The effects of diacylglycerol oil
on bone metabolism of C57BL/6J mice

Han Seok Choi
Department of Medicine

The Graduate School, Yonsei University



The effects of diacylglycerol oll
on bone metabolism of C57BL/6J mice

Han Seok Choi
Department of Medicine

The Graduate School, Yonsei University



The effects of diacylglycerol ol
on bone metabolism of C57BL/6J mice

Directed by Professor Sung-Kil Lim

The Doctoral Dissertion
submitted to the Department of Medicine,
the Graduate School of Yonsei University
in partial fulfillment of the requirements for the degree
of Doctor of Philosophy of Medicine

Han Seok Choi

December 2011



This certifies that the Doctoral
Dissertation of Han Seok Chol Is
approved.

Thesis Committee Member: Chul Woo Ahn

The Graduate School
Yonsel University

December 2011



ACKNOWLEDGEMENTS

This research project would not have been possible without the
support of many people. First, | would like to express my gratitude to
my supervisor, Professor Sung-Kil Lim, whose encouragement,
guidance and support from start to finish enabled me to complete this
research project. I am also deeply indebted to Dr. Su Jin Park, without
her knowledge and assistance this research would not have been
successful. | also thank Mr. Woo Min Chung, who was extremely
helpful and offered invaluable assistance throughout the research
project. Special thanks go to Ms. Lan Lee, whose technical support and
assistance are greatly appreciated. 1 would also like to thank the
members of my supervisory committee for their excellent advice:
Professor Woong Hwan Choi, Professor Dong Min Shin, Professor
Seong Hwan Moon, and Professor Chul Woo Ahn. Most importantly, |
wish to express my love and gratitude to my parents and other family
members for their patience, love and understanding, which enabled me
to complete this thesis. Lastly, | offer my regards and blessings to all of
those who supported me in any respect during the completion of the

project.



<TABLE OF CONTENTS>

ABSTRAGCT --eerreeressssssammsersmmmassssssnmmsssssmassssssnmsssssseessssssannmsssssnssssssssnnnns 1
I. INTRODUGCTION ---sseereeeeessssssmmmsesmmsssssssannmsssssmssssssssnmnmssssssssssssnnnnssssses 3
I1. MATERIALS AND METHODS rreeesssssnmmssrssmssssssssmmmssssssssssssannmssssnes 6
1. ANIMALS rrmremreme s 6
2. Experimental protoCol --«-s«-ssssssemsmssmrsmsmssssss s 6
3. Body composition and bone mMiCroStructure =s-ss-s-sssssssssesssmssmransaanas 9
4. Total RNA isolation, RT-PCR, and quantitative real-time PCR 10
5. Intracellular oxidative stress of bone marrow cells -------s--s-sseeee 12
6. Biochemical analyses -------s-ssreeremsersmrsmmmese s 12
7. Statistical ana|yses ....................................................................... 13
[T RESULTS oreeraremremrmsssms s 14
1. Body weight and COMPOSIION =ssrssresreasssmsmsmssmsmssmssssssss s 14
2. BMD and bone mMiCroStruCture =-ss-sssssssssssmsemssmsmssnssnssassansnsanas 14
3. Expression of differentiation marker genes =-------s-sssessssssnsnsas 22
4. Biochemical markers of bone tUrnOVer -«-==-=s-=ssssessmsmsmnsmsmasmnnaans 24
5. Intracellular oxidative stress of bone marrow cells --------sseseeeses 26
6. Metabolic PATAMELENS «xsmressrsssrsmrasrassm s e 29
[V. DISCUSSION =ssrsrssassnsemsmsnssmssssssssss s 31
V. CONCLUSION seerrerseenremresasemrrsrssensemrasssenssssensassassnsemsassssensesssenes 36

REFERENCES  wsssrerresusseeersssssssssssssssssssssssssssssssssssssssss s sssssssssenss 37



ABSTRACT (IN KOREAN)



LIST OF FIGURES

Figure 1. Changes in body weight, percent fat mass, and BMD in
IMICE =rerssrsmrsnsmrsmnnss s 16

Figure 2. Microstructure images of femoral bones and fifth
lumbar vertebrae in MICe ==--=s-ssessmesressmarmmsrmsmmarnasnmannans 18

Figure 3. Microstructure parameters of femoral bones in mice 19

Figure 4. Microstructure parameters of trabecular bone of the
VErtebrae in MICE =--=s-=sesssesressmarmessmarmcssmnsmesnensmasnennannas 21

Figure 5. Gene expression level in bone marrow cells isolated
from mice tihiae --=+-=+-=ss=sressmmrmesrmarmcrresrm e 23

Figure 6. Bone turnover markers measured in the plasma of mice

Figure 7. Confocal microscope images of bone marrow cells
stained with d|hydroeth|d|um .................................... 27

Figure 8. Quantitative analyses by flow cytometry in bone
marrow cells stained with dihydroethidium ------------- 28



LIST OF TABLES

Table 1. Composition of experimental diets -«-s-s-sssresrearearaaras 8

Table 2. Sequences of primers and PCR reaction parameters
used in RT-PCR and quantitative real-time RT-PCR -11

Table 3. Comparison of metabolic parameters measured in the
p|a3ma OF MICE =+-mrmerrmmrme e e 30



ABSTRACT

The effects of diacylglycerol oil on bone metabolism of C57BL/6J mice

Han Seok Choi

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Sung-Kil Lim)

In epidemiologic and animal studies, high fat diets (HFD) are associated
with lower bone mineral density (BMD) and higher risk of osteoporotic
fractures. Meanwhile, consuming HFD containing diacylglycerol (DAG)
instead of triacylglycerol (TAG) has metabolically beneficial effects such as
reduction in body weight and abdominal fat. This study investigated the
effects of a HFD containing DAG on oxidative stress and bone metabolism in
mice.

Four-week-old male C57BL/6J mice (n = 39) were divided into three
weight-matched groups based on diet type: a chow diet group, a HFD

containing TAG (HFD-TAG) group, and a HFD containing DAG (HFD-DAG)



group. After 20 weeks of treatment, body composition and bone
microstructure were analyzed using dual energy X-ray absorptiometry and
micro-computed tomography. Oxidative stress in bone marrow cells was
measured using dihydroethidium staining. RT-PCR and quantitative real-time
PCR of bone marrow cells were performed to investigate the expression of
transcription factors for osteogenesis or adipogenesis.

It was found that the HFD-DAG group had lower body weight, higher
BMD, and superior microstructural parameters of bone when compared to the
HFD-TAG group. Oxidative stress in bone marrow cells was lower in the
HFD-DAG group than in the HFD-TAG group. The HFD-DAG group also
showed increased expression of Runx2 and decreased expression of PPARY in
bone marrow cells compared to the HFD-TAG group. Osteocalcin levels
measured in plasma were higher in the HFD-DAG group than in the HFD-
TAG group.

In conclusion, when compared to HFD-TAG, HFD-DAG induces less
oxidative stress in bone marrow and has beneficial effects on bone and bone

metabolism of C57BL/6J mice.

Key words: high fat diet, diacylglycerol oil, oxidative stress, bone

metabolism
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Han Seok Choi
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(Directed by Professor Sung-Kil Lim)

I. INTRODUCTION

It is well known that high levels of dietary fat are metabolically deleterious to
health. Several cardiometabolic disorders such as obesity, hyperlipidemia,
diabetes, and cardiovascular disease have been associated with high fat diets
(HFD)'. Recently, epidemiologic studies have shown that HFD are also
associated with lower bone mineral density (BMD) and higher risk of
osteoporotic fractures®®. Animal studies have demonstrated that HFD also have
deleterious effects on bone and bone metabolism*”’. Although the mechanism of
this deleterious effect is unclear, metabolic derangements such as dyslipidemia

or oxidative stress resulting from excess fat intake may mediate the deleterious



effects of dietary fat on bone®*?,

The majority of dietary fat consists of triacylglycerol (TAG), a glyceride
composed of three fatty acid chains covalently bonded to a glycerol molecule
through ester linkages. Diacylglycerol (DAG) is a glyceride consisting of two
fatty acid chains esterified to a glycerol molecule. DAG oil is similar in taste,
appearance, and fatty acid composition to conventional edible oils that
predominantly consist of TAG. In fact, various edible oils contain small
quantities of DAG, ranging from 0.8% in rapeseed oil to 9.5% in cottonseed
oil®. DAG can exist in two isoforms, 1,2 (or 2,3)-DAG and 1,3-DAG. The
majority of DAG in edible oils consists of 1,3-isoform DAG due to the
migration of the acyl group in an equilibrium reaction. This 1,3-DAG is
believed to have metabolically beneficial effects compared to TAG due to
differences in absorption and metabolism***°. As demonstrated in both animal
and human studies, DAG oil appears to be more effective than TAG oil for
preventing hyperlipidemia and excess body fat accumulation™®?.

Despite previous animal studies that demonstrated the effects of HFD on
bone and bone metabolism*’, no studies have investigated the effects of HFD
containing DAG (HFD-DAG) on bone. | hypothesized that a HFD-DAG may
affect bone and bone metabolism differently than a HFD containing TAG (HFD-
TAG), due to the beneficial effects of DAG on fat mass, lipid metabolism and/or

oxidative stress. To test this hypothesis, body composition, bone microstructure,

biochemical parameters, and bone turnover markers were measured in mice fed


http://en.wikipedia.org/wiki/Glyceride

three different types of diet including a chow diet, a HFD-TAG, and a HFD-
DAG for 20 weeks. Intracellular oxidative stress of bone marrow cells was also

investigated, as was gene expression for osteogenic or adipogenic

differentiation of bone marrow cells.



Il. MATERIALS AND METHODS

1. Animals

Four-week-old male C57BL/6J mice were purchased from Central
Laboratory Animal Inc. (Seoul, Korea). During the study the mice were
housed in standard cages placed in a room at 21 + 2°C, 50 = 5% relative
humidity, with a 12-hour light-dark cycle. The animals used in this study were
treated in accordance with the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council, 1996), as approved by the Institutional

Animal Care and Use Committee of Yonsei University.

2. Experimental protocol

Mice were fed a standard laboratory diet for one week in order to
acclimatize them. They were then divided into three weight-matched groups
(n = 13 per group) of three different diet types, the chow diet group, the HFD-
TAG group, and the HFD-DAG group. The chow diet was a purified diet
based on the AIN-93G rodent diet, which contains 7 gm% (16 kcal%) of fat®.
The chow diet had 4.0 kcal per gm. Both the HFD-TAG and HFD-DAG
contained 24 gm% (45 kcal%) of fat. Although the amount of fat in the HFD-
DAG was identical to that of the HFD-TAG, the fat content was different.
Seventy grams of soybean oil and 130 gm of lard were used for the HFD-TAG,

6



while 150 gm of DAG oil and 50 gm of lard were used for the same amount
of HFD-DAG. Both diets were 4.8 kcal per gm. Detailed ingredients of each
diet are listed in Table 1. All mice were allowed free access to food and water
throughout the 20 week test period. The mice were weighed every week from
the beginning of the study. Every four weeks, mice were anesthetized using a
mixture of Zoletil and Rompun, and body composition was measured. At the
end of the experimental period, mice were sacrificed following 12-h fasts.
Blood was drawn by cardiac puncture from mice into EDTA-coated tubes.
Plasma was obtained by centrifuging the blood at 2000 x g for 15 min at 4°C.
The plasma was then frozen and stored at -20°C until analysis. Femora and
tibiae from the hind legs were dissected out and bone marrow cells were
immediately isolated from the tibiae. The Yonsei University Institutional

Animal Care and Use Committee approved all animal experiment protocols.



Table 1. Composition of experimental diets

Chow
HFD-TAG HFD-DAG
Formula (AIN-93G)
gm kcal gm kcal gm kcal
Casein, lactic 200.0 | 800 200.0 | 800 | 200.0 | 800
L-Cystine 3.0 12 3.0 12 3.0 12
Corn starch 397.486 | 1590 165.9 664 165.9 | 664
Sucrose 100.0 400 73.5 294 73.5 294
Dextrose 132.0 528 97.6 390 97.6 390
Cellulose 50.0 0 50.0 0 50.0 0
Soybean Oil 70.0 630 70.0 630 0 0
Lard 0 0 130.0 | 1170 | 50.0 | 450
DAG 0 0 0 0 150.0 | 1350
t-Butylhydroquinone 0.014 0 0.014 0 0.014 0
AIN-93 Mineral Mix 35.0 0 35.0 0 35.0 0
AIN-93 Vitamin Mix 10.0 40 10.0 40 10.0 40
Choline Bitartrate 2.5 0 25 0 2.5 0
Total 1000.0 | 4000 | 837.514 | 4000 | 837.514 | 4000

HFD-TAG, high fat diet containing triacylglycerol; HFD-DAG, high fat diet containing

diacylglycerol.




3. Body composition and bone microstructure

Body composition (lean soft tissue mass, fat mass, bone mineral content,
and bone mineral density) of the mice was measured using dual X-ray
absorptiometry (DXA) (QDR-4500A, Hologic, Waltham, MA, USA). The
instrument was calibrated before scanning sessions using a phantom with
known BMD, according to the manufacturer’s guidelines. Body composition
excluding the skull was assessed every four weeks from the fourth week of
experimental period. All scans were performed with the animals positioned
prone and spread, with tape attached to each limb on the platform. At the end
of the study, the microarchitectures of the femora and the fifth lumbar
vertebrae from sacrificed mice were analyzed using micro-computed
tomography (micro-CT) scanning (SMX-90CT, Shimadzu, Kyoto, Japan). The
cortical bone and trabecular bone were separated manually on each slice by a
cursor line. The three dimensional structure was analyzed using the TRI 3D-
BON (RACTOC System Engineering Co., Tokyo, Japan) program. In this
study, the morphometric parameters calculated for both skeletal sites included
bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, pm),
trabecular number (Th.N, mm’), and trabecular separation (Tb.Sp, pm).
Femoral images were also evaluated for cortical thickness (Ct.Th) and cortical

cross-sectional area (CSa).



4. Total RNAisolation, RT-PCR, and quantitative real-time RT-PCR

The total RNA of tibial bone marrow cells (n = 5 for each group) was
extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and then
reverse transcribed into cDNA using M-MuLV reverse transcriptase (Promega,
Madison, WI, USA) according to the manufacturer’s recommendations. For
reverse transcription-polymerase chain reaction (RT-PCR) analysis, one
microliter of the RT product was used as a template for PCR amplification of
Runx2, osterix, PPARYy, and B-actin using the following cycling conditions: 40
sec at 94°C, 40 sec at the respective annealing temperature and 1 min at 72°C
over the respective number of cycles presented in Table 2. The measured
mRNA levels were normalized to the B-actin mRNA levels. The sequence
information of oligonucleotide primers for RT-PCR is also presented in Table
2. PCR products were separated by electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide staining. Real-time RT-PCR quantitation of
Runx2 and PPARy mRNA was performed in an iCycler 1Q detection system
using SYBR® Green | as a double-strand DNA-specific binding dye. GAPDH
primers were included in the reaction as internal controls. PCR runs consisted
of an initial denaturation step at 94°C for 5 min, 40 cycles consisting of 15 sec
at 94°C, 30 sec at the respective annealing temperature (Table 2) and 30 sec at
72°C. The sequence information of oligonucleotide primers for quantitative

real time RT-PCR is also presented in Table 2.
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Table 2. Sequences of primers and PCR reaction parameters used in RT-PCR

and guantitative real-time RT-PCR

(R) 5>-CCCATCATTAAGGAATTCATGTCGTAG-3’

RT-PCR

Target gene Primer sequence AT (°C) Cycles
(F) 5>-GATAGCGATATCGCTGCGCT-3’

B-actin 55 20
(R) 5’-GCTCATTGCCGATAGTGATGACCT-3’
(F) 5’-CCGCACGACAACCGCACCAT-3’

Runx2 55 28
(R) 5’-CGCTCCGGCCCACAAATCTC-3’
(F) 5’-CACATCCCTGGTGCGGCAA-3’

Osterix 55 30
(R) 5’-CCGGGTGTGAGTGCGCACAT-3’
(F) 5-CACTTCACAAGAAATTACCAT-3’

PPARYy 58 30
(R) 5>-GAAGGACTTTATGTATGAGTC-3’

Quantitative real-time RT-PCR

Target gene Primer sequence AT (°C) Cycles
(F) 5>-AATGTGTCCGTCGTGGATCTG-3’

GAPDH 55 40
(R) 5>-CAACCTGGTCCTCAGTGTAGC-3’
(F) 5’-CAGATGACATCCCCATCCATCC-3’

Runx2 55 40
(R) 5>-AAGTCAGAGGTGGCAGTGTC-3’
(F) 5’-GCCCTGGCAAAGCATTTGTATG-3’

PPARYy 58 40

RT-PCR, reverse transcription-polymerase chain reaction; AT, annealing temperature.
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5. Intracellular oxidative stress of bone marrow cells

Intracellular oxidative stress of marrow cells was measured with the
dihydroethidium (DHE) (Sigma, St Louis, MO, USA). DHE is rapidly
oxidized by reactive oxygen species (ROS) to yield red fluorescent ethidium
which intercalates with the cell’s DNA so that bright red nuclei can be
visualized in the fluorescence microscope. Bone marrow cells were isolated
from the tibiae and pooled for each group of mice (n = 5 per each group).
Pooled marrow cells resuspended in phosphate buffered saline (PBS) were
stained with 10 uM DHE for 30 min at 37°C. The cells were then centrifuged
for 10 min at 1500 rpm, and washed twice with PBS in order to remove the
extracellular fluorescent indicators. Finally, they were resuspended in PBS.
DHE fluorescence was visualized by confocal microscopy (LSM 510, Zeiss,
Gottingen, Germany). Flow cytometric analysis was used to quantify DHE
fluorescence. Fluorescence intensity resulting from DHE oxidation was
measured using a FACS Calibur (Becton Dickinson, San Jose, CA, USA).
Signals were obtained using a 575 £ 13 nm band pass filter (FL-2 channel) for

ethidium.

6. Biochemical analyses
Plasma concentrations of glucose, total cholesterol, triglyceride, and HDL-
cholesterol were measured using an ADVIA 1650 Chemistry system (Siemens,

Tarrytown, NY, USA). Plasma insulin levels were measured with an enzyme-
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linked immunosorbent assay (ELISA) kit (Mercodia, Uppsala, Sweden), and
the inter-assay and intra-assay variations were 4.8 + 1.3% and 2.6 + 0.6%,
respectively. Mouse cross-linked N-telopeptide of type | collagen (NTX)
(Cusabio Biotech Co., Wuhan, China) and mouse osteocalcin (Biomedical
Technologies Inc., Stoughton, MA, USA) levels were also measured using a

commercially available ELISA kit.

7. Statistical analyses

Statistical analyses were performed using SPSS 15 (SPSS, Inc., Chicago, IL,
USA). Data were reported as mean + standard error (S.E.). Comparisons
across groups were performed by a one-way analysis of variance (ANOVA)
with a post-hoc Duncan’s test. A repeated measures ANOVA was performed to
test for significant differences in the means of body weight, percent fat mass,
and BMD over time between groups. P <0.05 was considered statistically

significant.
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I11. RESULTS

1. Body weight and composition

The body weights and compositions measured at each time point for the
three diet groups are shown in Figure 1. The body weight and percent fat mass
of mice fed the HFD containing either TAG or DAG were greater than those
of mice fed the chow diet at each time point. Among mice that were fed the
HFD, the HFD-TAG group had greater body weight and percent fat mass than
the HFD-DAG group. The difference between the groups increased from the
beginning of the experimental period. At the end of the 20-week study, mice
in the HFD-TAG group had significantly higher body weight and fat mass

than those in the HFD-DAG (P < 0.0001).

2. BMD and bone microstructure

BMD measured by DXA at each time point is presented in Figure 1. BMD
was higher in mice fed the HFD containing either TAG or DAG than in those
fed the chow diet, which is probably due to the greater body weight of mice
fed the HFD. Among mice fed the HFD, however, mice fed the HFD-DAG
had a greater BMD than those fed the HFD-TAG despite having lower body
weight. Micro-CT was conducted after sacrificing the animals to analyze the
microstructures of cortical and trabecular bone. The femur of the posterior

limb and the fifth lumbar vertebra were used for micro-CT analysis.
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Compared to mice fed the HFD-TAG, mice fed the HFD-DAG had increased
cortical thickness and cross-sectional area in their femoral bone (Figure 2A
and Figure 3), and increased trabecular thickness in their vertebrae (Figure 2B

and Figure 4) despite having lower body weight.
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Figure 1. Changes in body weight, percent fat mass, and BMD in mice. HFD-
TAG, high fat diet containing triacylglycerol; HFD-DAG, high fat diet
containing diacylglycerol; BMD, bone mineral density. Repeated measures

ANOVA, P <0.0001 for body weight (A), percent fat mass (B), and BMD (C).
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Chow HFD-TAG HFD-DAG

Figure 2. Microstructure images of femoral bones (A) and fifth lumbar
vertebrae (B) in mice. HFD-TAG, high fat diet containing triacylglycerol;

HFD-DAG, high fat diet containing diacylglycerol.
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Figure 3. Microstructure parameters of femoral bones in mice. HFD-TAG,
high fat diet containing triacylglycerol; HFD-DAG, high fat diet containing

diacylglycerol; BV, bone volume; TV, tissue volume; Tb.Th, trabecular
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thickness; Th.N, trabecular number; Th.Sp, trabecular separation; Ct, cortical
thickness; CSa, cross-sectional area. Bars labeled with different letters are
significantly different (P <0.05) (“a” versus “b” indicates a statistically
significant difference, “a” versus “a” or “b” versus “b” means no significant

difference).
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Figure 4. Microstructure parameters of the trabecular bone of the vertebrae in
mice. HFD-TAG, high fat diet containing triacylglycerol; HFD-DAG, high fat
diet containing diacylglycerol; BV, bone volume; TV, tissue volume; Th.Th,
trabecular thickness; Th.N, trabecular number; Th.Sp, trabecular separation.
Bars labeled with different letters are significantly different (P <0.05) (“a”
versus “b” indicates a statistically significant difference, “a” versus “a” means

no significant difference).
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3. Expression of differentiation marker genes

Bone marrow cells were isolated from mice tibiae (n = 5) to determine the
effect of diet on the cell differentiation. The gene expression levels of
transcription factors for osteogenic and adipogenic lineage in bone marrow
cells are presented in Figure 5. RT-PCR and quantitative real time RT-PCR
results show that Runx2 and osterix, the transcription factors for osteoblastic
differentiation, were significantly up-regulated in mice fed the HFD-DAG
compared with those fed the HFD-TAG. In contrast, the adipocyte-specific

transcription factor, PPARy, was up-regulated in mice fed the HFD-TAG.
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Figure 5. Gene expression levels in bone marrow cells isolated from mice
tibiae. HFD-TAG, high fat diet containing triacylglycerol; HFD-DAG, high fat
diet containing diacylglycerol; RT-PCR, reverse transcription-polymerase
chain reaction. Bars labeled with different letters are significantly different (P
<0.05) (“a” versus “b” indicates a statistically significant difference, “a”

versus “a” means no significant difference).
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4. Biochemical markers of bone turnover

Bone turnover markers measured in plasma are presented in Figure 6. Mice
fed the HFD-DAG had significantly higher plasma concentrations of
osteocalcin, a marker of bone formation, than mice fed the HFD-TAG. The
plasma concentration of NTX, a marker of bone resorption, was not

significantly different between the groups.
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Figure 6. Bone turnover markers measured in the plasma of mice. HFD-TAG,

high fat diet containing triacylglycerol; HFD-DAG, high fat diet containing

diacylglycerol; NTX, N-telopeptide. Bars labeled with different letters are

significantly different (P <0.05) (“a” versus “b” indicates a statistically

significant difference, “b” versus “b” means no significant difference).
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5. Intracellular oxidative stress of bone marrow cells

Intracellular oxidative stress in bone marrow cells isolated from mice tibiae
was measured using DHE. As shown in the confocal microscopic findings
(Figure 7), more cells stained with DHE were found in bone marrow cells
from mice fed the HFD-TAG than in mice fed the HFD-DAG or chow diet.
Quantitative analysis by flow cytometry also showed that mice fed the HFD-
TAG had more bone marrow cells with oxidative stress than those fed the

HFD-DAG or chow diet (Figure 8).
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HFD-TAG HFD-DAG

Figure 7. Confocal microscope images of bone marrow cells stained with
dihydroethidium. HFD-TAG, high fat diet containing triacylglycerol; HFD-

DAG, high fat diet containing diacylglycerol.
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Figure 8. Quantitative analyses by flow cytometry in bone marrow cells
stained with dihydroethidium. HFD-TAG, high fat diet containing
triacylglycerol; HFD-DAG, high fat diet containing diacylglycerol. Numbers

labeled with asterisk indicate percentage of gated cells.
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6. Metabolic parameters

Biochemical parameters including fasting plasma glucose, insulin, and lipid
profiles are presented in Table 3. The homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated from fasting plasma glucose and
insulin concentrations. Mice fed the HFD containing either TAG or DAG had
higher fasting glucose, HOMA-IR, total cholesterol, and triglyceride than
mice fed the chow diet. Among mice fed the HFD, however, metabolic
derangement was more severe in the mice fed the HFD-TAG than in those fed

the HFD-DAG.
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Table 3. Comparison of metabolic parameters measured in the plasma of mice

Chow diet HFD-TAG HFD-DAG P value
Glucose (mg/dL) | 815+2.0* | 169.7+4.7° | 106.2+4.3° | <0.001
Insulin (ng/mL) 0.6+0.1° 1.4+0.2° 0.9+0.1° <0.001
HOMA-IR 2.8+ 0.5 13.8+ 2.0 5.4+ 0.6° <0.001
Triglyceride 773+25 | 1022+4.0° | 91.1+27" | <0.001
(mg/dL)
Cholesterol 1135+4.3* | 168.9+53° | 130.0+6.3° | <0.001
(mg/dL)
HDL-cholesterol 67625 619+ 17 65.3+ 1.7 0.149
(mg/dL)

HFD-TAG, high fat diet containing triacylglycerol; HFD-DAG, high fat diet containing
diacylglycerol; HOMA-IR, homeostatic model assessment of insulin resistance. Means with
different superscript letters within a row are significantly different (P <0.05) (“a” versus “b” or
“a” versus “c” or “b” versus “c” indicates a statistically significant difference, “a” versus “a”

means no significant difference).
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IV. DISCUSSION

The results of this study show that mice fed a HFD-DAG had lower body
weight, lower fat mass, and higher lean mass than mice fed a HFD-TAG,
which is consistent with previous studies evaluating the metabolic effects of
DAG. Biochemical tests from this study indicate that the HFD-DAG group
had lower levels of plasma glucose, insulin, HOMA-IR, total cholesterol, and
triglyceride than the HFD-TAG group. This study revealed that mice fed the
HFD-DAG had greater BMD and superior bone microstructure compared to
those fed the HFD-TAG. These findings suggest that the beneficial effects of
DAG on bone might result from increased differentiation of bone marrow
cells into an osteogenic rather than adipogenic lineage. The results also
suggest that the difference between DAG and TAG on bone metabolism might
be due to less oxidative stress and lipotoxicity in mice fed the HFD-DAG
compared to those fed the HFD-TAG. However, mice fed the HFD-DAG also
had greater BMD and superior bone microstructure compared to those fed the
chow diet despite higher oxidative stress and lipotoxicity. Although there is no
clear explanation for it, 1 speculate that higher body weight might have a
positive effect on the bone metabolism in mice fed the HFD-DAG compared
to those fed the chow diet.

Dietary fat intake can affect bone metabolism in several ways. Excess body

fat accumulation resulting from a HFD has both positive and negative effects
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on bone. The mechanical loading of accumulated fat mass can stimulate
osteogenesis and estrogen produced in adipose tissue can also inhibit bone
resorption by osteoclasts®’. In contrast, adipocytes may have lipotoxic effects
on osteoblasts, as shown in an experiment where adipocytes induced an
inhibition of osteoblast proliferation in cocultures in vitro®®. Adipocytokines
secreted by adipose tissue can also affect bone metabolism in both positive
and negative ways. For example, leptin inhibits bone formation through a
central mechanism that involves the sympathetic nervous system”.
However, peripheral administration of leptin increases cortical bone growth
and differentiation of mesenchymal stem cell into osteoblasts rather than
adipocytes®®, and reduces ovariectomy-induced bone loss in rats®.
Adiponectin also has both positive and negative impacts on bone
metabolism®. The overall effect of adipocytokines on bone remains unclear.
Recently, oxidative stress was suggested as an important mediator of HFD-
induced bone loss’. It was shown that excess fat intake increases oxidative
stress by overproducing reactive oxygen species (ROS) and decreasing
antioxidant enzyme activity®, Oxidative stress has been suggested as a
responsible factor for the development of osteoporosis. In previous clinical
studies, oxidative stress had an inverse association with bone mass in
humans™*?%"3_|n vitro and animal studies showed that oxidative stress can
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inhibit the differentiation of osteoblasts™ ™, while stimulating the formation

and activation of osteoclasts***. Parhami et al. also suggested that oxidized
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lipids play a role in bone metabolism'®****, They suggested that lipoproteins
and lipids accumulate in bone and undergo oxidation, after which these
oxidized lipids can inhibit the differentiation of preosteoblastic cells and
marrow stromal cells (MSCs), as well as inducing the RANKL-dependent
osteoclastic differentiation of marrow preosteoclasts. Parhami et al. speculated
that the effects of oxidized lipids on bone cells may be mediated through
direct interactions via receptor-mediated responses and/or through the
generation of other inflammatory cytokines such as MCP-1, M-CSF and IL-6.

Although DAG is almost identical to TAG in terms of digestibility and
caloric value, this study and previous studies found that DAG may be
metabolically beneficial in terms of preventing hyperlipidemia and excess

body fat accumulation'®®

. While not fully understood, the underlying
mechanism for this physiological difference between TAG and DAG is likely
due to the difference in absorption and metabolism™**°. It appears that the
position of the fatty acid on the glycerol skeleton is responsible for the
metabolic difference of DAG and TAG**"™. After TAG is ingested in the form
of dietary oil, it is hydrolyzed by lipase to produce free fatty acids and 2-
monoacylglycerol in the small intestinal lumen, and these molecules are
absorbed into intestinal cells. In intestinal cells, they are reconstituted to form
TAG via the 2-monoacylglycerol pathway through the action of

monoacylglycerol acyltransferase (MGAT) and diacylglycerol acyltransferase

(DGAT). TAG is then incorporated into chylomicrons, which are released into
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the intestinal lymph and poured into the bloodstream. The absorption pathway
of 1,3-DAG in intestinal cells is different from that of TAG. In the small
intestine, dietary DAG oil mainly in the form of 1,3-DAG is hydrolyzed to 1-
monoacylglycerol and free fatty acids, which may be less readily
resynthesized to TAG via the 2-monoacylglycerol pathway in the intestinal
cells because 1-monoacylglycerol cannot be the substrate for both MGAT and
DGAT. Instead, TAG is synthesized by the glycerol-3-phosphate pathway,
which is less active than the 2-monoacylglycerol pathway. Moreover,
compared with TAG oils, larger amounts of fatty acids may be released from
digested DAG into the portal circulation rather than being incorporated into
chylomicrons, and this hepatic exposure to fatty acids leads to greater f-
oxidation by the liver. This metabolic difference of DAG from TAG likely
leads to improvement in glucose and lipid metabolism, as shown in this study.
Furthermore, the metabolically positive effect of DAG results in less
lipotoxicity and/or oxidative stress in the body, which is probably beneficial
for skeletal health.

This study has some limitations. First, bone histomorphometry was not
conducted. Although bone formation and resorption markers were measured
in the plasma, it is not clear how a HFD-DAG affects bone remodeling
differently than a HFD-TAG or chow diet. Dynamic histomorphometry study
might have provided a more definitive explanation. In addition, plasma

concentrations of adipocytokines such as leptin and adiponectin were not
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measured, and these adipocytokines might play a role in mediating a HFD and
bone metabolism.

In summary, this study demonstrated that compared to TAG, DAG has a
positive effect on bone metabolism in mice. The results of this study suggest
that the beneficial effect of DAG on bone is probably due to less oxidative
stress and lipotoxicity, which might increase the differentiation of bone
marrow mesenchymal cells into osteogenic rather than adipogenic lineage.
Further research is needed to elucidate the mechanism behind the beneficial

effects of DAG on hone.
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V. CONCLUSION

In this study, | have demonstrated that
1. Mice fed the HFD-DAG had lower body weight, lower fat mass, and higher
lean mass than mice fed the HFD-TAG.
2. Mice fed the HFD-DAG had greater BMD and superior bone
microstructure compared to those fed the HFD-TAG.
3. Mice fed the HFD-DAG had less oxidative stress in bone marrow cells than
the mice fed the HFD-TAG.
4. Mice fed the HFD-DAG had increased expression of osteogenic
differentiation marker genes in bone marrow cells compared to mice fed the
HFD-TAG.
5. Mice fed the HFD-DAG had higher osteocalcin levels in plasma than mice
fed the HFD-TAG.
6. Mice fed the HFD-DAG had lower levels of plasma glucose, insulin,

HOMA-IR, total cholesterol, and triglyceride than mice fed the HFD-TAG

group.

The results of this study indicated that compared to TAG, DAG has a
positive effect on bone and bone metabolism in mice. Therefore, consuming a
diet rich in DAG instead of TAG may be beneficial for preventing bone loss
and managing osteoporotics taking western style high fat diet.

36



REFERENCES

1. Lichtenstein AH, Kennedy E, Barrier P, Danford D, Ernst ND,
Grundy SM, et al. Dietary fat consumption and health. Nutr Rev

1998;56:53-19; discussion S19-28.

2. Kato I, Toniolo P, Zeleniuch-Jacquotte A, Shore RE, Koenig KL,
Akhmedkhanov A, et al. Diet, smoking and anthropometric indices
and postmenopausal bone fractures: a prospective study. Int J

Epidemiol 2000;29:85-92.

3. Corwin RL, Hartman TJ, Maczuga SA, Graubard Bl. Dietary
saturated fat intake is inversely associated with bone density in

humans: analysis of NHANES I11. J Nutr 2006;136:159-65.

4, Parhami F, Tintut Y, Beamer WG, Gharavi N, Goodman W, Demer
LL. Atherogenic high-fat diet reduces bone mineralization in mice. J

Bone Miner Res 2001;16:182-8.

5. Bielohuby M, Matsuura M, Herbach N, Kienzle E, Slawik M,
Hoeflich A, et al. Short-term exposure to low-carbohydrate, high-fat

diets induces low bone mineral density and reduces bone formation

37



10.

in rats. J Bone Miner Res 2010;25:275-84.

Cao JJ, Gregoire BR, Gao H. High-fat diet decreases cancellous bone
mass but has no effect on cortical bone mass in the tibia in mice.

Bone 2009; 44:1097-104.

Xiao Y, Cui J, Li YX, Shi YH, Wang B, Le GW, et al. Dyslipidemic
high-fat diet affects adversely bone metabolism in mice associated

with impaired antioxidant capacity. Nutrition 2011;27: 214-20.

Choi HS, Kim KJ, Kim KM, Hur NW, Rhee Y, Han DS, et al.
Relationship between visceral adiposity and bone mineral density in

Korean adults. Calcif Tissue Int 2010;87:218-25.

Hsu YH, Venners SA, Terwedow HA, Feng Y, Niu T, Li Z, et al.
Relation of body composition, fat mass, and serum lipids to
osteoporotic fractures and bone mineral density in Chinese men and

women. Am J Clin Nutr 2006; 83:146-54.

Parhami F. Possible role of oxidized lipids in osteoporosis: could
hyperlipidemia be a risk factor? Prostaglandins Leukot Essent Fatty

Acids 2003;68:373-8.

38



11.

12.

13.

14.

15.

16.

Basu S, Michaelsson K, Olofsson H, Johansson S, Melhus H.
Association between oxidative stress and bone mineral density.

Biochem Biophys Res Commun 2001;288:275-9.

Baek KH, Oh KW, Lee WY, Lee SS, Kim MK, Kwon HS, et al.
Association of oxidative stress with postmenopausal osteoporosis
and the effects of hydrogen peroxide on osteoclast formation in

human bone marrow cell cultures. Calcif Tissue Int 2010;87:226-35.

Flickinger BD, Matsuo N. Nutritional characteristics of DAG oil.

Lipids 2003;38:129-32.

Rudkowska I, Roynette CE, Demonty I, Vanstone CA, Jew S, Jones
PJ. Diacylglycerol: efficacy and mechanism of action of an anti-

obesity agent. Obes Res 2005;13:1864-76.

Yanai H, Tomono Y, Ito K, Furutani N, Yoshida H, Tada N.

Diacylglycerol oil for the metabolic syndrome. Nutr J 2007;6:43.

Murase T, Mizuno T, Omachi T, Onizawa K, Komine Y, Kondo H, et

al. Dietary diacylglycerol suppresses high fat and high sucrose diet-

39



17.

18.

19.

20.

21.

induced body fat accumulation in C57BL/6J mice. J Lipid Res

2001;42:372-8.

Murase T, Aoki M, Wakisaka T, Hase T, Tokimitsu I. Anti-obesity
effect of dietary diacylglycerol in C57BL/6J mice: dietary
diacylglycerol stimulates intestinal lipid metabolism. J Lipid Res

2002;43:1312-9.

Hara K, Onizawa K, Honda H, Otsuji K, Ide T, Murata M. Dietary
diacylglycerol-dependent  reduction in  serum triacylglycerol

concentration in rats. Ann Nutr Metab 1993; 37: 185-91.

Taguchi H, Omachi T, Nagao T, Matsuo N, Tokimitsu I, Itakura H.
Dietary diacylglycerol suppresses high fat diet-induced hepatic fat
accumulation and microsomal triacylglycerol transfer protein activity

in rats. J Nutr Biochem 2002;13:678-83.

Meng X, Zou D, Shi Z, Duan Z, Mao Z. Dietary diacylglycerol
prevents high-fat diet-induced lipid accumulation in rat liver and

abdominal adipose tissue. Lipids 2004;39:37-41.

Yanagisawa Y, Kawabata T, Tanaka O, Kawakami M, Hasegawa K,

40



22.

23.

24,

25.

Kagawa Y. Improvement in blood lipid levels by dietary sn-1,3-
diacylglycerol in young women with variants of lipid transporters
54T-FABP2 and -493g-MTP. Biochem Biophys Res Commun

2003;302:743-50.

Nagao T, Watanabe H, Goto N, Onizawa K, Taguchi H, Matsuo N, et
al. Dietary diacylglycerol suppresses accumulation of body fat
compared to triacylglycerol in men in a double-blind controlled trial.

J Nutr 2000; 130:792-7.

Maki KC, Davidson MH, Tsushima R, Matsuo N, Tokimitsu I,
Umporowicz DM, et al. Consumption of diacylglycerol oil as part of
a reduced-energy diet enhances loss of body weight and fat in
comparison with consumption of a triacylglycerol control oil. Am J

Clin Nutr 2002;76:1230-6.

Taguchi H, Watanabe H, Onizawa K, Nagao T, Gotoh N, Yasukawa T,
et al. Double-blind controlled study on the effects of dietary
diacylglycerol on postprandial serum and chylomicron triacylglycerol

responses in healthy humans. J Am Coll Nutr 2000;19:789-96.

Yamamoto K, Asakawa H, Tokunaga K, Watanabe H, Matsuo N,

41



26.

217.

28

29.

30.

Tokimitsu |, et al. Long-term ingestion of dietary diacylglycerol
lowers serum triacylglycerol in type Il diabetic patients with

hypertriglyceridemia. J Nutr 2001;131:3204-7.

Reeves PG, Nielsen FH, Fahey GC, Jr. AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition
ad hoc writing committee on the reformulation of the AIN-76A rodent

diet. J Nutr 1993;123:1939-51.

Kameda T, Mano H, Yuasa T, Mori Y, Miyazawa K, Shiokawa M, et
al. Estrogen inhibits bone resorption by directly inducing apoptosis of

the bone-resorbing osteoclasts. J Exp Med 1997;186:489-95.

Maurin AC, Chavassieux PM, Frappart L, Delmas PD, Serre CM,
Meunier PJ. Influence of mature adipocytes on osteoblast

proliferation in human primary cocultures. Bone 2000;26:485-9.

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al.
Leptin inhibits bone formation through a hypothalamic relay: a

central control of bone mass. Cell 2000;100:197-207.

Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, et al.

42



31.

32.

33.

34,

35.

Leptin regulates bone formation via the sympathetic nervous system.

Cell 2002;111:305-17.

Thomas T, Gori F, Khosla S, Jensen MD, Burguera B, Riggs BL.
Leptin acts on human marrow stromal cells to enhance differentiation
to osteoblasts and to inhibit differentiation to adipocytes.

Endocrinology 1999;140:1630-8.

Steppan CM, Crawford DT, Chidsey-Frink KL, Ke H, Swick AG.
Leptin is a potent stimulator of bone growth in ob/ob mice. Regul

Pept 2000;92:73-8.

Burguera B, Hofbauer LC, Thomas T, Gori F, Evans GL, Khosla S, et
al. Leptin reduces ovariectomy-induced bone loss in rats.

Endocrinology 2001;142:3546-53.

Shinoda Y, Yamaguchi M, Ogata N, Akune T, Kubota N, Yamauchi T,
et al. Regulation of bone formation by adiponectin through
autocrine/paracrine and endocrine pathways. J Cell Biochem

2006;99:196-208.

Slim RM, Toborek M, Watkins BA, Boissonneault GA, Hennig B.

43



36.

37.

38.

39.

Susceptibility to hepatic oxidative stress in rabbits fed different

animal and plant fats. J Am Coll Nutr 1996;15:289-94.

Sreekumar R, Unnikrishnan J, Fu A, Nygren J, Short KR, Schimke J,
et al. Impact of high-fat diet and antioxidant supplement on
mitochondrial functions and gene transcripts in rat muscle. Am J

Physiol Endocrinol Metab 2002;282:E1055-61.

Mangiafico RA, Malaponte G, Pennisi P, Li Volti G, Trovato G,
Mangiafico M, et al. Increased formation of 8-iso-prostaglandin
F(2alpha) is associated with altered bone metabolism and lower bone
mass in hypercholesterolaemic subjects. J Intern Med 2007;261:587-

96.

Ostman B, Michaelsson K, Helmersson J, Byberg L, Gedeborg R,
Melhus H, et al. Oxidative stress and bone mineral density in elderly
men: antioxidant activity of alpha-tocopherol. Free Radic Biol Med

2009;47:668-73.

Mody N, Parhami F, Sarafian TA, Demer LL. Oxidative stress
modulates osteoblastic differentiation of vascular and bone cells. Free

Radic Biol Med 2001;31:509-19.

44



40.

41,

42,

43.

44,

Bai XC, Lu D, Bai J, Zheng H, Ke ZY, Li XM, et al. Oxidative stress
inhibits osteoblastic differentiation of bone cells by ERK and NF-

kappaB. Biochem Biophys Res Commun 2004;314:197-207.

Garrett IR, Boyce BF, Oreffo RO, Bonewald L, Poser J, Mundy GR.
Oxygen-derived free radicals stimulate osteoclastic bone resorption in

rodent bone in vitro and in vivo. J Clin Invest 1990;85:632-9.

Lean JM, Jagger CJ, Kirstein B, Fuller K, Chambers TJ. Hydrogen
peroxide is essential for estrogen-deficiency bone loss and osteoclast

formation. Endocrinology 2005;146:728-35.

Parhami F, Morrow AD, Balucan J, Leitinger N, Watson AD, Tintut Y,
et al. Lipid oxidation products have opposite effects on calcifying
vascular cell and bone cell differentiation. A possible explanation for
the paradox of arterial calcification in osteoporotic patients.

Arterioscler Thromb Vasc Biol 1997;17:680-7.

Parhami F, Jackson SM, Tintut Y, Le V, Balucan JP, Territo M, et al.
Atherogenic diet and minimally oxidized low density lipoprotein

inhibit osteogenic and promote adipogenic differentiation of marrow

45



45,

stromal cells. J Bone Miner Res 1999;14:2067-78.

Tintut Y, Parhami F, Tsingotjidou A, Tetradis S, Territo M, Demer LL.
8-Isoprostaglandin E2 enhances receptor-activated NFkappa B ligand
(RANKL)-dependent osteoclastic potential of marrow hematopoietic

precursors via the CAMP pathway. J Biol Chem 2002; 277:14221-6.

46



ABSTRACT (IN KOREAN)

Diacylglycerol oil©] C57BL/6J 7 9]

= Akl mA= &3

34 3 A
aAPEA el AF = H98 A7 2 sE AddA IHEE A

&

W BUEEd TAe Z7ke #dol Jokm waEe] ). @

(DAG)E EF axAole] A= AT B 55 AW I

ofrt

gabHoR feld masl gt em wuHu v, ¥

47



K

23!

o]F o]

iAo 2 dihydroethidium

=
=)

@ A

oA A

a2~
27T

EREE

;|

o

—_
o

iz

3l reverse

transcription-polymerase chain reaction (RT-PCR)3} quantitative real-time

229

o] &3t}

=
=

RT-PCR

M

=K

N
Njo

P
ol

ol A

]

i

%
R

<7} o]

e

Runx22]

o wekon,

AEAEYAE

ol

|

osteocalcin®] &%

g

b7s

el

wo AT

B

AolA o BA Ve

AEZA o= C57BL6I F O

23!

alL
=

=t
=

* o WA 2

Al

48



o], diacylglycerol oil, Atst=E > ZjA}

49



