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Low levels of high-density lipoprotein cholesterol (HDL-C)
and high triglyceride levels contribute to the excess rate
of cardiovascular events seen in subjects with type 2
diabetes. Fenofibrate treatment partially reverses dyslipi-
demia in these subjects. However, a paradoxical marked
reduction in HDL-C and HDL’s major protein, apolipopro-
tein A-I, is a complication of fenofibrate in combination
with rosiglitazone, an insulin-sensitizing agent. Risk fac-
tors for this condition, termed hypoalphalipoproteinemia,
have yet to be identified. Using a case-control study de-
sign with subjects enrolled in the Action to Control Car-
diovascular Risk in Diabetes (ACCORD) trial, we tested
the hypothesis that alterations in HDL’s protein cargo
predispose diabetic subjects to fenofibrate/rosiglitazone-
induced hypoalphalipoproteinemia. HDL was isolated
from blood obtained from controls (no decreases or in-
crease in HDL-C while receiving fenofibrate/rosiglitazone
therapy) and cases (developed hypoalphalipoproteinemia
after fenofibrate/rosiglitazone treatment) participating in
the ACCORD study before they began fenofibrate/rosigli-
tazone treatment. HDL proteins were quantified by tar-
geted parallel reaction monitoring (PRM) and selected
reaction monitoring (SRM) with isotope dilution. This ap-
proach demonstrated marked increases in the relative
concentrations of paraoxonase/arylesterase 1 (PON1),
apolipoprotein C-II (APOC2), apolipoprotein C-I, and apo-
lipoprotein H in the HDL of subjects who developed hy-
poalphalipoproteinemia. The case and control subjects

did not differ significantly in baseline HDL-C levels or
other traditional lipid risk factors. We used orthogonal
biochemical techniques to confirm increased levels of
PON1 and APOC2. Our observations suggest that an im-
balance in HDL proteins predisposes diabetic subjects to
develop hypoalphalipoproteinemia on fenofibrate/rosigli-
tazone therapy. Molecular & Cellular Proteomics 15:
10.1074/mcp.M115.054528, 1083–1093, 2016.

Cardiovascular disease (CVD)1 is the primary cause of mor-
bidity and mortality among patients with type 2 diabetes
despite effective therapies for treating major risk factors such
as elevated blood pressure and cholesterol levels (1, 2). Thus,
the risk of cardiovascular events remains markedly elevated in
diabetic subjects even during treatment with a statin (an in-
hibitor of a key enzyme in cholesterol biosynthesis) (3, 4).
Subjects with type 2 diabetes and metabolic syndrome suffer
from diabetic dyslipidemia, which is characterized by in-
creased blood levels of triglycerides in concert with low levels
of high-density lipoprotein-cholesterol (HDL-C) (5–7). This
condition strongly associates with an increased risk of ath-
erosclerotic CVD (8, 9). The metabolism of HDL and triglyc-
erides are interrelated, and high levels of triglycerides strongly
associate with low levels of HDL-C, even in nondiabetic sub-
jects (10).

The Action to Control Cardiovascular Risk in Diabetes-Lipid
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cular events in diabetic subjects (11). In a multivariable model
adjusted for a variety of potential confounding factors in this
cohort, fenofibrate in combination with statin therapy raised
HDL-C by 7.3% and lowered triglycerides by 24%. Subgroup
analysis of dyslipidemic participants (subjects with baseline
triglyceride levels in the highest tertile and HDL-C levels in the
lowest tertile) indicated that addition of fenofibrate to a statin
was associated with lowered CVD risk (11).

Hypoalphalipoproteinemia, a striking reduction in HDL-C
and HDL’s major protein, apolipoprotein A-I (APOA1), is a
complication of fenofibrate therapy and typically occurs when
fenofibrate is administered in combination with a thiazolidin-
edione such as rosiglitazone (12–18). However, there are no
well-established risk factors for this disorder. Because HDL is
a collection of particles that range in size from �7 nm to �14
nm and collectively contain �80 different proteins (19–21),
the composition of HDL’s protein cargo might predispose
subjects to this disorder, perhaps by altering the interplay of
triglyceride and HDL metabolism.

Selected reaction monitoring (SRM) has been the mass
spectrometry (MS) method of choice for quantitative proteo-
mics due to its sensitivity and precision in complex biological
systems (22–25). Recent studies showed that parallel reaction
monitoring (PRM) might work as well as SRM for protein
quantification (26, 27). PRM does not require prior selection of
target peptide transitions (28–30), which facilitates the devel-
opment and validation of quantitative proteomics analysis.
PRM is also less likely to be affected by interfering ions
because it monitors product ions with high mass resolution
(26). We recently showed that PRM and SRM exhibit compa-
rable linearity, dynamic range, and precision for quantifying
HDL proteins by isotope dilution (31).

In the current studies, we used PRM with isotope dilution to
test the hypothesis that the protein composition of HDL differ
in subjects with fenofibrate/rosiglitazone-induced hypoalpha-
lipoproteinemia. HDL was isolated at baseline from plasma
obtained from subjects who developed hypoalphalipopro-
teinemia and matched subjects whose HDL either did not
change or increased while receiving fenofibrate/rosiglitazone
therapy in the ACCORD-Lipid study. We show that relative
levels of certain proteins were markedly elevated in the HDL of
subjects that subsequently developed fenofibrate/rosiglita-
zone-induced hypoalphalipoproteinemia. The results were
confirmed by SRM analyses and orthogonal biochemical
measurements.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Unless otherwise specified, all reagents
were obtained from Sigma Aldrich (St. Louis, MO). Water and aceto-
nitrile for MS analyses were Optima LC/MS grade (Fischer Scientific,
Pittsburgh, PA). Formic acid was purchased from EMD Millipore
(Billerica, MA). 15N-labeled apolipoprotein A-I ([15N]APOA1,15N en-
richment �99%) was produced using a bacterial expression system
and isolated to greater than 99% purity (32).

Sample Collection—Before subjects in the ACCORD-Lipid trial re-
ceived fenofibrate/rosiglitazone therapy, fasting blood was collected
in EDTA-treated tubes and centrifuged at 4 °C for 10 min at 1,600 g
to generate plasma. Plasma was pipetted into cryovials and immedi-
ately frozen and stored at �80 °C. The Human Studies Committee at
the University of Washington and Columbia University Medical Center
approved all studies involving human material. All plasma samples
were deidentified, analyzed in a blinded manner, and contained no
information that might allow for the identification of individuals.

HDL Isolation—Plasma was quickly thawed at 37 °C, and 50 �l
were subjected to sequential ultracentrifugation to isolate HDL (den-
sity 1.063–1.210 g/ml) (33). Total protein concentration in HDL was
measured using the Bradford assay, with albumin as the standard.

Proteolytic Digestion—HDL (5 �g protein) and [15N]APOA1 (0.25 �g
protein, added as an internal standard) (31, 34) were solubilized with
0.2% RapiGest (Waters, Milford, MA) in 100 mM ammonium bicar-
bonate, reduced with dithiothreitol, alkylated with iodoacetamide, and
digested with trypsin (1:20, w/w HDL protein; Promega, Madison, WI)
for 4 h at 37 °C. A second aliquot of trypsin (1:20, w/w HDL protein)
was added, and the samples were incubated overnight at 37 °C. After
acidic hydrolysis of RapiGest with 0.5% trifluoroacetic acid, samples
were dried and stored at �20 °C until MS analysis.

Selection of HDL Peptides for Targeted Quantification by PRM—
Thirty-eight proteins consistently detected in HDL in previous studies
were selected for targeted quantification (19–21, 35). Based on these
studies and considering the observed frequency, two to five peptides
per protein were selected for PRM quantification. We excluded pep-
tides that are susceptible to ex vivo modification (e.g. containing
methionine) and peptides with missing cleavages. Supplemental Ta-
ble 1 shows a list of proteins and peptides selected for targeted
quantification by PRM.

Targeted Analyses by PRM—Digested HDL (250 ng protein) was
desalted on a C18 trap column (Waters XBridge BEH C18, 5 �m,
0.075 � 40 mm) for 6.5 min at 3 �l/min in 99% solvent A, and then
separated using a C18 column packed in-house (Waters XBridge BEH
C18, 3.5 �m, 0.075 � 120 mm) with an integrated electrospray
emitter pulled by a laser micropipette puller (Sutter Instrument, No-
vato, CA). The column was kept at 50 °C and nanoACQUITY UPLC
(Waters) was used for the separation, with a linear gradient of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B). Peptides were eluted from the trap column onto the
analytical column at a flow rate of 0.6 �l/min and separated using
multistep gradient as follows: 1% to 7% solvent B in 3 min; 7% to
25% solvent B in 16 min; and 25% to 35% solvent B in 3 min. The
column was subsequently washed for 3 min at 80% B and re-equil-
ibrated at 99% A for 11 min. Experiments were performed using a Q
Exactive mass spectrometer (Thermo Scientific, Bremen, Germany).
The resolution was set at 17,500 (at m/z 200), the automatic gain
control target at 5 � 104, the maximum fill time at 30 ms, and the
individual isolation window at 2 Th. Normalized collision energy of 25
was employed for fragmentation. A scheduled (3-min window) inclu-
sion list for PRM analyses was generated, using Skyline software (36).
The inclusion list consisted of m/z of precursor peptides of interest
and corresponding retention times (Supplemental Table 1).

Confirmation of PRM Results by SRM Analyses—The same amount
of digested HDL (250 ng protein) and chromatographic conditions
used in targeted analyses by PRM were employed by SRM quantifi-
cation. SRM experiments were performed on a TSQ Vantage Triple
Stage Quadrupole Mass Spectrometer (Thermo Scientific). Resolu-
tion for Q1 and Q3 were set to 0.7 Da (full width at half-maximum). The
collision gas (argon) pressure of Q2 was set to 1.5 mTorr. Each
transition had a dwell time of 10 ms, and experiments were performed
using a scheduled (3-min window) transition list generated in Skyline
(36). This transition list contained each precursor/fragment transition
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pair along with the collision energy and retention time (Supplemental
Table 2 provides transitions and scheduling).

Selection of [15N]APOA1 Peptide to Serve as the Global Internal
Standard for Targeted Quantification—Previous studies have shown
that [15N]APOA1, the labeled form of APOA1 (HDL’s major protein),
can serve as the internal standard for quantification of HDL proteins
(31, 34). To determine whether [15N]APOA1 peptides corrected for
variability in digestion and LC/MS performance equally well, we mon-
itored five labeled tryptic APOA1 peptides by PRM and derived Pear-
son correlations (r) for each peptide pair for all 60 samples (Supple-
mental Table 3). The [15N]-labeled peptides DYVSQFEGSALGK and
VQPYLDDFQK exhibited the best correlation (r � 0.94). We pre-
specified that of the two [15N]APOA1 peptides with the best r, the one
with the larger integrated area would be used as internal standard for
protein quantification. Therefore, [15N]APOA1 peptide DYVSQFEG-
SALGK (termed [15N] APOA1 peptide) was used as the internal stand-
ard in all quantitative analyses.

Quantification of Targeted Peptides in HDL—Our MS analyses
used Skyline (version 2.5.1.6094), an open source software applica-
tion for quantitative data processing and proteomic analysis (36). All
integrated peaks were manually inspected to ensure correct peak
detection and integration was adjusted if necessary. The results were
expressed as a ratio of the peak area of each peptide and the
[15N]APOA1 peptide (DYVSQFEGSALGK).

Among the proteins targeted for HDL quantification, two different
protein families containing highly homologous sequences were tar-
geted. Serum amyloid A (SAA) 1, 2, and 4 were quantified for the SAA
family; however, only SAA 1 and 2 share significantly homology. Two
peptides shared by SAA1 and SAA2 were quantified, and they are
termed as SAA1/2 peptides (Table II). In addition, one peptide with a
unique sequence for SAA1 and another with a unique sequence for
SAA2 were used for quantification (see Table II). For the peptidase S1
family, two peptides shared by the proteins haptoglobin and hapto-
globin-related protein were quantified. This joint quantification is
termed as haptoglobin/haptoglobin-related protein in Table II. In ad-
dition, two unique peptides to the protein haptoglobin were also
integrated (represented as HP in Table II).

Immunoblotting Analysis for Serum Paraoxonase/Arylesterase 1
(PON1)—Fourteen HDLs that contained a wide range of PON1 con-
centrations (as quantified by PRM) were selected at random (case or
control designation was ignored) for confirmation by immunoblotting.
HDL protein (1 �g) was subjected to 4–12% Bis-Tris gel (NuPAGE;
Life technology, CA) and then transferred onto a nitrocellulose mem-
brane (Bio-Rad, CA). The membrane was cut into halves and probed
with either a PON1 antibody (1:1000, P0123, Sigma Aldrich) or an
APOA1 antibody (as loading control, 1:5000, Rabbit pAb 178422,
Merck Millipore). After two washes (30 min) with 0.05% Tween 20 in
phosphate- buffered saline (137 mM NaCl, 2.7 mM KCl, and 10 mM

sodium phosphate, pH 7.4), the membranes were incubated with an
anti-rabbit IgG, horseradish peroxidase-linked antibody from goat
(1:10,000) (Jackson Immunoresearch) in the same buffer at room
temperature for 1 h. The membranes were again washed and then
developed with a chemiluminescent detection kit (SuperSignal West
Femto Chemiluminescent Substrate, Thermo Scientific). Data were
captured with a digital camera.

Immunoassay for Apolipoprotein C-II (APOC2)—The concentration
of APOC2 was measured using a sandwich immunoassay (MILLIPLEX
MAP, Millipore). The reported intra-assay and interassay CVs were
�10% and �20%, respectively, with an accuracy of 92%. Results are
expressed as ng/�g protein.

Experimental Design and Statistical Rationale—Hypoalphalipopro-
teinemia, defined as combination therapy-induced mean fall of
HDL-C �60% with a mean plasma HDL-C level �10 mg/dl, devel-
oped in 130 of the 1,420 subjects randomized to fenofibrate/rosigli-

tazone therapy in ACCORD-Lipid. We studied a subset of 30 cases
(hypoalphalipoproteinemia) and 30 controls (no decreases or increase
in HDL-C) that had an adequate volume (50 �l) of plasma available for
HDL isolation and MS/MS analysis. Control and case subjects had
similar age, gender, and baseline HDL-C levels (Table I).

The relationship between relative levels of peptides for individual
proteins quantified by PRM was assessed by Pearson correlation. For
each protein, two peptides with the best correlation were selected,
and the one with the largest integrated area was chosen to serve as
a surrogate for the protein. The results were expressed as a ratio of
the area of surrogate peptide and the [15N]APOA1 peptide.

The analytical reliability of the data was validated using the raw
area of the [15N]APOA1 peptide. Accessing the variation using the
[15N]APOA1 peptide controls for digestion issues, potential losses
during the sample preparation, and MS variation. The obtained CVs
for PRM (29%) and SRM (12%) are in accordance with the precision
recommended for research use assays for quantifying proteins and
peptides (20–35%)(37). The areas obtained for the [15N]APOA1 pep-
tide by PRM and SRM are provided in Supplemental Table 4.

Differences in protein expression between controls and cases were
initially evaluated by a two-sample t test. To account for multiple
comparison testing, p values obtained from the t test were corrected
using the method of Benjamini and Hochberg (38–40). This step-up
method is a false discovery rate-controlling procedure that assumes
a nonnegative correlation. A corrected p value threshold is calculated,
and only proteins above the corrected p value are considered signif-
icantly different (39, 40). For proteins differing significantly in expres-
sion between controls and cases, multiple linear regression analyses
controlling for HDL-C and triglycerides (log scale) were performed.

Hierarchical cluster analysis of HDL proteins used average link-
age with Pearson correlation as the distance. All statistical analyses
were performed with STATA software version 12 (Stata Corp, Col-
lege Park, TX).

RESULTS

Study Design, Subject Characteristics, and Workflow—We
designed a case-control study with subjects selected from the
ACCORD-Lipid trial to test the hypothesis that the protein
cargo of HDL might identify patients at risk of fenofibrate/
rosiglitazone-induced hypoalphalipoproteinemia. HDL was
isolated from fasting plasma samples obtained while the 60
subjects were on simvastatin therapy (11) but before they
were on combination therapy with fenofibrate/rosiglitazone.

Case and control subjects had similar age, percentage of
females, and smoking status (Table I). Mean baseline levels of
HDL-C for cases and controls were 33 and 31 mg/dL, respec-
tively (p � 0.38), and median triglyceride levels were 187 and
220 mg/dL, respectively, for cases and controls (p � 0.08). All
other baseline characteristics were similar in the two groups,
with no significant differences in hemoglobin A1c and glucose
levels, low density lipoprotein cholesterol (LDL-C), and insulin
use (Table I). Full demographics of subjects in ACCORD-Lipid
are given elsewhere (11).

An overview of the study’s workflow is shown in Fig. 1. HDL
was isolated from freshly thawed plasma (stored at �80 °C
after collection) of the subjects and digested with trypsin,
using [15N]APOA1 as the internal standard. Data from previ-
ous studies (20, 31) were used to select 38 HDL protein
candidates for relative quantification. Two to five peptides
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from each targeted protein were then measured by PRM.
From the 38 proteins quantified by PRM, 18 were selected
for confirmatory analyses using SRM. All statistical analyses
were controlled for multiple comparisons. Finally, potential
protein candidates found to be differently expressed in cases
and controls were confirmed through immunoblotting and
immunoassay.

Selection of HDL Proteins for Quantification—For targeted
quantitative analyses by PRM, we selected the 38 most abun-
dant HDL proteins that had been identified previously in at
least two different human populations (20, 31, 35)(Table II).
Proteins were identified on the basis of their gene names.

Internal Standard Selection—Approximately 70% of HDL’s
protein mass is composed of APOA1, HDL’s major structural
protein (41). Previous studies validated the use of [15N]APOA1
as a global internal standard to correct for digestion efficiency
and run-to-run variability in LCMS analyses (31, 34).

The same approach was taken in the current study, where
we monitored five different [15N]APOA1 peptides to serve as
possible internal standards in our PRM analyses. After obtain-
ing Pearson correlations among the peptides in all 60 sub-
jects, the peptides DYVSQFEGSALGK and VQPYLDDFQK
were selected because they exhibited the best correlation (r �

0.94, Supplemental Table 3). Before any analyses were per-
formed, we prespecified that the [15N]APOA1 peptide with the
larger integrated area would be used as the internal standard.
Based on this approach, the [15N]APOA1 peptide DYVSQFE-
GSALGK ([15N]APOA1 peptide) was chosen as the internal
standard.

Targeted Protein Quantification by PRM—Two to five pep-
tides from each targeted protein were selected for PRM anal-
ysis. The areas of peptides were integrated using Skyline (36),
and the results were expressed as the ratio of the area of each
peptide to the area of the [15N]APOA1 peptide (used as an
internal standard to correct for variations in sample prepara-
tion and instrument response). Correlations among the mon-
itored peptides were calculated for all 38 proteins we quan-
tified in HDL. The purpose of performing such correlations is
to determine if using different peptides as surrogates for the
same protein produces consistent results. The two peptides
from each protein with the highest correlation are presented in
Table II. We prespecified that the peptide with the largest
integrated area (designated as peptide 1 in Table II) would be
used for relative protein quantification with the [15N] APOA1
internal standard peptide.

PRM Analysis Reveals Marked Differences in the Relative
Abundances of Multiple HDL Proteins in Diabetic Subjects
with Fenofibrate/Rosiglitazone-Induced Hypoalphalipopro-
teinemia—Using PRM, we performed relative protein quanti-
fication, with [15N]APOA1 as the internal standard, of HDLs
isolated from plasma of the 60 subjects before they started
treatment with fenofibrate/rosiglitazone. Differences in protein
expression between the two groups were initially evaluated by
a two-sample t test. Then, the Benjamini and Hochberg sta-
tistical method (38–40) was applied to account for multiple
testing. A corrected p value threshold was calculated by the
step-up method, and only proteins above that value were
considered significantly different (38–40). Based on the cor-
rected p value, only proteins with p � 0.005 were considered
significantly different between cases and controls.

Figure 2A summarizes the results of this analysis, and sig-
nificantly different proteins are highlighted in Fig. 2B-2E. We
did not find any protein significantly depleted in HDL when
cases were compared with controls. In contrast, four proteins
were elevated in the HDL from subjects who subsequently
developed fenofibrate/rosiglitazone-induced hypoalphalipo-
proteinemia (Fig. 2). PON1 increased the most: the mean level
was 47% higher in cases than in controls (p � 0.0001, Fig.
2B). Two members of the apolipoprotein C family were also
elevated: The mean level of APOC2 was 45% higher (p �

0.0001, Fig. 2C), and that of apolipoprotein C I (APOC1) was
26% higher (p � 0.0025, Fig. 2D) in cases than in the control
subjects. Patients who developed hypoalphalipoproteinemia
on fenofibrate/rosiglitazone combination therapy also had a
34% higher level of apolipoprotein H (beta-2-glycoprotein 1,
APOH, p � 0.0029, Fig. 2E). These significant changes per-
sisted after controlling for baseline levels of HDL-C and trig-

TABLE I
Baseline characteristics of subjects

Characteristic Controls Cases p value

n 30 30
Age (years) 61.6 � 6.1 62.5 � 5.7 0.585
Female (n)a 4 5 0.718
HbA1C (%) 8.1 � 1.0 8.3 � 1.0 0.566
Glucose (mg/dL) 162 � 56 167 � 49 0.709
LDL-C (mg/dL) 105 � 29 94 � 28 0.124
HDL-C (mg/dL) 33.1 � 5.0 31.6 � 7.8 0.376
Triglycerides (mg/dL)b 187 (129–243)c 221 (172–319)c 0.081
Cholesterol (mg/dL) 177 � 32 174 � 33 0.716
Insulin (n)a 8 6 0.542
Smoking status (previous,

current)*
13, 4 17, 2 0.505

a Chi-square test; b Wilcoxon rank-sum test; c median and inter-
quartile range.

FIG. 1. Workflow outlining the study approach.
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lycerides (log transformed); in multiple regression analyses
that controlled for these two characteristics, subjects that
developed hypoalphalipoproteinemia on fenofibrate/rosiglita-
zone combination therapy had higher levels of PON1 (p �

0.0001), APOC2 (p � 0.0001), APOC1 (p � 0.013), and APOH
(p � 0.014) in their HDL. Taken together, these observations
indicate that, before the trial began, the relative abundance of
certain HDL proteins in subjects who later developed hypoal-
phalipoproteinemia upon fenofibrate/rosiglitazone treatment
differed markedly from that of the control subjects.

SRM Analyses Confirm PON1, APOC2, APOC1 and APOH
Elevation in HDL of Diabetic Subjects with Fenofibrate/
Rosiglitazone-Induced Hypoalphalipoproteinemia—From the
38 HDL proteins monitored by PRM, we selected 18 for anal-
ysis by SRM. We included all of the proteins that differed
significantly in case and control subjects by PRM analyses

(PON1, APOC2, APOC1, and APOH), proteins that clustered
together with significantly altered proteins (apolipoprotein C-
III (APOC3), apolipoprotein C-IV (APOC4), and Lecithin:cho-
lesterol acyltransferase (LCAT)). We also quantified other
abundant HDL apolipoproteins (APOA1, A-II (APOA2), A-IV
(APOA4), D (APOD), E (APOE), F (APOF), M (APOM), CLU
(clusterin, APOJ)) as well as low abundance proteins involved
in HDL metabolism (prenylcysteine oxidase, phospholipid
transfer protein, and paraoxonase/arylesterase 3).

For each protein, the same peptide selected for PRM quan-
tification was used for SRM analysis. Five transitions (precursor
to fragment ion) were selected for SRM quantification of each
peptide, based on PRM intensity (Supplemental Table 2). As for
PRM analyses, the [15N]APOA1 peptide DYVSQFEGSALGK
([15N]APOA1 peptide) was chosen as the internal standard,
and results are reported as the ratio of each peptide area and

TABLE II
Pearson correlations between peptides for each HDL protein

Protein Peptide 1 Peptide 2 r

ALB FQNALLVR LVAASQAALGL 0.90
APOA1 DYVSQFEGSALGK VQPYLDDFQK 0.79
APOA2 EPCVESLVSQYFQTVTDYGK EQLTPLIK 0.75
APOA4 IDQNVEELK LGEVNTYAGDLQK 0.97
APOB SVSLPSLDPASAK ITENDIQIALDDAK 0.91
APOC1 TPDVSSALDK EFGNTLEDK 0.76
APOC2 TYLPAVDEK ESLSSYWESAK 0.80
APOC3 DALSSVQESQVAQQAR DYWSTVK 0.78
APOC4 ELLETVVNR DGWQWFWSPSTFR 0.86
APOD NPNLPPETVDSLK VLNQELR 0.86
APOE SELEEQLTPVAEETR LEEQAQQIR 0.83
APOF SLPTEDCENEK SGVQQLIQYYQDQK 0.68
APOH TCPKPDDLPFSTVVPLK TFYEPGEEITYSCKPGYVSR 0.92
APOL1 VTEPISAESGEQVER ALADGVQK 0.90
APOM SLTSCLDSK DGLCVPR 0.79
B2M VNHVTLSQPK VEHSDLSFSK 0.89
C3 TGLQEVEVK TIYTPGSTVLYR 0.95
CLU LFDSDPITVTVPVEVSR ASSIIDELFQDR 0.89
GC HQPQEFPTYVEPTNDEICEAFR THLPEVFLSK 0.91
GPLD1 NQVVIAAGR SWITPCPEEK 0.90
HBB VNVDEVGGEALGR LLVVYPWTQR 0.99
HPX EVGTPHGIILDSVDAAFICPGSSR LLQDEFPGIPSPLDAAVECHR 0.82
HP/HPR ILGGHLDAK LPECEAVCGKPK 0.99
HP DYAEVGR VTSIQDWVQK 0.79
IHH ATFASHVQPGQYVLVAGVPGLQPAR AFQVIETQDPPR 0.87
LBP SFRPFVPR VQLYDLGLQIHK 0.97
LCAT TYIYDHGFPYTDPVGVLYEDGDDTVATR LEPGQQEEYYR 0.81
LPA TPAYYPNAGLIK GTLSTTITGR 0.82
PCYOX1 IFSQETLTK LVCSGLLQASK 0.81
PLTP AVEPQLQEEER FLEQELETITIPDLR 0.92
PON1 STVELFK SFNPNSPGK 0.94
PON3 LLNYNPEDPPGSEVLR SVNDIVVLGPEQFYATR 0.83
PPBP ICLDPDAPR NIQSLEVIGK 0.89
SAA1/2 DPNHFRPAGLPEKY SFFSFLGEAFDGAR 0.99
SAA1 FFGHGAEDSLADQAANEWGR - -
SAA2 GPGGAWAAEVISNAR - -
SAA4 GPGGVWAAK FRPDGLPK 0.85
SERPINA1 AVLTIDEK SASLHLPK 0.99
VTN FEDGVLDPDYPR GQYCYELDEK 0.91

Proteins were identified on the basis of their gene names.
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the [15N]APOA1 peptide. We used the Benjamini and Hoch-
berg method (38–40) to account for multiple testing (38–40).
Based on the corrected p value, only proteins with p � 0.014
were considered significantly different between cases and
controls.

Figure 3A summarizes the results obtained by SRM quan-
tification. This approach confirmed that PON1, APOC2,
APOC1, and APOH were elevated in HDL of subjects that later
developed fenofibrate/rosiglitazone-induced hypoalphalipo-
proteinemia. The relative increase in abundance of each pro-
tein was similar as assessed by SRM and PRM. As measured
by SRM, cases showed a 53% increase in PON1 (Fig. 3B, p �

0.0001), 48% increase in APOC2 (Fig. 3C, p � 0.0005), 26%
increase in APOC1 (Fig. 3D, p � 0.002), and 28% increase in
APOH (Fig. 3E, p � 0.003). In addition, as measured by SRM,
APOC4 of cases showed a 38% increase when compared
with controls (p � 0.008). The Pearson correlation between
PRM and SRM for APOC4 was 0.93, and PRM showed a 36%
increase (p � 0.019) in APOC4 of cases when compared with
controls. However, when controlling for multiple comparisons
(corrected p value for PRM �0.005), this protein did not reach
statistical significance by PRM analyses. This difference be-
tween SRM and PRM reflects the more stringent p value
required for significance when monitoring more proteins.

Thus, the corrected p value threshold for PRM (38 proteins)
was more stringent than for SRM (18 proteins).

Biochemical Confirmation that PON1 and APOC2 Levels
Are Elevated in HDL of Diabetic Subjects with Fenofibrate/
Rosiglitazone-Induced Hypoalphalipoproteinemia—We next
determined whether orthogonal biochemical approaches
would yield similar results for the HDL proteins PON1 and
APOC2. We used immunoblot analysis to quantify 14 samples
containing different amounts of PON1 as determined by PRM.
Samples were selected to cover the full range of values ob-
served by MS/MS. APOA1 was used as a loading control be-
cause it accounts for 70% of the protein in HDL. For each
sample, the normalized abundance of its MS measurement was
compared with the integrated area of PON1 as quantified by
immunoblotting (Fig. 4A). Immunoblot quantification of PON1 in
HDL correlated well with the PRM data (r � 0.78, Fig. 4B).

We used an ELISA to quantify APOC2 in HDL isolated from
all 60 subjects (Fig. 4C). The immunoassay confirmed that
APOC2 levels in HDL were higher in the cases than in the
controls before the onset of fenofibrate/rosiglitazone therapy
(p � 0.001). MS measurements again correlated well with
those obtained by immunoassay (r � 0.77, Fig 4D). These
observations provide strong evidence that PRM can precisely
provide relative quantification of HDL’s protein cargo.

FIG. 2. PRM analysis of HDL pro-
teins in case and control subjects.
Proteins measured by PRM (A). For each
protein, the p value from the two-sample
t test is plotted against the log2 fold
change between cases and controls.
Proteins overexpressed in cases are dis-
played to the right of the value 0 on the x
axis, while underexpressed proteins are
to the left. After we controlled for multi-
ple comparison testing, only proteins sit-
uated above the p value of 0.005 on the
y axis were considered significantly dif-
ferent between cases and controls. The
solid horizontal line shows the corrected
overall critical p value threshold (p �
0.005). The dashed horizontal line shows
the uncorrected overall critical p value of
0.05. Box plots of PON1 (B), APOC2 (C),
APOC1 (D), and APOH (E) in case and
control subjects. Peptides were quanti-
fied as the integrated peak area relative
to that of [15N]APOA1 peptide ([15N]DYV-
SQFEGSALGK). The box plots show the
distribution of the data (median, inter-
quartile ranges), while the dots represent
outliers. AU, arbitrary units.

PRM Identifies Hypoalphalipoproteinemia Risk Factors

1088 Molecular & Cellular Proteomics 15.3



FIG. 3. SRM analysis of HDL proteins in case and control subjects. Proteins measured by SRM (A). For each protein, the p value from
the two-sample t test is plotted against the log2 fold change between cases and controls. Proteins overexpressed in cases are displayed to
the right of the value 0 on the x axis, while underexpressed proteins are to the left. After we controlled for multiple comparison testing, only
proteins situated above the p value of 0.014 on the y axis were considered significantly different between cases and controls. The solid
horizontal line shows the corrected overall critical p value threshold (p � 0.014). The dashed horizontal line shows the uncorrected overall
critical p value of 0.05. Box plots of PON1 (B), APOC2 (C), APOC1 (D), and APOH (E) in case and control subjects as measured by SRM.
Peptides were quantified as the integrated peak area relative to that of [15N]APOA1 peptide ([15N]DYVSQFEGSALGK). The box plots show the
distribution of the data (median, interquartile ranges), while the dots represent outliers. AU, arbitrary units. Scatter plots showing the correlation
of PRM and SRM techniques for PON1 (F), APOC2 (G), APOC1 (H), and APOH (I). r represents the Pearson correlation.
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Hierarchical Cluster Analysis Demonstrates that Key Pro-
teins Involved in Triglyceride and HDL Metabolism Group
Together—We also performed a hierarchical cluster analysis
of the 38 HDL proteins, using the normalized peak area ratio
(peptide/[15N]APOA1 peptide) obtained for each protein by
PRM (Fig. 5). The cluster analysis was conducted using aver-
age linkage and Pearson correlation distance. The apolipo-
protein C family—APOC1, APOC2, APOC3, and APOC4—
formed a tight cluster, suggesting that these family members
are coordinately regulated. All of the HDL proteins with ele-
vated levels of expression in the case subjects (APOC2,
APOC1, PON1, and APOH) formed a tight cluster. APOC4
clustered strongly with APOC2. LCAT, which was not differ-
entially expressed (p � 0.24, as measured by PRM) but plays
a key role in remodeling HDL and apolipoprotein-B-containing
lipoproteins, resided in the same cluster (highlighted in Fig. 5).

DISCUSSION

We tested the hypothesis that variations in HDL’s protein
cargo can predict diabetic patients who will develop fen-
ofibrate/rosiglitazone-induced hypoalphalipoproteinemia. To
quantify changes in relative protein abundance, we used PRM
in concert with [15N]APOA1 as an internal standard (31, 34).

Previous studies validated the use of a [15N]APOA1 peptide
as a global internal standard to quantify multiple proteins,
correcting for digestion efficiency and run-to-run variability in
the MS analyses (31, 34). Furthermore, the ability of PRM
methodology to quantify HDL proteins was compared with the
standard SRM methodology and yielded equivalent results in
terms of linearity, accuracy, precision, and limits of detection
(31). Therefore, we used this approach to investigate levels of
HDL protein in diabetic subjects.

After we applied stringent statistical criteria to control for
multiple comparisons, our targeted PRM approach identified
four HDL proteins—PON1, APOC2, APOC1, and APOH—that
were relatively more abundant in HDL isolated from plasma of

subjects who subsequently developed fenofibrate/rosiglita-
zone-induced hypoalphalipoproteinemia. The relative increase
in these proteins was confirmed by SRM analyses. In addition,
using biochemical approaches, we confirmed our observations
for PON1 and APOC2. For PON1, we showed that quantifica-
tion by PRM correlated well with immunoblot analysis. For
APOC2, we obtained a high correlation with ELISA data.

PON1, which has both esterase (42) and lactonase activities
(43, 44), associates exclusively with HDL in humans (45).

FIG. 4. Quantification of PON1 and APOC2 by immunoblot analysis and ELISA, respectively. (A) Relative quantification of PON1 in 14
subjects. For MS, the relative abundance of PON1 peptide was normalized to [15N]APOA1 peptide. For immunoblot analysis, APOA1 was used
as loading control. (B) Pearson correlation between MS and immunoblot measurement for PON1. (C) APOC2 quantification by ELISA in all 60
cases and controls. The box plots show the distribution of the data (median, interquartile ranges), while the dots represent outliers.
Concentration is expressed as �g/�g protein. (D) Pearson correlation between MS and ELISA measurements for APOC2.

FIG. 5. Hierarchical cluster analysis
of HDL proteins. Cluster analysis used
average linkage with the Pearson corre-
lation (r) as distance. For each protein,
the normalized peak area ratio (peptide/
internal standard) obtained by PRM was
used for relative protein quantification.
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Importantly, hypercholesterolemic mice that are deficient in
this enzyme have markedly enhanced atherosclerosis (46).
However, human studies have yielded conflicting results (47).
Fenofibrate increases PON1 concentration and activity (48,
49), but the plasma samples in our study of diabetic subjects
were obtained prior to randomization to fenofibrate therapy.
The endogenous substrate(s) of PON1 is unknown, but hy-
drolysis of lipid peroxides formed during LDL oxidation is one
proposed function (50). We tested the possibility that PON1
metabolizes fenofibrate and its metabolites (which contain a
lactone moiety) but found no evidence that the enzyme me-
tabolized any of the compounds under a wide range of con-
centrations and pHs (data not shown).

Interestingly, three (APOC2, APOC1, and APOH) out of four
proteins that were more abundant in the HDL of diabetic
subjects who developed hypoalphalipoproteinemia on fenofi-
brate/rosiglitazone therapy are involved in the metabolism of
HDL and triglyceride-rich lipoproteins. In hierarchical cluster
analysis, they clustered with other proteins that play key roles
in remodeling triglyceride-rich lipoproteins and HDL, such as
APOC3, and LCAT.

APOC3 resides on the surface of HDL and triglyceride-rich
lipoproteins (51), and it is an important inhibitory cofactor for
lipoprotein lipase-mediated hydrolysis of triglycerides (52).
Recently, mutations that disrupt APOC3 function were shown
to be associated with lower levels of triglycerides and a re-
duced risk of CVD (53). APOC1 is an inhibitor of lipoprotein
lipase-mediated triglyceride lipolysis (54), and overexpression
of this protein is associated with decreased clearance of very
low density lipoprotein, triglycerides, and lipoprotein rem-
nants (55). APOC1 may also activate LCAT (56). APOC2 is an
activator of lipoprotein lipase, and its presence is required for
triglyceride-rich lipoproteins lipolysis (57).

Dynamic interaction between triglyceride-rich lipoproteins
and HDL in the circulation leads to the remodeling of HDL
particles (10). Patients with diabetes can have dysfunctional
intravascular lipolysis of triglycerides, causing hypertriglyceri-
demia (58, 59). Because a significant proportion of the surface
constituents of HDL is derived from hydrolysis of triglyceride-
rich lipoproteins, reduced lipolysis of these particles could
significantly impact the formation of nascent and mature HDL
particles by reducing the availability of the necessary surface
constituents (60). However, there was no significant differ-
ence between the cases and controls in baseline levels of
triglycerides in our study, suggesting that HDL’s altered pro-
tein composition affects HDL-cholesterol levels in fenofibrate/
rosiglitazone-treated subjects by a mechanism independent
of the plasma levels of triglyceride-rich lipoproteins.

How elevated levels of APOH might affect HDL metabolism
is unclear because the protein’s major role is thought to be
regulation of coagulation (61). However, about 35% of circu-
lating APOH is bound to lipoprotein particles, which are dis-
tributed mainly between triglyceride-rich lipoproteins and
HDL (62, 63). In the presence of APOC2, APOH significantly

increases the activity of the lipoprotein lipase (62). APOH gene
variations associate with measures of lipid metabolism, such
as triglyceride and apolipoprotein E levels (64).

The impact of fenofibrate/rosiglitazone-induced hypoalpha-
lipoproteinemia on cardiovascular disease risk is unknown.
However, many lines of evidence show that low levels of
HDL-C are an independent risk factor for CVD (8). Moreover,
a decrease in HDL-C was associated with an increased risk of
hospitalization for coronary artery disease and stroke in a
retrospective study of diabetic patients (65), suggesting that
therapy-induced lowering of HDL-C might increase the risk of
cardiovascular disease.

Our study has potential limitations. Imbalance in HDL pro-
teins was detected in diabetic patients; it remains unclear
whether our findings may be generalized to other populations.
The number of patients in the current study is relatively small;
given the importance of this condition, the results need to be
validated in additional cohorts.

Our observations demonstrate the power of using targeted
proteomics in concert with isotope dilution to quantify HDL’s
protein cargo. Importantly, we found marked differences in
proteins that play key roles in HDL and triglyceride-rich
lipoproteins metabolism in diabetic subjects before starting
fenofibrate/rosiglitazone therapy. This finding strongly sug-
gests that these proteins contribute to the risk of developing
paradoxical hypoalphalipoproteinemia. In future studies, it
will be of great interest to determine prospectively whether
proteins associated with HDL alter lipid metabolism in dia-
betic subjects treated with fenofibrate and rosiglitazone
and to test the hypothesis that HDL’s protein cargo pre-
dicts CVD risk, the leading cause of death in people with
diabetes.
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