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Abstract

Objectives: The two-fold aim of this study was: (i) to determine the effects of Key Words
undernutrition on the myokines in patients with restrictive anorexia nervosa (AN) and (ii)  » anorexia nervosa
to examine the potential link between myokines and bone parameters. » myokines
Methods: In this study, 42 young women with restrictive AN and 42 age-matched controls  » bone loss
(CON) (mean age, 18.5 + 4.2 years and 18.6 + 4.2 years, respectively) were enrolled. > irisin

aBMD and body composition were determined with DXA. Resting energy expenditure > myostatin
(REEm), a marker of energy status, was indirectly assessed by calorimetry. Bone turnover  » follistatin

markers and myokines (follistatin, myostatin and irisin) were concomitantly evaluated.
Results: AN patients presented low aBMD at all bone sites. REEm, bone formation
markers, myostatin and IGF-1 were significantly lower, whereas the bone resorption
marker and follistatin were higher in AN compared with controls. No difference was
observed between groups for irisin levels. When the whole population was studied,
among myokines, only myostatin was positively correlated with aBMD at all bone sites.
However, multiple regression analyses showed that in the AN group, the independent
variables for aBMD were principally amenorrhoea duration, lean tissue mass (LTM) and
procollagen type | N-terminal propeptide (PINP). For CON, the independent variables for
aBMD were principally LTM, age and PINP. Whatever the group analysed, none of the
myokines appeared as explicative independent variables of aBMD.

Conclusion: This study demonstrated that despite the altered myokine levels in patients
with AN, their direct effect on aBMD loss and bone turnover alteration seems limited in
comparison with other well-known disease-related factors such as oestrogen deprivation.
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Introduction

It has been well documented that patients with anorexia
nervosa (AN) present lower areal bone mineral density
(aBMD) and remodelling compared
with normal-weight women (1, 2, 3, 4, 5, 6). The
alteration in these bone characteristics may explain
the increased fracture risk observed in this population
(7). Various endocrine and metabolic disturbances,
including hypothyroidism (8), hypogonadism (1, 9,
10), hypercortisolism (2, 11) and IGF-1 deficiency (1,
12, 13), among others, as well as undernutrition effects
due to calcium and vitamin D deficiency (12), might
be implicated in the loss of bone mass. In parallel, a
synchronization of the losses in both muscle and bone
mass is generally observed in these patients (10). Moreover,

altered bone

aBMD appears to be better correlated with muscle mass
measured as lean tissue mass (LTM) than with fat mass
(FM), and of these two anthropometric factors, only LTM
is independently linked to aBMD (10). In addition, LTM
appears to be a better predictor of bone loss than a decrease
in the BMI or FM (14). In other physiological conditions
like immobilization, reduced physical activity or aging, the
loss of skeletal muscle mass and function - which defines
sarcopenia - is also often accompanied by a decrease in
bone mass and microarchitecture deterioration - which
defines osteoporosis (15, 16, 17). In this context, how do
we explain the connection between the deterioration
in skeletal muscle and the deterioration in bone tissue?
Emerging evidence suggests that this concomitant
deterioration is driven, at least in part, by bone and muscle
crosstalk. The skeleton and skeletal muscle are closely
linked anatomically and mechanically (18, 19). In addition,
biochemical and metabolic connections between the two
tissues have more recently been demonstrated (20). Thus,
skeletal muscle can be classified as an endocrine organ
that regulates target organs, including pancreas, liver and
adipose tissue (21), through the synthesis and release of
various cytokines or peptides in response to muscular
contraction or various stimuli (22). These muscle-secreting
factors are called ‘myokines’ and they also biochemically
affect bone metabolism in both endocrine and paracrine
manners (23, 24, 25). Among the several myokines
identified, myostatin acts as an inhibitor of muscle growth
and bone metabolism (26, 27), and the inhibition of the
myostatin pathway induces massive muscle hypertrophy
and an increase in bone turnover leads to an increase in
bone mass (26, 28). In postmenopausal women and boys
with Duchenne muscular dystrophy, the administration of
ACE-031, a fusion protein that binds avidly to myostatin
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and inhibits its biological effects by preventing signalling
through the endogenous receptor, was found to decrease
fat mass and increase total lean body mass and lumbar
spine aBMD (29, 30). Follistatin is a myostatin-binding
glycoprotein that antagonizes the myostatin-induced
inhibition of myogenesis and consequently enhances
skeletal muscle hypertrophy (31), increases mineralization
and stimulates osteoblastogenesis (32). Irisin is produced
primarily by muscles and is released into the circulation
during physical activity and muscle shivering (33). Its
production increases energy expenditure and oxidative
metabolism, and it improves glucose metabolism (34).
Studies on animal models have shown that irisin can also
improve osteoblastogenesis and bone mass (35, 36). The
data in humans are discrepant, however, because a positive
association between irisin levels and aBMD was reported in
soccer players and older adult patients (37, 38), whereas no
association was reported in postmenopausal women (39).

Although myokines may be implicated in the variation
of body composition components (i.e. muscle and bone)
and physiological functions (i.e. thermogenesis) in
patients with AN, the irisin, follistatin and myostatin
profiles remain poorly evaluated in this disease (40, 41, 42).
Yet, more in-depth study might well open new and fruitful
fields of investigation.

The two-fold aim of this case-control study was: (i) to
determine the effects of undernutrition on myokine levels
in patients with restrictive AN compared to normal-weight
subjects and (ii) to examine the potential link between
myokines and bone parameters.

Subjects and method

This study followed a case-control design. Study approval
was obtained from the Regional Research Ethics Committee
(Comité de Protection des Personnes Sud-Mediterranee 1V,
Montpellier, France; reference: 11 0203), and permission for
the clinical trial was granted by the French Medicines and
Healthcare Products Regulatory Agency (Agence Francaise
de Securite Sanitaire des Produits de Santé; AFSSAPS).
Informed consent was obtained from all subjects, as well as
from the parents of subjects <18 years old.

Subjects

Eighty-four adolescents and young women with ages
ranging from 14.5 to 33.5 years (mean, 18.5 + 4.2) were
enrolledin this study. All were Caucasian. Forty-two of them
had been diagnosed with AN. Patients were recruited from
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the Endocrinology Department at Montpellier University
Hospital Centre in France. They fulfilled the criteria for the
diagnosis of restrictive AN as defined by the DSM-5, that is
restriction of energy intake relative to requirements leading
to a significantly low BMI fear of gaining weight and
alteration in body size perception (43). Only patients with
the pure restrictive form of AN and with BMI <18 kg/m?
were included in this study to limit potential bias due to a
mix of the eating/purging and pure restrictive AN types. The
control group (CON) was recruited from advertisements in
local newspapers and from the staff and students in the
Departments of Nuclear Medicine, Endocrinology and
Psychiatry of Lapeyronie Hospital, Montpellier University
Hospital Centre. The group composed of 42 non-obese
healthy adolescents and young women with 18 < BMI < 30
kg/m?and no history of eating disorders or other psychiatric
illness (as determined by the SCOFF questionnaire (44) and
the Mini International Neuropsychiatric Interview (45)).
All CON presented normal menstrual cycles and performed
only leisure physical activities. Neither control subjects nor
anorexic patients presented with primary amenorrhoea
or were taking any medications that were known to affect
bone metabolism, particularly prolonged glucocorticoid
use (>3 months) or oestrogen , vitamin K, vitamin D,
calcium, bisphosphonate, selective oestrogen receptor
modulator or teriparatide use. None used contraceptives.
CON and patients with AN were age-matched (6 months).

Methods

Anthropometric measurements

Standing height was measured with a stadiometer to the
nearest 0.1 cm. Weight was determined using a weight
scale with a precision of 0.1 kg. BMI was calculated as
weight (kg) divided by the square of height (m). Height
standard deviation score (height SDS) and weight standard
deviation score (weight SDS) were calculated according to
the French standard curves.

Medical and menstrual histories

Each subject responded to a medical questionnaire
designed to assess the general medical and menstrual (age
of menarche, menstrual function) and disease histories
(age of AN onset, duration of AN, weight variations).

Assays

Fasting blood samples (25 mL) were collected in the
morning (08:30-09:30h) in chilled sterile tubes by standard
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venipuncture technique. The samples were allowed to clot
at room temperature and were then centrifuged at 1509
g for 10 min at 4°C. Plasma samples were stored at —80°C
until analysis. All samples were run in duplicate and, to
reduce inter-assay variation, the plasma samples were
analysed in a single session. The date of the last menses
was not recorded for CON, and hormonal values were thus
obtained at an unsynchronized menstrual stage. Serum
osteocalcin, procollagen type 1 N-terminal propeptide
(PINP), type I-C telopeptide breakdown products (CTX),
insulin-like growth factor (IGF-1), myostatin, follistatin
and irisin were evaluated.

OC, PIND, CTX and insulin were assayed by Cobas 6000
(Roche Diagnostic). The inter- and intra-assay coefficients
of variation (CVs) for the three latter parameters were lower
than 7%.

The intra- and inter-assay CVs for IGF-1 (Immulite
2000°IGF-1, Siemens Healthcare Diagnostics) were lower
than 6%.

The determination of myokines was performed by
ELISA assays. Follistatin and myostatin were measured
with R&Dsystems kits. The intra-assay CV was <2.7%
and <5% and inter-assay CV was from 7 to 9% and <6%
for follistatin and myostatin, respectively. Lower limit
of detection (manufacturer’s data) was <29 and 2.25 pg/
mlL, respectively. Irisin was measured with Biovendor
kits (Karasek, Czech Republic) with intra- and inter- assay
of <8 and <10%, respectively. Lower limit of detection
(manufacturer’s data) was <1 pg/mlL.

For all biological parameters analysed in this study, the
CVs for the intra- and inter-assay variations were given by
the manufacturer.

Areal bone mineral density, body fat and fat-free
soft tissues

DXA (Hologic QDR-4500A, Hologic, Inc., Waltham,
MA) measured the areal bone mineral density (aBMD;
g/cm?) of the whole body and at specific bone sites: the
anteroposterior lumbar spine (L1-L4), the dominant arm
radius, hip and femoral neck (FN). The soft tissue body
composition (fat mass (FM, kg), percentage of body fat
mass (% FM) and LTM (kg)) was derived from the whole-
body scan. All scanning and analyses were performed by
the same operator to ensure consistency, after following
standard quality control procedures. Quality control
for DXA was checked daily by scanning a lumbar spine
phantom consisting of calcium hydroxyapatite embedded
in a cube of thermoplastic resin (DPA/QDR-1; Hologic
x-caliber anthropometric spine phantom). The CVs given
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by the manufacturer were 0.8% for spine and radius, 1.1%
at the hip and <1% for LTM and FM.

Resting energy expenditure measurements

Measured resting energy expenditure (REEm) was assessed
in the patients with AN over a period of at least 30 min by
indirect calorimetry (Quark RMR, Cosmed, Rome, Italy)
after an overnight fast. Predicted REE values (%; REEp)
were calculated for AN and CON from the equation of
Harris and Benedict modified by Roza and Shizgal (46) as
follows: REEp=667.051+ 9.74 x (weight)+1.729 x (height)
—4.737 x (age).

Statistical analysis

The characteristics of the patients are described with
proportions for categorical variables and with mean + s.D.
for quantitative variables. Comparisons between lean
controls and patients with AN were performed using
Student’s f-test for quantitative variables or the Mann-
Whitney U test when the distribution of variables was
non-Gaussian. For qualitative variables, the chi-square
test or Fisher’s exact test was used. To determine which
parameters differed most between lean controls and
patients with AN, Cohen’s d was calculated (difference
between the means of the two groups divided by a
pooled standard deviation) for each parameter, which
is a standardized measure of the effect of a factor (here
AN) independent of the scale of the parameter under
consideration (47). As an indication, a Cohen’s d of 0.2
corresponds to a small effect of the factor, 0.5 to a medium
effect, 0.8 to a large effect, 1.2 to a very large effect and 2 to

a huge effect (48).
Correlations between the anthropometric,
gynaecological, aBMD, disease-related parameters or

energy expenditure and myokines were analysed by
Pearson or Spearman coefficient.

To determine the independent factors that could
influence aBMD in the whole population, in patients
with AN and in CON, multivariate linear regressions
were performed. All clinically relevant variables were
included in the model. The best method to select variables
was determined wusing leave-one-out cross-validation
(LOO). Finally, a stepwise selection based on the Bayesian
Information Criterion (BIC) was applied. No collinearity
between variables was detected with variance inflation
factors. The normality of residues in the final model was
tested using the Shapiro-Wilk test.
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The statistical significance was set at 0.05 and analyses
were performed using software SAS Enterprise Guide,
version 7.13 (SAS Institute, Cary, NC, USA).

Results

Theanthropometric characteristicsand gynaecological data
of the 42 patients with AN and the 42 CON are summarized
in Table 1. The age distribution ranged from 14.5 to
33.5 years and was comparable between the two groups.
In patients, the mean age of the disease onset was 16.1 £
2.3 years (range: 12.5 to 26.2 years) and the mean duration
was 2.5 £ 3.1 years (range: 0.5 to 16.9 years). There were no

Table 1 Clinical characteristics of adolescent and young
adult women with anorexia nervosa and controls.

Parameters Controls Patients with AN P-value
Number of subjects n=42 n=42
Age, years 18.5+4.2 18.6+4.2 0.78
Anthropometric data
Weight, kg 58.8 £8.2 43.8+6.0 <0.01
Weight, SDS 09+1.3 -1.5+1.0 <0.01
Height, cm 164.1 £6.2 165.2+6.7 0.42
Height, SDS 03+1.1 05+1.2 0.34
BMI, kg.m=2 21.8+2.5 16.0+1.7 <0.01
Lowest BMI, 21.4+£1.8 15.0+1.9 <0.01
kg.m—2
WB fat mass, % 27.1+£6.1 15.7+5.0 <0.01
WB fat mass, kg 16.0+6.0 7.7+4.7 <0.01
WB fat-free soft 40.5+4.0 35.6+4.7 <0.001
tissue, kg
REEm, kcal/day - 1086.5 + 195.5 -
REEp, kcal/day 14356 +86.2 1291.6+729 <0.001
Predicted REE - -17.9+125 -
values, %
Characteristics of
the pathology
Age of AN onset, - 16.1+£2.3 -
years
Duration of AN, - 25+3.1 -
years
Gynaecological data
Age of menarche, 12.7+1.6 128+ 1.1 0.86
years
Menstrual 12 (28.6) 37(88.1) <0.001
disorders, n (%)
Duration of - 20.1 +34.3 -
amenorrhoea,
months

Values are presented as mean = s.o.

REEm, resting energy expenditure measured by calorimetry; REEp, resting
energy expenditure predicted from the equation of Harris and Benedict
modified by Roza and Shizgal (41); SDS, standard deviation score; WB,
whole body. Controls presented only minor alterations in the duration of
menstrual cycles (~28 days).

Bold indicates statistical significance between groups.
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Table 2 Areal bone mineral density at various bone sites and biological variables in patients with anorexia nervosa and controls.

Parameters Controls Patients with AN Cohen's d? P -value

Areal bone mineral density (g cm=2)
Lumbar spine 0.974 £ 0.122 0.850 +0.127 -0.892 <0.01
Lumbar spine Z-score (s.p.) —-0.133+1.163 —1.238 +1.243 -0.838 <0.01
Hip 0.943 +0.121 0.825+0.139 -0.831 <0.01
Hip Z-score (s.0.) 0.068 + 0.997 —0.969 + 1.140 -0.873 <0.01
Femoral neck 0.861 £0.112 0.765+0.132 -0.733 <0.01
Radius 0.540 + 0.035 0.517 £ 0.049 —0.535 0.02

Biological parameters
CTX, ng/mL 0.65 +0.26 0.96 + 0.45 0.775 <0.01
PINP, ng/mL 129.8 £ 115.0 63.8 +30.3 -0.734 <0.01
OC, ng/mL 423 +21.6 243 +£10.7 -0.937 <0.01
IGF-1, ng/mL 333.3+914 209.8 + 155.1 -0.975 <0.01
Irisin, pg/mL 19.5+12.9 21.0+16.7 0.101 0.96
Myostatin, pg/mL 1494.5 £ 510.3 920.4 +397.4 -1.066 <0.01
Follistatin, ng/mL 1537.7 £ 1356.7 2159.3 + 1541.7 0.421 0.02

Values are presented as mean + s.D.
d(mean AN—mean CONT)/s.D. o5 eq-

CTX, type I-C telopeptide breakdown products; IGF-1, insulin-like growth factor-1; OC, osteocalcin; PINP, procollagen type | N-terminal propeptide;
Z-score, the number of s.0. above or below the mean for the patient’s age, sex and ethnicity.

Bold indicates statistical significance between groups.

significant differences between the two groups with regard
to height, whereas, as expected due to undernutrition,
weight, BMI, lowest BMI, body LTM and body FM (kg and
%) were significantly lower in AN compared with CON
(P <0.01). Moreover, when weight SDS and height SDS were
calculated according to the French standard curves, AN
again presented low values for weight (-1.5 + 1.0 s.D.) and
normal values for height (0.5+ 1.0S.D.).

The values of REEm (1086.5 £ 195.5 kcal/day) indicated
hypometabolism in AN. REEp was significantly lower
(P < 0.001) in AN patients compared with CON. A mean
significant difference of 205.1 kcal/day was observed
between REEm and REEp in AN, which corresponded to an
average variation of 17.9%.

Concerning the gynaecological profile (Table 1), the age
of menarche was not different between groups (12.7 +
1.6 years for CON vs 12.8 + 1.1 years for AN). Menstrual
disorders were more frequent in patients with AN than in
CON (88.1% vs 28.6%, P < 0.001). In patients, the mean
duration of amenorrhoea was 20.1 + 34.3 months. Controls
with menstrual disorders had only minor variations
in cycle duration (~28 days), but no cases of secondary
amenorrhoea were encountered in this group. None of the
patients or controls presented primary amenorrhoea.

Bone characteristics

Areal bone mineral density
Table 2 presents the aBMD for the two groups at various
bone sites. Compared with CON, patients with AN

presented significantly lower values at the femoral neck
(P <0.01),hip (P <0.01),lumbarspine (P <0.01) and radius
(P =0.02), but the difference was greater at the lumbar
spine (Cohen’s d=-0.892), hip (Cohen’s d=-0.831)
and femoral neck (Cohen’s d=-0.733), compared with
radius (Cohen’s d=-0.535). Concomitantly, the Z-score
for aBMD was also lower in patients with AN at all bone
sites compared with the reference data, ranging from
—-0.97 to -1.24 s.p. Controls group presented normal
Z-score values.

Biological parameters

Markers of bone turnover are described in Table 2. Markers
of bone formation (OC and PINP) were significantly
lower in patients with AN (P < 0.01), whereas the marker
of bone resorption (CTX) was significantly higher than
in CON (P < 0.01). Cohen’s d values showed that markers
of bone formation and bone resorption were affected
with the same magnitude (Cohen’s d ranging from
0.734 t0 0.937).

Regarding myokines (Fig. 1 and Table 2), follistatin
values were higher (P=0.02) and myostatin levels were
lower (P < 0.01) in patients with AN compared with controls.
A large effect of AN was observed for myostatin (Cohen’s
d=-1.066) and a small-medium effect for follistatin
(Cohen’s d=0.421). No significant difference was observed
between groups for irisin levels (P =0.96; Cohen’s d=0.101).

IGF-1 levels were significantly lower (P < 0.01, Cohen’s
d=-0.975) in patients compared with controls.
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Figure 1

Myokine levels in controls (CON) and in patients with anorexia nervosa
(An). (A) Irisin, (B) follistatinand (C) myostatin. Data are presented as
mean # s.o.. “significant difference between CON and patients with AN for
P <0.05and P <0.01.

Correlations between the anthropometric,
gynaecological, aBMD, disease-related parameters or
energy expenditure and myokines

Table 3 summarizes the correlation coefficients between
the anthropometric, gynaecological, aBMD, bone marker,
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IGF-1, disease-related parameters or resting energy
expenditure and the myokine levels. When the whole
population was studied, myostatin was negatively
correlated only with CTX and positively correlated with
BMI, lowest BMI, FM, aBMD at all bone sites, markers of
bone formation (OC and PINP), IGF-1 and REEp.

When subgroup analyses were performed, in patients
with AN, irisin was negatively correlated with weight, BMI
and FM, while follistatin was negatively correlated with
CTX. Myostatin was positively correlated with BMI, FM,
IGF-1 and REEm and negatively with CTX. No correlation
was found between myokines and disease-related
parameters including the lowest BMI, duration of AN and
duration of amenorrhoea.

In CON, follistatin was positively correlated with hip
aBMD and myostatin was positively correlated with IGF-1.

Multiple regression analysis

Multiple regression analyses were performed to determine
the independent factors that could influence aBMD in
the whole population, in patients with AN and in CON
(Table 4). Our final models explained between 13.2 and
61% of the aBMD variance, depending on the bone site
analysed. In the AN group, the independent variables
for lumbar spine, hip and radius aBMD were principally
amenorrhoea duration, LTM and PINP. For CON, the
independent variables for aBBMD were principally LTM, age
and PINP. Whatever the group analysed (whole population,
patients with AN or CON), none of the myokines appeared
as explicative independent variables of aBMD.

Discussion

In this study, we investigated the effects of AN on myokine
levels and their potential interrelationships with bone
metabolism and body composition in young women
around the peak bone mass period. AN is well known to
be associated with noticeable alterations in aBMD, bone
remodelling and body composition, and we found that
these patients also presented a specific myokine profile
that tended to preserve muscle and bone mass.

This cross-sectional study confirmed that patients
with AN present lower aBMD values and an alteration in
bone remodelling characterized by an increase in bone
resorption and adecreasein bone formation compared with
young normal-weight women (1, 2, 3, 4, 5, 6). The study was
designed to gain a deeper understanding of the biological
modifications that act on aBMD in this population of

© 2022 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-21-0488

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

D OB


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-21-0488
https://ec.bioscientifica.com

L Maimoun et al.

£ Endocrine
W CONNECTIONS

Myokines and bone in young
women with anorexia nervosa

115 e210488

Table 3 Correlations of body composition, areal bone mineral density (aBMD), biological parameters, resting energy

expenditure and disease-related parameters with myokines in all subjects (All), in controls and in patients with anorexia nervosa.

All Controls Patients with anorexia nervosa
Parameters Irisin Follistatin Myostatin Irisin Follistatin Myostatin Irisin Follistatin Myostatin
Body composition
Weight, kg -0.137 —-0.100 0.373° -0.102 0.113 —-0.067 —0.334° 0.230 0.085
BMI, kg/m? -0.132 —0.099 0.462° -0.171 0.231 -0.213 —0.325° 0.253 0.328°
Lowest BMI, kg/m?  —0.295° 0.018 0.420¢ -0.100 0.300 0.149 -0.271 0.248 0.275
FM, kg -0.182 —-0.108 0.400° —0.312° 0.040 —0.200 —0.402° 0.163 0.337°
LTM, kg 0.000 —-0.002 0.209° 0.175 0.239 0.043 -0.224 0.106 —0.041
aBMD (g/cm?)
Lumbar spine 0.017 -0.033 0.408° 0.142 0.118 0.151 —0.039 0.081 0.131
Lumbar spine 0.055 0.016 0.417° 0.148 0.183 0.197 0.001 0.063 0.179
Z-score
Hip 0.004 0.052 0.358° 0.009 0.345P 0.174 0.005 -0.027 0.137
Hip Z-score —0.009 0.061 0.4222  -0.045 0.352° 0.259 0.018 0.003 0.260
Femoral neck -0.024 -0.011 0.310¢ -0.048 0.194 0.217 —0.041 0.013 0.040
Radius 0.057 —-0.007 0.220° 0.146 0.156 -0.007 —0.025 —0.057 0.118
Biological parameters
CTX, ng/mL 0.045 -0.014 —0.330°¢ 0.053 0.089 —0.004 0.108 —-0.323° —0.388°
PINP, ng/mL —-0.057 —-0.106 0.346¢ -0.127 0.032 0.139 -0.013 0.010 0.252
OC, ng/mL —0.049 —-0.142 0.351°¢ 0.014 0.055 —0.043 —0.081 —0.053 0.255
IGF-1, ng/mL 0.023 0.018 0.487° —-0.098 0.090 0.334° 0.047 0.133 0.652¢
Energy metabolism
REE,,, kcal/day - - - - - - 0.190 —0.082 0.433¢
REE,, kcal/day -0.143 —0.090 0.355° -0.147 0.151 0.033 —-0.282 0.156 0.039
Disease-related
parameters
AN duration, years - - - - - - —0.105 0.132 —0.257
Amenorrhoea - - - - - - 0.084 —0.049 -0.216

duration, months

Data are presented as r (Pearson or Spearman coefficient correlation) and significant correlations are denoted by 2P < 0.001, °P < 0.05 and P < 0.01.
aBMD, areal bone mineral density; AN, anorexia nervosa; CTX, type I-C telopeptide breakdown products; FM, fat mass; IGF-1, insulin-like growth factor-1;
LTM, lean tissue mass; OC, osteocalcin; PINP, procollagen type | N-terminal propeptide; REEm, measured resting energy expenditure; REEp, predicted
resting energy expenditure calculated according to the Harris Benedict equation modified by Roza and Shizgal (41); Z-score, the number of standard
deviations (s.0.) above or below the mean for the patient's age, sex and ethnicity.

Bold indicates statistical significance between groups.

patients, and it especially sought to determine the effects
of undernutrition on myokine levels and to examine the
potential link between myokines and bone parameters.
Our results showed that the patients with AN presented a
specific myokine profile characterized by comparable irisin
levels, lower myostatin levels and higher follistatin levels
compared with controls. Our data are original in that few
studies have reported the effect of undernutrition on the
myokine levels in AN patients (40, 41, 42) and none has
concomitantly evaluated such a large panel of myokines
with various and antagonist physiological functions.
Concerning irisin levels, we found comparable irisin
values in the AN and CON groups. Our results are in
accordance with those of Stengel et al. (41), who reported
a non-significant reduction (-14%) in irisin levels in a
limited number of patients with AN (n = 8) compared with
a normal-weight group unmatched for age and gender.

Further, Hofmann et al. (40) reported no difference in irisin
levels in a small number (n = 39) of young women across AN
subtype groups (i.e. purging, restrictive and atypic), but in
the absence of a normal-weight group, no conclusion on
the specific effect of AN on irisin levels could be deduced.
In this same study, the levels of physical activity did not
modify the irisin levels and no correlation was observed
between irisin levels and various parameters of energy
expenditure (40). Similarly, in our study, the irisin level was
not associated with REEm, REEp or LTM in patients with
AN. In an experimental study on rats, Lee et al. (49) reported
that, despite a substantial reduction in muscle mass induced
by a 2-week starvation, no variation in the irisin levels was
observed. In humans, another report suggested that there is
no tight association between sarcopenia and the circulating
irisin level (50). Our and previous results seem somewhat
the opposite of what we expected. Indeed, irisin is known to
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increase energy expenditure by inducing the browning of
s.c. white adipocytes, which are metabolically favourable for
burning energy through thermogenesis (51). Depending on
the experimental conditions (i.e. thermoneutral or cold),
brown adipose tissue activity has been reported to be absent
or drastically reduced in these patients (52, 53). This finding
was interpreted as an adaptive response to compensate the
chronic fuel deficiency caused by chronic restrictive eating
behaviour (52, 53) and may partly explain the hypothermia
generally observed in these patients (54). Consequently, we
might logically expect lower irisin levels in our AN patients,
in parallel to the reports in other situations of energy deficit
and the likely hypogonadism in amenorrhoeic athletes
compared with eumenorrhoeic athletes and non-athletes
(55). In amenorrhoeic athletes, this phenomenon was
interpreted as an adaptive response to conserve energy (55).
However, compared with patients with AN who present a
state of extreme energy deficit, amenorrhoeic athletes are in
astate of subtle energy deficit, asindicated by their moderate
reduction in fat mass and resting energy expenditure (55).
In patients with AN, the decrease in irisin levels would
accentuate the reduction of energy expenditure and body
temperature. In fact, it seems that in this disease, a fragile
equilibrium exists between low energy expenditure and
whole-body temperature maintenance.

The patients with AN in our study presented lower
myostatin and higher follistatin levels compared with
normal-weight controls. Wu et al. investigated the effect of
AN on myostatin secretion, and they also reported lower
myostatin levels in a small group (n= 25) of adolescent
girls with AN (42). Due to the limited data available in
this population of patients, it is difficult to draw parallels
with the findings obtained in other conditions of energy
deprivation. For example, follistatin levels increased in
both males and females after 72 h of fasting (56, 57) and in
women with hypothalamic amenorrhoea due to chronic
energy deficiency (58). However, although these findings
are concordant with our results, we must keep in mind
that this situation represents a lower level of nutritional
deprivation in comparison with those observed in AN
patients. As follistatin acts as the regulator of myostatin
through binding to the active form of myostatin and
inhibiting the binding of myostatin to the activating IIB
receptor (31), it was speculated that follistatin increases
to protect muscle tissue from degradation via myostatin
inhibition (31).

Given the undernutrition and muscle mass reduction
in patients with AN, do myokine variations play a role in
the alteration in aBMD and bone remodelling in these
patients? Despite some experimental studies in the
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literature showing that myokines may act on bone cell
activity (59) and bone repair (60), data regarding myokine
effects on bone tissue in humans are relatively scarce and
contradictory. For example, a link between myostatin
gene polymorphisms and peak bone mass acquisition has
been demonstrated (61, 62), as has a link with fracture
risk (63). Irisin levels were weakly correlated with BMD in
subjects with osteoporosis (64) and positively associated
with measures of areal and volumetric bone density and
strength estimates in older adult patients (38), female
athletes (55) and soccer players (37). We should note that
this relationship was not reported in another group of
soccer players (65), middle-aged male amateur runners (66)
and postmenopausal women (39). Plasma irisin levels were
associated with hip BMD in elderly Chinese men but not
in women (67). In clinical studies, the inconsistent results
concerning the relationship between irisin levels and
aBMD may be related to the non-standardized technical
assays for the quantification of irisin levels and, to date, the
serum irisin levels measured by different manufacturers
and ELISA kits are not comparable (68, 69, 70). Our results
tended to show no noticeable effects of myokines on aBMD
or bone remodelling markers in the patients with AN. To
the best of our knowledge, only one study has investigated
the potential role of myokines on bone alteration in a
comparable population (42). In this study, Wu et al. (42)
also found no relationship between myostatin (GDF 8)
and aBMD in adolescent women with AN, whereas the
level of growth differentiation factor-11 (GDF11), whose
sequence is close to that of myostatin and whose values
are higher in AN patients, was an independent negative
predictor of aBMD. It is probable, as suggested by Wu
et al. (42), that factors other than myokines have a greater
impact on bone metabolism in this pathological state. In
our study, among several factors, LTM, age of AN onset and
longer amenorrhoea duration appeared as independent
explicative variables for aBMD in this population.
Nevertheless, our final model only explained between 11.5
and 61% of the aBMD variance, depending on the bone site
evaluated. This suggests, as previously stated by Wu et al.
(42), that other factors - and why not other myokines that
remain thus far unidentified? - might influence aBMD.
This study had some limitations, particularly its
cross-sectional design and the single measurements of
both aBMD and the biological parameters, as well as
the inclusion of a limited number of patients with AN.
Indeed, it now seems important to further investigate the
underlying mechanisms that link myokines and bone in
a longitudinal study, particularly during weight loss or
weightrecovery in these patients. Also, evidence has shown
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that physical activities can influence myokine levels (71),
but this information was not available from our patients.
It should be noted, however, that, as mentioned above,
physical activities do not seem to modify myokine levels
in patients with AN (40). Importantly, these limitations
are mitigated by the wide age range for the two groups
around the time of peak bone mass, the high degree of
age-matching (+6 months) and the similar clinical profiles
within groups. In addition, although we paid particular
attention to collecting data on the history of the disease
(age of AN onset, duration of AN and weight variations),
these were self-reported, which might have induced a bias,
particularly in this population of patients who present
impairments in memory performance. To limit this bias,
the data collected for patients followed for a long time
in our department were compared with data from their
medical files, whenever possible. Blood samples were
obtained at an unsynchronized menstrual stage that may
potentially have affected some of the biological parameters
evaluated in the current study, particularly follistatin (58,
72). Other hormones that are produced by fat tissue also
interact with bone tissue (13) and it will be interesting to
evaluate the complex interactions between muscle, fat and
bone tissues via myokine and lipokine analysis.

Conclusion

This study confirmed that the presence of AN during the
growth and young adult periods induces a deep alteration
in bone mass and bone turnover. Although myokines are
influenced by undernutrition, these biological parameters
do not seem to be directly implicated in the bone
metabolism alteration of AN patients. However, the lower
myostatin/follistatin ratio would tend to preserve bone
and muscle mass, and normal irisin values would tend to
maintain a temperature compatible with life while limiting
energy expenditure.
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