fitness (assessed
as VO,peak in CPET) was associated with changes in OPG.
The higher the participants’ initial VO,peak, as a proxy for
cardiopulmonary fitness, the more pronounced OPG levels
increased during the study. This finding supports the notion
that OPG is primarily responsive to physical activity [27]
and might indicate a dose-response relationship between
cardiopulmonary fitness and OPG serum concentrations. In
all, while our results must be regarded as purely explorative,
we aim to confirm these findings using prospective data from
the larger LIBRE-2 study.

While biomarker changes were more pronounced in the
IG, we did not find significant intergroup differences in bio-
marker changes in any of our analyses. This suggests that
all participants, independent of the study group allocation,
seem to have made efforts within the study program to adapt
to healthier lifestyle choices. We assume that information
exchange between participants due to the open design of
the study, as well as possible disappointment within the CG
with regards to group allocation, which would be consistent
with previous findings from the LIBRE-1 study [38], might
explain why some effects that were expected only in the IG
also occurred in the CG.

Furthermore, our study cohort was likely to inherit a
selection bias toward participants prone to above-average
health habits, as it has been shown that a prior cancer disease
is likely to have confounding effects on subsequent health
behavior [70]. Especially the fact that a gBRCA1/2 muta-
tion or cancer diagnosis often occurs within the familial
surrounding, participants—whether themselves diseased or
not—are likely to be sensitized for a more proactive engage-
ment toward lifestyle changes [71]. We also did not control
for special dietary habits or sport programs of the partici-
pants prior to SE, hence we could not account for potentially
confounding and/or prolonging effects of individual health
behavior on the biomarkers.

The small sample size of this evaluation represents its
main limitation. However, this explorative approach aimed at
generating novel knowledge regarding a possible association

between lifestyle, the biomarkers OPG and sSRANKL, and BC
in at-risk individuals. The present analysis was conducted as a
secondary analysis and was no initial endpoint of the LIBRE-1
study; therefore, study design and sample size were not estab-
lished based on statistical measures. Hence, we cannot ensure
representativeness of our cohort (n=49) compared to the
full LIBRE-1 cohort (n=68) or compared to the combined
LIBRE-1 and LIBRE-2 cohort after both trials will be finished
(planned n=660). These initial findings can be the basis for
future studies comprising larger sample sizes. Specifically, by
showing that short-term lifestyle modifications can alter serum
levels of the observed biomarkers, the present findings will be
the foundation for a subsequent analysis of OPG and sSRANKL
in the larger LIBRE-2 main study.

In the present analysis we only explored the dynamics of
OPG and sRANKL in individuals with a gBRCA 1/2 muta-
tion. While serum levels of OPG and sRANKL in healthy
individuals have been evaluated in a number of clinical
studies, the physiological ranges differ greatly. While com-
pared to some studies, the median concentrations for both
biomarkers seem to be higher in our cohort than in age-
matched reference subjects [72, 73], both biomarkers were
within normal range according to other references [74, 75].
Whether these differences compared to healthy women are
due to the gBRCA1/2 mutation or other factors is currently
unclear and subject to further research.

With our analysis, we focused on the potential influences
of exercise and nutritional habits on biomarker serum lev-
els. While highlighting the preventive potential of health
habits in reaching favorable biomarker constellations, this
approach does not provide prognostic value. So far, there
are ambiguous findings whether OPG and sSRANKL actu-
ally are prognostic markers for BC risk. While Vik et al.
reported a significantly inverse association between OPG
and BRCA1/2-associated BC risk [76], Kotsopoulos and
colleagues did not find evidence for an association between
plasma OPG [77] or sRANKL [78] levels and BC risk. How-
ever, the validity of their study might be limited as plasma
samples were collected in the late 1990s and hence stored
over 20 years, possibly altering protein concentrations. Fur-
thermore, Kotsopoulos et al. postulate that a single measure-
ment of OPG and sSRANKL is able to predict the BC risk in
the future. This stands in contrast to our findings, suggest-
ing the biomarkers are dynamic and responsive to lifestyle
changes also in the short term.

Conclusion

The aim of our analysis was to objectively demonstrate the
effects of a controlled lifestyle intervention, including physi-
cal activity and adherence to a MedD, on serum concentra-
tions of OPG and sRANKL.
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Showing that changes in health habits can lead to
favorable changes in biomarker levels, especially OPG
may provide a first step in research for establishing clini-
cal risk factors as well as potential preventative options for
gBRCA 1/2 mutation carriers with regards to the incidence
of hereditary BC disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10549-021-06400-7.

Acknowledgements We would like to thank all staff members involved
in the LIBRE-1 study and especially Alexandra Sturmheit for the great
support during the implementation of the laboratory analyses.

Author contributions LN participated in the data collection/laboratory
analyses (OPG, sRANKL), statistical analysis, and manuscript writ-
ing. MY-D contributed to project development, data preparation and
analysis, and manuscript writing. SG performed supervision as project
manager and contributed to project conceptualization and development,
methodology, and manuscript writing. CE contributed to the concep-
tion and design of the LIBRE-1 study and to the acquisition of the
data and he revised the manuscript critically for important intellectual
content. MH and SCB contributed to conceptualization of the LIBRE-1
study and manuscript editing. MK contributed to PI of the LIBRE-1:
conceptualization of the LIBRE-1 study design, project administration,
project resources, and manuscript editing. BS contributed to data col-
lection/laboratory analyses (RBCM PUFA), manuscript editing. MB
contributed to project development, data collection, and manuscript
editing. JL contributed to conceptualization and manuscript editing.
AB-E performed CPET data collection and manuscript editing. JR
participated in the methodology of laboratory analyses and resources.
ASQ contributed to project resources and manuscript editing. TS, UN,
KR, and RS contributed to LIBRE-1 project administration and manu-
script editing. All authors read and approved the final manuscript to be
published. All the authors agreed to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and resolved.

Funding Open Access funding enabled and organized by Projekt
DEAL. The LIBRE-1 study is funded by the German Cancer Aid
(Deutsche Krebshilfe, http://www.krebshilfe.de) within the Priority
Program “Primary Prevention of Cancer” (Grant No. 110013). The
funder has no authority and is not involved in the following activities:
study design; collection, management, analysis, and interpretation of
data; writing of the report; and the decision to submit the report for
publication.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request. Individual participant data will be available after
de-identification (text, tables, figures). The study protocol has been
published elsewhere.

Code availability Statistical analysis was conducted using GraphPad
Prism version 8.4.3. for MacOS (GraphPad Software, San Diego, Cali-
fornia, USA).

Declarations

Conflict of interest The authors declare no potential conflicts of inter-
est.

@ Springer

Ethical approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics
Committees of the three participating centers (Munich REF: 5686/13,
Cologne REF: 13-053, Kiel REF: B-235/13).

Informed consent Informed written consent was obtained from all
participants prior to study entry. They were informed that they can
withdraw their consent and stop participation at any time without dis-
closing the reasons and without negative consequences for their future
medical care. All participants have consented to publishing their data
anonymously.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kuchenbaecker KB et al (2017) Risks of breast, ovarian, and con-
tralateral breast cancer for BRCA1 and BRCA2 mutation carriers.
JAMA 317(23):2402. https://doi.org/10.1001/jama.2017.7112

2. King M-C (2003) Breast and ovarian cancer risks due to inherited
mutations in BRCA1 and BRCA2. Science 302(5645):643-646.
https://doi.org/10.1126/science.1088759

3. LubinskiJ et al (2012) The risk of breast cancer in women with a
BRCA1 mutation from North America and Poland. Int J Cancer
131(1):229-234. https://doi.org/10.1002/ijc.26369

4. Thune I, Brenn T, Lund E, Gaard M (1997) Physical activity
and the risk of breast cancer. N Engl J Med 336(18):1269-1275.
https://doi.org/10.1056/NEJM199705013361801

5. Friedenreich CM, Courneya KS, Bryant HE (2001) Influence of
physical activity in different age and life periods on the risk of
breast cancer. Epidemiology 12(6):604—612. https://doi.org/10.
1097/00001648-200111000-00005

6. Lagerros YT, Hsieh S-F, Hsieh C-C (2004) Physical activity in
adolescence and young adulthood and breast cancer risk: a quan-
titative review. Eur J Cancer Prev 13(1):5-12. https://doi.org/10.
1097/00008469-200402000-00002

7. Liede A et al (2017) Preferences for breast cancer risk reduc-
tion among BRCA1/BRCA2 mutation carriers: a discrete-choice
experiment. Breast Cancer Res Treat 165(2):433—444. https://doi.
org/10.1007/s10549-017-4332-3

8. Asselin-Labat M-L et al (2010) Control of mammary stem cell
function by steroid hormone signalling. Nature 465(7299):798—
802. https://doi.org/10.1038/nature09027

9. Joshi PA et al (2010) Progesterone induces adult mammary stem
cell expansion. Nature 465(7299):803-807. https://doi.org/10.
1038/nature09091

10. Schramek D et al (2010) Osteoclast differentiation factor RANKL
controls development of progestin-driven mammary cancer.
Nature 468(7320):98-102. https://doi.org/10.1038/nature09387


https://doi.org/10.1007/s10549-021-06400-7
http://www.krebshilfe.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jama.2017.7112
https://doi.org/10.1126/science.1088759
https://doi.org/10.1002/ijc.26369
https://doi.org/10.1056/NEJM199705013361801
https://doi.org/10.1097/00001648-200111000-00005
https://doi.org/10.1097/00001648-200111000-00005
https://doi.org/10.1097/00008469-200402000-00002
https://doi.org/10.1097/00008469-200402000-00002
https://doi.org/10.1007/s10549-017-4332-3
https://doi.org/10.1007/s10549-017-4332-3
https://doi.org/10.1038/nature09027
https://doi.org/10.1038/nature09091
https://doi.org/10.1038/nature09091
https://doi.org/10.1038/nature09387

Breast Cancer Research and Treatment (2021) 190:463-475

473

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nolan E et al (2016) RANK ligand as a potential target for
breast cancer prevention in BRCA1-mutation carriers. Nat Med
22(8):933-939. https://doi.org/10.1038/nm.4118

Fata JE et al (2000) The osteoclast differentiation factor osteopro-
tegerin-ligand is essential for mammary gland development. Cell
103(1):41-50. https://doi.org/10.1016/S0092-8674(00)00103-3
Gonzalez-Suarez E et al (2010) RANK ligand mediates proges-
tin-induced mammary epithelial proliferation and carcinogenesis.
Nature 468(7320):103-107. https://doi.org/10.1038/nature09495
Beleut M et al (2010) Two distinct mechanisms underlie progester-
one-induced proliferation in the mammary gland. Proc Natl Acad
Sci USA 107(7):2989-2994. https://doi.org/10.1073/pnas.09151
48107

Sigl JV, Schramek D, Penninger JM (2012) RANK und RANKL-
Vom Knochen zum Mammakarzinom. J. fiir Miner. Muskuloskel-
ettale Erkrankungen 19(1):27-32

Cao Y et al (2001) IKKa provides an essential link between
RANK signaling and cyclin D1 expression during mammary
gland development. Cell 107(6):763-775. https://doi.org/10.
1016/S0092-8674(01)00599-2

Cummings JA, Brizendine L (2002) Comparison of physical and
emotional side effects of progesterone or medroxyprogesterone
in early postmenopausal women. Menopause 9(4):253-263.
https://doi.org/10.1097/00042192-200207000-00006

Mishell DR (1996) Pharmacokinetics of depot medroxy-
progesterone acetate contraception. J Reprod Med 41(5
Suppl):381-390

Lindeman G et al (2017) Abstract S2-04: RANK ligand as a
target for breast cancer prevention in BRCA1 mutation carriers.
Gen Session Abstr. https://doi.org/10.1158/1538-7445.SABCS
16-S2-04

Sigl V et al (2016) RANKL/RANK control Brcal mutation-
driven mammary tumors. Cell Res 26(7):761-774. https://doi.
org/10.1038/cr.2016.69

Fan S (1999) BRCAL inhibition of estrogen receptor signaling
in transfected cells. Science 284(5418):1354—1356. https://doi.
org/10.1126/science.284.5418.1354

Ma Y et al (2006) The breast cancer susceptibility gene BRCA1
regulates progesterone receptor signaling in mammary epithelial
cells. Mol Endocrinol 20(1):14-34. https://doi.org/10.1210/me.
2004-0488

Widschwendter M et al (2013) The sex hormone system in car-
riers of BRCA1/2 mutations: a case-control study. Lancet Oncol
14(12):1226-1232. https://doi.org/10.1016/S1470-2045(13)
70448-0

Widschwendter M et al (2015) Osteoprotegerin (OPG), the
endogenous inhibitor of receptor activator of NF-xB ligand
(RANKL), is dysregulated in BRCA mutation carriers. EBio-
Medicine 2(10):1331-1339. https://doi.org/10.1016/j.ebiom.
2015.08.037

Kiechl S et al (2017) Aberrant regulation of RANKL/OPG in
women at high risk of developing breast cancer. Oncotarget
8(3):3811-3825. https://doi.org/10.18632/oncotarget. 14013
Odén L et al (2016) Plasma osteoprotegerin and breast can-
cer risk in BRCA1 and BRCA2 mutation carriers. Oncotarget
7(52):86687-86694. https://doi.org/10.18632/oncotarget. 13417
Ziegler S et al (2005) Endurance running acutely raises plasma
osteoprotegerin and lowers plasma receptor activator of nuclear
factor k B ligand. Metabolism 54(7):935-938. https://doi.org/10.
1016/j.metabol.2005.02.009

Bergstrom I, Parini P, Gustafsson SA, Andersson G, Brinck J
(2012) Physical training increases osteoprotegerin in postmeno-
pausal women. J Bone Miner Metab 30(2):202-207. https://doi.
org/10.1007/s00774-011-0304-6

El-Lithy A, El-Mazny A, Sabbour A, El-Deeb A (2015) Effect
of aerobic exercise on premenstrual symptoms, haematological

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

and hormonal parameters in young women. J Obstet Gynaecol
(Lahore) 35(4):389-392. https://doi.org/10.3109/01443615.2014.
960823

Kossman DA, Williams NI, Domchek SM, Kurzer MS, Stopfer
JE, Schmitz KH (2011) Exercise lowers estrogen and progester-
one levels in premenopausal women at high risk of breast cancer.
J Appl Physiol 111(6):1687-1693. https://doi.org/10.1152/jappl
physiol.00319.2011

Tamtaji OR, Borzabadi S, Ghayour-Mobarhan M, Ferns G, Asemi
7 (2019) The effects of fatty acids consumption on OPG/RANKL/
RANK system in cardiovascular diseases: current status and future
perspectives for the impact of diet-gene interaction. J Cell Bio-
chem 120(3):2774-2781. https://doi.org/10.1002/jcb.27672
Pasanisi P et al (2018) A dietary intervention to lower serum levels
of IGF-I in BRCA mutation carriers. Cancers (Basel) 10(9):309.
https://doi.org/10.3390/cancers10090309

Davis C, Bryan J, Hodgson J, Murphy K (2015) Definition of the
mediterranean diet; a literature review. Nutrients 7(11):9139—
9153. https://doi.org/10.3390/nu7115459

Estruch R et al (2018) Primary prevention of cardiovascular dis-
ease with a mediterranean diet supplemented with extra-virgin
olive oil or nuts. N Engl J Med 378(25):e34. https://doi.org/10.
1056/NEJMo0a1800389

Sureda A et al (2018) Adherence to the mediterranean diet and
inflammatory markers. Nutrients 10(1):62. https://doi.org/10.
3390/nu10010062

Schwingshackl L, Schwedhelm C, Galbete C, Hoffmann G
(2017) Adherence to mediterranean diet and risk of cancer:
an updated systematic review and meta-analysis. Nutrients
9(10):1063. https://doi.org/10.3390/nu9101063

Kiechle M et al (2016) Lifestyle intervention in BRCA1/2 muta-
tion carriers: study protocol for a prospective, randomized, con-
trolled clinical feasibility trial (LIBRE-1 study). Pilot Feasibil-
ity Stud 2(1):74. https://doi.org/10.1186/s40814-016-0114-7
Kiechle M et al (2016) Effects of lifestyle intervention in
BRCA1/2 mutation carriers on nutrition, BMI, and physi-
cal fitness (LIBRE study): study protocol for a randomized
controlled trial. Trials 17(1):368. https://doi.org/10.1186/
$13063-016-1504-0

Kiechle M et al (2017) Feasibility of structured endurance train-
ing and Mediterranean diet in BRCA1 and BRCA?2 mutation car-
riers—an interventional randomized controlled multicenter trial
(LIBRE-1). BMC Cancer 17(1):752. https://doi.org/10.1186/
s12885-017-3732-4

Esen H, Bueyuekyazi G, Ulman C, Taneli F, Ari Z, Goezluekaya
F, Tikiz H (2009) Do walking programs affect C-reactive protein,
osteoprotegerin and soluble receptor activator of nuclear factor-
kappap ligand? Turk J Biochem 34:178-186

Bacon AP, Carter RE, Ogle EA, Joyner MJ (2013) VO2max train-
ability and high intensity interval training in humans: a meta-
analysis. PLoS ONE 8(9):e73182. https://doi.org/10.1371/journ
al.pone.0073182

Kroidl RE, Schwarz S, Lehnigk B, Fritsch J (2015) Kursbuch
spiroergometrie, 3rd edn. Georg Thieme Verlag, Stuttgart
Hebestreit K et al (2017) Validation of the German version of
the Mediterranean diet adherence screener (MEDAS) ques-
tionnaire. BMC Cancer 17(1):341. https://doi.org/10.1186/
$12885-017-3337-y

Seethaler B et al (2020) Fatty acid profiles in erythrocyte mem-
branes following the Mediterranean diet—data from a multicenter
lifestyle intervention study in women with hereditary breast can-
cer (LIBRE). Clin Nutr 39(8):2389-2398. https://doi.org/10.
1016/j.cInu.2019.10.033

Schultheiss OC, Stanton SJ (2009) Assessment of salivary hor-
mones. In: Harmon-Jones E, Beer JS (eds) Methods in social neu-
roscience. Guilford Press, pp 17-44

@ Springer


https://doi.org/10.1038/nm.4118
https://doi.org/10.1016/S0092-8674(00)00103-3
https://doi.org/10.1038/nature09495
https://doi.org/10.1073/pnas.0915148107
https://doi.org/10.1073/pnas.0915148107
https://doi.org/10.1016/S0092-8674(01)00599-2
https://doi.org/10.1016/S0092-8674(01)00599-2
https://doi.org/10.1097/00042192-200207000-00006
https://doi.org/10.1158/1538-7445.SABCS16-S2-04
https://doi.org/10.1158/1538-7445.SABCS16-S2-04
https://doi.org/10.1038/cr.2016.69
https://doi.org/10.1038/cr.2016.69
https://doi.org/10.1126/science.284.5418.1354
https://doi.org/10.1126/science.284.5418.1354
https://doi.org/10.1210/me.2004-0488
https://doi.org/10.1210/me.2004-0488
https://doi.org/10.1016/S1470-2045(13)70448-0
https://doi.org/10.1016/S1470-2045(13)70448-0
https://doi.org/10.1016/j.ebiom.2015.08.037
https://doi.org/10.1016/j.ebiom.2015.08.037
https://doi.org/10.18632/oncotarget.14013
https://doi.org/10.18632/oncotarget.13417
https://doi.org/10.1016/j.metabol.2005.02.009
https://doi.org/10.1016/j.metabol.2005.02.009
https://doi.org/10.1007/s00774-011-0304-6
https://doi.org/10.1007/s00774-011-0304-6
https://doi.org/10.3109/01443615.2014.960823
https://doi.org/10.3109/01443615.2014.960823
https://doi.org/10.1152/japplphysiol.00319.2011
https://doi.org/10.1152/japplphysiol.00319.2011
https://doi.org/10.1002/jcb.27672
https://doi.org/10.3390/cancers10090309
https://doi.org/10.3390/nu7115459
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.3390/nu10010062
https://doi.org/10.3390/nu10010062
https://doi.org/10.3390/nu9101063
https://doi.org/10.1186/s40814-016-0114-7
https://doi.org/10.1186/s13063-016-1504-0
https://doi.org/10.1186/s13063-016-1504-0
https://doi.org/10.1186/s12885-017-3732-4
https://doi.org/10.1186/s12885-017-3732-4
https://doi.org/10.1371/journal.pone.0073182
https://doi.org/10.1371/journal.pone.0073182
https://doi.org/10.1186/s12885-017-3337-y
https://doi.org/10.1186/s12885-017-3337-y
https://doi.org/10.1016/j.clnu.2019.10.033
https://doi.org/10.1016/j.clnu.2019.10.033

474

Breast Cancer Research and Treatment (2021) 190:463-475

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Field A (2009) Discovering statistics using SPSS, 3rd edn. Sage
Publications, London

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R Stat
Soc Ser B 57(1):289-300

Tukey JW (1949) Comparing individual means in the analysis of
variance. Biometrics 5(2):99-114

Tiede B, Kang Y (2011) From milk to malignancy: the role of
mammary stem cells in development, pregnancy and breast can-
cer. Cell Res 21(2):245-257. https://doi.org/10.1038/cr.2011.11
Hur S, Cho S-H, Song B-K, Cho B-J (2018) Effect of resistance
exercise on serum osteoprotegerin levels and insulin resistance in
middle-aged women with metabolic syndrome. Med Sci Monit
24:9385-9391. https://doi.org/10.12659/MSM.911548

West SL, Scheid JL, De Souza MJ (2009) The effect of exercise
and estrogen on osteoprotegerin in premenopausal women. Bone
44(1):137-144. https://doi.org/10.1016/j.bone.2008.09.008
Tobeiha M, Moghadasian MH, Amin N, Jafarnejad S (2020)
RANKL/RANK/OPG pathway: a mechanism involved in exercise-
induced bone remodeling. Biomed Res Int 2020:1-11. https://doi.
org/10.1155/2020/6910312

Notomi T et al (2014) Insulinogenic sucrose+amino acid mixture
ingestion immediately after resistance exercise has an anabolic
effect on bone compared with non-insulinogenic fructose+amino
acid mixture in growing rats. Bone 65:42—48. https://doi.org/10.
1016/j.bone.2014.05.002

Pichler MGK, Loreto C, Leonardi R, Reuber T, Weinberg AM
(2013) RANKL is downregulated in bone cells by physical activ-
ity (treadmill and vibration stimulation training) in rat with glu-
cocorticoid-induced osteoporosis. Histol Histopathol 28(9):1185—
1196. https://doi.org/10.14670/HH-28.1185

Scott JPR, Sale C, Greeves JP, Casey A, Dutton J, Fraser WD
(2011) The role of exercise intensity in the bone metabolic
response to an acute bout of weight-bearing exercise. J Appl
Physiol 110(2):423-432. https://doi.org/10.1152/japplphysiol.
00764.2010

Sun D, Krishnan A, Zaman K, Lawrence R, Bhattacharya A, Fer-
nandes G (2003) Dietary n-3 fatty acids decrease osteoclastogen-
esis and loss of bone mass in ovariectomized mice. J] Bone Miner
Res 18(7):1206-1216. https://doi.org/10.1359/jbmr.2003.18.7.
1206

Martin-Bautista E, Mufioz-Torres M, Fonolla J, Quesada M,
Poyatos A, Lopez-Huertas E (2010) Improvement of bone for-
mation biomarkers after 1-year consumption with milk fortified
with eicosapentaenoic acid, docosahexaenoic acid, oleic acid,
and selected vitamins. Nutr Res 30(5):320-326. https://doi.org/
10.1016/j.nutres.2010.05.007

Vanek C, Connor WE (2007) Do n-3 fatty acids prevent osteo-
porosis? Am J Clin Nutr 85(3):647-648. https://doi.org/10.1093/
ajen/85.3.647

Fonolla-Joya J, Reyes-Garcia R, Garcia-Martin A, Lépez-Huertas
E, Muiioz-Torres M (2016) Daily intake of milk enriched with
n-3 fatty acids, oleic acid, and calcium improves metabolic and
bone biomarkers in postmenopausal women. J Am Coll Nutr
35(6):529-536. https://doi.org/10.1080/07315724.2014.1003114
Casado-Diaz A, Santiago-Mora R, Dorado G, Quesada-Gémez JM
(2013) The omega-6 arachidonic fatty acid, but not the omega-3
fatty acids, inhibits osteoblastogenesis and induces adipogenesis
of human mesenchymal stem cells: potential implication in osteo-
porosis. Osteoporos Int 24(5):1647-1661. https://doi.org/10.1007/
s00198-012-2138-z

Watkins BA, Li Y, Seifert MF (2006) Dietary ratio of n-6/n-3
PUFAs and docosahexaenoic acid: actions on bone mineral
and serum biomarkers in ovariectomized rats. J Nutr Biochem
17(4):282-289. https://doi.org/10.1016/j.jnutbio.2005.05.012

@ Springer

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Liu G-Y et al (2014) Leptin promotes the osteoblastic differentia-
tion of vascular smooth muscle cells from female mice by increas-
ing RANKL expression. Endocrinology 155(2):558-567. https://
doi.org/10.1210/en.2013-1298

Irwin ML et al (2009) Randomized controlled trial of aerobic
exercise on insulin and insulin-like growth factors in breast can-
cer survivors: the yale exercise and survivorship study. Cancer
Epidemiol Biomark Prev 18(1):306-313. https://doi.org/10.1158/
1055-9965.EPI-08-0531

Bruno E et al (2018) Adherence to mediterranean diet and meta-
bolic syndrome in BRCA mutation carriers. Integr Cancer Ther
17(1):153-160. https://doi.org/10.1177/1534735417721015
Tosti V, Bertozzi B, Fontana L (2018) Health benefits of the Medi-
terranean diet: metabolic and molecular mechanisms. J Gerontol
Ser A 73(3):318-326. https://doi.org/10.1093/gerona/glx227
Krela-KaZmierczak I et al (2018) Interleukin 6, osteoprotegerin,
sRANKL and bone metabolism in inflammatory bowel diseases.
Adv Clin Exp Med 27(4):449-453. https://doi.org/10.17219/
acem/75675

Zhou L et al (2018) Cigarette smoke-induced RANKL expres-
sion enhances MMP-9 production by alveolar macrophages. Int
J Chron Obstruct Pulmon Dis 14:81-91. https://doi.org/10.2147/
COPD.S190023

Ribeiro LNS, Monteiro PM, Barretto GD, Luiz KG, Alves SYF,
Stuani MBS (2020) The Effect of cigarette smoking and low-level
laser irradiation in RANK/RANKL/OPG expression. Braz Dent J
31(1):57-62. https://doi.org/10.1590/0103-6440202002519
Breast Cancer Family Registry, Kathleen Cuningham Consortium
for Research into Familial Breast Cancer (Australasia), Ontario
Cancer Genetics Network (Canada) (2008) Smoking and risk of
breast cancer in carriers of mutations in BRCA1 or BRCA?2 aged
less than 50 years. Breast Cancer Res Treat 109(1):67-75. https://
doi.org/10.1007/s10549-007-9621-9

Tsay S-L, Ko W-S, Lin K-P (2017) The lifestyle change experi-
ences of cancer survivors. J Nurs Res 25(5):328-335. https://doi.
org/10.1097/JNR.0000000000000178

Tercyak KP et al (2019) Cancer genetic health communication in
families tested for hereditary breast/ovarian cancer risk: a qualita-
tive investigation of impact on children’s genetic health literacy
and psychosocial adjustment. Transl Behav Med 9(3):493-503.
https://doi.org/10.1093/tbm/ibz012

Kudlacek S, Schneider B, Woloszczuk W, Pietschmann P, Will-
vonseder R (2003) Serum levels of osteoprotegerin increase with
age in a healthy adult population. Bone 32(6):681-686. https://
doi.org/10.1016/S8756-3282(03)00090-5

Sennels HP et al (2007) Biological variation and reference inter-
vals for circulating osteopontin, osteoprotegerin, total soluble
receptor activator of nuclear factor kappa B ligand and high-sen-
sitivity C-reactive protein. Scand J Clin Lab Investig 67(8):821—
835. https://doi.org/10.1080/00365510701432509

Zhu L, Bao N, Zhou L, Guo T, Zeng X, Zhao J (2010) Concentra-
tion measurement of the OPG and sRANKL of peripheral blood
among normal healthy people. Zhongguo Gu Shang 23(2):87-89
Kerschan-Schindl K, Wendlova J, Kudlacek S, Gleiss A, Woloszc-
zuk W, Pietschmann P (2007) Serum levels of receptor activator
of nuclear factor kB ligand (RANKL) in healthy women and men.
Exp Clin Endocrinol Diabetes 116(08):491-495. https://doi.org/
10.1055/5-2007-993142

Vik A et al (2015) Serum osteoprotegerin and future risk of cancer
and cancer-related mortality in the general population: the Tromsg
study. Eur J Epidemiol 30(3):219-230. https://doi.org/10.1007/
$10654-014-9975-3

Kotsopoulos J et al (2020) Premenopausal plasma osteopro-
tegerin and breast cancer risk: a case-control analysis nested
within the nurses’ health study II. Cancer Epidemiol Biomark


https://doi.org/10.1038/cr.2011.11
https://doi.org/10.12659/MSM.911548
https://doi.org/10.1016/j.bone.2008.09.008
https://doi.org/10.1155/2020/6910312
https://doi.org/10.1155/2020/6910312
https://doi.org/10.1016/j.bone.2014.05.002
https://doi.org/10.1016/j.bone.2014.05.002
https://doi.org/10.14670/HH-28.1185
https://doi.org/10.1152/japplphysiol.00764.2010
https://doi.org/10.1152/japplphysiol.00764.2010
https://doi.org/10.1359/jbmr.2003.18.7.1206
https://doi.org/10.1359/jbmr.2003.18.7.1206
https://doi.org/10.1016/j.nutres.2010.05.007
https://doi.org/10.1016/j.nutres.2010.05.007
https://doi.org/10.1093/ajcn/85.3.647
https://doi.org/10.1093/ajcn/85.3.647
https://doi.org/10.1080/07315724.2014.1003114
https://doi.org/10.1007/s00198-012-2138-z
https://doi.org/10.1007/s00198-012-2138-z
https://doi.org/10.1016/j.jnutbio.2005.05.012
https://doi.org/10.1210/en.2013-1298
https://doi.org/10.1210/en.2013-1298
https://doi.org/10.1158/1055-9965.EPI-08-0531
https://doi.org/10.1158/1055-9965.EPI-08-0531
https://doi.org/10.1177/1534735417721015
https://doi.org/10.1093/gerona/glx227
https://doi.org/10.17219/acem/75675
https://doi.org/10.17219/acem/75675
https://doi.org/10.2147/COPD.S190023
https://doi.org/10.2147/COPD.S190023
https://doi.org/10.1590/0103-6440202002519
https://doi.org/10.1007/s10549-007-9621-9
https://doi.org/10.1007/s10549-007-9621-9
https://doi.org/10.1097/JNR.0000000000000178
https://doi.org/10.1097/JNR.0000000000000178
https://doi.org/10.1093/tbm/ibz012
https://doi.org/10.1016/S8756-3282(03)00090-5
https://doi.org/10.1016/S8756-3282(03)00090-5
https://doi.org/10.1080/00365510701432509
https://doi.org/10.1055/s-2007-993142
https://doi.org/10.1055/s-2007-993142
https://doi.org/10.1007/s10654-014-9975-3
https://doi.org/10.1007/s10654-014-9975-3

Breast Cancer Research and Treatment (2021) 190:463-475

475

Prev 29(6):1264-1270. https://doi.org/10.1158/1055-9965.

EPI-19-1154

78. Zaman T, Sun P, Narod SA, Salmena L, Kotsopoulos J (2019)
Plasma RANKL levels are not associated with breast can-
cer risk in BRCA1 and BRCA2 mutation carriers. Oncotarget

10(25):2475-2483. https://doi.org/10.18632/oncotarget.26810

Authors and Affiliations

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Leonie Neirich! ® - Maryam Yahiaoui-Doktor? - Jacqueline Lammert' - Maryam Basrai® - Benjamin Seethaler? -
Anika Berling-Ernst* - Juliane Ramser' - Anne S. Quante’? - Thorsten Schmidt’ - Uwe Niederberger® -
Kerstin Rhiem? - Rita Schmutzler” - Christoph Engel® - Stephan C. Bischoff® - Martin Halle*® - Marion Kiechle' -

Sabine Grill'

Department of Gynecology and Center for Hereditary Breast
and Ovarian Cancer, University Hospital Rechts der Isar,
Technical University of Munich (TUM), Munich, Germany

Institute for Medical Informatics, Statistics and Epidemiology
(IMISE), University of Leipzig, Leipzig, Germany

Institute of Nutritional Medicine, University of Hohenheim,
Stuttgart, Germany

Department of Prevention, Rehabilitation and Sports
Medicine, Faculty of Medicine, University Hospital Rechts
der Isar, Technical University of Munich (TUM), Munich,
Germany

Comprehensive Cancer Center, University Hospital
Schleswig-Holstein, Kiel, Germany

Institute for Medical Psychology and Medical Sociology,
University Hospital Schleswig-Holstein, Kiel, Germany

Center for Hereditary Breast and Ovarian Cancer, University
Hospital Cologne, Cologne, Germany

DZHK (German Centre for Cardiovascular Research),
Partner Site Munich Heart Alliance, Munich, Germany

Institute of Human Genetics, Medical Center - University
of Freiburg, Faculty of Medicine, University of Freiburg,
Freiburg, Germany

@ Springer


https://doi.org/10.1158/1055-9965.EPI-19-1154
https://doi.org/10.1158/1055-9965.EPI-19-1154
https://doi.org/10.18632/oncotarget.26810
http://orcid.org/0000-0003-3703-8726

	Physical activity and Mediterranean diet as potential modulators of osteoprotegerin and soluble RANKL in gBRCA12 mutation carriers: results of the lifestyle intervention pilot study LIBRE-1
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Background
	Subjects and methods
	Study cohort and participant recruitment
	Intervention program
	Assessment of clinical data and questionnaires
	Enzyme-linked immunosorbent assays
	Statistical analysis

	Results
	Study population

	Discussion
	Conclusion
	Acknowledgements 
	References




