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Summary

The present study aimed to determine relationships between intramyocellular lipid and biochemical

profiles or muscle strength in elderly (n = 15; mean age, 71 years) and young (n = 15; mean age, 21

years) male and female adults. Levels of intramyocellular lipid in the vastus lateralis and biceps

femoris muscles were determined using *H-magnetic resonance spectroscopy. Fasting blood samples

were collected to measure levels of glucose, insulin, hemoglobin Alc, total cholesterol, high density

lipoprotein cholesterol, low density lipoprotein cholesterol, free fatty acid, triglyceride, adiponectin,

and high sensitivity C-reactive protein. Muscle strength was assessed as maximal voluntary

contraction during isometric knee extension. Muscle cross-sectional area in the vastus lateralis was

measured using magnetic resonance imaging. Specific force (N/cm?) indicating force generation

capacity was calculated as muscle strength (N) divided by the muscle cross-sectional area of the vastus

lateralis (cm?). The intramyocellular lipid content was similar in both muscles in both groups. The

intramyocellular lipid content in the biceps femoris significantly correlated with serum free fatty acid

levels (r =0.62, P < 0.05), and that in the vastus lateralis significantly and inversely correlated with

specific force (r = -0.58, p < 0.05) in the young, but not in the elderly adults. The relationship between

the intramyocellular lipid content in the thigh muscles and biochemical profiles, or specific force

differed between elderly and young adults. Age-associated changes in morphology, function and

metabolic factors apparently influence intramyocellular lipid metabolism in the thigh muscles.

Key words: ageing; biochemical profile; function; metabolism; morphology; *H-magnetic resonance

spectroscopy; magnetic resonance imaging



Introduction

The increasing prevalence of type 2 diabetes and obesity is causing a critical healthcare problem

worldwide, particularly in developed countries (Morley 1998; Wild et al., 2004). Type 2 diabetes and

obesity are characterized by insulin resistance in adipose tissue, liver and skeletal muscle.

Intramyocellular lipid (IMCL), a primary cause of skeletal muscle insulin resistance, has been

investigated in detail (Virkaméki et al., 2001). Intracellular adiposity has been studied in vivo using

'H-magnetic resonance spectroscopy (*H-MRS) (Schick et al., 1993). Intramyocellular lipid is partly

metabolized to ceramide and diacylglycerol (DAG), both of which can inhibit the insulin signal

pathway in skeletal muscles (Coen & Goodpaster 2012).

A cross-sectional study using *H-MRS has found a higher IMCL content in the soleus of elderly,

than young individuals (Cree et al., 2004; Nakagawa et al., 2007; Petersen et al., 2003), and

intramyocellular triglyceride (IMTG) accumulation in individuals with sarcopenia, which is age-

related skeletal muscle loss (Poggi et al., 1987). Atrophy is induced in the antigravity quadriceps

femoris muscles compared with the non-antigravity hamstrings as a result of ageing (Overend et al.,

1992). Thus, the IMCL content in the quadriceps femoris might differ from that in the hamstrings.

Compared with the triceps surae, less is known about relationships among blood profiles, IMCL

content and function in the quadriceps femoris and hamstrings. Because these muscles play key roles

in walking, running and climbing steps, they are critical for elderly individuals to live independently

(Overend et al. 1992).

Disrupted biochemical profiles such as increases in free fatty acid (FFA), triglycerides (TG), and
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in the proportion of small dense low density lipoprotein cholesterol (LDL-C), are features of patients

with type 2 diabetes or cardiovascular disease (Kelley et al., 2001; McFarlane et al., 2001). Both TG

and LDL-C correlate with the IMCL content in elderly and young adults (Nakagawa et al. 2007),

suggesting that increase in circulating lipids affect IMCL content. However, whether the relationship

between IMCL and biochemical profiles differs between elderly and young adult humans remains

unknown.

The role of IMCL has not been established. Resistance training enhances IMCL content and lipid

oxidative capacity in sedentary young men (Shepherd et al., 2014), indicating that IMCL can function

as an energy substrate. However, a higher skeletal muscle lipid content can negatively affect muscle

strength in elderly individuals (Goodpaster et al., 2001). Accordingly, IMCL might play physiological

and functional roles that could significantly impact the ageing process.

The present study aimed to determine the relationship between the IMCL content in the thigh

muscles and biochemical profiles, and between IMCL content and muscle strength in elderly and

young adults. Ageing naturally causes changes in the quality and quantity of skeletal muscle.

Therefore, we postulated that the IMCL content correlates with biochemical profiles, and that the

IMCL content in the VL correlates with muscle strength in young, but not in elderly adult humans.



Methods

Subjects

Thirty physically active adults (young: male, n = 8; female, n = 7; mean age, 21.0 £ 0.0 years;

elderly: male, n = 7; female, n = 8; mean age, 70.7 £ 3.8 years) who lived independently participated

in this study. The clinical histories of elderly adults were assessed using questionnaires. Those with a

history of heart disease (myocardial infarction, angina pectoris, cardiac insufficiency), cerebrovascular

disease (cerebral infarction, hemorrhage), or extreme hypertension (systolic blood pressure >

180mmHg; diastolic blood pressure > 110mmHg) were excluded. Among four with type 2 diabetes,

one was medicated with an a-glucosidase inhibitor (a-Gl) and thiazolidinedione (TZD), one was

medicated with dipeptidyl peptidase inhibitor (DPP-4), and two were medicated with metformin

(MET).

All 30 individuals who met the study criteria provided written informed consent to participate in

this study, which was approved by the Ethics Committee of the Graduate School of Medicine, Nagoya

University, and proceeded in accordance with the guidelines in the Declaration of Helsinki.

Experimental protocol

The experimental protocol consisted of measuring body composition and waist and hip

circumference, collecting blood samples, assessment by *H-MRS and magnetic resonance imaging

(MRI) in the morning, and measuring maximal voluntary contraction (MVC) in all participants.

The subjects continued life as usual, but refrained from eating high-fat foods, participating in
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sport and consuming more than one alcoholic drink per day for 2 days before the *H-MRS experiment.

A nutritionist calculated total energy intake and the composition of daily food intake from food diaries

during the 3 days before 'H-MRS assessment (young: 61.0% carbohydrate, 24.8% fat, and 14.2%

protein; mean total energy intake, 28.7 kcal/body weight; elderly: 57.9% carbohydrate, 24.9% fat, and

17.2% protein; mean total energy intake, 33.0 kcal/body weight). Dietary habits were estimated using

a food frequency questionnaire (FFQ), and the rate of fat intake in the regular daily diet was similar

between the groups. Mean physical activity was estimated using an ambulatory accelerometer

(Lifecorder, Suzuken, Nagoya, Japan) for ten days.

Menstrual cycle histories of the young women were assessed using questionnaires. *H-MRS

assessments proceeded during the early, to follicular phase of the menstrual cycle in the young women

as described (Larson-Meyer et al., 2002). None of the women were under estrogen replacement

therapy.

Blood collection and analysis

Blood samples were collected after an overnight fast. Samples were refrigerated 2-15 °C until

serum levels of FFA, TG, total cholesterol (T-C), high density lipoprotein cholesterol (HDL-C), and

LDL-C were measured using an enzymatic method. Glucose, hemoglobin Alc (HbAlc), and insulin

were measured using the hexokinase method, latex immunoagglutination and chemiluminescence

enzyme immunoassays, respectively. Serum high sensitivity C-reactive protein (hs-CRP) and

adiponectin were measured using latex immunity nephelometry.
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Insulin resistance was estimated using the homeostasis model assessment index (HOMA-IR)

derived from fasting glucose and insulin concentrations and calculated as fasting plasma insulin

concentration (uIU/mL) x fasting plasma glucose concentration (mg/dL) divided by 405 (Matthews et

al., 1985).

Anthropometric

Waist circumference was measured at the level of the navel, hip circumference was taken as the

largest circumference of the pelvis, and then the waist-to-hip ratio (WHR) was calculated.

'H-Magnetic resonance spectroscopy

Intramyocellular lipid in the right thigh was assessed by *H-MRS using a 3.0 T MAGNETOM

Verio whole body system (Siemens, Munich, Germany) with a 4-channel flex coil (366 x 174 mm).

Voxels (11 x 11 x 20 mm) positioned in the VL and long head of biceps femoris (BF) at the mid-thigh

between the greater trochanter and lateral condyle of the femur, starting at the greater trochanter. Care

was taken to avoid visible vascular structures, adipose tissue deposits and connective tissues within

the voxel. We acquired *H-MRS spectra from regions of interest using a point-resolved spectroscopy

sequence (PRESS) with the following acquisition parameters: repetition time/echo time, 4000/30 ms,

128 averages. The unsuppressed water signal was subsequently measured in the same voxel under the

same shimming conditions as a reference signal (Boesch et al., 2006).



Post processing

All H-MRS data were fit using LCModel software v. 6.2-4A (Provencher 1993) (Stephen

Provencher, Inc., Oakville, Ontario, Canada). The spectroscopic data acquired from the MR scanner

were collected in a Linux computer, and metabolism was quantified using eddy current correction and

water scaling. The water concentration was assumed to be equal to 42.4 mmol/kg wet weight based

on a mean adult muscle tissue water content of 77% (Sjogaard & Saltin 1982). The IMCL (-CH.) and

extramyocellular lipid (EMCL) (-CH) concentration were collected for the T1 and T2 relaxation

effects of the unsuppressed water peak using LCModel control parameter atth2o, which were

determined using the following equation: exp (-TE/T2) [1-ext (-TR/T1)] (Drost et al., 2002), assuming

relaxationtime T1 =369 ms, T2=89.4ms; T1 =369 ms, T2 =77.6 ms for the IMCLcn2 and EMCLch2

(Krssak et al., 2004). The concentration of lipid molecules (total lipid content) was computed by

dividing the sum of the EMCLcH2 and IMCLcw. concentrations by 31, a value that was derived from

the assumption that the average number of methylene protons is 62 per TG molecule, which is

equivalent to 31 CH> groups (Boesch et al., 1999; Szczepaniak et al., 1999; Weis et al., 2009). The

data were converted from mM to mmol/kg wet weight, assuming a tissue density 1.05 g/mL for skeletal

muscle (Szczepaniak et al. 1999). We acquired IMCL data from the VL and BF of all 15 of the younger

individuals and from 12 and 14 of the elderly individuals, respectively.

Muscle cross-sectional area

The right mid-thigh of each subject was assessed by MRI using the 3.0 T whole body system to
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determine muscle cross-sectional area (MCSA). T1-weighted spin echo, axial-plane imaging

proceeded under the following conditions, repetition time/echo time, 604/11 ms, matrix 256 x 256,

field of view 256 mm, slice thickness 10 mm, and interslice gap O mm. Prone subjects were imaged

with pillows placed under the buttocks and leg to minimize tissue compression in the thigh. The mCSA

of the VL was estimated using one axial image, which was transferred to a Let’s Note personal

computer (Panasonic, Osaka, Japan) equipped with the NIH Image software (National Institute of

Health, Bethesda, MD, USA). Moreover, the muscle mass of the VL and BF was estimated using a

modified mCSA according to Kanehisa et al. (Kanehisa et al., 1994).

Muscle strength

The subjects were familiarized with the experiments at the laboratory at least 1 week before

testing. We measured MVC force during unilateral isometric knee extension using a custom-made

dynamometer (Takei Scientific Instruments Co. Ltd., Tokyo, Japan), as we previously described

(Akima et al., 2008). The hip was strapped to the dynamometer and the knee joint was flexed at 90°

(0° = fully extended). The length of the vertical lever arm was adjusted for the leg length of the subjects

who were fixed with straps during three or four MV C tests of the right leg at about 3 minute intervals.

We considered the maximal attempt as the test that yielded the highest force. Isometric knee extension

force is expressed both as absolute value (N) and as the ratio of force to mCSA of the VL, namely,

specific force (N/cm?). We selected the mCSA of VL, because this is the largest among the quadriceps

femoris group of muscles (Akima et al., 2007). Therefore, specific force was used as an index of the
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force generation capacity of the quadriceps femoris.

Statistics analysis

All data are shown as means and standard deviation (SD). Differences between the young and

elderly individuals were evaluated using a two-tailed Student’s t test. Relationships between IMCL

and biochemical profiles, or specific force were assessed using Pearson’s correlation analyses. The

level of significance was set at p < 0.05.
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Results

Physical and biochemical profiles and characteristics of skeletal muscle

Table 1 shows the physical and biochemical profiles, as well as the skeletal muscle characteristics

of the two groups. The elderly group was significantly shorter and had significantly higher systolic

blood pressure (BP) and WHR than the young group, whereas weight, body mass index (BMI),

diastolic BP and physical activity did not significantly differ. Fasting glucose, HbAlc, T-C and LDL-

C, TG and hs-CRP values were significantly higher in the elderly, than in the young group, whereas

fasting insulin, HDL-C, FFA, adiponectin and HOMA-IR did not significantly differ. The mCSA of

the VL and BF, MVC and the muscle mass of the VL were significantly lower in the elderly, than in

the young group, whereas the muscle mass of BF did not significant differ.

Findings of IMCL

Figure 1 shows that the IMCL contents in the VL and BF did not significantly differ between the

young and elderly groups (p = 0.32 and p = 0.06, respectively). The IMCL contents also did not

significantly differ between the VL and BF of these groups (p = 0.68 and p = 0.30, respectively).

Relationship between IMCL and serum FFA or biochemical profiles

The IMCL content significantly correlated with serum FFA levels (r = 0.62, p < 0.05) in the BF,

but not in the VL (r = 0.50, p = 0.06) in the young group (Fig. 2a, b). IMCL and serum FFA did not

significantly correlate in the VL or BF (r = -0.33, p = 0.30 and r = -0.05, p = 0.86, respectively) of the
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elderly group (Fig. 2c, d).

Table 2 shows the relationship between IMCL and biochemical values from both muscles in the

young and elderly groups. The values for glucose, insulin, HbAlc, T-C, HDL-C, LDL-C, TG,

adiponectin and hs-CRP, as well as HOMA-IR, did not significantly correlate with IMCL in both

muscles in the young and elderly groups.

Relationship between IMCL in VL and specific force

Figure 3 shows the relationship between IMCL in VL and specific force in the two groups.

Intramyocellular lipid in the VL inversely correlated with specific force in the young (r = -0.58, p <

0.05), but not in the elderly (r = 0.01, p = 0.97) groups.
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Discussion

We compared relationships between IMCL contents in VL and BF and biochemical profiles, and

between IMCL contents in the VL and specific force in elderly and young adult humans. We

discovered that the IMCL contents in the BF correlated with serum FFA, whereas that in the VL

inversely correlated with specific force in the young, but not in the elderly group. The findings suggest

that changes due to ageing influence these relationships.

The IMCL content in both muscles did not significantly differ between the elderly and young

groups. This finding contradicts those of Petersen et al. (Petersen et al. 2003), Cree et al. (Cree et al.

2004), Nakagawa et al. (Nakagawa et al. 2007), who found higher IMCL content in soleus muscles

from elderly, than from young individuals using *H-MRS (Cree et al. 2004; Nakagawa et al. 2007;

Petersen et al. 2003). We anticipated that more IMCL would be present in the thigh muscles of elderly,

than young individuals, but, the difference in the type of muscle might explain our findings. Type |

muscle fibers contain threefold more IMCL than type Il (Saltin & Gollnick 1983). Because the VL or

BF contains more type Il fibers than the soleus, which predominantly comprises type | fibers, a

difference in the IMCL content between elderly and young individuals might be less detectable.

We considered that the IMCL content would be lower in the BF, a non-antigravity muscle, than

in the VL, an antigravity muscle, especially in the elderly group. Ageing is associated with IMTG

accumulation in atrophied muscles (Poggi et al. 1987; Stein & Wade 2005), and atrophy is more

remarkable in the quadriceps femoris than in the hamstrings (Overend et al. 1992). The muscle mass

of the VL was significantly lower in the elderly, than in young group, whereas that of the BF did not
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significantly differ. However, the IMCL content in VL and BF was similar between the two groups.

We discovered a significant correlation between IMCL in BF and serum FFA in the young group

(r =0.62, p < 0.05), which is consistent with the results of a previous study of the influence of FFA

on IMCL (Boesch et al. 2006). Circulating FFA is re-esterified in myocytes into IMCL while fasting

(Jensen et al., 2001). According to Stannard et al. (Stannard et al., 2002), both circulating FFA and

IMCL levels increase in young individuals during fasting. The levels of circulating FFA and IMCL

might be mutually dependent. However, such a correlation was not found in the elderly group. An

imbalance between circulating FFA and IMCL can be caused by an age-related decrease in the amount

of mitochondria and/or lower enzyme activities involved in lipid oxidation. Such age-related changes

can cause increases in the IMCL content of muscles in elderly individuals (Crane et al., 2010).

We found that IMCL in VL was inversely correlated with specific force in the young group (r =

-0.58, p < 0.05). According to Shepherd et al. (Shepherd et al. 2014), resistance training induces

increases in lipid oxidative capacity and IMTG breakdown in both type I and 1l fibers during moderate-

intensity exercise. That report indicates that young individuals in high muscle strength have high

IMCL oxidative capacity. Therefore, our results suggest that the correlation between IMCL and

muscle strength reflects the characteristics of muscles trained by daily activities in young individuals.

In contrast, we did not find such an association in the elderly group. Ageing causes changes in IMCL

uptake (Crane et al. 2010) and in the neuromuscular system (Clark & Manini 2008), and such changes

might influence the association between IMCL and specific force in elderly individuals.

In conclusion, the relationship between IMCL content in the thigh muscles and biochemical
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profiles or specific force differed between elderly and young individuals. These results suggest that

age-associated changes in morphology, function and metabolic factors influence IMCL metabolism in

the thigh muscles (VL and BF).
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Table 1. Physical biochemical characteristics and body composition of subjects.

Young Elderly
(n=15) (n=15)
Physical characteristics
Age (year) 21.0+0.0 70.7+3.8
Height (cm) 167.2+10.9 157.2 + 6.4
Weight (kg) 62.3+10.8 55.8+7.7
BMI (kg/m?) 22227 225+2.1
Resting systolic BP (mmHg) 1185+9.6 131.2 +£10.3¢
Resting diastolic BP (mmHg) 73.1+85 76.3+8.6
WHR 0.8+0.1 0.9 +£0.17f
Physical activity level (kcal/day) 266.7 + 103.0 2205+76.4
Blood biochemistry
Fasting glucose (mg/dL) 86.1+5.7 101.1 + 16.9¢
Fasting insulin (uWIU/mL) 6.4+30 45+23
HbA1c (%) (NGSP) 54+0.2 6.1+0.8¢
Total cholesterol (mg/dL) 1747 +26.4 206.5 + 28.5%
HDL-cholesterol (mg/dL) 62.9+7.9 57.0+11.8
LDL-cholesterol (mg/dL) 97.6 +26.9 124.9 + 25.2¢
FFA (uEq/L) 489.3 +261.3 618.6 + 137.8
TG (mg/dL) 62.6 +19.4 98.1 + 45.0
Adiponectin (ug/mL) 11.0+£35 122+6.2
hs-CRP (ug/mL) 0.3+0.2 0.6 + 0.6
HOMA-IR 13%05 11+06
Skeletal muscle
mMCSA of VL (cm?) 21.0+£34 14.5 + 4.0
mMCSA of BF (cm?) 98+21 8.3+1.2f
Muscle mass of VL (MCSA-1?2(x10%)) 158.9 + 26.8 126.3 + 26.5¢
Muscle mass of BF (MCSA-1-3(x10%)) 73.7+149 73.4+11.0
MVC during isometric knee extension (N) 316.8 +118.7 178.8 + 66.08

All values are means + SD. BF, long head of biceps femoris; BMI, body mass index; BP, blood pressure; FFA,
free fatty acid; HbAlc, hemoglobin Alc; HDL, high density lipoprotein; hs-CRP, high sensitivity C-reactive
protein; I, length of thigh; LDL, low density lipoprotein; mCSA, muscle cross sectional area; MVC, muscle
voluntary contraction; TG, triglyceride; VL, vastus lateralis; WHR, waist-to-hip ratio. Only three young subjects
had hs-CRP value < 0.05, therefore these tree values were taken as being as 0.05. fp < 0.05; ¥p < 0.01; $p < 0.001;
p < 0.0001 versus young adults.
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Table 2. Correlation coefficients between IMCL and biochemical values from VL and BF in the young
and elderly groups.

Young Elderly
VL BF VL BF
(n=15) (n=15) (n=12) (n=14)

Fasting glucose (mg/dL) -0.39 0.40 0.26 -0.33
Fasting insulin (nlU/mL) -0.15 0.13 0.24 -0.09
HbAlc (%) (NGSP) -0.18 -0.03 0.46 0.04
Total cholesterol (mg/dL) -0.13 0.03 -0.17 -0.34
HDL-cholesterol (mg/dL) -0.28 0.18 -0.47 -0.40
LDL-cholesterol (mg/dL) -0.03 0.00 -0.07 -0.24
TG (mg/dL) -0.26 -0.08 0.37 0.31
Adiponectin (ug/mL) -0.11 0.28 -0.32 -0.25
hs-CRP (ng/mL) 0.50 0.22 0.39 -0.15
HOMA-IR -0.09 0.34 0.34 -0.17

BF, long head of biceps femoris; HbAlc, hemoglobin Alc; HDL, high density lipoprotein; HOMA-
IR, homeostasis model assessment index; hs-CRP, high sensitivity C-reactive protein; IMCL,
intramyocellular lipid; LDL, low density lipoprotein; TG, triglyceride; VL, vastus lateralis. No
significant correlation was observed between IMCL and all biochemical values (excluded free fatty
acid).
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Figure 1 Comparison of IMCL contents of VL and BF between young and elderly individuals.
BF, long head of biceps femoris; IMCL, intramyocellular lipid; VL, vastus lateralis.

22



[Young]
40 ¢ r=0.50,p=0.06

[+
[Elderly]

40 r r=-0.33,p=0.30

)

o
;fgj 30 | o 30
£ GBJ
= 20 20
Qo
=2 © °

2 10} O 10 Oﬁ

E CD'><§§) 220 ¢

0 500 1000 1500 O 500 1000 1500
FFA FFA
(HEQ/L) (LEq/L)
b d
[Young] [Elderly]

—~ 40 ; r=0.62,p<0.05 40 =-0.05,p=0.86

=

(=]

© o
u = 30 30 ®
£Q
3 s 20 o 20 o .0

g 10} 5 10 L d

3 O 0‘3

0 500 1000 1500 © 500 1000 1500
FFA FFA
(MEQ/L) (MEg/L)

Figure 2 Relationship between FFA and IMCL in VL and BF of the young (a, b) and

elderly (c, d) individuals.

BF, long head of biceps femoris; FFA, free fatty acid; IMCL, intramyocellular

lipid; VL, vastus lateralis.
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Figure 3 Relationship between IMCL in VL and specific force in young (a) and elderly

(b) individuals.

IMCL, intramyocellular lipid; VL, vastus lateralis.
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