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Abstract

OBJECTIVE-Systemic oxidative stress is associated with insulin resistance and
obesity. We tested the hypothesis that systemic oxidative stress is linked to lower
aerobic capacity and skeletal muscle dysfunction in metabolic syndrome (MetS).
RESEARCH DESIGN AND METHODS-The incremental exercise testing with
cycle ergometer was performed in 14 male patients with MetS and 13 age-, sex-,
and activity-matched healthy subjects. Systemic lipid peroxidation was assessed
by serum thiobarbituric acid reactive substances (TBARS), and systemic
antioxidant defense capacity was assessed by serum total thiols and enzymatic
activity of superoxide dismutase (SOD). To assess skeletal muscle energy
metabolism, we measured high-energy phosphates in the calf muscle during
plantar flexion exercise and intramyocellular lipid (IMCL), using *'phosphorus-
and 'proton-magnetic resonance spectroscopy, respectively.

RESULTS-Serum TBARS were elevated (12.4+7.1 vs. 3.7+1.1 pmol/l, P<0.01),
and serum total thiols and SOD activity were decreased (290.8+51.2 vs.
398.7£105.2 pmol/l, P<0.01 and 22.2+8.4 vs. 31.5£8.5 units/l, P<0.05,
respectively) in patients with MetS compared with healthy subjects. Peak VO, and
anaerobic threshold normalized to body weight were significantly lower in MetS
patients by 25% and 31%, respectively, and inversely correlated with serum
TBARS (r=-0.49 and r=-0.50, respectively). Moreover, muscle phosphocreatine
loss during exercise was 1.4-fold greater in patients with MetS (P<0.05) and
IMCL content was 2.9-fold higher in patients with MetS (P<0.01), indicating
impaired skeletal muscle energy metabolism, and these indices positively

correlated with serum TBARS (r=0.45 and r=0.63, respectively).
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CONCLUSIONS-Systemic oxidative stress was associated with lower aerobic

capacity and impaired skeletal muscle energy metabolism in patients with MetS.
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Metabolic syndrome (MetS) is mainly characterized by insulin resistance and
obesity, which increases not only the risk of developing type 2 diabetes and
cardiovascular diseases but also all-cause mortality (1). The drastic increase in
patients with MetS has been now recognized as medical and public health crisis in
the world.

Lower aerobic capacity is one of the strongest and independent predictors of
all-cause mortality in subjects with obesity and insulin resistance (2,3), and it is
essential to improve lower aerobic capacity in the treatment of MetS. Skeletal
muscle energy metabolism is a major determinant of aerobic capacity, and its
metabolic regulation is largely dependent on mitochondrial function which plays a
pivotal role in energy homeostasis including the metabolism of nutrients and
production of ATP (4). Recent studies have shown that impaired mitochondrial
function in skeletal muscle may be involved in the pathogenesis of insulin
resistance (5-7). Moreover, it has been reported that intramyocellular lipid
(IMCL) is accumulated in patients with MetS, which is mainly due to impaired
fatty acid oxidation in skeletal muscle rather than increased uptake of fatty acid
into skeletal muscle (8,9). Recently, we demonstrated that increased IMCL was
associated with lower aerobic capacity and impaired intramuscular high-energy
phosphate metabolism in patients with MetS (10). However, the mechanisms
whereby aerobic capacity and skeletal muscle energy metabolism are impaired in
MetS remain fully unexplored.

Oxidative stress is generally defined as an imbalance between reactive
oxygen species (ROS) production and antioxidant defense capacity. An increased
amount of evidence suggests that oxidative stress is linked to either primary or

secondary pathogenesis of various chronic diseases, such as cancer (11), type 2
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diabetes (12), inflammation (13), and neurodegenerative disorders (14). Recently,
it has been demonstrated that systemic oxidative stress is related to insulin
resistance and obesity (15,16). Furthermore, it has been reported that oxidative
stress can cause mitochondrial dysfunction in skeletal muscle from diet-induced
insulin-resistant mice (17). These reports raise the possibility that systemic
oxidative stress may contribute to lower aerobic capacity and skeletal muscle
dysfunction in patients with MetS.

In the present study, we tested the hypothesis that systemic oxidative stress
is associated with lower aerobic capacity and impaired skeletal muscle energy
metabolism in patients with MetS. For a comprehensive investigation of oxidative
stress, we measured byproducts of ROS by serum thiobarbituric reactive
substances (TBARS) as well as serum total thiols, superoxide dismutase (SOD)
and glutathione peroxidase (GPx) enzymatic activities as an antioxidant defense
capacity. Moreover, to assess skeletal muscle energy metabolism, high-energy
phosphates in the calf muscle during plantar flexion exercise and IMCL content in
the resting leg muscle were measured using magnetic resonance spectroscopy

(MRS).

RESEARCH DESIGN AND METHODS

Subjects

Fourteen male patients with MetS diagnosed on the basis of International Diabetes
Federation criteria, and 13 age-, sex-, and activity-matched healthy control
subjects were enrolled in the present study. Patients with cardiovascular disease,

peripheral artery disease, pulmonary disease, stroke, and orthopedic disease who
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had difficulty performing exercise testing were excluded. None of the subjects
were taking medications to treat type 2 diabetes or dyslipidemia. Among 14
patients with MetS, 7 patients were treated with antihypertensive drugs, including
calcium antagonists in 5 patients, B-blockers in 3 patients, angiotensin Il receptor
blockers in 3 patients, and/or diuretics in 1 patient. The protocol was approved by
the Medical Ethics Committee of Hokkaido University Hospital, and a written

informed consent was obtained from all participating subjects.

Clinical and anthropometric measurements

Body weight, height, waist circumference, and blood pressure were measured.
Whole-body fat mass and lean body mass (LBM) were measured by an air
displacement plethysmograph (BOD POD" Body Composition System; Life

Measurement Instruments, Concord, CA), as previously described (10).

Blood analysis

Peripheral blood samples were collected after a 10 h of fasting. Blood glucose,
plasma insulin, glycohemoglobin Alc (HbAlc), HDL-cholesterol,
LDL-cholesterol, triglyceride, and free fatty acids were measured. The

homeostasis assessment model of insulin resistance (HOMA-IR) was calculated

(18).

Aerobic capacity
All subjects exercised on an upright electromechanical bicycle ergometer with
electrocardiogram using a ramp protocol (25 watts/min after a 3 min warm-up), as

previously described (10). Respiratory gas analysis was simultaneously performed
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with a breath-by-breath apparatus (Aeromonitor AE-300S, Minato Medical
Science, Osaka, Japan), and peak VO, was measured. Anaerobic threshold (AT)

was determined by the V-slope method (19) except one patient.

Daily physical activity

To monitor the level of physical activity during daily life, daily steps and
movement-related calorie consumption were measured for at least 1 week by using
a pedometer with an accelerometry sensor (Lifecorder Plus, Suzuken, Nagoya,

Japan), as previously described (10).

Intramuscular high-energy phosphate metabolism

Before measurements, muscle strength was determined by the one-repetition
maximum (1-RM) method, as previously described (10). The calf flexor muscle
cross-sectional area was measured at the level of muscle belly using magnetic
resonance images. After at least 30 min rest, high-energy phosphate metabolism in
the calf muscle was measured during plantar flexion exercise in supine position
on the original apparatus equipped with a 1.5-Tesla (T) whole body scanner
system (Magnetom Vision VB33G, Siemens, Erlangen, Germany), using
*phosphorus-MRS (*'P-MRS), as previously described (10). Unilateral
plantar-flexion exercise was performed with a constant load of 20% 1-RM for 4
min at the pace of 40 repetitions/min. Phosphocreatine (PCr) was standardized as
[PCr]/([PCr]+[Pi]) on the basis of the notion that [PCr]+[Pi] is constant at rest
and during exercise, where [PCr] indicates concentration of PCr and [Pi] indicates
concentration of inorganic phosphate (Pi). Moreover, the degree of PCr change

(i.e. PCr loss) during exercise was calculated as PCr loss = standardized PCryes —
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standardized PCrpeax, where PCr,e; indicates the PCr level at rest and PCrpeax

indicates the lowest PCr level during exercise.

IMCL content

IMCL content in the resting tibialis anterior muscle at the level of the muscle
belly of calf was measured by proton ('"H)-MRS on a 1.5-T whole-body scanner
system (Signa Horizon LX, GE Medical Systems, Milwaukee, WI), as previously

described (10).

Systemic oxidative stress

Serum TBARS were measured by fluorometric analysis using a GENios Pro
(Tecan Group Ltd., Switzerland), as previously described (20). We also measured
serum total thiols, SOD and GPx activities. The amount of total thiols was
measured spectrophotometrically with 5,5°-dithiobis (2-nitrobenzoic acid)
(DTNB) (Sigma-Aldrich, St. Louis, MO), as previously described (21). Enzymatic
activity of SOD and GPx was measured by fluorometric analysis, as previously

described (20).

Statistical analysis

Data are expressed as means + SD. Student’s unpaired t-tests were performed to
compare means between control subjects and patients with MetS. Correlations
were examined by linear regression analysis using the least-squares method.
Based on the previous report that compared the marker of oxidative stress between
control subjects and patients with MetS (22), sample size of 13 subjects in each

group was needed to detect the effect compared with the threshold change of 0
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under the conditions of a = 0.05 and B = 0.2. Moreover, to determine the
association between oxidative stress and aerobic capacity of a large effect size (i.e.
r=0.5), a sample size of total 27 subjects was needed to yield efficient power
(1-p = 0.8) based on a = 0.05. Statistical analysis was performed using StatView
software (SAS Institute, Inc., Cary, NC), and P < 0.05 was considered statistically

significant.

RESULTS

Characteristics of the study subjects (Table 1)

Body weight, BMI, percent fat, and waist circumference were significantly higher
in patients with MetS than control subjects. Fasting blood glucose, plasma insulin,
HOMA-IR, HbAlc, and triglycerides were significantly elevated, and HDL
cholesterol was significantly decreased in patients with MetS.

Peak VO, and AT normalized to both body weight and LBM were
significantly lower in patients with MetS. There was no significant difference in
daily physical activity between patients with MetS and control subjects (Steps;
8367 £ 3670 vs. 7172 + 1717 steps/day, Movement-related calorie consumption;

265 £ 209 vs. 214 + 62 kcal/day).

Intramuscular high-energy phosphate metabolism and IMCL content

After the initiation of constant load of 20% 1-RM exercise, PCr level in the calf
muscle started to decrease and was finally stabilized within a few minutes in all
subjects. The representative spectra of >'P-MRS are shown in Supplemental Fig. 1.

In summary, the standardized PCr level at rest was comparable, whereas the
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lowest level of standardized PCr during exercise was significantly reduced in
patients with MetS (Table 2). As a result, muscle PCr loss during exercise was
greater in patients with MetS (Table 2). In addition, there was an inverse
correlation between muscle PCr loss and peak VO, (r =-0.49, P <0.01) or AT (r =
-0.51, P <0.01) normalized to body weight in all subjects by linear regression
analysis, indicating that impairment in intramuscular high-energy phosphate
metabolism was associated with the lower aerobic capacity in MetS.

IMCL content was higher in patients with MetS than control subjects (Table
2). IMCL content also inversely correlated with peak VO, (r = -0.64, P < 0.001) or
AT (r=-0.61, P <0.001) normalized to body weight. Moreover, IMCL content
positively correlated with muscle PCr loss (r = 0.55, P < 0.01), indicating that the
increased IMCL content might be attributable to impaired fatty acid oxidation in

skeletal muscle in MetS.

Systemic oxidative stress

Serum TBARS were significantly increased in patients with MetS (Fig. 1A).
Moreover, serum total thiols and SOD activity were significantly lower in patients
with MetS than control subjects (Fig. 1B and D). In contrast, there was no

significant difference in GPx activity between groups (Fig. 1C).

Relationships between systemic oxidative stress and insulin resistance, aerobic
capacity, or skeletal muscle energy metabolism

Fasting blood glucose, plasma insulin, free fatty acids, and HOMA-IR positively
correlated with serum TBARS (Supplemental Fig. 2A-D). Peak VO, normalized to

body weight inversely correlated with serum TBARS, however, it did not correlate
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with systemic antioxidant defense capacity including total thiols and SOD activity
(Fig. 2A). In contrast, AT normalized to body weight had close relationships with
both serum TBARS and systemic antioxidant defense capacity (Fig. 2B). There
were also relationships between skeletal muscle energy metabolism and some

indices of systemic oxidative stress (Fig. 2C and D).

CONCLUSIONS

Patients with MetS had significantly higher systemic lipid peroxidation products
and lower systemic antioxidant defense capacity including serum total thiols and
SOD activity compared with age-, sex-, and activity-matched healthy subjects,
indicating enhanced systemic oxidative stress in MetS. Moreover, importantly, the
increased systemic lipid peroxidation products and the decreased systemic
antioxidant defense capacity correlated with lower aerobic capacity and impaired
skeletal muscle energy metabolism. Therefore, we established a new association
between systemic oxidative stress and aerobic capacity in patients with MetS.
Lipid peroxidation products including TBARS are commonly used as
biomarkers of oxidative stress, as they can contribute to or amplify cellular
damage resulting from generation of oxidized products (23). Moreover, thiol
compounds, such as glutathione, cysteine, and cysteinyl-glycine, are natural
reservoir of reductive power, and act as intracellular and extracellular redox
buffers (24). SOD is also an antioxidant which enzymatically converts superoxide
(077) into hydrogen peroxide. Therefore, decreased serum total thiols and SOD
activity may contribute to the enhanced systemic oxidative stress in patients with

MetS.
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There was a close relationship between systemic oxidative stress and
impaired skeletal muscle energy metabolism (Fig. 2C and D), which might
indicate that increased ROS production in skeletal muscle is involved in
impairment of skeletal muscle energy metabolism in MetS. Hyperglycemia,
hyperinsulinemia, and an increase in free fatty acids can cause an increase in ROS
production (25,26). In general, there are several ROS production sources within
the cell including NAD(P)H oxidase, xanthine oxidase, uncoupled nitric oxide
synthase, and mitochondria. We previously demonstrated that NAD(P)H oxidase
derived-O;  production was significantly increased in skeletal muscle from high
fat diet-induced diabetic mice in association with lower aerobic capacity and
mitochondrial dysfunction in skeletal muscle, and inhibition of NAD(P)H oxidase
ameliorated these impairments (27). Therefore, ROS derived from NAD(P)H
oxidase may play a crucial role in increased oxidative damage in skeletal muscle
in patients with MetS. Moreover, mitochondria can be a primary target for
oxidative damage, because O, can easily impair electron transport chain with
iron-sulfur center. Indeed, an abundance of evidence suggests that mitochondrial
function in skeletal muscle is impaired in insulin-resistant subjects (5,7). The
impairment of mitochondrial function in skeletal muscle results in further
production of ROS (4,28), which might, at least in part, contribute to the
enhanced systemic oxidative stress in patients with MetS.

Recent large clinical trials have demonstrated that systemic oxidative stress
is related to insulin resistance and obesity (15,16), which is consistent with our
results that there were tight correlations between serum TBARS and insulin
resistance markers such as FBS, insulin level, or free fatty acids level

(Supplemental Fig. 2). Excess circulating free fatty acids or triglycerides lead to
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their overflow into the mitochondria in skeletal muscle as well as enhanced
systemic oxidative stress. Because fatty acids are particularly prone to oxidative
damage, lipid peroxidation products are easily formed in skeletal muscle under
the condition of increased ROS production, which can cause mitochondrial
damage and subsequently decrease capacity for fatty acid oxidation (29). The
increased uptake of fatty acids and decreased fatty acid oxidation in skeletal
muscle may result in accumulation of muscle lipids, which can further deteriorate
skeletal muscle energy metabolism, known as lipotoxicity (29,30). Indeed, there
was a close relationship between accumulated IMCL and impaired high-energy
phosphate metabolism in skeletal muscle in the present study. Accumulation of
IMCL and its intermediates such as diacylglycerol may impair insulin signaling in
skeletal muscle (29,31). Furthermore, oxidative stress can directly impair insulin
signaling (28,32). Therefore, an elaborate interdependency on mitochondrial
dysfunction and oxidative stress may cause a catastrophic cycle in skeletal muscle
in patients with MetS, which can lead to further deterioration of aerobic capacity
as well as insulin resistance. Unfortunately, we could not directly measure
oxidative stress in skeletal muscle, and thus could not address whether it was
enhanced. However, lipid peroxidation products in skeletal muscle have been
reported to be significantly elevated in obese subjects (33).

Low aerobic capacity is a major determinant of mortality and morbidity in
insulin resistance and type 2 diabetes (2,3). The relationship between systemic
oxidative stress and lower aerobic capacity may indicate that systemic oxidative
stress, at least in part, contributes to poor prognosis in patients with MetS with
low aerobic capacity, as oxidative stress can increase the risk of developing type 2

diabetes and cardiovascular diseases (34). It has been demonstrated that weight
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loss induced by diet and exercise therapy improves insulin resistance and reduces
biomarkers of systemic oxidative stress in patients with MetS (35). Therefore,
diet and exercise therapies are beneficial for patients with MetS from the
perspective of treatment of enhanced systemic oxidative stress as well as insulin
resistance and lower aerobic capacity.

There are some limitations that should be acknowledged. First, we could not
completely eliminate the possibility of type II error in some of the correlation
analyses. Although we could not necessarily detect the association between
aerobic capacity or skeletal muscle energy metabolism and all indices of oxidative
stress, our conclusions would not be overestimated. Second, we could not show
the causal relationships between the increase in systemic oxidative stress and the
decrease in aerobic capacity or the impairment in skeletal muscle energy
metabolism. Even though we showed their correlations, further studies are needed
to clarify the causal relationships.

In summary, we demonstrated for the first time that systemic oxidative stress
including higher levels of lipid peroxidation and lower antioxidant defense
capacity was related to lower aerobic capacity and impaired skeletal muscle
energy metabolism in patients with MetS. These findings provide new insights
into the pathophysiology of MetS and have an implication that to restore normal

balance of systemic redox state might be beneficial in the treatment of MetS.

Acknowledgements

This study was supported by grants from the Ministry of Education, Culture,

Sports, Science, and Technology of Japan (18790487, 17390223, 20117004, and



Yokota et al. Page 16
21390236), Meiji Yasuda Life Foundation of Health and Welfare, Mitsui Life
Social Welfare Foundation, and the Uehara Memorial Foundation. No potential
conflicts of interest relevant to this article were reported.

T.Y. wrote the manuscript and researched data. S.K. researched data and
reviewed/edited the manuscript. M.Y. performed analysis of oxidative stress and
reviewed the manuscript. K.H., T.S., S.T., and N.M. researched data and
contributed to the discussion. K.H., N.O.M., and Y.K. contributed to the
discussion and reviewed the manuscript. K.O. researched data and contributed to
the discussion. H.T. contributed to the discussion and reviewed/edited the
manuscript. T.Y. is the guarantor of this work and, as such, had full access to all
the data in the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

We thank Mika Omatsu (Hokkaido University Hospital, Sapporo, Japan) and
Masashi Omokawa (Hokusho University, Ebetsu, Japan) for technical assistance
in the *'P-MRS study, and Koji Oba (Hokkaido University Hospital, Sapporo,

Japan) for technical support in statistical analysis.



Yokota et al. Page 17

References

1. Ford ES: Risks for all-cause mortality, cardiovascular disease, and diabetes
associated with the metabolic syndrome: a summary of the evidence. Diabetes
Care 2005;28:1769-1778

2. Wei M, Gibbons LW, Kampert JB, et al.: Low cardiorespiratory fitness and
physical inactivity as predictors of mortality in men with type 2 diabetes. Ann
Intern Med 2000;132:605-611

3. Wei M, Kampert JB, Barlow CE, et al.: Relationship between low
cardiorespiratory fitness and mortality in normal-weight, overweight, and obese
men. JAMA 1999;282:1547-1553

4. Kim JA, Wei Y and Sowers JR: Role of mitochondrial dysfunction in insulin
resistance. Circ Res 2008;102:401-414

5. Befroy DE, Petersen KF, Dufour S, et al.: Impaired mitochondrial substrate
oxidation in muscle of insulin-resistant offspring of type 2 diabetic patients.
Diabetes 2007;56:1376-1381

6. Mogensen M, Sahlin K, Fernstrom M, et al.: Mitochondrial respiration is
decreased in skeletal muscle of patients with type 2 diabetes. Diabetes
2007;56:1592-1599

7. Petersen KF, Dufour S, Befroy D, et al.: Impaired mitochondrial activity in
the insulin-resistant offspring of patients with type 2 diabetes. N Engl J Med
2004;350:664-671

8. Kelley DE, Goodpaster B, Wing RR, et al.: Skeletal muscle fatty acid
metabolism in association with insulin resistance, obesity, and weight loss. Am

J Physiol 1999;277:E1130-1141



Yokota et al. Page 18

9. Perseghin G: Muscle lipid metabolism in the metabolic syndrome. Curr Opin
Lipidol 2005;16:416-420

10. Yokota T, Kinugawa S, Okita K, et al.: Lower aerobic capacity was
associated with abnormal intramuscular energetics in patients with metabolic
syndrome. Hypertens Res 2011;34:1029-1034

11. do Val Carneiro JL, Nixdorf SL, Mantovani MS, et al.: Plasma
malondialdehyde levels and CXCR4 expression in peripheral blood cells of
breast cancer patients. J Cancer Res Clin Oncol 2009;135:997-1004

12. Gopaul NK, Anggard EE, Mallet AI, et al.: Plasma 8-epi-PGF2 alpha levels
are elevated in individuals with non-insulin dependent diabetes mellitus. FEBS
Lett 1995;368:225-229

13. Morgan PE, Sturgess AD and Davies MJ: Evidence for chronically elevated
serum protein oxidation in systemic lupus erythematosus patients. Free Radic
Res 2009;43:117-127

14. Kikuchi A, Takeda A, Onodera H, et al.: Systemic increase of oxidative
nucleic acid damage in Parkinson's disease and multiple system atrophy.
Neurobiol Dis 2002;9:244-248

15. Keaney JF, Jr., Larson MG, Vasan RS, et al.: Obesity and systemic oxidative
stress: clinical correlates of oxidative stress in the Framingham Study.
Arterioscler Thromb Vasc Biol 2003;23:434-439

16. Meigs JB, Larson MG, Fox CS, et al.: Association of oxidative stress,
insulin resistance, and diabetes risk phenotypes: the Framingham Offspring
Study. Diabetes Care 2007;30:2529-2535

17. Bonnard C, Durand A, Peyrol S, et al.: Mitochondrial dysfunction results

from oxidative stress in the skeletal muscle of diet-induced insulin-resistant



Yokota et al. Page 19

mice. J Clin Invest 2008;118:789-800

18. Matthews DR, Hosker JP, Rudenski AS, et al.: Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma
glucose and insulin concentrations in man. Diabetologia 1985;28:412-419

19. Beaver WL, Wasserman K and Whipp BJ: A new method for detecting
anaerobic threshold by gas exchange. J Appl Physiol 1986;60:2020-2027

20. Inoue T, Ide T, Yamato M, et al.: Time-dependent changes of myocardial
and systemic oxidative stress are dissociated after myocardial infarction. Free
Radic Res 2009;43:37-46

21. Ando Y and Steiner M: Sulfthydryl and disulfide groups of platelet
membranes. [. Determination of sulthydryl groups. Biochim Biophys Acta
1973;311:26-37

22. Van Guilder GP, Hoetzer GL, Greiner JJ, et al.: Influence of metabolic
syndrome on biomarkers of oxidative stress and inflammation in obese adults.
Obesity (Silver Spring) 2006;14:2127-2131

23. Dalle-Donne I, Rossi R, Colombo R, et al.: Biomarkers of oxidative damage
in human disease. Clin Chem 2006;52:601-623

24. Kemp M, Go YM and Jones DP: Nonequilibrium thermodynamics of
thiol/disulfide redox systems: a perspective on redox systems biology. Free
Radic Biol Med 2008;44:921-937

25. Gao CL, Zhu C, Zhao YP, et al.: Mitochondrial dysfunction is induced by
high levels of glucose and free fatty acids in 3T3-L1 adipocytes. Mol Cell
Endocrinol 2010;320:25-33

26. Yang M and Kahn AM: Insulin-stimulated NADH/NAD+ redox state

increases NAD(P)H oxidase activity in cultured rat vascular smooth muscle



Yokota et al. Page 20

cells. Am J Hypertens 2006;19:587-592

27. Yokota T, Kinugawa S, Hirabayashi K, et al.: Oxidative stress in skeletal
muscle impairs mitochondrial respiration and limits exercise capacity in type 2
diabetic mice. Am J Physiol Heart Circ Physiol 2009;297:H1069-1077

28. Rains JL and Jain SK: Oxidative stress, insulin signaling, and diabetes. Free
Radic Biol Med 2011;50:567-575

29. Schrauwen P and Hesselink MK: Oxidative capacity, lipotoxicity, and
mitochondrial damage in type 2 diabetes. Diabetes 2004;53:1412-1417

30. Paolisso G, Gambardella A, Tagliamonte MR, et al.: Does free fatty acid
infusion impair insulin action also through an increase in oxidative stress? J
Clin Endocrinol Metab 1996;81:4244-4248

31. Moro C, Galgani JE, Luu L, et al.: Influence of gender, obesity, and muscle
lipase activity on intramyocellular lipids in sedentary individuals. J Clin
Endocrinol Metab 2009;94:3440-3447

32. Wei Y, Sowers JR, Nistala R, et al.: Angiotensin II-induced NADPH oxidase
activation impairs insulin signaling in skeletal muscle cells. J Biol Chem
2006;281:35137-35146

33. Russell AP, Gastaldi G, Bobbioni-Harsch E, et al.: Lipid peroxidation in
skeletal muscle of obese as compared to endurance-trained humans: a case of
good vs. bad lipids? FEBS Lett 2003;551:104-106

34. Slatter DA, Bolton CH and Bailey AJ: The importance of lipid-derived
malondialdehyde in diabetes mellitus. Diabetologia 2000;43:550-557

35. Rector RS, Warner SO, Liu Y, et al.: Exercise and diet induced weight loss
improves measures of oxidative stress and insulin sensitivity in adults with

characteristics of the metabolic syndrome. Am J Physiol Endocrinol Metab



Yokota et al. Page 21

2007;293:E500-506



Yokota et al. Page 22

Figure legends

Figure 1: Systemic lipid peroxidation and antioxidant defense capacity in control
subjects (Control) and patients with MetS (MetS). (A) TBARS, (B) Total thiols,
(C) GPx activity, (D) SOD activity. Data are expressed as means + SD. GPx,
glutathione peroxidase; SOD, superoxide dismutase; TBARS; thiobarbituric

reactive substances. *P < 0.05, 1P < 0.01 vs. Control.

Figure 2: Linear relation between systemic oxidative stress and aerobic capacity
or skeletal muscle energy metabolism in control subjects (= white circles) and
MetS patients (= black circles). (A) Systemic oxidative stress and peak VO,, (B)
Systemic oxidative stress and AT, (C) Systemic oxidative stress and PCr loss in
skeletal muscle, (D) Systemic oxidative stress and IMCL content. AT, anaerobic
threshold; IMCL, intramyocellular lipid; PCr, phosphocreatine; TBARS;

thiobarbituric reactive substances.



Table 1-Characteristics of the Study Subjects
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Control (n = 13) MetS (n = 14)
Age, years 48 £ 9 48 £ 9
Body weight (BW), kg 66.9 + 8.3 80.0 £ 10.87F
Lean body mass (LBM), kg 52.8+£5.6 56.4 + 8.7
BMI, kg/m’ 22.8+2.0 26.8 + 3.4+
Percent fat, % 209+ 4.2 28.8 £ 4.3F
Waist circumference, cm 823+ 7.0 95.5 £ 8.0
Systolic blood pressure, mmHg 123 £ 12 134 £ 16
Diastolic blood pressure, mmHg 76 £ 10 81 £ 11
Fasting blood glucose, mg/dl 91 £38 112 £ 17¢
Insulin, pIU/ml 44+2.0 13.1 £ 7.5%
HOMA-IR 1.0+ 0.5 3.6 £2.27F
HbAlc, % 5.1+0.3 5.6 +0.5F
HDL cholesterol, mg/dl 62 + 14 ST+ 11*%*
LDL cholesterol, mg/dl 110 + 28 130 + 30
Triglyceride, mg/dl 102 + 49 158 £ 66*
Free fatty acids, mEq/l 0.46 = 0.22 0.55 +0.20
Peak VO,/BW, ml/kg/min 325+ 7.3 24.0 + 4.37
Peak VO,/LBM, ml/kg/min 42.0+10.2 342 +£5.7*
AT/BW, ml/kg/min 18.0 £ 4.3 12.4 £ 1.3¢
AT/LBM, ml/kg/min 22.1 £4.2 17.7 £ 2.4%
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Data are expressed as means = SD. AT, anaerobic threshold; HOMA-IR,
homeostasis assessment model of insulin resistance; HbAlc, glycohemoglobin

Alc. *P <0.05, 1P < 0.01 vs. Control.
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Table 2-Skeletal Muscle Energy Metabolism

Control (n = 13) MetS (n = 14)
1-RM, kg 39.8 £ 6.6 439+59
MCA of calf muscle, cm? 54.0+7.3 55.9 £ 8.6

*'P-MRS
Standardized PCries: 0.88 +0.03 0.88 £0.02
Standardized PCrpeax 0.68 £ 0.07 0.61 £ 0.09*
PCr loss 0.19 £ 0.07 0.27 £ 0.08*
'"H-MRS
IMCL content, mmol/kg wet weight 1.7+ 1.0 4.9+ 1.5¢

Data are expressed as means £ SD. IMCL, intramyocellular lipid; MCA, muscle
cross-sectional area; 1-RM, one-repetition maximum; PCr,.s, phosphocreatine
level at rest; PCrpeak, the lowest phosphocreatine level during exercise. *P < 0.05,

TP <0.01 vs. Control.
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