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OBJECTIVE

Phagocyte-derived myeloperoxidase (MPO) and proinflammatory HDL are asso-
ciated with metabolic syndrome (MetS) and increased cardiovascular disease risk.
Therapeutic lifestyle changes (TLCs), such as a Mediterranean diet and exercise,
decrease this risk.However, the linkamongTLCs,HDL, andMPO-mediatedoxidative
stress remains unclear.

RESEARCH DESIGN AND METHODS

In this study, we characterized changes in cholesterol efflux capacity (CEC), a metric of
HDL function; MPO-mediated oxidation; and the HDL proteomic profile in 25 patients
with MetS who underwent 12 weeks of TLCs.

RESULTS

After 12 weeks, before significant changes to HDL levels, most MetS components
improved as a result of the TLCs. CEC was significantly increased, and HDL MPO
oxidation products, 3-chlorotyrosine and 3-nitrotyrosine, were decreased with
TLCs. The changes in CECwere inversely related to the unit changes in 3-chlorotyrosine
after we controlled for changes in the other MetS components. TLCs did not remodel
the HDL proteome.

CONCLUSIONS

In summary, TLCs improved HDL function by inhibiting MPO-mediated oxidative
stress even before appreciable changes in HDL levels.

Metabolic syndrome (MetS) comprises a cluster of risk factors that portend diabetes
and cardiovascular disease (CVD) (1). In the U.S., one-third of the general population
andmore than half of individuals.50 years of age haveMetS (2). The cardiovascular
risk posed by MetS can be ameliorated by lifestyle changes such as weight reduction
via aerobic exercise and caloric restriction through a balanced diet (3). Specifically, a
Mediterranean diet abundant in phytonutrients with a beneficial lipid pattern of
increased polyunsaturated fatty acids and reduced saturated fatty acids reduces the
risk of CVD mortality (4).
Atherogenic hypertriglyceridemia and low HDL cholesterol levels are hallmarks of

MetS, while low HDL levels are associated with cardiovascular mortality and events
(5). The primary function of HDL is to retrieve cholesterol esters from macrophages
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in atherosclerotic lesions for elimination
in the liver, a process also known as
cholesterol efflux. Cholesterol efflux ca-
pacity (CEC) is inversely associated with
the incidence and prevalence of cardio-
vascular events (6). CEC is impaired in
patients with MetS independent of glu-
cose tolerance (7). The mechanistic link
between CEC and the improved cardio-
vascular outcomes associated with life-
style changes in patients with MetS is
unknown.
In addition to dyslipidemia, MetS is

associated with chronic inflammation
and elevated oxidative stress (8). Mye-
loperoxidase (MPO) is a heme enzyme
produced by neutrophils and macro-
phages in the circulation and the vascular
wall. MPO oxidizes protein-bound tyro-
sine to form a highly specific product,
3-chlorotyrosine. MPO can also cause
nitration of tyrosine residues (9). Ele-
vated MPO levels and activity are asso-
ciated with cardiovascular events and
CVD in the general population (10).
We found that MPO-induced changes
in HDL impair HDL function in many
systemic diseases with increased CVD
risk (11,12) and elevated MPO levels
and activity are seen in patients with
MetS (13). Short-term lifestyle changes,
including a high-fiber, low-fat diet and
daily exercise, decrease MPO levels and
activity (14); however, we do not know
how these changes impact the effects of
diet, physical activity, and weight reduc-
tion on HDL or its function in patients
with MetS.
The HDL proteome is especially reactive

to inflammatory states and dietary lipid
composition (15). Diet andexercisemodify
the HDL profile to an anti-inflammatory
pattern in patients withMetS (14,16,17).
Similarly, acute exercise and niacin ther-
apy change levels of specific HDL pro-
teins, such as paraoxonase 1 (PON1) and
apolipoprotein (apo)A1, in patients with
MetS (18). The comprehensive HDL pro-
teome changes in patients with MetS
after physical activity and dietary mod-
ifications remain uncharacterized. In this
study, we investigated changes in HDL
function, MPO-oxidized HDL, and the
HDL proteome imparted by 12 weeks
of moderate exercise and dietary changes
in 25 patients with MetS. Using samples
collected after 12 weeks of lifestyle
changes, we sought to study the functional
HDL changes prior to well-characterized
improvements in HDL cholesterol levels

that eventually occur at 24 weeks as
previously demonstrated by our group
(19–21). We found that HDL function
improved with a reduction in MPO ox-
idation in response to lifestyle changes
even before changes to plasma levels of
HDL.

RESEARCH DESIGN AND METHODS

Study Design and Patient Population
This research was designed as a prospec-
tive pilot study that enrolled 25 patients
with MetS (19). Subjects with MetS were
between the ages of 18 and 65 years, with
impaired glucose tolerance or impaired
fasting glucose as well as two other com-
ponents of MetS as defined by the
updated National Cholesterol Education
Program Adult Treatment Panel III: waist
circumference $102 cm (40 inches) in
men and$88 cm (35 inches) in women,
triglycerides $150 mg/dL (1.7 mmol/L)
(patients on drug treatment with fi-
brates or nicotinic acid were presumed
to have triglycerides $150 mg/dL and
low HDL), HDL cholesterol ,40 mg/dL
(1.0 mmol/L) in men and ,50 mg/dL
(1.3 mmol/L) in women, blood pres-
sure $130/$85 mmHg, and fasting glu-
cose $100 mg/dL (5.5 mmol/L).

Women of childbearing age were re-
quired to use contraception to prevent
pregnancy. Nursing mothers, pregnant
women, and patients with preexisting
CVD were excluded. Further exclusion
criteria included hypoxemic lung or
heart disease, established diabetes, se-
vere systemic disease with a recognized
complication of neuropathy, and signif-
icant neurologic disease. Patients taking
drugs that interfere with the uptake or
metabolism of catecholamines; patients
with a known history of chronic kidney
disease; patients with significant hepatic
disease; patients with a history of pre-
vious kidney, pancreas, or cardiac trans-
plantation; and patients who had taken
systemic investigational drugs within
6 months were also excluded.

At the screening visit, the investiga-
tors obtained a complete medical history,
laboratory testing, and routine treadmill
exercise testing, followed by stress im-
aging before enrollment if necessary,
to ensure the absence of CVD. The first
visit consisted of a complete physical ex-
amination with detailed anthropometric
parameters and blood collection to mea-
sure fasting glucose, insulin levels, and
oxidative stress.

Intervention
In this study, the intervention was the
completion of 12 weeks of the Metabolic
Fitness Program (Met Fit), collectively
referred to as therapeutic lifestyle
changes (TLCs) (19). Fitnesswas assessed
at baseline in all participants, and this
information was used for the exercise
component of the program, which in-
cluded individual tailoring of the inten-
sity and duration of exercise sessions for
each participant. Participants had free
access to the exercise facilities and par-
ticipated in a weekly group exercise
session with the exercise physiologist
and at least three weekly individual
sessions at their convenience with the
goal of exercising for a minimum of
180 min/week at 85% maximum heart
rate. Participants completed weekly exer-
cise logs that listed weekly cardiovascular
exercise, physical activity minutes, and
strength training; these were reviewed
and analyzed by exercise physiologists.

Patients were asked to attend four
45-min interactive group nutrition ed-
ucation sessions and participate in a
calorie-controlled and cardioprotective
Mediterranean-style eating plan. Nutri-
tion intake was monitored via phone calls
and weekly diet logs, and adherence to
the Mediterranean diet was assessed
using a previously validated Mediterra-
nean Diet Score (MDS) (22). The MDS is a
10-point scale (ranging from 0 to 9) that
incorporates the prominent character-
istics of the diet; a higher MDS indicates
closer adherence to the diet. A clinical
evaluation was conducted 12 weeks after
initiation of dietary and exercise TLCs,
similar to the evaluation conducted for
baseline parameters during the first
study visit. All subjects signed a written
informed consent document at their
screening visit, and the University of
Michigan’s institutional review board
approved the study.

Quantification of Highly Sensitive and
Specific Stable Products of Oxidation
in HDL
HDL (d = 1.063–1.210 g/mL) was pre-
pared from plasma by sequential ultra-
centrifugation. Protein concentration
was estimated with the Coomassie pro-
tein assay reagent (Thermo Scientific,
Rockford, IL). HDL proteins were pre-
cipitated and delipidated, and oxidized
amino acids were isolated by solid-phase
extraction from an acid hydrolysate of
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HDL proteins. Oxidized amino acids were
quantified using isotopically labeled in-
ternal standards 13C6 tyrosine, 13C6
3-chlorotyrosine, and 13C6 3-nitrotyrosine
by liquid chromatography–electrospray
ionization tandem mass spectrometry
(LC-ESI-MS/MS) with multiple reaction
monitoring and positive ion acquisition
mode. Labeled precursor amino acid
13C9

15N1 tyrosine was added to monitor
potential internal artifact formation of
3-nitrotyrosine and 3-chlorotyrosine and
was noted to be negligible (12).

CEC Assessment
J774 murine macrophages were labeled
with2mCi/mL3Hcholesterol (PerkinElmer,
Waltham, MA) for 24 h in the presence
of an acyl-CoA cholesterol acyltransferase
(ACAT) inhibitor (Sandoz 58-035; Santa
Cruz Biotechnology, Dallas, TX) and equil-
ibrated overnight with 0.3 mmol/L 8-(4-
chlorophenylthio)-cyclic AMP to induce
ATP-binding cassette A1 (ABCA1) expres-
sion. ApoB-depleted serumwas obtained
frompolyethylene glycol precipitationand
used as an efflux acceptor (2.8% v/v) for
4 h. Efflux was quantified by liquid scin-
tillation and expressed as a percentage of
total cell 3H cholesterol content. All assays
were performed in duplicate (12). Efflux
was also quantified before and after addi-
tion of 10mmol/L 3-amino-1,2,4-triazole
(3-AT) (MPO inhibitor) to the plasma.

HDL Proteomic Analysis
HDL protein (50 mg) was precipitated
with 10% trichloroacetic acid and solu-
bilized in 6 mol/L urea and digested
overnight at 37°C with trypsin (1:20,
wt/wt, trypsin/HDL protein). The tryptic
digests are acidified with trifluoroacetic
acid, dried in vacuum, resuspended in
0.1% formic acid, and desalted with
Waters Sep-Pack C18 filter cartridges
(Waters Corporation, Milford, MA) be-
fore LC-ESI-MS/MS analysis.
Tryptic digests of HDL proteins were

chromatographically separated using a
nano-capillary reverse phase column
(Acclaim PepMap C18, 2 mm, 15 cm;
Thermo Scientific, San Jose, CA) using a
0.1% formic acid/acetonitrile gradient
at 300 L/min. The eluant was subjected
to MS/MS in an Orbitrap Fusion Tribrid
mass spectrometer (Thermo Scientific).
MS1 scans were acquired at 120,000 res-
olution. Data-dependent collision-induced
dissociation MS/MS spectra were ob-
tained with the top-speed option (3 s)
after each MS1 scan. Proteins were

identified by searching the data against
a Homo sapiens database (UniProtKB)
using Proteome Discoverer (version 1.4;
Thermo Scientific). Search parameters
included MS1 mass tolerance of 10 ppm
and fragment tolerance of 0.7 Da. Two
missed cleavages were allowed; carbami-
domethylation of cysteine was consid-
ered a fixed modification. Oxidation of
methionine and phosphorylation of serine,
threonine, and tyrosine were viewed as
potential modifications. The Percolator
algorithm was used for discriminating
between correct and incorrect spectrum
identification. Only proteins with two
unique peptides identified and present
in at least 70% of the patients in both the
analysis groups were included for further
analysis.

Statistical Analysis
All variables were represented as the
mean 6 SD. All differences in variables
pre-TLC and post-TLC were compared
using paired t tests (after log transfor-
mation if the data were not normally
distributed), and their relationshipswere
explored with Pearson correlation and
multivariate linear regression models
using SPSS, version 24 (IBM Corporation,
Armonk, NY). A P value of 0.05 was con-
sidered significant. Data points that were
1.5 times the interquartile range above the
third quartile or below the first quartile
were removed from further analysis.

For proteomic analysis, the following
steps were undertaken. 1) Proteins with
at least two unique peptides that were
present in 70% of both groups were
considered, and missing values were as-
signed zero. 2) The spectral counts were
Log2 transformed. 3) Quantile normali-
zation of the data was performed. 4)
Normality was checked at this point.
However, only 10 of the 45 proteins in
the pre-TLC data and 11 of the 45 proteins
in the post-TLC data were normally dis-
tributed (21 of 90 proteins when pre-
and post-TLC are combined); hence, a
nonparametric paired rank sum test was
employed. 5) Proteins with P values#0.05
were considered significant.

RESULTS

Demographic and Clinical
Characteristicsof theStudyPopulation
Twenty-five patients with MetS com-
pleted this study: 6 men and 19 women
with an average age of 49.26 10.8 years
and average glycated hemoglobin A1c of

5.88 6 0.28%. Medication use included
ACE inhibitors (6 of 25), b-blockers (5 of
25), calcium channel blockers (3 of 25),
diuretics (7 of 25), and statins (6 of 25)
and did not change during the duration of
the study. All subjects were nonsmokers.
After 12 weeks of adherence to the Met
Fit program, patients with MetS showed
significant reductions in weight, BMI,
waist circumference, fasting insulin, di-
astolic blood pressure, and triglyceride
levels (Table 1). The participants dramat-
ically and significantly increased the
amount they exercised weekly as a result
of the 12-week intervention (Table 1).

Diet and Exercise Improved CEC in
Patients With MetS
Recent studies suggest that the ability
of HDL to accept cholesterol from J774
macrophages better identifies human
CVD than measurement of HDL choles-
terol levels (23). Therefore, we used an
in vitro assay tomeasure the CEC of apoB-
depleted serum from patients with MetS
at baseline and after 12 weeks of the
dietary and exercise intervention. After
the intervention, the patients showed
significant improvement in CEC (P ,
0.05) (Fig. 1A). We measured CEC with
and without MPO inhibitor 3-AT (10
mmol/L) in plasma and found no signif-
icant difference in the CEC with and
without the addition of 3-AT (n = 12
[data not shown]). These results indicate
that MPO inhibition does not alter plasma
CEC ex vivo. There was no difference in
the change of CEC pre- and post-TLC in
the patients who used b-blockers or
statins and the rest of the cohort (Sup-
plementary Table 1).

TLC Decreased MPO-Mediated HDL
Oxidation
MPO produces a specific product, 3-
chlorotyrosine, and is one of several
enzymes that can generate 3-nitrotyrosine.
We used a highly sensitive and specific
methodology that used LC-ESI-MS/MS to
measure these modifications in tyrosine
residues of circulating HDL. The levels
of 3-chlorotyrosine and 3-nitrotyrosine
in HDLs were reduced significantly with
12 weeks of the Mediterranean diet and
exercise (P , 0.05) (Fig. 1B and C), in-
dicating decreased MPO activity even
before changes in HDL levels are appar-
ent. There was no difference in the
change in oxidized tyrosines with TLC
in patients on b-blockers or statins versus
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the rest of the cohort (Supplementary
Table 1).

Decreased MPO Activity Was
Correlated With Increased CEC
Next, we examined the relationship be-
tween changes in CEC and potential pre-
dictors of MetS. The changes to specific
MPO oxidation product 3-chlorotyrosine
were inversely and significantly correlated
with changes in CEC (r =20.54, P = 0.01)
(Fig. 1D). This association persisted even
after we controlled for changes in 3-
nitrotyrosine, HDL cholesterol, weight
in kilograms, abdominal circumference,

blood pressure, triglycerides, fasting glu-
cose, MDS, and weekly hours of exercise
(b =20.63, SE 0.18, P = 0.002). Changes in
3-nitrotyrosine did not correlate with
changes in CEC (r = 20.23, P = 0.29)
(Fig. 1E). These results indicated that
increases in CEC correlated with decreases
in 3-chlorotyrosine, a specific product of
MPO, and confirmed a reduction in MPO
activity with TLCs.

We performed subgroup analysis by
splitting the cohort into two groups:
those above and below themean change
in exercise duration (2.3 h/week) and
MDS (0.44). As shown in Table 2, there

was a strong correlation between change
in CEC and 3-chlorotyrosine that was
statistically significant in subjects who
were above mean in exercise duration
(r =20.63, P = 0.01) and abovemeanMDS
(r = 20.81, P = 0.01). Similar changes
were not evident with 3-nitrotyrosine.

Shotgun Proteomic Analysis Revealed
No Changes to HDL Proteome
Composition in Patients With MetS
After TLCs
Proteins isolated from 23 patients with
MetS before and after TLCs were exam-
ined using a shotgun proteomics ap-
proach. Forty-five HDL proteins were
found to be present using stringent cri-
teria including the identification of at
least two unique peptides per protein
and the presence of the protein in at least
70% of both pre-TLC and post-TLC sam-
ples (Table 3 and Supplementary Table
2). The HDL proteome was unaltered with
TLCs, suggesting that HDL proteome
changes do not significantly contribute
to improved HDL function after TLC.

CONCLUSIONS

In this study, CEC in patients with MetS
significantly improved with a 12-week
intervention of a Mediterranean diet and
exercise. Specific markers of MPO activity
decreased significantly with the interven-
tion without changes in HDL levels. CEC

Table 1—Anthropometric and laboratory characteristics of the study participants

Pre-TLC Post-TLC Difference P

Weight (kg) 102.8 6 16.0 100.7 6 14.9 23.4 6 4.8 0.002

BMI (kg/m2) 36.0 6 4.8 34.8 6 5.3 21.2 6 2.4 0.02

Waist circumference (inches) 42.8 6 4.5 42.0 6 4 20.74 6 1.4 0.02

Systolic blood pressure (mmHg) 132.6 6 13.9 129.7 6 14 22.84 6 15.0 0.38

Diastolic blood pressure (mmHg) 77.2 6 10.6 73.1 6 9.3 24.12 6 8.5 0.02

Triglyceride (mg/dL) 198.4 6 82.7 165.8 6 67.2 233.0 6 65.2 0.02

HDL cholesterol (mg/dL) 42.3 6 10.5 43.1 6 10.6 20.8 6 6.0 0.51

LDL cholesterol (mg/dL) 110.8 6 37.4 107.6 6 23.8 23.2 6 31.3 0.62

Fasting glucose (mg/dL) 101.2 6 8.9 105.2 6 8 4.62 6 10.4 0.04

Fasting insulin (units) 31.5 6 15.5 24.5 6 12.5 26.96 6 14.6 0.03

Exercise (h/week) 0.0 6 0.0 2.28 6 1.7 2.28 6 1.7 ,0.001

MDS 6.84 6 2.1 7.28 6 2.2 0.44 6 2.6 0.40

Data are means 6 SD.

Figure 1—TLCs improve CECwith reduction ofMPO-mediatedHDL oxidation in patients withMetS.A: In vitro assay of CEC. B: Quantitation of theMPO
oxidation product 3-chlorotyrosine. C: Quantitation of the MPO oxidation product 3-nitrotyrosine. D: Change in CEC with a change in MPO oxidation
product 3-chlorotyrosine. E: Change in CEC with change in MPO oxidation product 3-nitrotyrosine. Analyses of the 25 subjects were performed using
paired t tests and Pearson correlation analysis (r = correlation coefficient); *P value ,0.05.
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improvement was predicted by a decrease
in a specific MPO product, 3-chlorotyrosine,
even when changes in other MetS com-
ponents are taken into consideration.
These changes occurred despite no sig-
nificant change in HDL cholesterol levels.
The HDL proteome did not show signif-
icant changes with TLCs, suggesting that
the protein cargo of HDL did not account
for the improved HDL function. These
dynamic changes in HDL function and
oxidation state in patients with MetS
with short-termdiet and exercise changes
prior to changes in HDL cholesterol levels
are a key finding of this work. More
importantly, this sheds light on the mech-
anisms behind reducing cardiovascular
risk with diet and exercise in patients
with MetS.
Our study demonstrated that 12 weeks

of a Mediterranean diet and exercise
improved the CEC of apoB-depleted plasma
significantly. Vasudevan et al. (24) found
that plasma CEC was elevated in obese
patients with MetS compared with con-
trol patients and that weight loss over
4–6 weeks reduced these patients’ CEC
to levels seen in control subjects prior to
changes in HDL cholesterol levels. Their
study differs from ours in that the study
participants completed varying degrees
of exercise and were placed on a highly
restrictive, low-calorie diet. The partic-
ipants in our study were much leaner at
the start of the study, engaged in a
consistent level of exercise, and adhered
to the Mediterranean diet prescribed.
Additionally, the study by Vasudevan
et al. measured CEC in whole plasmadin
contrast to our work, which measured
HDL-specific CEC in apoB-depleted plasma.
The earliest efflux observed by Vasudevan
et al. was predominantly in the HDL frac-
tion, but cholesterol was also transferred
over a 2-h period to the apoB-containing
portions. CEC was higher in the LDL and
VLDL fractions of patients with MetS, and
more closely resembled the CEC of control
patients after diet and exercise. The HDL

fraction showed decreased efflux before
the intervention that improved with in-
tervention, which is similar to the find-
ings in our study. In a study by Wang
et al. (25), a 16-week, very low-calorie
diet reduced CEC in obese patients with
insulin-dependent type 2 diabetes. These
changes were associated with decreased
liver triglyceride content and cholesterol
ester transfer protein (CETP) and in-
creased apoA1 but unchanged HDL cho-
lesterol and phospholipid levels. This study
population and intervention differed dras-
tically from our study, whichmay explain
why we observed the opposite effect:
HDL-associated efflux that increased with
a Mediterranean diet and exercise.

We quantified MPO activity by dem-
onstrating a decrease in the MPO prod-
ucts 3-chlorotyrosine and 3-nitrotyrosine
in the HDL fraction after TLCs. The decrease
in these products was strongly correlated
with improvement in CEC, implying an
association between increased exercise
and a healthier diet, decreased MPO ac-
tion, and improved CEC. An earlier study
demonstrated that MPO levels decreased
after 3 weeks of a low-fat diet and aerobic
exercise in 31 obesemen, 15 of whomhad
MetS (14). Similarly, an extended 6-month
intervention of caloric restriction and
aerobic exercise decreased MPO levels
in 25 women with MetS compared with
levels in those with no intervention
(26). In 15 female patients with MetS, a
15-week exercise intervention decreased
MPO activity independent of weight loss
(27). In a similar study, plasma MPO
activity markers were elevated in 25 pa-
tients with MetS compared with control
subjects and decreased after a 24-week
dietary and exercise intervention (19). A
key finding of our work is that both
exercise and the diet contribute to im-
provedHDL function. In subgroup analysis,
decreases in 3-chlorotyrosine, a specific
marker for MPO oxidation, correlated with
improved CEC, strongly suggesting that
more exercise hours or higher MDS reduce

MPO-specific HDL oxidation and improve
HDL function. However, substantial statisti-
cal power might be lost with this subgroup
analysis in our small cohort, which might
miss small effect sizes for 3-nitrotyrosine.
Finally, our study showed that even mod-
erate weight loss significantly reduced ox-
idative stress and increased CEC even
before improvement in HDL levels.

The use of lipid-modulating drugs like
b-blockers and statins did not alter the
change in CEC compared with CEC in the
group not on these medications. This is
consistent with studies that showed
that statin therapy did not alter CEC,
but the combination with niacin im-
proved CEC (28). Similarly, the use of
a b-blocker alone, as shown in prior
studies, did not alter CEC in our study
(29). Statins are known to decrease MPO
activity in plasma, but our study did not
detect any difference between the statin
and nonstatin groups with TLCs (30).
However, substantial statistical power
might be lost with subgroup analysis
in our small cohort, which might result
in missing small effect sizes.

HDL proteome changes were not de-
tected in our study with TLCs, as our study
might not have been adequately pow-
ered to detect changes with our small
sample size. Changes in HDL oxidation
with lifestyle modification suggest the
possibility of targeting HDL oxidation and
function for future studies. The utility of
these measurements to serve as surro-
gate markers for the effectiveness of TLC
or adherence to TLC needs to be further
explored in larger cohorts. Our study is
limited by small sample size but strength-
ened by individual data on the HDL
oxidation products and HDL function.
The HDL proteome changes were not
significant and may require a larger co-
hort to identify subtler differences. Shot-
gun proteomics involves data-dependent
acquisition that may not capture differ-
ences in nonabundant proteins; thus,
a multiple reaction monitoring–based

Table 2—More exercise hours and higher MDS reduce MPO-specific HDL oxidation and improve HDL function

Change in CEC

Change in HDL 3-chlorotyrosine Change in HDL 3-nitrotyrosine

n r P n r P

Change in exercise in hours above mean 15 20.63 0.01 14 20.03 0.92

Change in exercise in hours below mean 9 20.27 0.48 9 20.54 0.13

Change in MDS above mean 11 20.81 0.01 9 20.53 0.15

Change in MDS below mean 13 20.37 0.21 14 0.02 0.94

r, Pearson correlation coefficient.
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quantitative assay might be a more suit-
able option once we have identified the
requisite targets. We did not, for exam-
ple, find significant differences in other
proteins associated with CVD (e.g., apoE,
complement 3, PON1, clusterin, or apoC-
IV) with our intervention (31).

In summary, this work revealed an
essential role of MPO in modulating
CEC in patients with MetS with 12 weeks
of TLCs. The study examined the early
mechanisms behind improved inflamma-
tory and lipid patterns established with
exercise and a healthy diet in patients

with MetS. MPO activity has been im-
plicated in HDL dysfunction in MetS, and
its reduction with TLCs points to a po-
tential role of MPO in determining CVD
risk in this population. Our patients
showed no demonstrable change in
HDL cholesterol levels, indicating that

Table 3—Changes to HDL proteome with TLC in MetS patients

No. Protein Gene Pre-TLC Post-TLC P

1 Actin, cytoplasmic 1 ACTB 7.61 6 5.19 5.88 6 3.53 0.46

2 a-1-antichymotrypsin SERPINA3 21.82 6 10.62 18.79 6 11.06 0.82

3 a-1-antitrypsin SERPINA1 118.76 6 88.17 131.6 6 92.36 0.76

4 a-1B-glycoprotein A1BG 48.11 6 26.88 49.94 6 24.11 0.52

5 a-2-HS-glycoprotein AHSG 34.4 6 19.98 36.21 6 17.21 0.86

6 a-2-macroglobulin A2M 17.31 6 8.42 18.8 6 21.98 0.57

7 ApoA-I APOA1 264.48 6 162.94 277.26 6 169.24 1.00

8 ApoA-II APOA2 69.78 6 39.69 70.3 6 35.41 0.94

9 ApoA-IV APOA4 48.85 6 26.76 54.4 6 31.96 0.69

10 ApoB-100 APOB 122 6 102.75 162.1 6 111.76 0.88

11 ApoC-I APOC1 24 6 19.61 27.55 6 19.17 0.95

12 ApoC-II APOC2 19.78 6 12.54 21.04 6 13.21 0.99

13 ApoC-III APOC3 31.48 6 18.41 33.57 6 16.18 0.64

14 ApoD APOD 46.48 6 22.72 55.14 6 26.86 0.88

15 ApoE APOE 39.04 6 18.38 40.61 6 20.22 0.81

16 ApoL1 APOL1 19.37 6 12.43 21.15 6 13.08 0.93

17 ApoM APOM 19.53 6 8.73 17.7 6 8.15 0.78

18 b-2-glycoprotein 1 APOH 35.6 6 22.11 38.32 6 21.83 0.73

19 Clusterin CLU 15.84 6 6.56 15.25 6 8.52 0.72

20 Complement C3 C3 62.52 6 67.14 53.4 6 50.82 0.78

21 Complement C4-A C4A 39.9 6 31.24 38.3 6 28.07 0.98

22 Complement C4-B C4B 43.55 6 32.46 37.55 6 27.25 0.59

23 Fibrinogen a chain FGA 34.1 6 20.45 27.9 6 17.01 1.00

24 Fibrinogen b chain FGB 18.39 6 13.04 15.05 6 12.38 0.78

25 Fibrinogen g chain FGG 15.11 6 10.94 14.5 6 7.56 0.65

26 Gelsolin GSN 23.53 6 13.29 24.18 6 12 0.88

27 Haptoglobin HP 32.47 6 25.66 32.42 6 39.45 0.54

28 Haptoglobin-related protein HPR 30.5 6 19.18 31.39 6 30.05 0.56

29 Hemopexin HPX 63.16 6 49.57 55.79 6 46.23 0.59

30 Immunoglobulin heavy constant a 1 IGHA1 19.21 6 18.25 19.94 6 22.97 0.92

31 Immunoglobulin heavy constant a 2 IGHA2 7.41 6 8.84 8.56 6 13.48 0.74

32 Immunoglobulin heavy constant g 1 IGHG1 39.05 6 35.54 33.65 6 41.86 0.46

33 Immunoglobulin heavy constant g 2 IGHG2 35.59 6 39.64 25.2 6 44.26 0.75

34 Immunoglobulin heavy constant g 3 IGHG3 28.79 6 28.21 23.8 6 30.12 0.55

35 Immunoglobulin heavy constant g 4 IGHG4 20.22 6 19.53 17.65 6 25.55 0.65

36 Immunoglobulin k constant IGKC 31.47 6 40.57 31.42 6 50.52 0.86

37 Inter-a-trypsin inhibitor heavy chain ITIH 45.83 6 41.81 34.17 6 38.17 0.68

38 Phospholipid transfer protein PLTP 3.78 6 1.36 4.11 6 1.24 0.88

39 Serotransferrin TF 118.6 6 104.19 111.32 6 100.3 0.58

40 Serum albumin ALB 1,092.7 6 761.58 1,037.87 6 731.77 0.36

41 Serum amyloid A1 SAA1 9.94 6 13.5 10.33 6 5.84 0.52

42 Serum amyloid A4 SAA4 79.78 6 54.93 85.48 6 59.46 0.88

43 Serum paraoxonase/arylesterase 1 PON1 20.39 6 12.91 25.16 6 18.49 0.70

44 Vitamin D–binding protein GC 58.94 6 31.04 62.81 6 23.92 0.83

45 Vitronectin VTN 10.95 6 5.15 10.79 6 4.74 0.53

All peptide spectral matches are represented as the mean 6 SD and P value of the paired signal rank test.
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the mechanism leading to reduced oxi-
dation by MPO is earlier than, and inde-
pendent of, HDL cholesterol improvement
after TLCs. The association of CEC with
3-chlorotyrosine levels confirms a well-
known association of MPO activity with
CEC, a relationship that leads to improve-
ment in CEC with TLCs. This relationship
remained unaffected by changes in any of
the other MetS parameters, suggesting
that the increase in CEC is unique to this
intervention. Improved HDL function be-
fore changes to HDL cholesterol levels
further supports the hypothesis that HDL
cholesterol levels alone do not accurately
reflect changes in CVD risk in patients
with MetS. Further studies on the rele-
vance of the altered protein profile as-
sociated with improvements in CEC may
reveal therapeutic targets and answer
questions regarding alteration of CEC
with MPO activity.
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