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Purpose: Atherosclerosis (AS) and osteoporosis (OP) are common causes of morbidity and
mortality in postmenopausal women and are connected via an unknown mechanistic link.
Metabolite profiling of blood samples may allow the identification of new biomarkers and
pathways for this enigmatic association.

Patients and Methods: We studied the difference in 148 metabolite levels from serum samples
in postmenopausal women with AS and OP compared with those in healthy participants in this
cross-sectional study. Quantitative AS was assessed by carotid artery intima-media thickness
(cIMT) and carotid artery calcifications (CACs) by ultrasound, as well as OP by femoral neck
(FN) bone mineral density (BMD) and 148 metabolic measures with high-throughput proton ('H)
nuclear magnetic resonance (NMR) in serum samples from 280 postmenopausal (PM) women.
Subjects were a randomly selected subsample from the population-based Kuopio Osteoporosis
Risk Factor and Prevention (OSTPRE) study. The final study population included the following
groups: OP with CAC (n=16, group I), non-OP with no CAC (n=59, group II), high cIMT tertile
with OP (n=11, group III) and low cIMT tertile without OP (n=48, group 1V).

Results: There were differences in several metabolite levels between groups I and II. The
acetate level was lower in group I compared to that in group II (group I mean + SD: 0.033 +
0.0070; group II: 0.041 £ 0.014, C195%: 0.018-0.15, p=0.014). The result was similar with
diacylglycerol (p=0.002), leucine (p=0.031), valine (p=0.022) and several very low-density
lipoprotein (VLDL) metabolite levels, which were lower in group I compared to those in
group II. However, no associations were found in adjusted analyses with total body (TB) fat
mass (FM), age and statin use (p>0.05).

Conclusion: Our novel study found differences in the metabolite profiling of altered amino
acid and lipoprotein metabolism in participants with OP and AS compared with those in
healthy women. The causative mechanisms remain unknown and further studies are needed.
Keywords: metabolomics, women,

carotid artery calcification, postmenopausal

osteoporosis, carotid intima-media thickness, acetate

Introduction
Previously, low bone mineral density (BMD) has been shown to be an independent
predictor of the development of atherosclerosis (AS) in elderly individuals.' The
underlying mechanisms are unknown, but indirect associations via genetics or the
environment have been suggested.*

Metabolic profiling of serum samples is possible by nuclear magnetic resonance
(NMR) spectrometry, which is a novel technology for the profiling of small
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molecules (metabolites) and proteins.” NMR offers multi-
faceted approaches to detect and identify a variety of
metabolites and accurately measure their concentrations.’
The application of metabolomics in osteoporosis (OP)
could provide researchers the opportunity to gain new
insight into the metabolic profiling and pathophysiological
mechanisms.

Differences in plasma lipid levels or their modifications,
such as oxidation, have been suggested as a link between
BMD and AS.*’ In previous studies with mice, the oxidized
lipids inhibited the differentiation of osteoblasts.® On the
other hand, oxidized low-density lipoprotein (OxLDL) par-
ticles were phagocyted much faster in macrophages than in
non-OxLDL particles and OxLDLs are known to be present
in plasma in AS, both in human and animal models.’
Although these findings have not been confirmed in all
studies and the role of antioxidants is controversial, espe-
cially in preventing AS.” !

Considering the other lipid particles, subjects with low
BMD showed higher high-density lipoprotein (HDL) choles-
terol levels in the Asian population.'*'* In general, HDL
protects against the development of AS by enhancing reverse
cholesterol removal.'*'* Elevated LDL cholesterol levels are
causally related to the development of AS,” and elevated
LDL cholesterol levels have been associated, albeit weakly,
with lower BMD.” However, contrasting results have also
been shown.'> Furthermore, qualitative changes in LDL
particles, such as oxidation, promote osteoporotic bone loss
by directing progenitor marrow mesenchymal stromal cells
to differentiate into adipogenic lineages instead of osteogenic
differentiation, in line with “the lipid hypothesis of
osteoporosis”.'® In previous population-based studies, meta-
bolite profiling, including lipid profiling, has found new
biomarkers beyond conventional cardiovascular disease
(CVD) risk markers,'” and similar biomarker associations
with BMD have also been found.'® In previous studies,
monounsaturated fatty acids (MUFA) and phenylalanine
have been associated with a higher risk for CVD events,'”
and CYP3AS5 and SULT2A1 genetic loci were found to be
important in the regulation of metabolites causing OP."®

In relation to our subject, a few studies have compared
metabolic profiles between osteoporotic and normal BMD
populations; these have suggested differences between the
groups.'”?® For example, the dipeptide Gly-Gly and
cysteine levels were significantly lower in the low BMD
group compared to those in the normal BMD group in
Japanese women aged between 39 and 64, but BMD was
assessed with ultrasound.'’

We have previously shown that postmenopausal (PM)
osteoporotic women have more carotid artery calcifica-
tions (CACs) compared to those in PM women with nor-
mal BMD.? Our aim was to study the differences in 148
metabolite levels between women with OP and AS com-
pared with those in healthy PM women without these
ailments in this cross-sectional study.

Patients and Methods

Population

This Kuopio Osteoporosis Risk Factor and Prevention-
Bone, Brain, and Atherosclerosis (OSTPRE-BBA) study
was performed to study the associations between brain
function, bone and adiposity in 458 randomly selected
PM women from the original OSTPRE study population.
This study population is a random subsample from the
original OSTPRE study cohort (n=14,220). The final
study sample (n=280) included women who participated
in carotid ultrasound measurements (2009), BMD mea-
surements (2009—2011) and gave a blood sample (2009)
for the NMR analyses (2014). In total, 168 women were
excluded, because they did not attend either ultrasound or
DXA measurement, and 10 serum samples were excluded
for a number of reasons in metabolomics sampling quality
checks (2014); five of the samples were missing, three
samples had high ethanol levels due to the sampling pro-
cess, one sample had a low protein level, and one sample
had a quality problem. The population selection process
was previously described in detail”> and is shown in
Figure 1.

All participants provided informed written consent.
The North Savo Health Care District Ethics Committee
approved this study (number 112/2009), and the study
complies with the Declaration of Helsinki.

Carotid Ultrasound and Carotid
Intima-Media Thickness (cIMT)

Measurements

Carotid ultrasound and cIMT measurements were carried
out on 346 OSTPRE-BBA participants in 2009 at the
Kuopio Musculoskeletal Research Unit (KMRU) at the
University of Eastern Finland, Kuopio, using the Technos
MP ESAOTE ultrasound device (Esaote, Italy) with
a B-type linear transducer at a frequency of 9 MHz. IMT
was measured over a 1 cm long segment from the distal
common carotid artery (CCA) just before the bifurcation,
as described previously.”
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11055/13100 respondents willing to undergo DXA.

Women aged 47-56 (n=14220) in 1989 located in Kuopio province (postal enquiry). ’

l

Stratified random sample (n=3686) including high
risk and random groups.

l - |

[ Baseline densitometry in 1989-92, n=3222 }
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[ Random sample, n=2025 ]
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‘ 25 % random sub-sample n=506 for OSTPRE-

BBA sample.
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Final OSPTRE-BBA study population with valid
IMT measurements in 2009, n=346.

J

464 women did not participate
and were excluded.

Stratified high risk group was
excluded (n=1197)

112 women did not participate and 48 died before
the IMT measurements and were excluded.

| ;

e

\

55 women did not participate and 1 died before
the DXA measurements (2009-2011) and they
were excluded. 10 blood samples were excluded
due to blood sample quality problems.

and metabolomic samplings and analyses (2014), n=280

[ Final study sample with valid DXA and IMT measurements ]

l

All participants divided in four groups according to their cIMT (low, middle, high tertiles), CAC (no, yes)
and BMD (osteoporosis, osteopenia and normal) status. Group one includes participants with
osteoporosis and CAC (n=16). Group two includes normal BMD and no CACs (n=59). Group three
includes participants with the highest cIMT tertile and osteoporosis (n=11) and group four includes
participants with the lowest tertile of cIMT and normal BMD (n=48). (see chapter: “statistical analyses”)

Figure | Population selection process.

Two IMT measurements were established and used
herein: CAC and the maximum cIMT. CACs were cate-
gorized into two different groups: the presence or absence
of calcifications. The maximum cIMT variable was formed
from the highest cIMTs in both carotid arteries (the aver-
age of both). It was used to demonstrate the highest
protrusion in the lumen and quantitative AS.

BMD and Body Composition

Total body (TB) fat mass (FM) (kg) and femoral neck (FN)
BMD (g/cm?) were measured using DXA in 20092011 for
290 participants whose cIMTs were measured previously.”
Measurements were carried out by trained personnel at the
University of Eastern Finland, KMRU, using the General
Electric Lunar Prodigy DXA device (Madison, WI, USA).
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Blood Sampling and NMR Spectrometry
All blood samples were overnight fasting samples.
Samples were taken at local health-care centers in 2009
and frozen at —80°C. The final number of analyzed serum
samples was 280. A total of 10 blood samples were
excluded for a number of reasons; the ethanol level was
high in three samples due to the sampling process, the
protein level was low in one sample, one sample had
a quality problem and five of the samples were missing.

A high-throughput proton (‘H) NMR spectrometry
metabolomics platform was used at the University of
Eastern Finland in 2014 to quantify up to 148 metabolic
phenotypes from serum samples that represent systemic
metabolism.® The measured samples included multiple
metabolic variables, including lipoprotein lipids and sub-
classes, fatty acids and fatty acid compositions, amino
acids and glycolysis precursors. Briefly, in NMR spectro-
scopy, each molecule containing hydrogen atoms gives
a specific signal in a magnetic field and the concentration
and composition of the molecule can be quantified through
these signals.”!

First, the frozen samples were handled in plates, which
included quality control samples. Control samples were
used as a technical reference to monitor the performance
of the automated liquid handler and spectrometer and to
monitor the consistency of quantifications. A sodium phos-
phate buffer (75 mmol/L Na,HPO, in 80%/20% H,0/D,
O, pH 7.4; also including 0.08% sodium 3-(trimethylsilyl)
propionate-2,2,3,3-d, and 0.04% sodium azide) was mixed
into the sample before the NMR measurements (260 pL of
serum and 260 pL of a buffer). The PerkinElmer JANUS
Automated Workstation was used to handle the samples.
Bruker AVANCE 111 500 MHz and Bruker AVANCE III
HD 600 MHz spectrometers were used for NMR metabo-
lomics laboratory setup. The data were collected automa-
tically with the 600 MHz or the 500 MHz spectrometer.
Standardized parameters were used for data acquisitions.
After these measurements, the same samples went through
a standardized lipid extraction procedure based on extrac-
tion steps. The extraction procedure was done manually
using an Integra Biosciences VIAFLO 96 channel electro-
nic pipette. The lipid extracts were moved into the NMR
tubes and the extracted lipid data were collected with the
600 MHz instrument using a standard parameter set. The
raw data processing was done automatically, and it
included overall signal check for missing/extra peaks,

baseline removal, spectral area-specific signal alignments

and background control. For the raw data that passed all
the quality control steps, regression modelling was per-
formed to produce the actual molecular data. In addition,
the individual metabolic measurements underwent various
statistical quality control phases. After quality control, the
metabolomic data were formed.”'

In this data, all of the lipid particles (very low-density
lipoprotein [VLDL], intermediate-density lipoprotein [IDL],
LDL, and HDL) were grouped according to size (extremely
large and chylomicrons, large, medium, small, and extra
small). In addition, concentration, total cholesterol, choles-
terol esters, free cholesterol, triglycerides, total lipids and
phospholipids were separately grouped according to the size
of the lipid particles. The currently applied NMR-based
metabolic profiling has been used in various recent epide-
miological and genetic studies; the method and process used
in this study were previously described in detail.®*' Batch
effect was minimized by quality checks during the sample
analysis and using linear models in statistical analyses (see
statistical analyses section).

The full metabolite list is provided in Supplementary
Table 1.

Other Variables

Weight and height were measured in connection with the
DXA densitometry. The body mass index (BMI) was
calculated as body weight/height® (kg/m?). Current smok-
ing habits (no/yes), physical exercise with shortness of
breath (hours in a week) and medications were based on
a postal enquiry in 2009, with the question on chronic
health disorders being verified by a physician.

Statistical Analyses

Values are expressed as the percentage or mean + SD. The
Kolmogorov—Smirnoff test or histogram inspections were
used to ensure the normality of the variables. All of the
participants (n=280) were divided into the groups according
to their cIMT (low, middle, or high tertiles), CAC (no, yes)
and T-score (OP, osteopenia and normal) status. Group
I included participants with OP (FN BMD, T-score <-2.5
SD) and CAC (n=16); group II included participants with
normal T-scores and no CAC (n=59), so it was used as
a control group; group III (n=11) included participants with
the highest cIMT tertiles and OP; and group IV (n=48)
included participants with the lowest cIMT tertiles and nor-
mal T-scores, so it was used as a control group. All other
groups were excluded. Student’s #-test was used to study the
differences in metabolite levels between groups I-1I and I1I-
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IV, respectively. Similar analysis models were applied in
univariate analysis using metabolite levels as a dependent
variable and the dichotomic group I-II or III-IV variable as
an independent variable, adjusted by age (years), TB FM (kg)
and statin use (no/yes). Adjusted analyses were undertaken if
p<0.10. The false discovery rate (FDR) was used to control
for false-positive errors when a high number of analyses were
performed. p<0.05 was considered statistically significant.

Results

The mean age of the study population was 73.6 + 2.8 years.
Overall, 23.6% of women were obese (BMI >30 kg/mz) and
3.6% of women were current smokers. CACs were found in
168 (60%) cases. Regarding the use of drugs, 6.1% of
patients used OP medication, 4.6% used inhaled corticoster-
oids and 1.7% used corticosteroids orally. The FM and BMI
were significantly lower in groups I and III compared to
those in groups II and IV (Table 1).

Metabolomic Distinction Between BMD
and CAC

The differences in metabolite levels between the osteoporo-
tic subjects with CAC (group I, n=16) compared to those
with normal T-scores and no CAC (group II, n=59) are
shown in Figure 2. In group 1, the metabolite levels were
significantly lower in the majority of the VLDL particles

measured and diacylglycerol, apolipoprotein B (APOB),
leucine, valine and acetate levels (p<0.05). All of the asso-
ciations vanished after adjustments (Figure 2). In addition,
there were no differences in the ratio of phenylalanine to
tyrosine between the groups (p>0.05).

Metabolomic Distinction Between BMD

and cIMT

When the high cIMT tertile and OP group (group III,
n=11) was compared with the low cIMT tertile and normal
BMD group (group IV, n=48), only free cholesterol in very
large VLDL and diacylglycerol and acetate levels were
slightly lower in group III (p<0.05). All associations van-
ished after adjustments for age, TB FM and statin use. In
addition, there were no differences in the ratio of pheny-
lalanine to tyrosine between the groups (p>0.05). The
exact results are shown in Figure 3.

False discovery rate (FDR) analyses were performed
for all metabolic variables, but no associations were found
(data not shown).

We noticed that levels of alanine, glutamine and lactate
were slightly higher and the levels of histidine, acetate and
acetoacetate were lower in our study sample compared to
those in the larger OSTPRE populations.

Supplementary Table 1 shows all the numerical meta-

bolite levels in groups I to IV.

Table | Characteristics of the Study Population and the Subgroups

Characteristics Whole Sample Group | (n=16) Group 2 (n=59) p? Group 3 (n=11) Group 4 (n=48) p°
(n=280) Mean * SD Mean £ SD Mean £ SD Mean £ SD Mean £ SD
Age (years) 736 £28 746 £ 24 726 £27 0.007 | 748 £ 25 726 £28 0.017
BMI (kg/m?) 288 + 4.0 252 +37 292+ 4.6 0.002 | 254+ 3.8 299 £ 5.1 0.008
FN T-score AEAN -2803 -0.1 £ 0.8 -29+03 —-0.04 £ 0.9
Maximum cIMT (mm) 2.05 £ 0.66 26+08 1.5+03 0.001 | 2908 14+02
TB fat mass (kg) 292 +93 22470 30588 0.001 | 224 %65 31998 0.003
Shortness of breath in 0.98 + 1.23 1.04 £ 1.93 1.10 £ 1.27 0.867 | 0.33 +0.58 1.00 £ 1.18 0.010
a week (hours)©
Whole sample (n=280) Group | n (%) Group 2 n (%) Group 3 n (%) Group 4 n (%)
n (%)
Statin users 132 (47.1) 12 (75.0) 26 (44.1) 0.028 | 9 (81.8) 21 (43.8) 0.023
Type 2 diabetes 24 (8.6) 0 (0.0 5(85) 0.228 | 0(0.0) 4 (8.3) 0.321
HT users 26 (9.3) 2 (12.5) 8 (13.6) 0912 | 1(9.1) 5 (10.4) 0.896

Abbreviations: Group |, subject with osteoporosis and carotid artery calcifications (CAC); Group 2, subjects with normal T-score and no CAC; Group 3, subjects with
osteoporosis and highest cIMT tertile; Group 4, subjects with normal T-score and lowest cIMT tertile; BMI, body mass index; FN, femoral neck; TB, total body; BMD, bone
mineral density; cIMT, carotid intima-media thickness; HT, postmenopausal hormone therapy; p, p-value between group | and 2; p° p-value between group 3 and 4; <,

physical exercise causing shortness of breath (hours in a week).
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VLDL Cholesterols: —e—Free cholesterol in very large VLDL mmol/l
—e— Total cholesterol in very large VLDL mmol/l

Total cholesterol in small VLDL mmol/l

—e— Phospholipids in chylomicrons and extremely large VLDL mmol/I
—e— Total cholesterol in chylomicrons and extremely large VLDL mmol/l

IDL cholesterols: Concentration of IDL particles mol/l

—e—Total lipids in IDL mmol/l

—e— Phospholipids in IDL mmol/I

—e— Total cholesterol in IDL mmol/l

—e— Cholesterol esters in IDL mmol/l

—&— Phospholipids in medium LDL mmol/l

—e— Concentration of large LDL particles mol/l

—e— Total lipids in large LDL mmol/l

—&— Phospholipids in large LDL mmol/l
Cholesterol esters in large LDL mmol/l

—e— Triglycerides in medium HDL mmol/l
Concentration of small HDL particles mol/l
Total lipids in small HDL mmol/l

—e— Triglycerides in small HDL mmol/I

—&— Phospholipids in small HDL mmol/I

LDL cholesterols:

HDL cholesterols:

Triglycerides and phospholipids: —#— Diacylglycerol mmol/l
—e&— Serum total triglycerides mmol/l
—e— Triglycerides in VLDL mmol/l
—o— Triglycerides in HDL mmol/I
Triglycerides in small LDL mmol/I

Other cholesterols: Total cholesterol in VLDL mmol/l

Remnant cholesterol non HDL non LDL cholesterol mmol/l

Serum total cholesterol mmol/I
Total cholesterol in LDL mmol/l
Free cholesterol mmol/l
—e— Apolipoprotein Al g/l
—e— Apolipoprotein B g/l
—e— Ratio of apolipoprotein B to apolipoprotein Al
—e— Total fattyacids mmol/l
—8— 226 docosahexaenoic acid mmol/l
—e— Omega 3 fatty acids mmol/l
»— Monounsaturated fatty acids mmol/l
—e— Saturated fatty acids mmol/l
Glucose mmol/l
—e— Lactate mmol/l
Pyruvate mmol/l
Citrate mmol/l
—&— Glycerol mmol/l
—e—Histidine mmol/l
—e—Isoleucine mmol/l
—e—Leucine mmol/l
—e—Valine mmol/l
—&— Tyrosine mmol/l
Acetate mmol/l
Acetoacetate mmol/l
3 hydroxybutyrate mmol/l
Creatinine mmol/l
Albumin (signal area)
Glycoproteinacetyls mainly a1 acid glycoprotein mmol/l

Apolipoproteins:

Fatty acids:

Glycolysis related metabolites:

Amino acids:

Ketone bodies:

Fluid balance:

Inflammation:

-1,00 -0,80

Figure 2 The differences in metabolomics between group | and group II.

P P adgj
0,006 0,615
0,010 0,587
0,011 0,725
o 5 o 0,012 0,670
0,012 0,797
0,110 =
° ° o 0,121 -
0,158 -
0,130
e ° ° 0,098 0,806
*—o—o 0,127 -
0,158 -
® PY ° 0,166 -
o—o—o 0,148 -
0,170 -
Ps PA ° 0,079 0,474
0,132 -
0,141 -
*>—o—o 0,185 -
o0 0,247 -
0,002 0,079
—o—o 0072 0734
——o—o 0062 0853
o—o—o 0,111 -
0,288 -
0,010 0,876
0,028 0,844
0,225 -
0,224 -
0,189 -
o—0-0 0,891 B
o—o—o 0,043 0,777
o—eo—o 0,057 0,760
o—o—o 0,173 _
*—o—o 0,128 R
*—o—o 0,180 N
—o—@ 0,059 0,453
O 0,313 -
0,223 -
*r—o—o 0,742 -
0,707 -
0,755 -
—eo——o 0188 -
-0 0,174 N
*—o—0 0,166 -
*—o—o 0,031 0,703
*—o—0 0,022 0,486
*—o—0 0,317
0,014 0,086
0,443 5
0,606 -
0,702 -
0,878 -
0,321 -
-0,60 -0,40 -0,20 0,00 0,20

Notes: The mean difference in the 95% confidence intervals between group | (n=16, osteoporosis with CACs) and group Il (h=59, normal T-score and no CACs). Group I
was used as a reference group. Only the five most remarkable variables (p-values) from each metabolic group are shown in the figure. Logarithm modifications were made to
ensure the variables had normal distributions. P-values indicated with red color were statistically significant. P = p-value; adj = adjusted with age, total body fat mass and

statin use.

Discussion

To the best of our knowledge, this is the first study to compare
metabolic profiles between the well-established markers of AS
and OP derived from a population-based study on PM women.
With NMR, we were able to verify almost 150 lipid subclasses
and amino acids and study the possible associations between
amino acid and lipoprotein metabolite levels between women
with a presence of CAC, high cIMT and low BMD compared
to those in healthy women.

The methods used in this study, including DXA,*
carotid ultrasound,23 and NMR,2 Vare widely used methods
to measure BMD, cIMT and metabolite profile. NMR is
not the most sensitive method for metabolite detection

when compared with that of mass spectrometry. The mea-
surement time is only a few minutes but is sufficient to
quantitatively capture analyses from a serum sample.?'
We have previously shown that subjects with OP have
more CACs than subjects without OP.” It has been shown that
elevated LDL and low HDL levels are associated with arter-
ial calcifications.”* As shown by our results, several VLDL
particle subgroup levels were significantly lower in the OP
and CAC group, but no differences were found with other
cholesterol particles, including IDL, LDL and VLDL sub-
classes. Previously, VLDL has been positively associated
with CAC in patients with diabetes,> which is a result the
opposite of ours, but the number of diabetics in our study was
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P P adj
VLDL Cholesterols: —e—Free cholesterol in very large VLDL mmol/l 0,048 0,543
—e— Total cholesterol in chylomicrons and extremely large VLDL mmol/l 0,072 0,395
Cholesterolesters in chylomicrons and extremely large VLDL mmol/l 0080 [0,613
—e—Free cholesterol in chylomicrons and extremely large VLDL mmol/l 0,089 0.305
—e— Cholesterol esters in small VLDL mmol/l *r————"o 0124 |
IDL cholesterols: Concentration of IDL particles mol/l 0169 - |
—e—Total lipids in IDL mmol/l *—eo—08 0173 |-
—e— Phospholipids in IDL mmol/l ——eo—o 0172 |-
—e— Total cholesterol in IDL mmol/l ———o—o 0179 |-
—e—Cholesterol esters in IDL mmol/l ——o—o 0137 |-
HDL cholesterols: —e— Total cholesterol in small HDL mmol/I o—0—0 0138 |-
—e— Cholesterol esters in small HDL mmol/l —o—o 0178 |-
—e—Triglycerides in large HDL mmol/l 0,170 -
—e— Triglycerides in very large HDL mmol/I —o——=0 0,174 -
Total lipids in small HDL mmol/l 0200 |-
LDL cholesterols: —e— Phospholipids in medium LDL mmol/I —o—o 0,123 -
Concentration of large LDL particles mol/l 0152 |-
Total lipids in large LDL mmol/l 0157 |-
—e— Phospholipids in large LDL mmol/l *——o—o 0130 |-
—e— Cholesterol esters in large LDL mmol/I *r——o—o 0159 |-
—e— Triglycerides in HDL mmol/l ——eo—o 0259 |-
Triglycerides and phospholipids: —@— Diacylglycerol mmol/l 0,029 0,315
—e— Serum total triglycerides mmol/l *——eo—o 0,220 -
—e—Triglycerides in VLDL mmol/l o—o———o0 0,276 -
Phosphatidylcholine and other cholines mmol/l 0,269 -
Serum total cholesterol mmol/l 0180 |-
Other cholesterols: Total cholesterol in VLDL mmol/l 0117 |-
Remnant cholesterol non HDL non LDL cholesterol mmol/l 0100 |-
Total cholesterol in LDL mmol/l 0,198 -
Free cholesterol mmol/l 0118 |-
Apolipoproteins: —e— Apolipoprotein Al g/l —eo—o 0,442 -
—e— Apolipoprotein B g/l o———0—0 0,111 -
—e— Ratio of apolipoprotein B to apolipoprotein Al o——0—-0 0,236 -
Fatty acids: —e— Total fattyacids mmol/l *—eo—o 0,235 -
—e— 182 linoleic acid mmol/l *——o—o 0233 |-
—e— Polyunsaturated fatty acids mmol/l *——o——o 0,300 N
»— Monounsaturated fatty acids mmol/l 0193 |-
—e— 182 linoleic acid mmol/l ——o—o 0,233 -
Glycolysis related metabolites: Glucose mmol/l 0,205 N
—e—Lactate mmol/l ——eo—o 0728 |-
Pyruvate mmol/l 087 |-
Citrate mmol/l 09007 |-
—e— Glycerol mmol/l *——eo—e 0323 |-
Amino acids: —e— Histidine mmol/l o—o—0 0567 |-
—e—Isoleucine mmol/l *~——o——o 0510 |-
—e—Leucine mmol/l *——o—o 0130 |-
—e—Valine mmol/l *>—o—o 0125 |-
—e— Tyrosine mmol/l *—o—o 0,561
Ketone bodies: Acetate mmol/l 0.008 0,065
Acetoacetate mmol/l 0,911 N
3 hydroxybutyrate mmol/I 069 |-
Fluid balance: Creatinine mmol/l 0656 |-
Albumin (signal area) 0492 |-
Inflammation: Glycoproteinacetyls mainly a1 acid glycoprotein mmol/l 033 |-
-1,00 -0,80 -0,60 -0,40 -0,20 0,00 0,20
Figure 3 The differences in metabolomics between group Il and group IV.
Notes: The mean difference with the 95% confidence intervals between group Il (n=11, osteoporosis with highest CIMT tertile) and group IV (n=48, normal T-score and

low CIMT). Group IV was used as a reference group. Only the five most remarkable variables (p-values) from each metabolic group are shown in the figure. Logarithm
modifications were made to ensure variables normal distributions. P-values indicated with red color were statistically significant. P = p-value; adj = adjusted with age, total

body fat mass and statin use.

small. On the contrary, in the previous study of Turkish PM
women, VLDL was not associated with vertebral fracture or
OP?° In our study, associations were found with the CAC
groups only but not with the high cIMT group. This suggests
that VLDL may reflect the link between bone loss and
vascular calcifications. Lipid metabolism may be accelerated
in subjects with CAC and OP compared with that in the
healthy group, which could explain the low VLDL particle
levels. However, adjustments with the use of statins wea-
kened the association in our study, which may be due to the
effects of statins on lipoprotein metabolism.

Other lipid particles, such as APOB, have been pre-
viously associated with AS?”*® and predicted cardiovascular

events in a 15-year follow-up study.'” Subjects carrying the
mutations for a familial deficiency or distorted function of
APOB-100 have been shown to have low BMD.?® These
subjects have high LDL levels®’ and obviously enhanced AS.
However, independent associations between LDL and BMD
have also been shown.”® An APOB-100 genetic deficiency
has also been associated with coronary artery calcifications,?’
which is in line with our results considering CACs.

From the less well-studied biomarkers, amino acids
and other metabolites, such as acetate, valine, leucine
and diacylglycerol levels, were lower in the CAC and
OP group than those in the healthy group. This pattern
could represent a new metabolic pathway between OP and
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CAC. Previously, higher leucine and valine dietary intakes
have been associated with low BMD in spinal cord injury
subjects,”” in contrast with our results. Thus, nutrition may
explain this discrepancy. Short-term overfeeding seems to
correlate positively with plasma levels of valine, leucine,
phenylalanine and tyrosine,*® but it is not known how well
the dietary patterns reflect the measured amino acid levels.

In previous population-based studies, metabolites have
been associated with cardiovascular disease (CVD) risk."”
For example, phenylalanine was associated with a higher
risk of CVD events at a younger age in the FINRISK
study,'” while phenylalanine showed a strong association
with death from coronary heart disease, but not with
stroke, in a meta-analysis.'’ Our results showed no differ-
ences in phenylalanine levels between different CAC and
BMD groups, but this does not mean that they would not
be predictive factors during the follow-up. The FINRISK
study also showed that tyrosine, lactate and pyruvate were
associated with higher CVD risk and that citrate was
protective in this regard,'” but we did not find any differ-
ences between the BMD and CAC groups considering
these amino acids. In addition, we did not find any differ-
ences in the ratio of phenylalanine to tyrosine, which is in
line with the FINRISK follow-up study.'” The ratio of
phenylalanine to tyrosine has been suggested to describe
phenylalanine hydroxylase activity, which has been pre-
viously associated with coronary artery disease.’' In
a previous study, the acetate level was higher in patients
with coronary stenosis and artery microvascular changes
than in controls, although the number of participants was
low (n=32).>* Previously, a high acetate level was thought
to be a slightly protective factor for CVD events,'” and in
our study, the acetate levels were lower in the OP with
CAC group. However, one confounding factor may be the
high level of statin use, which was very common in this
population, particularly in group I with OP and CAC.
Nevertheless, the acetate level increases with the HMG-
CoA enzyme inhibition by statins, because acetate is used
in the early steps of cholesterol formation.*?

Considering the BMD, cIMT and metabolomics, it has
been previously shown that an atherosclerotic lipid profile
(high LDL cholesterol) is associated with low BMD.’
However, a Korean study with 4613 premenopausal and
2661 PM women showed no association with BMD and
LDL or HDL." It is well known that cIMT is a well-
established marker of both carotid and coronary AS, and it
is therefore obvious that high LDL and low HDL levels
have been associated with high cIMT or predict its

progression.”*** However, there were no differences in
the lipid profiles between the cIMT and BMD groups.
A confounding factor may be related to the long-term
use of statins. The current use of statins is quite high in
groups with AS and probably impacts on the results.
Statins decrease LDL cholesterol levels while increasing
HDL cholesterol and lowering triglycerides to a lesser
extent; they may also increase BMD, as shown in
a recently widely published epidemiological study.>

In our study, the amount of physical exercise was much
lower in the cIMT and OP group than that in the healthy
group, but no difference was found between the CAC
groups. These data could be in line with the preventive
effects of physical activity on AS and OP*° or because
subjects with these disorders do not engage in exercise. On
the other hand, physical activity may affect CAC and OP
via mechanisms other than weight-bearing loading and
cardiorespiratory fitness. To support this, no differences
were previously found between physical exercise and cor-
onary artery calcium score, but the prevalence of coronary
artery disease was still higher in the inactive group com-
pared to that in the active group.’’

There were a few limitations of our study. First, the
subjects of this study were elderly women forming part of
the OSTPRE study, which is a representative population-
based sample. The final study sample (n=280) consisted of
a small part of the original OSTPRE study cohort
(n=14,220), so the risk of selection bias should be consid-
ered. Regarding this issue, we have previously shown that
the main data variables (FN, BMD and BMI) do not differ
from the original OSTPRE study sample % Second, the
small number of participants decreased the power of the
study findings and may have also caused abnormal statis-
tical variations. Third, the high number of variables high-
lights the statistical coincidences and increases the FDR.
Fourth, the cross-sectional design may reveal associations
but is not indicative of causality. Fifth, we acknowledge
the lack of dietary information. Finally, the study was
carried out in Finnish PM women, so generalization to
other ethnic groups will require verification.

Conclusion

In conclusion, our study showed that there were novel dif-
ferences in metabolite profiling between subjects with OP
and AS compared with those in the group with normal BMD
without AS. In particular, acetate, valine, leucine, diacylgly-
cerol and several VLDL particle levels were lower in sub-
jects with OP and CAC, suggesting that altered amino acid
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and lipid metabolism may be linked to both disorders. Wide
metabolomic analyses may provide a new insight for clinical
practice to estimate the risk of possible cross-linking end-
points (eg, stroke or fracture in a population having OP or
AS). In other words, change in certain metabolite levels may
be a risk predictor for AS in patients having OP. Further,
follow-up studies with larger samples are needed to verify
the results and find the risk predictors.
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