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Abstract: Weight loss contributes to increased risk of hip fracture, especially in postmenopausal
women. Omega-3 polyunsaturated fatty acid (n-3 PUFA) supplementation could diminish the ad-
verse effect of weight loss on bone health. The aim of this randomized, placebo-controlled, double-
blind parallel trial was to investigate the effect of caloric restriction and n-3 PUFA supplement in-
take on osteogenic markers (carboxylated osteocalcin (Gla-OC); procollagen I N-terminal propep-
tide (PINP)) as well as a bone resorption marker (C-terminal telopeptide of type I collagen (CTX-I))
in serum of sixty four middle aged individuals (BMI 25-40 kg/m?) with abdominal obesity. Bone
remodeling, metabolic and inflammatory parameters and adipokines were determined before and
after 3 months of an isocaloric diet (2300-2400 kcal/day) or a low calorie diet (1200 kcal/d for women
and 1500 kcal/d for men) along with n-3 PUFA (1.8 g/d) or placebo capsules. CTX-I and adiponectin
concentrations were increased following 7% weight loss independently of supplement use. Changes
in CTX-I were positively associated with changes in adiponectin level (rho=0.25, p=0.043). Thus, an
increase in serum adiponectin caused by body weight loss could adversely affect bone health. N-3
PUFAs were without effect.

Keywords: bone turnover; obesity; caloric restriction; n-3 PUFAs

1. Introduction

Obesity is a disorder which is a major public health problem due to its associated
complications and increased risk of chronic disease [1-3]. To prevent these adverse health
impacts, weight reduction is a key therapeutic goal in people with obesity. Lower energy
intake (caloric restriction) and changing lifestyle by increasing energy expenditure (phys-
ical activity) are the first treatment options and can be effective. Weight loss exerts bene-
ficial effects on health by improving metabolic parameters (serum triglyceride concentra-
tion, glucose tolerance, insulin sensitivity) as well as decreasing blood inflammatory
markers and cardiovascular risk factors [3]. However, some studies have documented
that weight loss due to caloric restriction is associated with increased risk of hip fracture,
especially in overweight and obese postmenopausal women [4-6]. It was reported that
weight reduction resulted in an increase in blood markers of bone resorption, suggesting
bone loss. However, the effect of caloric restriction on bone turnover in mid-adulthood is

Nutrients 2021, 13, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/nutrients

N

16
17
18
19
20
21
22
23
24
25
26
27
28
29

30
31

32

33
34
35
36
37
38
39
40
41
42
43
44



Nutrients 2021, 13, x FOR PEER REVIEW 2 of 21

still unclear because some studies reported an increase in bone mass after intervention
[7,8], while others report a decrease or no change [9].

In addition to caloric restriction, omega-3 polyunsaturated fatty acids (n-3 PUFAs)
could reduce obesity-related complications and chronic disease risk through a reduction
in inflammation [10-13]. Moreover, n-3 PUFA supplementation could beneficially alter
bone metabolism by decreasing bone resorption and so help to maintain bone mass, as
reported in cell model systems and animal studies [14,15]. It was also shown that n-3
PUFAs increase intestinal calcium absorption and enhance activation of osteoblastic ac-
tivity by increasing procollagen and osteocalcin, which are markers of bone mineraliza-
tion [16]. N-3 PUFAs were also reported to inhibit osteoclast activity [10,17] and bone re-
sorption by downregulating macrophage colony stimulating factor (M-CSF), microph-
thalmia-associated transcription factor (MITF), and receptor activator for nuclear factor x
B (RANK) expression [18,19]. Some human studies showed that n-3 PUFA consumption
prevented bone loss and reduced risk of osteoporosis [20]. Experimental findings revealed
that the effect of n-3 PUFAs is driven by their lipid mediators such as resolvin E1 (RvE1)
which is produced from eicosapentaenoic acid (EPA). RvE1 was reported to inhibit oste-
oclastogenesis [21] and upregulate osteoprotegrin (OPG), restore the receptor activator for
nuclear factor k B ligand (RANKL)/OPG ratio and attenuate RANKL-induced osteoclastic
activity [22]. Data shown by Zalloua et al. indicated that enhanced consumption of sea-
food, a source of n-3 PUFAs, was associated with increased bone mineral density [23].
However, intervention trials with n-3 PUFA supplements in humans are limited and the
findings are not clear. Moreover, there is only one study that has focused on the effect of
caloric restriction with or without n-3 PUFA supplementation in young adults [24].

This study aimed to investigate the effect of caloric restriction (low calorie versus
isocaloric diet) and n-3 PUFA supplement intake (n-3 PUFA versus placebo) lasting for
three months on osteogenic markers ((carboxylated osteocalcin (Gla-OC) and procollagen
I N-terminal propeptide (PINP)) as well as a bone resorption marker (C-terminal telopep-
tide of type I collagen (CTX-I)) in blood of middle-aged adults with abdominal obesity.
This is the first trial in which the effect of caloric restriction with and without n-3 PUFA
supplementation on bone turnover in humans is investigated. We hypothesize that 3
months of n-3 PUFA supplementation in subjects on an isocaloric diet will result in an
increase in bone formation markers, that a short-term low calorie diet will increase the
bone resorption marker, and that n-3 PUFA supplementation will mitigate the negative
effect of caloric restriction on the bone resorption marker.

2. Materials and Methods
2.1. Participants

Subjects with overweight or obesity (BMI 25-40 kg/m?) with abdominal obesity
(waist circumference >102 cm in men and >88 cm in women) aged 25-65 years were eligi-
ble to participate in the trial examining the differences in serum bone turnover markers
across groups as the primary outcome. Sample size was calculated as 15 per arm to detect
a 40% change in bone turnover markers at a p value < 0.05 with a power of 80%. To esti-
mate sample size CTX-I was used.

Subjects with diabetes, other endocrine disorders, chronic inflammatory diseases and
kidney or liver dysfunction were excluded. Subjects participating in the study had not
taken lipid-lowering or anti-inflammatory drugs or supplements containing vitamins A,
D, Cor E, B-carotene or PUFAs. Fish consumption was not allowed during the study pe-
riod.

Participants were recruited from the Out-Patient Clinic of Obesity and Lipid Disor-
ders and the Department of Metabolic Disorders, Jagiellonian University Medical College,
Krakow, Poland.
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2.2. Study Design and Intervention 96

We performed a 3-month randomized, double-blind, and placebo-controlled parallel 97
and single center trial. The trial was performed in accordance with The Code of Ethics of 98
the World Medical Association (Declaration of Helsinki) and with the Good Clinical Prac- 99
tice guidelines. Ethical approval was provided by the Bioethics Committee of the Jagiel- 100
lonian University in Cracow, Poland (written consent, decision number KBET/82/B/2009) 101
and all subjects gave written informed consent prior to participation in the study. The trial 102
was conducted at the Department of Clinical Biochemistry, Jagiellonian University, Med- 103
ical College, Krakow, Poland. The trial was registered at isrctn.com as ISRCTN11445521. 104
The recruitment of trial participants began in September 2009 and was completed in July 105
2013. 106
Women and men were screened for eligibility at their first medical visit. All recruited 107
subjects had detailed medical examination and standard laboratory exams done to evalu- 108
ate their health status and to exclude volunteers who did not meet inclusion criteria. All 109
subjects had their height and weight measured and BMI was calculated. Subjects who 110
fulfilled inclusion criteria were provided with study information and, before giving writ- 111
ten consent to participate, were counselled by a research assistant. 112
Recruited subjects were randomized using an independent online computerized ran- 113
domization system by a member of administrative staff who was not involved in recruit- 114
ment, clinical care or dietary advice. Randomization was conducted at the level of the 115
individual and was stratified by sex and age. Before randomization, recruited subjects 116
underwent an adaptation period of two weeks. During this period of time participants 117
were asked by a nutritionist to adopt a diet containing the amount of calories according 118
to individual caloric requirement which was calculated taking into account the resting 119
metabolism and the level of physical activity for each subject. This isocaloric diet (2300- 120
2400 kcal/d) contained 57% of energy from carbohydrates, 30% from fat and 13% from 121
protein. Subjects were advised by a dietician on how to apply this diet and were given 122
written instructions. After the adaptation period, each participant had a dietary consulta- 123
tion and was randomly assigned to one of the four groups. 124
Subjects who were randomized to the first or second group, were advised by a die- 125
tician to adopt the isocaloric diet (2300-2400 kcal/d) and consume 3 times per day capsules 126
after a meal (IS + placebo group, IS + n-3 PUFA group) whereas those assigned to the third 127
or fourth group were advised to adopt a low calorie diet and consume 3 times per day 128
capsules after a meal (CR + placebo group, CR + n-3 PUFA group, respectively). The ca- 129
loric value of the low calorie diet (CR) was 1200 kcal/d for women and 1500 kcal/d for men 130
and 60% of energy was provided from carbohydrates (with low glycemic index), 15% from 131
protein and 25% from polyunsaturated fat. During the implementation of the 3-month 132
intervention diet all subjects were under the supervision of a dietitian with visits every 133
two-weeks. During these visits, a dietary questionnaire was completed and, additionally, 134
a 24-hour dietary interview. In order to assess the dietary compliance and the intake of 135
essential nutrients and vitamins, each subject was asked to complete a 3-day food diary 136
before and after the 3 month diet intervention. Each subject had the possibility of contact 137
by phone with a dietitian to clarify any concerns. The amounts of calories, nutrients and 138
vitamins consumed were calculated using the "Dietician" program prepared by the Food 139
and Nutrition Institute in Warsaw (Poland). 140
Placebo (corn oil) or n-3 PUFA %X 1050 TG) (EPAX, Alesund, Norway) capsules 141
were identical in size, shape and app ce and contained 4 mg of vitamin E per capsule. 142
Three n-3 PUFA capsules contained 1.8 g docosahexaenoic acid (DHA) + eicosapentaenoic 143
acid (EPA) in a ratio of 5:1. 1.8 g of n-3 PUFAs was chosen because such an amount could 144
be delivered in the human diet, since it is equivalent to 4 servings of oily fish per week. 145
Subjects were advised to swallow their capsules immediately after a meal. Due to similar 146
appearance of the placebo and n-3 PUFA capsules blinding of participants and nutrition- 147
ists was possible. Considering the nature of the trial, the dietician and participants could 148
not be blinded in terms of caloric content of diets consumed for 3 months. However, where 149
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possible, subjects, medical staff, laboratory technicians, data analysts and outcome asses- 150
sors, and study coordinators were blinded to treatment allocation. 151

2.3. Assessment of Compliance 152

Compliance to the supplements was assessed by counting returned capsules. Addi- 153
tionally, fatty acid composition of plasma phosphatidylcholine (PC) and of erythrocyte 154
membranes was measured before and after intervention. A cut-off of a 20% increase in 155
“omega-3 index”, which is the sum of EPA and DHA in erythrocyte membranes, wasused 156
to identify compliers in the n-3 PUFA group and non-compliers in the placebo group. 157

2.4. Outcome Measures 158

Primary outcome measures of the trial were change in bone turnover markers be- 159
tween baseline (after two weeks of isocaloric diet adaptation period) and 3 months of di- 160
etary intervention. After two weeks of the adaptation period (baseline) and at the end of 161
the 3 month intervention period, venous blood was collected after a 12 hr overnight fast 162
and was used for measurement of the following bone turnover markers: Gla-OC, under- 163
carboxylated osteocalcin (Glu-OC), CTX-I, osteopontin, PINP. Serum Gla-OC and Glu-OC 164
were determined by ELISA (Takara, Japan). Intra- and interassay coefficients of variation 165
were: <4.8% and <2.4% (Gla-OC) and <6.66%, and <9.87% (Glu-OC), respectively. Total 166
osteocalcin level was calculated as the sum of Gla-OC and Glu-OC. Serum CTX-I was 167
measured by ELISA (BioVendor, USA). Intra- and interassay coefficients of variation 168
were: <2% and <7%. Serum PINP was measured by ELISA (Cloud-Clone Corp., USA). 169
Intra- and interassay coefficients of variation were: <10% and <12% 170

2.4.1. Anthropometric measures 171

At baseline (after two weeks of adaptation period) and at the end of 3 months inter- 172
vention, anthropometric measurements (BMI, hip and waist circumference, adipose tissue 173
content) were made. Body composition changes including fat content, muscle mass and 174
water content were measured by Tanita Body Composition Analyser BC-418 (Tanita, Ja- 175
pan). 176

2.4.2. Secondary blood outcome measures 177

Before and after the intervention, after a 12 h overnight fast venous blood was col- 178
lected for measurement of serum glucose, insulin, glucose-dependent insulinotropic poly- 179
peptide (GIP), non-esterified fatty acids (NEFAs), total cholesterol, HDL-cholesterol and 180
triglycerides, adipokines (leptin, adiponectin, resistin, visfatin), adhesion molecules (sE- 181
Selectin, soluble vascular cell adhesion protein 1 (sVCAM-1), soluble platelet endothelial 182
cell adhesion molecule 1 (sSPECAM-1)), and proinflammatory markers (C-reactive protein 183
(CRP), interleukin 6 (IL-6) and monocyte chemoattractant protein 1 (MCP-1)). Serum glu- 184
cose was measured using glucose oxidase method (ELITech Clinical Systems, France). In- 185
tra-assay and inter-assay coefficients of variation were 2.3% and 3.5%, respectively. Serum 186
triglycerides were determined by triglycerides oxidase method (ELITech Clinical Systems, 187
France). Within-day and between-day precision CVs were 1.4% and 3.4% respectively. 188
Insulin was determined by an immunoradiometric method (INS IRMA DIAsource, Im- 189
munoAssays, Belgium). The within-run and between-run CVs were 2.1% and 6.5% respec- 190
tively. Basal insulin resistance was estimated using homeostasis model of assessment 191
(HOMA-IR) [25]. GIP was measured using ELISA (EMD Millipore, St Charles, MO, USA). 192
Within-run CV was 6.1% and between-run CV was 8.8%. The limit of quantitation was 8.2 193
pg/ml. NEFAs were measured using an enzymatic colorimetric method. Serum total cho- 194
lesterol was determined by the cholesterol oxidase method (ELITech Clinical Systems, 195
France). Within-run CV was 1.4% and between-run CV was 3.8%. HDL-cholesterol was 196
determined by an enzymatic colorimetric method (ELITech Clinical Systems, France). 197
Within-run and between-run CVs were 2.1% and 2.8% respectively. LDL-cholesterol was 198
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calculated using the Friedewald formula. Serum leptin, adiponectin (adipocyte comple- 199
ment-related protein of 30kDa, Acrp 30), resistin, IL-6, sE-Selectin, MCP-1, sVCAM-1, os- 200
teopontin and fibroblast growth factor 21 (FGF-21) were assayed using ELISA (R&D Sys- 201
tems Europe, Ltd, Abingdon, United Kingdom). Within- and between-run imprecision 202
CVs were 3% and 4% (leptin), 4% and 6% (adiponectin), 5.3% and 8.2% (resistin), 6% and 203
7% (IL-6), 6% and 8% (sE-Selectin), 5% and 6% (MCP-1), 3.5% and 7.7% (sVCAM-1), 4.0% 204
and 6.6% (Osteopontin), 3.9% and 10.9% (FGF-21). Vitamin D was measured by electro- 205
chemiluminescence on Cobas PRO analyzer (Roche Diagnostics, Germany). NEFAs con- 206
centration was measured immediately in non-frozen plasma by enzymatic quantitative 207
colorimetric method (Roche Diagnostics GmbH, Germany). 208

Venous blood was also collected for measurement of plasma phosphatidylcholine 209
(PC) fatty acid composition and fatty acid content of erythrocyte membranes at baseline 210
and at the end of the trial. The fatty acid composition of plasma PC and red blood cells 211
(RBC) was assessed by gas chromatography using methods described previously [26]. 212
Chloroform/methanol (2:1 vol/vol) was used to extract total lipid from plasma or 213
erythrocytes. PC was separated by solid phase extraction on Bond Elut cartridges (Varian, 214
Palo Alto, CA, USA). Plasma PC and erythrocyte lipids were saponified: in the presence 215
of sulphuric acid containing 2% methanol, fatty acid methyl esters were formed by heating 216
at 50°C for 2 h and extracted into hexane and then concentrated by evaporation under 217
nitrogen. Separation of fatty acid methyl esters was performed by gas chromatography on 218
a Hewlett Packard 6890 gas chromatograph (Hewlett Packard, CA, USA) fitted with a 219
BPX70 column (SGE Europe, Milton Keynes, Bucks, UK). Run conditions are described 220
elsewhere [26]. Identification of fatty acids was by comparison of their retention times 221
with those of authentic standards. Data are presented as percentage contribution to the 222
total fatty acid pool. 223

2.5. Data Analysis 224

Nominal data were analysed by chi-square (x2) test. The Shapiro-Wilk test was used 225
to analyse data for a Gaussian distribution and Levene’s test was used to verify the ho- 226
mogeneity of variance. Continuous variables were transformed if required. Normally dis- 227
tributed data are presented as mean+SD, otherwise as median and lower and upper quar- 228
tile range (25, 75%). Differences between the four studied groups were analyzed by one- 229
way VA or Kruskal-Wallis and Dunn test (for non-normally distributed data). Po- 230
tenti fferences in biochemical measurements between baseline and after intervention 231
were calculated with repeated measures by ANOVA and Tukey post hoc test. The Spear- 232
man rank correlation was used to find an association between non-normally distributed 233
data. p values less than 0.05 were considered significant. Statistical analyses were per- 234
formed with the Statistica software (StatSoft). 235

3. Results 236

The aim of the trial was to investigate the effect of n-3 PUFA supplementation as well 237
as a moderate low calorie diet (1200kcal/day for women and 1500 kcal/day for men) for 238
three months on bone turnover markers in subjects with abdominal obesity. The recruit- 239
ment of study participants began in September 2009 and was completed in July 2013. The = 240
follow-up for the first participant was scheduled for 14 March 2011 whereas the last fol- 241
low-up for the last participant was recorded for ly 2013. From 295 volunteers assessed 242
for eligibility, 98 were excluded because of not-meeting inclusion criteria and a further 243
eight volunteers declined to participate. Thus, 189 subjects were enrolled in the study and 244
randomly assigned to one of four intervention groups: isocaloric diet with placebo cap- 245
sules ( 3), isocaloric diet with n-3 PUFA capsules (1 = 45), low calorie diet with placebo 246
capsule = 51), low calorie diet with n-3 PUFA capsules (1 = 50). The progression of 247
subjects through the study is shown in Figure 1. From 43 subjects assigned to isocaloric 248
diet and placebo supplementation, five did not receive the intervention for reasons not 249
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known. In the second group, 36 participants received the allocated intervention, while 250
nine subjects declined to participate after allocation. In turn, two subjects did not receive 251
low calorie diet and placebo supplementation, one due to newly diagnosed diabetes melli- 252
tus type 2 and the other declined to participate because of family trouble. In the fourth 253
group 49 subjects received the low calorie diet and n-3 PUFA capsules; one subject was 254
excluded due to newly diagnosed diabetes mellitus type 2. After treatment allocation 255
eighteen subjects were lost to follow up (three subjects from first group, five subjects from 256
isocaloric diet with n-3 PUFA capsules, six subjects from low calorie diet with placebo 257
capsules and four subjects from the fourth group). Eight subjects discontinued interven- 258
tion: two subjects from isocaloric diet with n-3 PUFA capsules due to claiming that taking 259
capsules leads to weight gain, three participants of the third group (one discontinued due 260
to pregnancy, two subjects got new work outside the country), three subjects from the 261
fourth group (one subject developed pneumonia that required hospitalization, one subject 262
required hospitalization for decompensation of preexisting heart failure, one subject 263
claimed that taking capsules leads to weight gain). The n-3 PUFA capsules were safe and 264
well tolerated. No adverse effects were observed after DHA/EPA (5:1) supplementation. 265

Finally, 146 subjects completed the trial (35 from isocaloric diet with placebo, 29 from 266
isocaloric diet with n-3 PUFA capsules, 40 from low calorie diet with placebo capsulesand 267
42 from low calorie diet with n-3 PUFA capsules). Thirty three subjects were excluded 268
from analysis due to not meeting compliance criteria: 18 subjects from the placebo group 269
(omega-3 index after supplementation increased more than 20%) and 15 subjects from the 270
n-3 PUFA group (increase in omega-3 index was less than 20% after supplementation). In 271
addition, in order to exclude effects of age on bone remodeling markers, women with age 272
above 45 years were excluded from analysis. Thus, full analyses were performed in 64 273
subjects: 14 in the isocaloric diet with placebo group, 13 in the isocaloric diet with n-3 274
PUFA group, 14 in the low calorie with placebo group, 23 in the low calorie withn-3 PUFA 275
group. 276

== CONSORT

L7 I TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram
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[ Enrollment ] (n=295) ‘
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(age) (n=13) (age) (n=9) (age) (n=16) (age) (n=11)
277
Figure 1. CONSORT flow diagram. 278



Nutrients 2021, 13, x FOR PEER REVIEW 7 of 21

Baseline characteristics did not differ between the four studied groups of subjects 279
(Table 1). The majority of the 64 participants included in the analysis were females (n = 280
35) aged 25-44 years, but the four groups did not differ in terms of age and sex (Table 1). 281
Baseline concentrations of EPA and DHA in plasma PC as well as in red blood cell mem- 282
branes were also similar among all studied groups at baseline (p>0.05). Among the 64 par- 283
ticipants of the study, 24% were overweight (n =15), 50% (1 = 32) had BMI between 30 and 284
34.99 kg/m? and 26% (n = 17) presented second degree obesity. Subjects allocated to caloric ~ 285
restriction with placebo capsules had significantly higher BMI than those on the isocaloric 286
diet with n-3 PUFA capsules (35.26 + 3.14 versus 30.84 + 3.48 kg/m?, p=0.007). However, 287
studied groups did not differ as regards waist circumference and adipose tissue mass. All 288
subjects had abdominal obesity, because in women waist circumference was above 80 cm 289
whereas in men it was above 94 cm. Subjects allocated to the 4 intervention groups did 290
not differ in terms of parameters of glucose and lipid metabolism. In 64% (1 = 41) of trial 291
participants, LDL-concentration exceeded the value of 3 mmol/L; 34 subjects had blood 292
total cholesterol above 5 mmol/L and 23 presented abnormal triglycerides (>1.7 mmol/L). 293
With regard to parameters of glucose metabolism, 14 subjects had impaired fasting glu- 294
cose (5.6-6.9 mmol/L) and in 66% of the participants HOMA-IR index exceeded 2.5 which 295
may indicate presence of insulin resistance. The four groups did not differ as regards base- 296
line adipokines (leptin, adiponectin, resistin, visfatin, FGF-21). The blood concentration of 297
proinflammatory markers (IL-6, MCP-1, CRP) as well as cell adhesion molecules (sE-se- 298
lectin, sVCAM-1, sPECAM-1) was similar in all studied groups. There were also no dif- 299
ferences in baseline serum concentration of vitamin D or bone turnover markers (osteo- 300
pontin, PINP, CTX-I, Gla-OC, Glu-OC) among the four groups. All subjects had total 301

blood vitamin D concentration below the reference range (< 30 ng/mL). 302
Table 1. Baseline characteristics of the subjects participating in the trial. 303
All subjects IS+placebo IS+n-3 PUFA CR+placebo CR+n-3 PUFA p-
Parameter .
(n=64) (n=14) (n=13) (n=14) (n=23) Value
Age (years) 41.0+99 43111 3945 37+10 44+10 0.203
Sex, female (%) 55 (n = 35) 50 (n=7) 54 (n=7) 72 (n=10) 48 (n=11) >0.05
EPA in plasma PC 1.49 2.42 1.49 1.47
(weight%) 243200 (1.12, 2.76)2 (1.49, 4.25) (1.11, 2.13) (1.19, 2.67) 0241
DHA in plasma PC 3.52 4.45 3.69 3.36
(weight%) 3.78+1.32 (3.03, 4.88) (3.08, 4.74) (2.87,5.07) (2.68,4.12) 0445
EPA in RBC 1.01 0.96 1.050 1.00
1.16 £ 0. .861
membranes (%) 6+065 (0.74, 1.54) (0.89, 1.51) (0.77,1.27) (0.83,1.23) 086
DHA in RB
in RBC 4.29+1.20 4.15+1.30 434 +1.21 450+1.44 422 +1.03 0.884
membranes (%)
5.15 5.73 5.50 5.16
(@] -3 index (% 5.45 +1.67 0.865
mega-3 index (%) (458, 6.01) (4.84, 6.21) (3.97, 6.78) (4.90, 5.69)
Weight (kg) 96.05 + 14.29 92.20 +12.69 90.65 + 16.73 100.51 £9.69 98.73+15.33  0.168
BMI (kg/m?) 32,98 +4.01 31.56 +3.75 30.84 +3.48 3526+3.14* 33.67+4.18 0.008
Waist circumference 95.1 + 13.6 96.0 94.0 102.0 95.0 0161
Females (cm) (90.0, 101.5) (88.0, 99.0) (99.0, 106.5) (88.0, 98.0)
Waist circumference ) ;g 4 105.4+13.9 112.0 9.0 1150+ 4.8 114557 0206
Males (cm)
0.89 0.95 0.86 0.90
WHR 0-90+0.12 (0.82, 0.96) (0.85, 0.98) (0.82,0.96) (0.82,0.99) 0-909
0.82 0.83 0.84 0.82
WHR Femal .82+0.1 34
emales 08220.10 (0.80, 0.83) (0.82,0.91) (0.80, 0.85) 080,083 0
WHR Males 0.99 +0.05 0.99 +0.06 0.98 +0.02 1.01+£0.06 1.00 £ 0.04 0.852
Adipose tissue (%) 35.16 + 6.58 33.71+7.15 31.90 +4.99 38.75 + 6.88 35.85+6.14 0.073
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Total cholesterol
otal Chotestero 5.29 + 0.94 5.47 +1.20 5.36 + 0.83 4.85+0.98 540+075  0.267
(mmol/L)
HDL-cholesterol 1.25+0.22 131023 1.20+0.18 1.21+0.22 125+024 0552
(mmol/L)
LDL-cholesterol 3.36 +0.83 3.55+0.90 3.58 = 0.86 2.99 +0.78 335+077 0233
(mmol/L)
NEFAs (mmol/L)  0.74+027 0.81+0.32 0.65+0.22 0.74+0.28 0.75+027  0.535
111 117 1.34 1.71
TGs (mmol/L) 1542082 (0.87,1.24) (0.88, 1.70) (1.04, 1.77) 111,257 0192
4.85 495 5.08 5.35
I /L 24+ 0.54 1
Glucose (mmol/L)  524+05 (4.80, 5.63) (4.80, 5.35) (4.91,5.31) (5.05,580 107
Insulin (LIU/mL)  15.84 +8.32 14.67 + 6.41 1255+516  19.84+1129  1578+801  0.145
HOMA-IR 3.74+2.10 3.50 + 1.86 2.84+1.29 452+2.63 388+214  0.182
GIP (pg/mL) 3254+2328  33.16+1358  2295+1341  3859+3340 335242405  0.157
Leptin (ng/mL)  30.89+2230  26.86+1690  23.62+1361 421242168  30.61+27.48  0.125
LeptinFemales ) o1 5333 367341501 317941320 16704661 457943357 0242
(ng/mL)
Leptin Males
16.62+853  17.00+12.88  14.09+575  1956+1038  1670+661  0.815
(ng/mL)
Adiponectin (ug/mL)  5.81 +3.04 6.37 +4.21 6.59 +2.35 4.96 +2.48 556+2.87  0.468
1.38 0.81 1.40 1.08
1L-6 (pg/mL) 147+ 1.07 (1.01, 1.73) (0.71,0.99) (1.10, 2.27) 087,168 7
0.90 1.30 3.8 2.20
RP (mg/L 243+2.14 331
CRP (mg/L) 3 (0.61, 3.65) (0.63, 2.28) (0.74, 5.04) 0.66,424) OB
Resistin (ng/mL) 9.49 +3.14 9.42 +3.81 9.01+2.15 9.26 + 3.08 9.96+334  0.835
Visfatin (ng/mL) 1.16 + 0.94 114+ 035 0.95+0.61 112+ 0.67 133098 0411
sE-selectin (pg/mL) ~ 39.09+1530  4513+10.64  31.81+12.69  37.66+1270  40.35+18.92  0.170
MCP-1 (pg/mL) 3529949463  411.04+9539  301.49+5990 33698 +6571 356.78+109.10 0.098
SVCAM-1 (ng/ml) 591.50 +140.37 558.32+13229 586.84+123.74 581.90+167.67 618.54+139.05 0.657
sPECAM-1 (ng/mL) 69.17+1547  7373+1559  69.93+13.64  71.01+1841  6508+1433  0.405
FGF-21 (pg/mL) 25149 +162.01 241.04+13440 271.97+218.01 257.66+14580 242.53+159.93 0.886
Vitamin D (ng/mL)  14.77 + 6.40 14.57 +5.70 1715+ 6.28 12.41+5.71 1499+7.10 0297
Osteopontin (ng/mL) 49.65+11.06  49.86+9.60  47.00+11.60  51.50+12.62  49.94+11.04 0.772
7.06 7.64 8.05 7.41
PINP (ng/mL) 7842210 (6.35, 8.39) (6.73, 7.95) (7.33, 8.42) 620,882 O34
0.29 0.30 0.29 0.28
TX-I L 32+0.1 647
CTX-I (ng/mL) 0-32£0.13 (0.20, 0.43) (0.22, 0.34) (0.24, 0.32) 023,033
Gla-OC (ng/mL)  10.52+3.54 10.26 + 2.66 9.81+1.63 11.26 + 3.90 1055+4.18  0.815
Glu-OC (ng/mL) 358 +2.61 338 +2.00 2.74+1.61 3.46+177 425+3.60  0.420
% Glu-OC 2440+1212  2315+1026  21.17+9.36 2337+930  27.27+1539  0.740
Total-OC (ng/mL)  14.09 +4.22 13.48 + 3.47 12.52 +2.09 14.72 + 4.79 1480+493 0267

Significant difference between the 4 groups of subjects (1 = 64) (one way ANOVA or Kruskall-Wallis test for non-normally
distributed variables, nominal data were analysed by x 2 test), p<0.05. 'Mean + SD, *Median (25-75%); all such values;
*p<0.05 CR+placebo group versus IS+placebo group, *p<0.05 CR+placebo group versus IS+n-3 PUFA group. Abbreviations:
BMI, body mass index; BP, blood pressure; CTX-I, c-terminal telopeptide of type I collagen; CR, caloric restriction; CRP,
C-reactive protein; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FGF-21, fibroblast growth factor 21; GIP,
glucose-dependent insulinotropic polypeptide; Gla-OC, carboxylated osteocalcin; Glu-OC, undercarboxylated osteocal-
cin; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment; MCP-1, monocyte chemoattractant protein
1; NEFAs, non-esterified fatty acids; LDL, low-density lipoprotein; IL-6, interleukin 6; IS, isocaloric diet; OC, osteocalcin;
PC, phosphatidylcholine; PINP, procollagen I n-terminal propeptide; RBC, red blood cells; sSPECAM-1, soluble platelet
endothelial cell adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion protein 1; TGs, triglycerides; WHR, waist

to hip ratio.

304
305
306
307
308
309
310
311
312
313
314



Nutrients 2021, 13, x FOR PEER REVIEW 9 of 21

In subjects taking 1.8 g/day n-3 PUFAs, plasma and red blood cell levels of EPA and
DHA increased significantly (versus placebo, p<0.001) independently of the diet used (Ta-
ble 2, Figure 2). In turn, the low calorie diet used for 3 months, independently of n-3 PUFA
supplementation, resulted in weight loss by 7% (92.28+13.49 vs 99.40+13.35 kg) and adi-
pose tissue mass loss (34.09+7.90 vs 36.81+6.44 %) in comparison to the isocaloric diet
(p<0.001, p=0.05, respectively) (Table 2, Figure 2, Figure 3a and Figure 3b).

Table 2. Anthropometric values and n-3 PUFAs in plasma PC and red blood cells before and after 3 months of dietary
intervention in obese subjects.

EPA in DHA in EPA in RBC DHA in RBC

- Adi
Group Time plasma PC  plasma PC membranes membranes Sdmeig; /3) BMI (kg/m?) ﬁsiﬁczcsye)
(weight%)  (weight%) (%) (%) ’ ’
Baseline 2.77+3.14 391+157 147+116 4.15+130 560+230 31.56+3.75 33.71+7.15
IS+placebo After 3
(n=14) months 1.83+1.04 359+139 1.04+058 421+095 526+141 30.87+3.19 30.70+7.31
IS+n-3 Baseline 295+173 4.08+1.15 1.15+043 4.34+121 549+151 30.84+3.48 31.90+4.99
PUFA After 3 3.69+151 637207 200+055 7.12+1.08 9.13+155 31.03+3.43 30.93+6.93
(n=13) months
Baseline 2.03+151 3.95+1.69 1.06+044 450+144 556+1.80 35.26+3.14 38.75+6.88
CR+placebo After 3
(n=14) months 1.57+0.63 412+1.66 092+040 443+140 535+176 3254+422 37.12+7.96
-3 Baseline 2.15+1.46 344+1.01 106+038 422+1.03 528+129 33.67+4.18 35.85+6.14
PUFA After 3
355+234 6.62+211 197+090 7.64+111 9.61+175 3143+3.94 32.25+7.44
(n=23) months

p-Value time x diet 0.212 <0.001 0.491 0.342 0.704 <0.001 0.050

p-Value time x 0,001 <0.001 <0.001 <0.001 <0.001 0.525 0.853
supplementation

p-Value time x dietx ) o4 0.590 0.604 0.148 0.568 0.879 0.602
supplementation

Values are presented as means + SD. Statistics: Analyses were performed with repeated-measures by ANOVA. Abbrevia-
tions: BMI, body mass index; CR, caloric restriction; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IS, isocaloric
diet; PC, phosphatidylcholine; RBC, red blood cells.

12 1 s HiH

|

B Baseline
i }' After 3 months
4
2
0

Placebo n-3 PUFA

Omega-3 index (%)
(=}

Figure 2. Omega 3 [%] index before and after 3 months of n-3 PUFA (n = 26) or placebo (n = 28)
supplementation independent of diet. Data are shown as mean + SD. Statistics: Analyses were per-
formed with repeated-measures by ANOVA and Tukey post hoc test; significance: ***p<0.001 after
versus before n-3 PUFA supplementation, ###p<0.001 after n-3 PUFA supplementation versus after
placebo supplementation.
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Figure 3. (a) Body weight (kg) before and after 3 months of isocaloric diet (1 = 27) intervention or
before and after 3 months of low-calorie diet (n = 37) intervention independent of supplementation,
(b) Adipose tissue mass (%) before and after 3 months of isocaloric diet (1 = 27) intervention or
before and after 3 months of low-calorie diet (n = 37) intervention independent of supplementation,
Data are shown as means + SD. Statistics: Analyses were performed with repeated-measures by
ANOVA and Tukey post hoc test; significance: ***p<0.001 after versus before low calorie diet.

As regards lipid and glucose metabolism parameters, the low calorie diet independ-
ent of supplementation (placebo or n-3 PUFA) lowered serum triglycerides by about 16%
(1.42+0.81 compared to baseline 1.71+0.86 mmoL/L) comparing to the isocaloric diet
(1.39+0.72 vs 1.31+0.73) (p=0.003) (Table 3, Figure 4). However, neither supplementation
nor diet led to improvement of serum NEFAs, HDL-, LDL- and total cholesterol concen-
tration (Table 3). There was a tendency for decreased serum glucose with the low calorie
diet (p=0.054) or independently with n-3 PUFA supplementation (p=0.060). The low calorie
diet independent of supplementation (placebo or n-3 PUFA) tended to lower insulin re-
sistance i.e. decreased HOMA-IR index (p=0.056). However, neither supplementation nor
diet influenced fasting GIP and insulin serum concentration (Table 3).

Table 3. Serum lipids and glucose metabolism parameters before and after 3 month dietary intervention in obese subjects.

. Total HDL- LDL- NEFAs TGs Glucose Insulin GIP
Group Time  cholesterol cholesterol cholesterol ( ) ( ) ( L) (uIU/mL) HOMA-IR (pg/mL)
(mmol/L) (mmol/L) (mmol/L) o mmo o M p&/m
Baseline 5.47+1.20 1.31+0.23 3.55+0.90 0.81+0.32 1.34+0.89 5.21+0.72 14.67 +6.41 3.50 +1.86 3316+
IS+placebo 13.58
(n=14) After 3 515+1.01 1.32+023 3.15+0.76 0.82+0.28 1.51+0.80 5.47 +0.67 15.14 +6.60 3.80 +2.10 3485+
months 17.35
. 22.95 +
IS+n-3 PUFA Baseline 5.36 +0.83 1.20+0.18 3.58 +0.86 0.65+0.22 1.29+0.53 5.06+0.33 12.55+5.16 2.84 +1.29 13.41
(n=13) After 3
months 544 +0.70 1.27+0.17 356+0.69 0.56+0.17 1.26 +0.63 5.15+0.36 12.52 +4.53 2.86 +1.03 19.36 + 8.77
. 19.84 + 38.59 +
CR+placebo Baseline 4.85+0.98 1.21+0.22 2.99+0.78 0.74+0.28 1.43+0.54 5.09 +0.42 11.29 451 +2.63 33.40
(n=14) After 3 452+090 1.28+0.34 2.67+0.62 0.84+0.32 1.27+040 5.17+0.35 18.05+8.22 4.22 +2.10 3455+
months 17.57
CR+n-3 Baseline 5.40+0.75 1.25+0.24 3.35+0.77 0.75+0.27 1.87+0.98 5.44 +0.53 15.78 +8.01 3.88 +2.14 3;53;
PUFA After 3 28 é7 +
(n=23) 509+099 1.24+0.19 322+1.01 0.72+0.23 1.52+0.98 5.29 +0.53 13.54 +5.57 3.25 +1.60 -
months 24.49
p-Value time x diet 0.837 0.987 0.824 0.214 0.003 0.054 0.101 0.056 0.743
-Value ti
p-vaiue time x 0.812 0.893 0.564 0.106 0.141 0.060 0.664 0.409 0.219
supplementation
p-Valuetime xdietx ) o) 0.627 0.834 0.823 0.748 0.541 0.745 0.661 0.824
supplementation

Values are presented as means + SD. Statistics: Analyses were performed with repeated-measures by ANOVA. Abbrevia-
tions: CR, caloric restriction; GIP, glucose-dependent insulinotropic polypeptide; HDL, high-density lipoprotein; HOMA-
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IR, homeostatic model assessment; NEFAs, non-esterified fatty acids; LDL, low-density lipoprotein; IS, isocaloric diet;
TGs, triglycerides; WHR, waist to hip ratio.
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Figure 4. Serum triglycerides (mmol/l) before and after 3 months of isocaloric diet (n = 27) interven-
tion or before and after 3 months of low-calorie diet (1 = 37) intervention independent of supple-
mentation. Data are shown as means + SD. Significance: **p<0.01 after versus before low calorie diet.

Unexpectedly, although the 3 month low calorie diet decreased BMI, there was only
a tendency for lower serum leptin concentration (p=0.054) but independently of the sup-
plement used, the low calorie diet increased serum adiponectin (5.70+2.75 vs 5.33+2.71
ug/mL) (p=0.008); in subjects on the isocaloric diet serum adiponectin concentration re-
mained unchanged in comparison to baseline values (6.19+3.39 vs 6.47+3.38 ug/mL,
p>0.05) (Table 4, Figure 5a). The concentrations of other adipokines (resistin and visfatin)
were similar in all four groups after intervention in comparison to baseline values.

As regards proinflammatory markers, IL-6, MCP-1 and CRP were not significantly
changed by either the low calorie diet or the n-3 PUFAs. However, caloric restriction in-
dependent of supplementation led to lowering of sE-selectin by about 13% (34.07+14.43
vs 39.33£16.70 ng/mL; p=0.010) (Table 4, Figure 5b). The blood concentrations of other
measured adhesion molecules such as SPECAM-1 and sVCAM-1 remained unchanged

Table 4. Serum adipokines and markers of inflammation before and after 3 month dietary intervention.

Grou Time Leptin  Adiponectin Resistin Visfatin IL-6 CRP (mg/L) sE-Selectin  MCP-1 sPECAM-1 sVCAM-1
P (ng/ml) (ug/mL)  (ng/mL)  (ng/ml)  (pg/mL) & (pg/mL) (pg/mL)  (ng/mL) (ng/mL)
Baseline 26.86 + 1690 637 +421 9424381 1144035 167+102 212+218 4513+10.64 411495 7373+1559 -~ 0o2%
IS+placebo 132.29
(n=14)  After3 741595 5924420 1004370 1.07+0.61 1244049 162+129 431241142 374279 6550+1653 r2/*
months 122.39
IS+n-3  Baseline23.62 +13.61 659+235 9.01+215 095+0.61 095+0.44 1.51+1.19 31.81+12.69 302+60 69.93+13.63 Sf;s; f
PUFA After 3 569 iZ +
(n=13) 21.71+13.06 649+236 9.08+225 076+039 0.84+038 135+1.02 31.05+12.49 282+ 60 63.86+17.41 oo
onths 124.19
Baseline42.12 + 2168 4.96+248 9264308 11240.67 175+093 335+241 37.66+12.70 337466 71.01+1841 —or0*
CR+placebo 167.68
(n=14)  After3 5 (0.2351 543320 9504312 092+0.68 1384072 236+155 305241056 324460 6315+1512 O +40*
months 174.65
CR+n-3 Baseline30.61 +27.48 556+2.87 9.96+334 133+098 149+135 2.62+2.25 40.35+18.92 357 +109 65.08 1433 61138553;
PUFA . 606.85
(n=23) 21.89+16.51 587+251 1042+3.02 127+123 1254066 152+1.50 36.23+16.18 337105 60.64 +13.52 N
onths 130.66
p-Value time x diet  0.054 0.008 0.998 0316 0.857 0.324 0.010 0435 0.662 0306
p-Value time x 0.908 0.385 0.715 0.442 0.318 0.764 0.187 0.992 0.206 0433
supplementation
p-Value timexdietx ) (o 0.580 0367 0359 0.846 0410 0580 0580 0.754 0.617

suplementation
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Values are presented as means + SD. Statistics: Analyses were performed with repeated-measures by ANOVA. Abbrevia-
tions: CR, caloric restriction; CRP, C-reactive protein; MCP-1, monocyte chemoattractant protein 1; IL-6, interleukin 6; IS,
isocaloric diet; SPECAM-1, soluble platelet endothelial cell adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion

protein 1.
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Figure 5. (a) Serum adiponectin (ug/ml) before and after 3 months of isocaloric diet (n = 27) inter-
vention or before and after 3 months of low-calorie diet (n = 37) intervention independent of sup-
plementation, (b) sE-selectin in serum (pg/ml) before and after 3 months of isocaloric diet (1 = 27)
intervention or before and after 3 months of low-calorie diet (1 = 37) intervention independent of
supplementation. Data are shown as means + SD. Statistics: Analyses were performed with re-
peated-measures by ANOVA and Tukey post hoc test; significance: *p<0.05 after versus before low
calorie diet, **p<0.001 after versus before low calorie diet.

Neither the low calorie diet nor n-3 PUFA supplementation influenced the concen-
tration of blood vitamin D, osteopontin, FGF21 and bone formation markers (PINP, Gla-
OC, Glu-OC). Three months isocaloric diet did not change blood CTX-1. However, 3
months caloric restriction independent of supplementation (placebo or n-3 PUFAs) re-
sulted in an increase in the bone resorption marker CTX-1 (0.37+0.17 compared to
0.31%0.12 ng/mL, p<0.001) (Table 5, Figure 6).
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Table 5. Vitamin D and proteins participating in bone metabolism before and after 3 month dietary intervention.

Group Time Vitamin D FGF-21 Osteopontin ~ PINP CTX-I Gla-OC Glu-OC  Total-OC
(ng/mL) (pg/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
Baseline 1457 +5.70 241.04+134.40 49.86+9.60 7.61+1.85 0.32+0.15 10.26+2.66 3.38+2.00 13.48+3.48
IS+placebo After
(n=14) 3 months 1451+4.12 206.39 +130.46 49.38+9.66 7.64+146 0.31+0.16 10.68+2.95 295+1.37 13.63+3.70

IStn-3  Baseline 17.15+6.28 271.97+218.01 47.00+11.60 7.44+1.23 0.32+0.17 9.81+1.63 2.74+1.61 1252+2.09
PUFA After
(n=13) 3 months

Baseline 12.41+5.71 257.66+145.80 51.50+12.62 8.38+2.36 0.34+0.16 11.26+3.90 3.46+1.77 14.72+4.79
CR+placebo After

(n=14) 3 months 13.17+5.87 211.27+8291 49.81+11.05 8.04+1.74 0.40+0.20 11.53+3.57 3.35+1.88 14.87+4.72

CR+n-3  Baseline 14.99+7.10 24253+159.93 49.94+11.04 7.87+248 0.30+0.09 10.55+4.18 4.25+3.60 14.80+4.93
PUFA After
(n=23) 3 months

16.69 £6.24 239.89 21896 44.15+9.37 7.73+152 0.28+0.15 1029+1.83 261+159 1271+1.99

1528 +6.97 200.41 +147.24 52.84+13.13 8.05+1.55 0.36+0.15 11.74+523 3.88+3.20 15.62+5.57

p-Value time x diet 0.528 0.764 0.249 0.699 <0.001 0.817 0.813 0.773
p-Value time x
supplementation 0.822 0.879 0.571 0.273 0.572 0.463 0.895 0.587

p-Value time x diet x
suplementation
Values are presented as means + SD. Statistics: Analyses were performed with repeated-measures by ANOVA. Abbrevia-
tions: CTX-I, c-terminal telopeptide of type I collagen; CR, caloric restriction; FGF-21, fibroblast growth factor 21; Gla-OC,
carboxylated osteocalcin; Glu-OC, undercarboxylated osteocalcin; IS, isocaloric diet; OC, osteocalcin; PINP, procollagen I
n-terminal propeptide.
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Figure 6. Serum C-terminal telopeptide of type I collagen (ng/ml) (CTX-I) (ng/mL) before and after
3 months of isocaloric diet (1 = 27) intervention or before and after 3 months of low-calorie diet (1 =
37) intervention independent of supplementation. Data are shown as means + SD. Statistics: Anal-
yses were performed with repeated-measures by ANOVA and Tukey post hoc test; significance:
**p<0.01 after versus before low calorie diet.

Moreover, changes in CTX-1 concentration were inversely associated with changes
in BMI (rho=-0.503, p<0.001) and leptin concentration (rho=-0.262, p=0.036). Analyses of
correlations also revealed that changes in CTX-1 positively correlated with changes in se-
rum adiponectin level (rho=0.253, p=0.043) (Table 6).

Table 6. Spearman rank correlation of the changes (A) in C-terminal telopeptide of type I collagen
(CTX-I) concentration and biochemical variables during 3 months diet intervention (1 = 64).
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Parameter A CTX-1
rho p

ABMI -0.50 <0.001

ALeptin -0.26 0.036

AAdiponectin 0.25 0.043
Correlations with p<0.05 were considered significant. Abbreviations: BMI, body mass index; CTX- 407
I, C-terminal telopeptide of type I collagen. 408
4. Discussion 409

The findings of this trial show that moderate energy restriction (greater than 5.0 M] 410
per day) [24] for a short period of time (3 months) can result in weight loss of 7% and also 411
affects bone turnover as indicated by higher serum concentration of a marker of bone re- 412
sorption. It is well known that weight loss is associated with increased risk of hip fracture 413
in older individuals [27]. In premenopausal women, some studies, but not all, reported 414
increased bone loss after weight reduction [28,29]. The current study investigated fairly 415
short-term (3 months) moderate caloric restriction in middle aged men and women with 416
obesity, and assessed blood biomarkers of bone turnover (osteocalcin, PINP and CTX) it 417
did not assess bone mineral density. The novelty of the trial was comparison of the effect 418
of weight loss by moderate caloric restriction to the control group of obese subjects who 419
followed an isocaloric diet for 3 months. 420

In agreement with previous studies [7,24], 3 months caloric restriction resulted ina 421
statistically significant increase in blood concentration of the bone resorption marker, 422
CTX-I. As reported previously, weight loss did not change the concentration of the bone 423
formation marker PINP in serum [30]. There was also no effect on osteocalcin, carbox- 424
ylated or undercarboxylated. Existing studies indicate however, that 3 months moderate 425
caloric restriction, contrary to very low or low caloric restriction, results in an increase 426
blood osteocalcin concentration [31]. However, on the other hand studies by Centi indi- 427
cated that caloric restriction (400 kcal/day) supplemented with 1000 mg/day calcium car- 428
bonate, 200 IU/day Vitamin D3, and 80 pg/day Vitamin K (phylloquinone) for 20 weeks 429
did not lead to a change in serum total osteocalcin or undercarboxylated osteocalcin or 430
the percentage of undercarboxylated osteocalcin in obese postmenopausal women [31]. 431
Besides osteocalcin, we also investigated the effect of weight loss on another protein par- 432
ticipating in energy metabolism and regulating bone mass, FGF-21. It was documented 433
previously that FGF-21 is negatively correlated with bone mineral density at the spine 434
[32]. However, in the current trial weight loss did not result in a change in serum FGF-21. 435
Similar to our study, Headland et al. also reported no change in blood FGF-21 concentra- 436
tion in individuals following an energy restriction diet (of 1000 kcal/day for women or 437
1300 kcal/day for men) for 12 months [33]. In the present study there was also no change 438
in serum osteopontin, a multifunctional protein which is distributed in many tissues and 439
fluids. It is secreted by adipose tissue and is also produced by osteoblasts and osteoclasts. 440
It participates in matrix remodeling and tissue calcification, monocyte/macrophage mi- 441
gration and chemotaxis, production of proinflammatory cytokines and chemokines [34]. 442
It was reported that serum concentration of osteopontin positively correlated with fat per- 443
centage [35]. In support of this relationship, it was demonstrated that 10% weight loss 444
induced by caloric restriction resulted in a significant decrease in serum osteopontin [35]. 445
The results of the present trial show that weight loss caused by short term moderate ca- 446
loric restriction contributes to changes in bone remodeling as indicated by increasing se- 447
rum level of CTX-I, which suggests a catabolic state of bone. Thus, diet-induced weight 448
loss could exert adverse effects on bone health. Indeed, caloric restriction lasting for more 449
than 6 months could lead to a decrease in total hip bone mineral density, because the 450
complete cycle of bone remodeling takes 4 to 6 months [36]. Therefore, changes in blood 451
bone turnover markers could indicate impairments in bone remodeling in obese individ- 452
uals during weight reduction before bone loss estimated by DXA becomes apparent [37]. 453
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In contrast to the effects on bone turnover, as documented previously, weight loss caused =~ 454
by caloric restriction exerts beneficial effects on metabolic parameters and prevents cardi- 455
ovascular complications. In the current trial 7% weight loss led to a decrease in blood 456
triglycerides as well as an increase in serum adiponectin concentration in middle aged 457
adults with abdominal obesity. Moderate caloric restriction also tended to lower serum 458
glucose concentration and insulin resistance. Serum concentration of the incretin GIP re- 459
mained unchanged after caloric restriction, which is in agreement with a previous study 460
in which weight loss of 6-8% did not affect this incretin [38]. In the current trial obese 461
subjects did not respond to moderate caloric restriction with decreasing proinflammatory 462
markers such as CRP, IL-6, MCP-1, or cell adhesion molecules (sVCAM-1, sSPECAM-1). 463
However, caloric restriction did lower sE-selectin. Consistent with most of the current 464
findings, some previous trials did not document any changes in inflammatory cytokines 465
after caloric restriction [39,40]. The effect of caloric restriction on proinflammatory mark- 466
ers appears to depend on the percentage of weight loss. Sola et al. [40], reported that a low 467
calorie diet (1200-1500 kcal/day for 2 months) did not contribute to lowering inflamma- 468
tion in obese subjects. Moreover, Magkos et al. [41] found that a modest weight loss of 5% 469
improved only some metabolic parameters such as insulin sensitivity whereas a larger 470
weight loss (16%) downregulated inflammatory gene expression in peripheral blood mon- 471
onuclear cells of obese subjects [42]. In that study caloric restriction downregulated IL-6 472
mRNA and IL-1B expression and improved insulin sensitivity [42] as well as regulating 473
gene expression in adipose tissue by increasing mitochondrial function [43]. It was re- 474
ported previously that a modest weight loss of 10% reduces blood inflammatory markers 475
and cardiovascular risk factors and increases serum adiponectin concentration [44,45]. 476
Thus, our results are in general agreement with those documented by Sola and Magkos 477
[40,41] taking into account the fact that in the trial subjects used moderate caloric re- 478
striction (1200 kcal/day for women and 1500 kcal/day for men) for 3 months, with a re- 479
sulting weight loss of 7%. In our study, weight loss resulted in a tendency to lower leptin 480
and insulin resistance. However, caloric restriction did not influence serum concentration 481
of other adipokines such as visfatin and resistin. In a study by Greco et al. [46], caloric 482
restriction (1200-1600 kcal/day) for 4 months also did not lead to changes in these two 483
adipokines. 484

Considering the beneficial effect of weight loss on health, further studies should be 485
focused on the interventions or factors that could prevent bone loss. Randomized con- 486
trolled trials indicate that changes in bone health caused by weight loss could be attenu- 487
ated by calcium supplementation [8,47], higher dietary protein intake or increased physi- 488
cal activity [48]. Some studies performed in rat or cell models suggest that n-3 PUFAs 489
stimulate calcium absorption and beneficially alter bone metabolism [16,49,50]. Addition- 490
ally, n-3 PUFAs decrease tumor necrosis factor oo (TNF-a) which is involved in bone de- 491
struction in rheumatoid arthritis, and also can reduce the secretion of prostaglandin E2 (a 492
potent stimulator of bone resorption) [51]. Thus, the current study investigated if addition 493
of n-3 PUFAs in a dose of 1.8 g per day to an isocaloric diet or a moderately caloric re- 494
stricted diet for 3 months influenced bone turnover markers in subjects with abdominal 495
obesity. Our study is the first to investigate the effect of n-3 PUFA supplementation on 496
bone turnover markers in middle aged subjects with abdominal obesity during caloric 497
restriction diet in comparison to isocaloric diet and placebo. There is one study which 498
studied the combination of moderate energy restriction and increased seafood consump- 499
tion or n-3 PUFA capsules on bone metabolism in overweight young adults. In that study 500
Lucey et al. [30], reported that neither fish oil capsules (3 g/day) nor whole fish (cod or 501
salmon (3 x 150 g/day)) for 8 weeks had an effect on the increase in bone resorption mark- 502
ers induced by moderate energy restriction. 503

In our study supplementation with n-3 PUFAs also did not significantly change se- 504
rum concentration of bone formation markers (PINP, osteocalcin), indicating a lack of the 505
anticipated effect. Moreover, adding n-3 PUFAs to a caloric restricted diet did not mitigate 506
the negative effect of weight loss on bone resorption. The response of bone turnover 507
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markers to n-3 PUFA supplementation appears to depend on the dosage and duration of 508
supplementation. Similar to the current study, Dong did not observe a positive effect of 509
n-3 PUFA supplementation on bone health [52]. In that study older women were supple- 510
mented with n-3 PUFAs at a dose of 1.2 g per day for 6 months. They also received 315 511
mg calcium citrate and 1000 IU cholecalciferol. Our findings are also in agreement with 512
results of the study of Rajaram et al. [53]. That trial was performed in a group of healthy 513
adults who received one of four diets for 8 weeks: control, enriched with n-6 PUFA, en- 514
riched with n-3 PUFA in a dose of 1 g/day or combination of n-3 and n-6 PUFA diet. There 515
were no differences in the blood concentrations of bone turnover markers (PINP, osteocal- 516
cin, C-terminal telopeptide of type I collagen) between the four diets used. A positive ef- 517
fect of n-3 PUFA supplementation on bone resorption was reported by Wiese in a pilot 518
study [54]. In the study, reduction of bone resorption was observed in postmenopausal 519
breast cancer survivors on aromatase inhibitors after 3 months of supplementation with 520
high dose n-3 PUFAs (4 g/day). Thus, in the current study the dose of n-3 PUFAs may 521
have been too low or the duration too short to influence bone turnover markers. 522

The mechanism by which weight loss affects bone metabolism is complex and not 523
fully understood. It has been suggested that bone loss may be caused by a decrease in 524
mechanical stress in the weight-bearing skeleton during weight loss, what could influence 525
bone turnover [55]. Another reason for increased bone resorption during caloric re- 526
striction could be reduced dietary calcium intake which may contribute to increased bone 527
remodeling [56]. Studies by Ricci et al. [57] showed that the increase in markers of bone 528
resorption was associated with a higher blood concentration of parathormone (PTH) after 529
a 6-months of energy-restricted weight-loss intervention, what could be connected with 530
the decreased calcium intake. In the current trial, subjects were middle aged, so they were 531
not recommended calcium supplements. However, protein intake in the caloric restriction = 532
diet was close to that recommended, so decreased calcium intake is unlikely. Some inves- 533
tigators suggest that a caloric restriction diet could decrease calcium absorption as well as 534
that of other bone active nutrients [58]. Unfortunately, calcium concentration in the blood 535
was not assessed in the current trial, so decreased blood calcium level after caloric re- 536
striction cannot be excluded as one of the reasons for increased bone remodeling. In this 537
context, all subjects in the current trial had low blood vitamin D concentration which plays 538
and important role in intestinal calcium absorption [58]. Thus, these subjects could be vul- 539
nerable to low calcium absorption. There may also be changes in serum estrogen, gluca- 540
gon-like peptide 2, growth hormone, and insulin-like growth factor I (IGF-1) or increased 541
cortisol as well as hormones secreted by adipose tissue as previously documented by 542
Shapses and Riedt [55]. Indeed, in the present study we observed that changes in serum 543
CTX-I concentration during caloric restriction diet were negatively associated with 544
changes in BMI and serum concentration of the adipocytokine leptin but correlated posi- 545
tively with changes in blood adiponectin level which is also secreted by adipose tissue. It 546
is well known that obese individuals have higher leptin and lower adiponectin in their 547
blood [59,60]. Negative correlation of changes in the bone resorption marker with blood 548
leptin during caloric restriction are confirmed in the current study. Russell showed that 549
leptin acts primarily through peripheral pathways, to enhance bone growth and matura- 550
tion by increasing osteoblast number and activity [61]. Thus, in the current study, the de- 551
crease in blood leptin concentration due to weight loss during caloric restriction could 552
result in the bone resorption marker increase. 553

In our study, the serum concentration of adiponectin increased in obese subjects after 554
3 months of moderately restricted diet. This result is in agreement with previous studies 555
in mice and humans [61]. Adiponectin was reported to be a major regulator of bone mass 556
and glucose metabolism and it was reported by Cawthorn that during caloric restriction, 557
adipocytes from bone marrow are a significant source of adiponectin [62]. Studies by 558
Devlin report that caloric restriction in mice results in high marrow adiposity and low 559
bone mass [63]. In turn, humans with anorexia nervosa have higher bone marrow adipose 560
tissue, which influenced secretion of adipokines [64]. It was also documented that patients 561



Nutrients 2021, 13, x FOR PEER REVIEW 17 of 21

with osteoporosis exhibited increased bone marrow adipose tissue, indicating an associa- 562
tion between bone metabolism and bone marrow adipose tissue [65]. 563

Studies have shown that adiponectin is negatively correlated with BMI [59] in young 564
healthy men and is connected with a decrease of bone mass in childhood [66]. Our finding 565
showing positive association between serum adiponectin level and blood CTX-I concen- 566
tration in middle aged individuals is in agreement with a study on mice. Zhou et al. [67] 567
performed an experiment with short term caloric restriction in young adiponectin defi- 568
cient (Apn-/-) and control WT mice. In contrast to Apn-/- mice, control mice responded to 569
caloric restriction with increased blood adiponectin level and decreased bone mineral 570
density and biomechanical outcomes of limb bone and vertebrae. Unlike Apn-/- mice, con- 571
trol mice presented expansion of bone marrow adipose tissue after caloric restriction and 572
increased adiponectin expression in this adipose tissue. These findings confirm that in- 573
creased adiponectin level in serum induced by short term caloric restriction and expan- 574
sion of bone marrow adipose tissue could impair bone metabolism. However, on the other 575
hand there are some studies in vitro and in vivo reporting that adiponectin exerts benefi- 576
cial effects on osteoblasts and bone formation [68] or that it is not associated with bone 577
mineral density in postmenopausal women [69]. A study by Kajimura [70] indicates that 578
these opposing effects of adiponectin on bone mass are associated with the fact that this 579
adipokine could influence two different pathways. Namely, in young individuals on a 580
normal diet or a low calorie diet, adiponectin blood concentration is increased by oste- 581
ocalcin. In turn adiponectin affects osteoblast proliferation to decrease osteocalcin concen- 582
tration and bone mass by decreasing FoxO1 activity in a PI3 kinase-dependent manner. 583
However, over time, in older individuals these effects are masked due to adiponectin sig- 584
nals in neurons of the locus coeruleus to reduce sympathetic tone and increase bone mass 585
[70]. 586

The present study has some limitations. First, there is no data concerning physical 587
activity of individuals. Second, we did not measure other hormones which could influ- 588
ence bone metabolism such as IGF-1, glucocorticoids, and estrogens. Third, subjects were 589
not tested regarding nutrients/elements participating in bone remodeling such as blood 59
calcium and phosphorus. 591

Summing up, obesity is a condition which requires treatment, especially a caloric re- 592
stricted diet. Short term caloric restriction in middle aged obese individuals results in 593
weight loss, fat loss and some metabolic improvements. However it seems to also result 594
in an increase in bone turnover with increased resorption. This would be an adverse im- 595
pact of weight loss. Further studies should be performed to investigate factors which 59
could prevent bone loss during caloric restriction in obese individuals. Our findings fur- 597
ther demonstrate that n-3 PUFA supplementation at a dose of 1.8 g per day did not pre- 598
vent this adverse effect of caloric restriction on bone loss. We identified that an increase 599
in serum adiponectin concentration was positively associated with serum bone resorption 600
marker concentration. Potential factors which could improve bone remodeling in middle 601
aged obese individuals during weight loss could be supplementation with calcium, vita- 602
min D or n-3 PUFAs at a higher dosage (4 g/day), interventions to influence the adiponec- 603
tin pathway, and increased physical activity. 604

5. Conclusions 605

Short term caloric restriction in middle aged obese individuals results in weight loss, 606
fat loss and some metabolic improvements. However, it seems to also resultin an increase 607
in bone turnover with increased resorption. An increase in serum adiponectin after caloric 608
restriction could promote bone resorption. N-3 PUFA supplementation at a dose of 1.8 g 609
per day for 3 months does not appear to exert beneficial effect on bone remodeling. Con- 610
sidering the beneficial effect of caloric restriction on metabolic health, further studies 611
should be performed investigating strategies to modify the adiponectin pathway in bones 612
which could prevent the adverse effects of weight loss on bone health. 613
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