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Abstract

Aims—To assess the role of oxidative stress in mediating adverse outcomes in metabolic
syndrome (MetS) and resultant cardiovascular autonomic neuropathy (CAN), and to evaluate the
effects of lifestyle interventions on measures of oxidative stress and CAN in subjects with MetS.

Methods—Pilot study in 25 non-diabetic subjects with MetS (age 49+10 years, 76% females)
participating in a 24-week lifestyle intervention (supervised aerobic exercise/Mediterranean diet),
and 25 age-matched healthy controls. CAN was assessed by cardiovascular reflex tests, heart rate
variability (HRV) and PET imaging with sympathetic analog [11C] meta-hydroxyephedrine
([11CJHED). Specific oxidative fingerprints were measured by liquid-chromatography/mass-
spectrometry(LC/MS).

Results—At baseline, MetS subjects had significantly higher oxidative stress markers [3-
nitrotyrosine (234+158 vs.54+47 pmol/mol tyrosine), ortho-tyrosine (59+38 vs.18+10 pmol/
molphenylalanine, all P<0.0001], and impaired HRV at rest and during deep breathing (P=0.039

Address Correspondence: Rodica Pop-Busui, M.D., Ph.D., 5329 Brehm Tower, 1000 Wall Street, Ann Arbor, MI 48109, Phone:
734-763-3056, Fax:734-936-6684, rpbusui@umich.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of Interest:None of the authors reported any conflict of interest.

Author contribution
RPB, SP, DR designed the study. RPB drafted the manuscript. SP, MJ, DR, LA MR, and EW provided critical input to the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pennathur et al.

Page 2

and P=0.021 respectively) compared to controls. Twenty-four-week lifestyle intervention
significantly reduced all oxidative stress markers(all P < 0.01) but did not change any of the CAN

measures.

Conclusions—Subjects with MetS present with signs of CAN and increased oxidative stress in
absence of diabetes. The 24-week lifestyle intervention was effective in ameliorating oxidative
stress, but did not improve measures of CAN. Larger clinical trials with longer duration are
required to confirm these findings.

Keywords

Metabolic Syndrome; Cardiovascular autonomic neuropathy; Oxidative stress; Lifestyle
intervention

Introduction

Diabetes mellitus affects approximately 29 million children and adults (9.3% of the
population) in the United States (US), and the number is growing rapidly (1; 2). In addition,
there are more than 86 million US adults (37% of population), who present with prediabetes
defined as either impaired glucose tolerance (IGT) or impaired fasting glucose (IFG), and/or
metabolic syndrome (MetS)(1-3). Neuropathies are among the most prevalent and
debilitating complications of diabetes mellitus (4). Recent data indicate that diabetic
neuropathy may be present in patients with MetS even in the absence of diabetes , and that
IGT and/or IFG are independently associated with diabetic neuropathy and its rate of
progression (5-9).

Cardiovascular autonomic neuropathy (CAN), documented by changes in cardiovascular
reflex tests and/or heart rate variability (HRV), is an independent predictor of cardiovascular
disease (CVD) mortality (10-12). Changes in HRV consistent with CAN have been
identified at the time of diagnosis in subjects with type 2 diabetes (12; 13), and in patients
with impaired glucose tolerance, insulin resistance, and/or the metabolic syndrome (9; 14;
15). These suggest that such impairment may be present either after a relatively brief
exposure to sustained hyperglycemia, or develop in conjunction with obesity, insulin
resistance and/or intermittent episodes of milder glucose elevations (12; 15). Cross-sectional
studies in adults without diabetes provide evidence that indices of CAN are inversely
associated with central obesity, insulin resistance, and fasting glucose (9; 14; 15), all
components of the MetS. Clustering of major CVD risk factors that includes IFG or IGT,
along with low high-density lipoprotein (HDL) cholesterol, elevated triglycerides, elevated
blood pressure (BP) and central adiposity are the key features of MetS (16).

Several lines of evidence point towards a central role for oxidative stress and chronic
inflammation in the pathogenesis of insulin resistance (17), CVD (18),and the development
of diabetic complications (19-21), including CAN (22). Indeed, Houstis and Lander (17),
proposed that oxidative stress is causal in all forms of insulin resistance and is central in
mediating adverse impact of insulin resistance. However, it has been unclear whether CAN,
a major complication of insulin resistant state (both diabetes and MetS) is linked with
oxidative stress and will be improved following interventions mitigating oxidative stress.
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We hypothesized that components of the MetS in the presence of insulin resistance induce
activation of specific oxidative stress and inflammatory pathways, which in turn lead to
impaired sympathetic activity, CAN and subsequent increased CVD risk. Furthermore, we
hypothesized that lifestyle interventions may improve indices of CAN in subjects with MetS,
and that these effects are explained, in part, by lowering oxidation and inflammation
biomarkers.

Thus, the goals of the current study were to evaluate the relationship between components of
MetS, oxidative stress and CAN, and the effects of an intensive lifestyle intervention on
subjects with MetS. We predicted such an intervention would diminish oxidative stress and
thereby potentially positively impact CAN.

Subjects, Materials and Methods

Study Design and Patient Population

This investigation combined a cross-sectional case-control pilot study that enrolled 25
subjects with MetS and 25 age-matched healthy controls with a prospective, pilot study of
the subjects with MetS before and after participating in the Met Fit Program. The Met Fit
Program at the University of Michigan includes a supervised exercise program and
evidence-based dietary counseling to improve metabolic health in patients with MetS (23;
24).

Main inclusion criteria for study subjects with MetS were: age18-65 years, impaired glucose
tolerance (IGT) or impaired fasting glucose (IFG) (21) and two other components of the
MetS as defined by the Adult Treatment Panel (ATP) 111 (25) among: waist circumference =
102 cm (40 inches) for men and = 88 cm (35 inches) for women; triglycerides =150 mg/dI
(1.7 mmol/l); HDL cholesterol <40 mg/dl (1.0 mmol/l) in men and <50 mg/dl (1.3 mmol/I)
in women; blood pressure (BP) =130/=85 mmHg. Women of childbearing potential were
required to use contraception to prevent pregnancy. The control subjects were age-and sex-
matched healthy, non-obese (BMI <30) individuals with normal glucose tolerance (26) ,
normal BP (27), and normal lipid profiles (25).

Main criteria for exclusion were: nursing mothers or pregnant women and subjects with pre-
existing cardiovascular disease, severe systemic disease with recognized complication
neuropathy (e.g., chronic alcohol abuse, vitamin B15 deficiency, hypothyroidism, drug-
induced neuropathy) and neurologic disease (e.g., Parkinson’s disease, epilepsy, recent
stroke). Subjects taking drugs which interfere with the uptake or metabolism of
catecholamines, subjects with known history of chronic kidney disease and subjects that
took systemic investigational drugs within six months were also not enrolled in the study.

All subjects were evaluated with comprehensive physical examination, anthropometric
parameters and standardized BP measurements at baseline and follow-up, and fasting blood
samples were obtained for glucose and insulin levels, lipid profile and biomarkers of
oxidative stress. Detailed evaluations for CAN and oxidative biomarkers were obtained at
baseline in all subjects, and also at 12 and 24 weeks in MetS subjects as described below.
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The control group did not undergo PET testing due to a previously established normative
database of [11C]HED retention in healthy controls (24).

Intervention—Subjects with MetS completed a 24-week intervention designed to provide
strategies to reduce the risks associated with the MetS, following a modified protocol from
the MetFit program (23; 24) . Exercise was individually tailored based on fitness that was
assessed at baseline by entry treadmill that estimated peak METs(metabolic equivalent) in
all subjects with MetS. Subjects had free access to the exercise facility and participated in a
weekly group exercise session with the exercise physiologist and at least three other
individual sessions at their convenience with the goal of a minimum of 180 minutes/week at
60-85% of maximum heart rate. Subjects completed weekly exercise logs that listed
cardiovascular exercise, physical activity minutes and strength training each week; these
were reviewed and analyzed by exercise physiologists. The nutrition component was taught
by a registered dietitian and derived from the American Dietetic Association Evidence
Based Nutrition Practice Guidelines (http://adaevidencelibrary.com/topic.cfm?cat=2651).
The intervention was a calorie-controlled, cardio-protective Mediterranean style eating plan
(28) and consisted of four 45-minute interactive group nutrition education sessions.
Nutrition intake was monitored by phone dietary calls and weekly collected diet logs that
were analyzed using NDS-R (Nutrition Data System for Research, University of Minnesota).
Adherence to the Mediterranean diet was assessed using a previously validated
Mediterranean Diet Score (MDS). The MDS is 10-point scale that ranges from 0-9 and
incorporates the prominent characteristics of the diet. A higher MDS indicated better
adherence to the diet (29). Throughout the intervention, weekly diet and exercise logs were
collected. The weekly dietary scores were collected and change in MDS from baseline to the
end of the study, were monitored for adherence to the diet throughout the study. Vital signs
and urinary ketones were collected weekly. In addition, in a subset of the population, VO,
measurements were recorded at baseline and post-intervention.

All subjects signed a written informed consent document and the University of Michigan
Institutional Review Board approved the study.

Detailed phenotype characterization of subjects with MetS

A detailed phenotypic characterization of subjects with MetS, including fasting glucose and
insulin levels, lipid profiles, and oral glucose tolerance test was done at baseline and end of
study after a 12-hour fast. Insulin sensitivity was evaluated with the homeostasis model
assessment (HOMA-IR) and with the insulin sensitivity index (ISI) from the OGTT as
previously described (30; 31). Separated plasma was frozen to —80°C for further
measurement of oxidative stress and inflammation biomarkers.

Quantization of highly sensitive and specific stable products of oxidation using liquid
chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) All
reagents were obtained from Sigma Chemical (St. Louis, MO) or Aldrich Chemical
(Milwaukee, WI) unless otherwise specified. Cambridge Isotope Laboratories (Andover,
MA\) supplied 13C-labeled amino acids. Protein-bound oxidized phenylalanine and tyrosine
moieties (3-nitrotyrosine o, 0’-dityrosine and ortho-tyrosine) in plasma were quantified by
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isotope dilution LC/MS as described previously(32). Briefly, plasma proteins were
precipitated with ice-cold trichloroacetic acid (10% vol/vol) and then delipidated with water/
methanol/water-washed diethyl ether (1:3:7; vol/vol/vol). Known amounts of 13Cg
isotopically labeled internal standards were added. The precipitated plasma proteins were
hydrolyzed at 110°C for 24 hours in 4M methanesulfonic acid solution saturated with 1%
benzoic acid. After solid-phase extraction, the oxidized amino acids were quantified by LC-
ESI-MS/MS with multiple reaction monitoring by integrating peak areas of the labeled
standards and the analytes. The levels of the oxidized amino acids were then normalized to
the precursor amino acid tyrosine (for 3-nitrotrosine and o,0 ~dityrosine) and phenylalanaine
(for ortho-tyrosine) content. The levels of oxidized products are expressed as the ratio of the
oxidized product over the total tyrosine or phenylalanine. Intraassay coefficients of variation
for ortho-tyrosine, 0,0 -dityrosine, and 3-nitrotyrosine were 2.92%, 3.81%, and 3.7%,
respectively.

Systematic evaluation of CAN using HRV tests

Standardized CAN evaluations were performed on all subjects after an overnight fast.
Subjects were asked to avoid caffeine and tobacco products for 8 h prior to testing. The
electrocardiogram recordings were obtained in the supine position using a physiologic
monitor (Nightingale PPM2, Zoe Medical Inc.), and data were collected during a resting
study (5 min) and during several standardized cardiovascular autonomic reflex tests
(CARTS) obtained under paced breathing (R-R response to deep breathing, Valsalva
maneuver, and postural changes) as previously described (33). Each clinical challenge was
separated by a standard period of rest to allow the subject’s HR to return to baseline. HRV
studies were analyzed according to current guidelines (12; 34; 35) using the continuous
wavelet transform methods with the ANX 3.1 (ANSAR Inc. Philadelphia, PA). This method
incorporates respiratory activity in the formula and is reported to be superior for the analysis
of nonstationary signals compared with Fourier transform. The following measures of CAN
were predefined as outcomes of interests: resting low frequency power (LF), resting high
frequency power (HF), resting LF/HF ratio, deep breathing LF, deep breathing HF, deep
breathing LF: HF ratio, Valsalva LF, Valsalva HF, Valsalva LF: HF ratio, Standing LF,
Standing HF and Standing ratio

PET Imaging [13N] ammonia and [11C]meta-hydroxyephedrine ([11C]HED)

All PET studies were performed on a Siemens/ECAT Exact HR+ PET scanner. Dynamic
PET scans with [13N]Jammonia (20 min acquisition, 20 image frames) and [*1C]HED (60
min acquisition, 23 image frames) were acquired using previously published method (36).
Following image reconstruction, software was used to reorient and reslice the raw transaxial
PET data into cardiac short-axis view data sets.

Myocardial blood flow—Eight short-axis slices covering the left ventricle (LV) from
apex to base were used for quantitative analyses. Each of the 8 slices were divided
circumferentially into 12 arc-shaped myocardial regions (‘sectors’), to give 96 independent
LV regions. Time-activity data for each sector was extracted from the PET data and stored
for kinetic analysis. Quantitative estimates of regional myocardial perfusion were obtained
for each sector using the validated kinetic modeling methods of Hutchins et al (37).
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[11C]HED retention analysis—The 8 short axis slices from the [21C]JHED study were
divided into 60 sectors to generate 480 independent LV regions. The measured [11C]HED
radioactivity concentration in each sector in the final image frame (40-60 min) was
normalized to the calculated integral of the total radioactivity in the blood pool throughout
the PET study to obtain a [LLC]JHED *“retention index” (RI, units: mL blood/min/mL tissue)
for each LV sector, as previously described (38). Polar maps of regional [11C]HED retention
were generated and saved for visual inspection of [LICJHED retention deficits. A
quantitative measure of the degree of cardiac denervation in each subject was generated by
statistically comparing the measured [11CJHED RI value of each sector in the subject’s
[11CJHED polar map to the mean and standard deviation of the RI data for that particular
sector contained in our database of healthy nondiabetic subjects. Using this standard ‘z-score
analysis’ (39) sectors in the subject’s [LLC]JHED polar map with RI values more than 2.5
standard deviations (SD) compared with the age-matched healthy control data mean values
were considered to be ‘abnormal’. The fraction of LV sectors that was abnormal was used as
a measure of the “extent’ of [11C]HED retention deficits.

Outcome Measures

The primary outcomes were the change in [LIC]JHED RI and the change in oxidative stress
markers after the 24-week intervention with Met Fit program for subjects with MetS.
Secondary outcomes included changes in: HRV, waist circumference, BMI, glucose
tolerance, insulin sensitivity, lipids, pre- and post- exercise HR, BP and VO,.

Statistical Analysis

Results

The differences in the characteristics of the subjects with MetS and healthy controls were
assessed using the t-test for normally distributed continuous variables and chi square test for
categorical variables. The change in outcome measures from baseline to 24 weeks was
evaluated using paired t-test. All statistical analysis was performed using the statistical
software SAS version 9.4 (SAS Inc, NC).

Phenotypic Differences between subjects with MetS and Healthy controls

Data is presented for 25 subjects with MetS who met the inclusion criteria for the study and
25 age-and-sex-matched healthy controls. Clinical characteristics at baseline for these
subjects are shown in Table 1. As anticipated, subjects with MetS had significantly higher
weight, BMI, waist circumference, mean fasting plasma glucose, fasting insulin, systolic
blood pressure, diastolic blood pressure and triglycerides levels, and significantly lower
high-density lipoprotein (HDLc) levels compared with healthy controls (p<0.001). At
baseline all subjects were consuming a Western style diet as documented by a low MDS
(Figure 1).

Protein-bound 3-nitrotyrosine and ortho-tyrosine levels were markedly elevated at baseline
in subjects with MetS compared to healthy controls (234.3+£158.2 vs. 53.7+46.8 umol /mol
tyrosine and 59.2+38.2 vs. 18.1+10.0 umol /mol phenylalanine, respectively; (p<0.0001) In
contrast, 0,0 -dityrosine levels were not significantly different (Table 1).
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Subjects with MetS had a higher LF/HF ratio (6.5£6.7 vs. 3.5£2.1, P =0.039) and deep
breathing LF/HF ratio (0.3+0.9 vs. 0.05+£0.04, P=0.021) compared to healthy controls (Table
1), but there were no differences in the standardized CARTS ratios or other CAN parameters
between the 2 groups. These data strongly support elevated oxidative stress and impaired
autonomic function suggesting evidence of CAN in MetS subjects at baseline.

We next performed a correlation analysis as a first step to explore any potential association
between oxidative stress biomarkers and CAN parameters and found non-significant
associations between these measures (Supplemental Data Table).

Effects of Lifestyle Intervention on Components of the Metabolic Syndrome and Cardio-
Respiratory Fitness

The adherence to the Mediterranean diet was excellent with the MDS food score increasing
to more than 8 at 4 and 6 weeks (Figure 1) and continued to be maintained at or near 8 up to
24 weeks. In addition, all subjects increased their exercise time to an average of 210 min/
week.

After 24 weeks of the adherence to the Met Fit Program, subjects with MetS showed a
significant reduction in weight, BMI, waist circumference, systolic blood pressure, diastolic
blood pressure and triglycerides levels (all p<0.01), fasting insulin (p=0.030) and a
significant increase in HDLc levels (p=0.011) (Table 2). The change in the exercise-related
variables is presented in Table 2. As compared to baseline, at the end of the study, subjects
with MetS had a significant change in pre-exercise HR (85 vs 72 beat/min, p=0.0019), post-
exercise HR (157 vs. 109 beats/min, p<0.0001), and post-exercise systolic BP (169 vs. 129
mm Hg, p<0.0001). These data strongly support the effectiveness of the lifestyle
intervention in improving measures of MetS and insulin sensitivity.

Effects of Lifestyle Intervention on Oxidative Stress Biomarkers

After implementation of the MetFit exercise program and Mediterranean diet at both the 3-
month and 6-month time periods, patients showed significant reduction in oxidative stress
levels (Figure 2). All markers of oxidative stress measured in this study (3-nitrotyrosine,
0’0 -dityrosine, and ortho-tyrosine) significantly decreased from baseline to 3 months, and
from baseline to 6 months (p<0.005 for all values). 3-nitrotyrosine and ortho-tyrosine levels
also decreased significantly between 3 and 6 months, p=0.0005 and p=0.0001, respectively.
All three markers of oxidative stress (3-nitrotyrosine, 0’0 -dityrosine, and ortho-tyrosine)
were significantly reduced in subjects with MetS at 24 weeks compared to baseline
(58.9£55.0 vs. 234.3+£158.2 pmol/mol tyrosine (p<0.0001), 5.2+9.5 vs. 14.2+13.8 pmol/mol
tyrosine (p=0.0033), and 20.4+10.9 vs. 59.2+38.2 pmol/mol phenylalanine (p<0.0001),
respectively). Thus, improvement in parameters of MetS and insulin sensitivity are
accompanied by significant amelioration of oxidative stress.

Effects of Lifestyle Intervention on Measures of CAN

After the 24-week lifestyle intervention, subjects with MetS did not demonstrate any
significant changes in any of the CAN measures including CARTS, HRV indices, or LV
sympathetic innervation as assessed by the [11C]JHED RI (Table 3). None of the indices of
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HRV including resting and deep-breathing LF/HF ratio improved during the follow-up. The
[11CJHED RI remained unchanged (0.066 mL blood/min/mL tissue at baseline and 0.067
mL blood/min/mL tissue at 24 weeks). Measures of CAN thus did not exhibit salutary
changes in response to the intervention.

Discussion

The major goal of this study was to understand the link between MetS, oxidative stress and
CAN. First, we found that compared with healthy controls, subjects with MetS present with
evidence of CAN as documented by changes in HRV and in the LV sympathetic innervation
as assessed by 11C-HED PET, and elevated markers of oxidative stress. We then tested the
hypothesis whether a therapeutic life style intervention will have salutary effect on both
oxidative stress and CAN. A 24-week lifestyle intervention comprised of (180 min/week)
aerobic exercise and adherence to a Mediterranean-like diet induced a significant
improvement in all the components of the MetS, suggesting its effectiveness and adherence
by the study subjects. There was a marked improvement in all oxidative stress markers (3-
nitrotyrosine, 0’0 ~dityrosine, and ortho-tyrosine) in the MetS subjects with the lifestyle
intervention suggesting a significant improvement in the pro-inflammatory milieu.
Surprisingly, the measures of CAN did not change during this time calling into question
prevailing view that improvement of oxidative stress would mitigate complications resulting
from MetS

Several large observational epidemiologic studies and randomized trials have demonstrated
beneficial effects of the Mediterranean diet on CVD outcomes (40-42). Mechanisms
postulated to mediate these benefits include: reduction in low-grade inflammation and
oxidative stress (43), improvement in endothelial function, increased adiponectin
concentrations, decreased blood coagulation, and improved apolipoprotein profiles with
lower concentrations of oxidized LDL cholesterol (40-42). However, the metabolic
pathways through which the Mediterranean diet influences CVD risk remain largely
unknown. Oxidative stress in response to disturbed glycemic milieu, as observed in diabetes,
has been implicated in the pathophysiology of various microvascular complications of
diabetes including neuropathy (20-22; 44). Several pathways can promote oxidative stress in
the prediabetic state and contribute to tissue damage in MetS including the glycoxidation
pathway, myeloperoxidase (MPO) pathway and reactive nitrogen species (RNS) pathway.
The products characteristic of these pathways include- ortho-tyrosine for glycoxidation
pathway o,0 ~dityrosine for MPO mediated oxidation and 3-nitrotyrosine for RNS pathway
(45). These covalent protein modifications can be used not only as primary biomarkers of
oxidative stress but also as predictors of the improved response to the intervention. At
baseline, MetS individuals exhibited higher levels of oxidative stress involving RNS and
glycoxidation pathways (increase in 3-nitrotyrosine and ortho-tyrosine). The implications of
increased tyrosine and phenylalanine oxidation are broad. Importantly, several clinical and
animal studies have shown that both oxidized tyrosine and phenylalanine moieties are
associated with a proinflammatory state, such as atherosclerosis, (21; 46), diabetes (45; 47;
48) , lupus (49), interstitial lung disease (50), and rheumatoid arthritis (51). Although some
proteins and tyrosine residues are known to be preferentially nitrated (52), much less is
known about the other modifications. Further research is warranted to address specific
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protein targets of MetS; the present study only provides an overall measure of protein
oxidation.

All three oxidative modifications ortho-tyrosine, 3-nitrotyrosine, and o,0 ~dityrosine,
improved with the intervention in MetS patients, suggesting that the intervention is effective
in lowering oxidative stress broadly across all pathways. This could partly be attributed to
the effect of the components of the Mediterranean diet which includes plant-based foods
(vegetables, fruits, nuts, legumes, and unprocessed cereals), low consumption of meat and
meat products and low consumption of dairy products. These data thus support the notion
that subjects with MetS can alter the course of their pre-diabetes and improve some of the
risk factors for complications by lifestyle changes. The significant reduction in these
markers in response to 24 weeks of lifestyle intervention could pave the way for future
therapeutic strategies for reducing the inflammatory response resulting in the damage of the
nerves as seen in diabetic neuropathy.

Exercise and lifestyle interventions have been shown to prevent the onset of type 2 diabetes
in patients with impaired glucose tolerance. Several clinical and population-based studies
reported associations among fitness, physical activity, and autonomic or peripheral nerve
function. For instance, the Diabetes Prevention Program (DPP) conclusively provided
evidence that lifestyle intervention was superior to placebo or metformin in improving
measures of CAN in 2,980 DPP participants with IGT (14) . Furthermore, decreases in heart
rate and QT indexes and increases in HRV over time were associated with a lower risk of
developing diabetes (14). Recent data from other clinical trials also support the notion that
increased physical activity improves peripheral nerve function in subjects with MetS or
painful diabetic neuropathy, yet all these studies were longer in duration (53-55). However,
in this study the reduction in markers of oxidative stress after the lifestyle intervention did
not translate into improvement in markers of CAN which could be due to the shorter
duration of intervention and smaller sample size. Alternatively, CAN once developed may be
uncoupled from oxidative stress and may not be readily reversible in the short-term and may
need sustained intervention.

The strengths of our study are the state-of-the-art techniques used to assess markers of
oxidative stress and validated measures CAN, the comprehensive data collection performed
meticulously under standardized conditions, and access to a supervised and rigorously
implemented lifestyle intervention program. Limitations of this pilot study include the
relatively short duration of the intervention, and the sample size that likely contributed to a
reduced ability to demonstrate an improvement in indices of CAN, in spite of the
improvement in indices of oxidative stress. No differences in measures of CAN were
observed between subjects who adhered to the lifestyle intervention and those who did not
(data not shown). Although subjects with MetS had elevated levels of oxidative stress
biomarkers, we could not demonstrate any significant correlations between these markers
and measures of CAN, which could be due to the small sample size and no clear evidence of
cardiovascular autonomic dysfunction in the MetS cohort compared with the healthy
controls cohort.
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Therefore, this study illustrates the need for larger studies focusing on the relationship
between oxidative stress and autonomic health.

In conclusion, in this pilot trial, 24 weeks of lifestyle intervention combined with a
Mediterranean diet successfully improved markers of oxidative stress and components of
metabolic syndrome in subjects with MetS, but failed to improve CAN. Larger, long term
prospective studies are needed to assess the effect of these interventions on CAN.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The changes in food score from baseline to 24 weeks in subjects with MetS
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Change in Oxidative Stress over time in Metabolic Syndrome group
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Figure 2. Summary of changes in oxidative stress over treatment period
*3-Nitrotyrosine measured as umol 3-nitrotyrosine/mol tyrosine. 0,0’-dityrosine measured

as umol ortho-tyrosine /mol tyrosine. ortho-tyrosine measured as umol ortho-tyrosine /mol
phenylalanine.
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Clinical Characteristics at Baseline in Subjects with MetS and Controls

Table 1

Variable MetS Healthy Controls | P value
(N=25) (N=25)
Age, years 49+10 44+9 0.092
Male: Female 6:19 6:19 1.00
Weight, mean +SD, kg 103+16 70+13 <0.0001
Height, cm 169+12 169+11 0.95
Body Mass Index, kg/m? 3645 24+3 <0.0001
Waist circumference, cm 108+11 81+10 <0.0001
Fasting glucose, mg/dl 10149 8746 <0.0001
Fasting insulin, units 31+15 1243 <0.0001
Systolic BP, mmHg 132+14 115+13 <0.0001
Diastolic BP, mmHg 77+10 6848 0.0016
Triglyceride, mg/dl 198+82 72432 <0.0001
HDL cholesterol, mg/dI 41+10 6313 <0.0001
LDL cholesterol, mg/dl 110437 105+23 0.56
HOMA-IR 7+3 2+0.8 <0.0001
3-nitrotyrosine, pmol/mol 234.3+158.2 | 53.7+46.8 <0.0001
-ortho-tyrosine, umol/mol 59.2+ 38.2 18.1+10.0 <0.0001
o0, o’-dityrosine, pmol/mol 14.2+13.7 8.5+10.3 0.11
Resting LF, msec 3.816.4 2.8+1.7 0.46
Resting HF, msec 1.9+3.2 1.7+1.1 0.82
Resting LF/HF ratio 6.5+6.7 3.5+2.1 0.039
Deep Breathing LF, msec 0.7+0.5 0.5+0.4 0.32
Deep Breathing HF, msec 13.5+16.1 18.2+19.4 0.35
Deep Breathing LF/HF ratio | 0.3+0.9 0.05+0.04 0.021
Standing LF, msec 2.8+£3.7 3.1+2.8 0.77
Standing HF, msec 1.8+4.1 1.3+2.0 0.58
Standing ratio 6.7£4.0 9.3+5.6 0.069
Valsalva LF, msec 5.3+4.6 4.1+2.4 0.24
Valsalva HF, msec 2.1+3.1 1.5+1.1 0.37
Valsalva Ratio 42423 3.3+1.3 0.38
E/l ratio 1.18+0.18 1.21+0.11 0.61
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All data are presented as mean +SD, BP : blood pressure, LF: low frequency power, HF: high frequency power, E/I ratio: expiration/inspiration

ratio
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Effect of lifestyle intervention in subjects with Metabolic Syndrome from baseline to 24 weeks

Table 2

Variable MetS MetS Difference P value

Baseline 24 weeks | (24 weeks —

(N=25) (N=23) Baseline)
Weight, kg 102+16 99+15 -3+4 0.0025
Body Mass Index, kg/m? 36+4 3445 -1+1 0.0015
Waist circumference, cm 108+11 10549 -3+4 0.0022
Fasting glucose, mg/dl 10149 99+7 -148 0.34
Fasting insulin, units 31+15 24+13 -7+14 0.030
Systolic BP, mmHg 132+13 126+13 -6+10 0.0045
Diastolic BP, mmHg 77+10 7210 -6+8 0.0016
Triglyceride, mg/dl 198+82 132452 -68+70 0.00012
HDL cholesterol, mg/dI 41+10 48+13 6+10 0.011
LDL cholesterol, mg/dl 110437 102+ 25 -7+32 0.34
Pre-exercise HR, beats/min | 72+14 85+13 1519 <0.0001
Pre-exercise SBP, mmHg 114421 119+15 3+23 0.59
Pre-exercise DBP, mmHg 7515 7216 -0.4+11 0.90
Post-exercise HR (BPM) 157+17 109+17 -47+31 <0.0001
Post-exercise SBP, mmHg 169+19 129+16 -40.5+£22 <0.0001
Post-exercise DBP, mmHg 7319 66+9 -6+12 0.08
Resting VO, 26652 252+37 -17+57 0.30
REE (Kcal/day) 1874+375 | 1739+300 | -185+299 0.082
Exercise Time (min/week) 0 210+122 210+122 <0.0001
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All data are presented as mean+SD, HDL.: high density lipoproteins, LDL: low density lipoproteins, HR: heart rate, SBP: systolic blood pressure,
DBP: diastolic blood pressure, REE: resting energy expenditure.
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Change in Heart Rate Variability and Retention Index from baseline to 24 weeks in Subjects with MetS

Table 3

Variable MetS MetS Difference P
Baseline 24 weeks (N=23) value
(N=25)
Resting LF, msec 3.8+6.4 2.2+1.8 -1.7+6.4 0.22
Resting HF, msec 1.943.2 1.2+1.1 -0.7+£2.8 0.23
Resting LF/HF ratio 6.5+6.7 5.9+4.1 -0.9+5.0 0.37
Deep Breathing LF, msec 0.7£0.5 0.74£0.6 0.1+0.5 0.28
Deep Breathing HF, msec 13.5+16.1 11.8+10.6 0.2+6.0 0.86
Deep Breathing LF/HF ratio 0.30£0.9 0.10+0.1 -0.17+0.91 0.38
Valsalva LF, msec 5.3+4.6 4.9+3.7 -0.1+3.6 0.94
Valsalva HF, msec 2.1+3.1 1.8+2.8 0.243.2 0.80
Valsalva ratio 42423 6.3+3.4 2.8+15.8 0.39
Standing LF, msec 2.8+3.7 3.845.8 1.0+6.4 0.48
Standing HF, msec 1.8+4.1 1.7+3.5 -0.2+5.5 0.87
Standing ratio 6.7+4.0 7.7+45 0.7445.3 0.51
E/l ratio 1.18+0.18 1.15+0.09 0.03+0.18 0.48
Retention Index, mL blood/min/mL tissue | 0.068 £0.016 | 0.068+0.014 0.003+ 0.007 | 0.14
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All data are presented as mean+SD, BP: blood pressure, LF: low frequency power, HF: high frequency power, E/I ratio: expiration/inspiration ratio
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