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In Brief
Applications of LC-SRM in clini-
cal research are still limited. SIS
PrEST are a novel class of
standards added prior to
trypsinization. We have devel-
oped a semi-automated sample
preparation workflow and a SIS
PrEST LC-SRM/MS Tier 2 assay
for absolute quantification of 13
apolipoproteins in human
plasma and applied it on clinical
samples from the EFFECT I
study. We demonstrate, for the
first time, that SIS PrEST can be
applied for exploratory bio-
marker research in clinical set-
tings and capture drug effects.
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Highlights

• The first application of stable isotope-labeled recombinant protein fragments internal standards (SIS
PrEST) on clinical samples.

• Development of a high-precision quantitative SIS PrEST based LC-SRM Tier 2 assay for 13
apolipoproteins.

• Semi-automated workflow enables precise and robust high-throughput sample processing.

• The assay quantifies the effects of fenofibrate and omega-3 carboxylic acids on apolipoproteins in
human plasma.
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Absolute Quantification of Apolipoproteins
Following Treatment with Omega-3 Carboxylic
Acids and Fenofibrate Using a High Precision
Stable Isotope-labeled Recombinant Protein
Fragments Based SRM Assay*□S

Andreas Hober‡§¶¶, Fredrik Edfors‡§¶¶, Maria Ryaboshapkina¶, Jonas Malmqvist¶,
Louise Rosengren¶, Andrew J. Percy�, Lars Lind**, Björn Forsström‡§,
Mathias Uhlén‡§, Jan Oscarsson‡‡, and Tasso Miliotis¶§§

Stable isotope-labeled standard (SIS) peptides are used
as internal standards in targeted proteomics to provide
robust protein quantification, which is required in clinical
settings. However, SIS peptides are typically added post
trypsin digestion and, as the digestion efficiency can vary
significantly between peptides within a protein, the accu-
racy and precision of the assay may be compromised.
These drawbacks can be remedied by a new class of
internal standards introduced by the Human Protein Atlas
project, which are based on SIS recombinant protein frag-
ments called SIS PrESTs. SIS PrESTs are added initially to
the sample and SIS peptides are released on trypsin di-
gestion. The SIS PrEST technology is promising for abso-
lute quantification of protein biomarkers but has not pre-
viously been evaluated in a clinical setting. An automated
and scalable solid phase extraction workflow for desalt-
ing and enrichment of plasma digests was established
enabling simultaneous preparation of up to 96 samples.
Robust high-precision quantification of 13 apolipoproteins
was achieved using a novel multiplex SIS PrEST-based LC-
SRM/MS Tier 2 assay in non-depleted human plasma. The
assay exhibited inter-day coefficients of variation between
1.5% and 14.5% (median � 3.5%) and was subsequently
used to investigate the effects of omega-3 carboxylic acids
(OM3-CA) and fenofibrate on these 13 apolipoproteins
in human plasma samples from a randomized placebo-
controlled trial, EFFECT I (NCT02354976). No significant
changes were observed in the OM3-CA arm, whereas treat-
ment with fenofibrate significantly increased apoAII and
reduced apoB, apoCI, apoE and apoCIV levels. The reduc-
tion in apoCIV following fenofibrate treatment is a novel

finding. The study demonstrates that SIS PrESTs can facil-
itate the generation of robust multiplexed biomarker Tier 2
assays for absolute quantification of proteins in clinical
studies. Molecular & Cellular Proteomics 18: 2433–2446,
2019. DOI: 10.1074/mcp.RA119.001765.

The transition toward personalized medicine raises the im-
portance of accurate and precise absolute quantification of
protein biomarkers to identify patients who can benefit from
targeted therapies (1, 2). Immunoassays have traditionally
been the technology of choice for quantification of protein
biomarkers. However, antibodies pose analytical challenges
related to their specificity, selectivity and lot-to-lot variability
as well as long development time and incomplete availability
(3, 4). To counter these inconsistencies liquid chromatogra-
phy coupled to tandem mass spectrometry (LC-MS/MS) has
emerged as a powerful alternative (5). Comparatively, LC-
MS/MS offers the high specificity, multiplexity, and repeat-
ability necessary to perform biomarker assessment studies in
a fit-for-purpose manner (6).

Experimentally, a protein quantification method typically
uses a bottom-up workflow, which involves upfront protein
denaturation and reduction/alkylation of disulfide bonds fol-
lowed by tryptic digestion, solid phase extraction (SPE)1, and
reversed-phase LC-MS/MS (7). Regarding the MS/MS, this
can be accomplished in a targeted (selected or multiple re-
action monitoring, SRM or MRM; parallel reaction monitoring,
PRM) or data independent manner (sequential window acqui-
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sition of all theoretical mass spectra, SWATH-MS). The mech-
anisms of these acquisition modes are well described and
have been implemented in various quantitative proteomic re-
search studies (8).

Although quantification methods can be performed in a
label-free manner, isotope-labeled standards (SISs) are rec-
ommended for absolute quantitative approaches (9, 10).
These serve as internal standards (IS) and function as molec-
ular surrogates for the endogenous proteins of interest. The
most common strategy for IS deployment is to incorporate
them at a specific stage of the experimental workflow. This
can be accomplished at the protein or peptide level, either by
incorporation of 13C and 15N isotopes at defined residues
(typically L-lysine and -arginine) during protein expression or
solid phase peptide synthesis, respectively. The choice of
internal standard is guided by the study design as well as
other factors (e.g. target availability). SIS proteins are added
at the beginning of an analytical workflow whereas SIS pep-
tides are added post-digestion (11). The latter approach is
more convenient, but not necessarily ideal as it fails to ac-
count for the variations that arise during and preceding pro-
teolytic digestion. This can negatively impact the accuracy
and precision of protein quantification in complex biological
samples such as human plasma (12). Furthermore, the con-
ditions for the SIS and endogenous peptides will be different
depending on the point of the SIS addition because of the
peptide release rate during digestion (13). In contrast, the use
of SIS proteins is technically superior, but practically a chal-
lenge in biomarker assessment studies because of the num-
ber of labeled proteins that would be required in preliminary
screenings. Moreover, the commercial availability of SIS pro-
teins is currently very limited. An alternative approach, which
circumvents these problems, is the use of winged SIS (WiSIL,
also referred to as flanked or cleavable SIS) peptides, where
several residues extend the tryptic peptide on the N- and C-
termini in order to better reflect the digestion conditions in the
sample and improve the accuracy and precision of the
MS/MS measurement (14). A further alternative is to imple-
ment trypsin digestion as a criterion for releasing the SIS
peptide, as for the artificial QconCAT protein, which com-
prises concatenated tryptic peptides for one or more proteins

and thereby combines the advantage of the WiSIL peptides
with releasing multiple tryptic peptides on digestion (15, 16).

Here, we evaluate and apply an additional type of IS that is
based on Stable isotope labeled Internal Standard Protein
Epitope Signature Tags (SIS PrESTs) (17). SIS PrESTs are
isotopically labeled recombinant protein fragments that have
been produced within the Human Protein Atlas project (18)
and have been used for the absolute quantification of proteins
in cell lysates (19). Recently, Oeckl et al. presented a cross-
comparison between a SIS PrEST approach and alternatives
using SIS proteins, WiSIL, and SIS peptides for quantification
of �-synuclein in pooled cerebrospinal fluid (20). In that study,
the SIS PrEST methodology demonstrated better accuracy
than WiSIL and SIS peptides compared with gold standard
with known concentration of isotopically labeled alpha-sy-
nuclein, which indicated that SIS PrESTs better account for
differences arising during sample preparation (including the
digestion efficiency). Their data also revealed that SIS PrESTs
could be accurate alternatives for SIS proteins because re-
combinant SIS PrESTs may mimic the structural features of
proteins and therefore better account for the actual digestion
conditions present in a sample. In summary, conceptual ad-
vantages and excellent technical performance make SIS
PrESTs an attractive IS type for applications in clinical bio-
marker research. Here, we perform the first evaluation of the
SIS PrEST technology for absolute quantification of protein
biomarkers of samples collected in a clinical setting.

Serum lipids are transported in circulation as lipoproteins,
composed of lipids and proteins, also called apolipoproteins,
which are a diverse group of proteins broadly involved in
turnover of lipids and innate immune response. Triglycerides
(TGs) are mainly carried in very-low-density lipoproteins
(VLDL) and chylomicrons, which are produced in the liver and
intestine, respectively. In contrast to these TG-rich lipoprotein
particles, low-density lipoproteins (LDL) and high-density li-
poproteins (HDL) carry mainly cholesterol and these lipopro-
teins are to a large extent produced in circulation. Hypercho-
lesterolemia, mainly elevated LDL-cholesterol (21) as well as
hypertriglyceridemia are independent cardiovascular risk fac-
tors (22). Investigating a larger set of apolipoproteins may give
clues to the mode of action of the drugs and potentially, in
future studies, explanations to effects on hard end-points. As
an example, Pechlaner et al. recently measured a panel of 13
apolipoproteins and demonstrated that apoCII, apoCIII and
apoE are associated with cardiovascular risk (23).

Both omega-3 fatty acids and fenofibrate are indicated for
the treatment of hypertriglyceridemia, but also affect choles-
terol levels. Prescription grade formulations of omega-3 fatty
acids given in doses of 2–4 g usually decrease serum triglyc-
erides (TG) about 30% (24), whereas 160 or 200 mg fenofi-
brate decrease serum TG about 30–50%. Many studies have
investigated the effects of omega-3 fatty acids and fenofibrate
on circulating levels of apolipoproteins (25–43). Although
apoAI, apoAII and apoB have been extensively studied, the

1 The abbreviations used are: SPE, solid phase extraction; AMBIC,
ammonium bicarbonate; apo, apolipoprotein; CE, collision energy;
DTT, dithiothreitol; FA, formic acid; HDL, LDL, VDL, high-, low- and
very low-density lipoproteins; IAA, iodoacetamide; IS, internal stan-
dard; LC, liquid chromatography; MRI, magnetic resonance imaging;
MRM, PRM, SRM, multiple, parallel and selected reaction monitoring,
respectively; MS/MS, tandem mass spectrometry; NAFLD, non-alco-
holic fatty liver disease; OM3-CA, omega-3 carboxylic acids; PDFF,
proton density fat fraction; QconCAT, quantification concatemer; SIS,
stable isotope-labeled standard; SIS PrEST, Stable isotope labeled
Internal Standard Protein Epitope Signature Tag; SWATH, sequential
window acquisition of all theoretical fragment ion spectra TCEP,
Tris(2-carboxyethyl)phosphine hydrochloride; TFA, trifluoroacetic
acid; TG, triglyceride; WiSIL, winged Stable isotope-labeled.
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effects of omega-3 fatty acids or fenofibrate on total circulat-
ing levels of apoCIV, apoJ (clusterin), apoAIV, apoL1, apoD or
apoF have not been investigated in clinical studies to the best
of our knowledge.

In this study, we developed a novel bottom-up LC-SRM/MS
assay with SIS PrESTs as SIS for 13 human apolipoproteins
(Table I). Preliminary development involved standard and per-
formance optimization, along with fully automated solid phase
extraction workflow for improved precision and throughput.
We subsequently analyzed the 13 apolipoproteins in non-
depleted plasma samples from a randomized placebo-con-
trolled, parallel-arm study comparing the effects of 12 weeks
of daily treatment with 4 g free omega-3 carboxylic acids
(OM-3CA) and 200 mg fenofibrate in hypertriglyceridemic pa-
tients with non-alcoholic fatty liver disease (NAFLD) (44), a
patient population with high cardiovascular risk (45).

EXPERIMENTAL PROCEDURES

Clinical Cohort—The design and main results of this 12-week,
multicenter, randomized, placebo-controlled, double-blind, double-
dummy, three-armed, parallel-group phase 2 trial, called EFFECT I,
have been presented elsewhere (44). The study was conducted
in accordance with the Declaration of Helsinki and the International
Conference for Harmonization of Good Clinical Practice at four sites
in Sweden between September 1, 2015, and May 26, 2016, and
approved by the local ethics review board at Uppsala University
Hospital, Uppsala, Sweden, registered at ClinicalTrials.gov
(NCT02354976). In brief, the included patients were 40–75 years old
and had a body mass index of 25–40 kg/m2, a serum triglyceride level
of 1.7 mM (150 mg/dl) or higher, and a liver proton density fat fraction
(PDFF) measured by magnetic resonance imaging (MRI) � 5.5%
(ICD-10 version 2016 codes K76.0 and E78.1). Patients were ex-
cluded if they had diabetes mellitus, a history of other hepatic dis-
eases, inability to undergo MRI scanning, and significant alcohol
intake (over 14 standard drinks of 14 g pure alcohol per week). The
treatments were 200 mg fenofibrate (Lipanthyl® 200 mg capsule,
Abbott), 4 g OM-3CA (Epanova® 1 g capsule, AstraZeneca AB;
Gothenburg, Sweden), or matching placebos as an oral daily dose.
Patients were randomized 1:1:1 by a centralized randomization sys-

tem using computer-generated numbers. One hundred seventy-one
patients were screened, 78 patients were randomized and 72 patients
completed the study (44). Fasting blood samples were collected as
described previously (44), and K2-EDTA plasma was frozen at �80 °C
at the AstraZeneca biobank for 2 to 3 years. Methods to analyze total
cholesterol and TG as well as HDL-C and LDL-C concentrations have
been described (44). Cholesterol in triglyceride-rich lipoproteins was
calculated using the formula total cholesterol - (HDL-C�LDL-C). The
power of the main study was based on the primary end-point of the
percentage change in liver PDFF with OM3-CA relative to placebo (44).

Healthy Blood Samples—Blood for method development was col-
lected from 10 healthy non-obese Caucasian volunteers, 5 female and
5 male donors, and subsequently processed to plasma (K2-EDTA).
Informed consent was obtained from all subjects and the study was
performed in accordance with local ethical regulations following ap-
proval from the regional ethics committee “Regionala Etikprövning-
snämnden i Göteborg” in Gothenburg, Sweden.

Total Protein Quantification of Human Plasma—The total protein
concentration of the plasma pool from the healthy volunteers was
determined using the Pierce BCA Protein Assay Kit (Thermo Scien-
tific, Rockford, IL) according to the instructions by the manufacturer.
The absorbance was measured with a SpectraMax M2 microplate
reader (Molecular Devices; Sunnyvale, CA). The total protein concen-
tration of the pooled plasma sample was determined to 68 �g/�l, with
a CV value of 5.9% based on five measurements.

Production and Quantification of SIS PrEST Standards—The SIS
PrEST standards were produced in-house and quantified within the
Human Protein Atlas project as described by Edfors et al. (17) and
shipped on dry ice to AstraZeneca (Gothenburg, Sweden). Briefly,
DNA fragments were initially cloned into the expression vector
pAff8c20 (46) and after that transformed into an E. coli strain, aux-
otrophic for the amino acids arginine and lysine for recombinant
protein production (47). Cells containing expression vectors were
cultivated in 10 ml minimal media using 100 ml shake flasks as
previously described (46). Heavy isotope-labeled (13C and 15N) ver-
sions of lysine and arginine (Cambridge Isotope Laboratories; Ando-
ver, MA) were provided to the cells at 200 �g/ml to generate fully
incorporated heavy protein standards. Cell cultures were harvested
and the SIS PrESTs (supplemental Table S1) were purified using the
N-terminal quantification tag, which include a hexahistidine tag used
for purification by Immobilize Metal Affinity Chromatography (IMAC)
and an Albumin Binding Protein (ABP) domain used for quantification.

TABLE I
Apolipoproteins quantified in this study and their SIS PrEST standards. apoB SIS PrESTs measured combined concentrations of apoB-100 and

apoB-48. SIS PrEST standards marked with * were evaluated but not used as quantifiers in patient samples

Abbreviation Protein name Gene UniProt ID Ensembl ID SIS PrEST ID

apo(a) Apolipoprotein(a) LPA P08519 ENSG00000198670 HPRR2190035
apoAI Apolipoprotein A-I APOA1 P02647 ENSG00000118137 HPRR3450266
apoAII Apolipoprotein A-II APOA2 P02652 ENSG00000158874 HPRR4430020
apoAIV Apolipoprotein A-IV APOA4 P06727 ENSG00000110244 HPRR260124
apoB Apolipoprotein B APOB P04114 ENSG00000084674 HPRR3720310*
apoB Apolipoprotein B APOB P04114 ENSG00000084674 HPRR3720311
apoCI Apolipoprotein C-I APOC1 P02654 ENSG00000130208 HPRR3730489
apoCIV Apolipoprotein C-IV APOC4 P55056 ENSG00000267467 HPRR4130067
apoD Apolipoprotein D APOD P05090 ENSG00000189058 HPRR2760373
apoE Apolipoprotein E APOE P02649 ENSG00000130203 HPRR4340126*
apoE Apolipoprotein E APOE P02649 ENSG00000130203 HPRR4200068
apoF Apolipoprotein F APOF Q13790 ENSG00000175336 HPRR350023
apoJ Clusterin CLU P10909 ENSG00000120885 HPRR4320626
apoLI Apolipoprotein L1 APOL1 O14791 ENSG00000100342 HPRR350088
apoM Apolipoprotein M APOM O95445 ENSG00000204444 HPRR3340379

The First Clinical Application of Tier 2 SIS PrEST Assay

Molecular & Cellular Proteomics 18.12 2435

http://www.mcponline.org/cgi/content/full/RA119.001765/DC1


After purification, all isotopic SIS PrEST fragments were quantified by
mass spectrometry against a non-labeled purified quantification tag
standard, previously quantified by amino acid analysis. The quantifi-
cation tag standard also included a C-terminal OneStrep-tag used for
purification. This protein was purified using IMAC chromatography
and the IMAC elution buffer was exchanged for 1xPBS (10 mM NaP,
150 mM NaCl, pH 7.3) using a PD-10 desalting column (GE Health-
care, Uppsala, Sweden). The sample was after that purified on a
StrepTrap HP column (GE Healthcare) on an ÄKTA Explorer system
(GE Healthcare) according to the manufacturer’s protocol. All SIS
PrEST fragments were quantified by mixing 1:1 with quantification tag
standard, which previously had been quantified by amino acid anal-
ysis. Each sample was digested by trypsin by first reducing the
proteins with 10 mM dithiothreitol (DTT) for 30 min at 56 °C. This was
followed by addition of 50 mM iodoacetamide (IAA) and incubated for
20 min, shielded from light. Proteomics grade porcine trypsin (Sigma
Aldrich, St Louis, MO) was added in a 1:50 enzyme to substrate ratio
and the samples were incubated in a thermomixer at 37 °C. The
reaction was quenched after 16 h by addition of formic acid (FA). The
peptides were vacuum dried and resuspended in 3% acetonitrile
(ACN), 0.1% FA, H2O before LC-MS/MS analysis. The concentration
of each SIS PrEST was determined by averaging the ratio between
three peptides (DLQAQVVESAK��, DLQAQVVESAKK��, YGVS-
DYHK��) originating from the ABP sequence.

Digestion of SIS PrESTs for Assay Development—All SIS PrESTs
(supplemental Table S1) were digested separately to create a peptide
mixture used to identify proteotypic peptides and to optimize the
corresponding SRM transitions. 10 �g of each SIS PrEST was added
to 1 M ammonium bicarbonate (AMBIC, Sigma-Aldrich) and diluted to
a final concentration of 50 mM AMBIC by addition of water with
resistivity 18.2 M��cm, produced in-house using the Milli-Q® A10
system (Merck KGaA Darmstadt; Darmstadt, Germany). Tris(2-car-
boxyethyl)phosphine (TCEP, Sigma-Aldrich) was added to a final
concentration of 2 mM and the samples were incubated for 30 min at
56 °C. IAA (Sigma Aldrich) was added to a final concentration of 4 mM

and the samples were incubated for 30 min, shielded from light. The
samples were digested overnight at 37 °C by the addition of 200 ng
trypsin (AB Sciex Ltd., Framingham, MA). The enzymatic reaction was
stopped by addition of FA to a final concentration of 0.5%. The tryptic
peptide solution was after that dried down using a sample concen-
trator (Christ, RVC2–25 Cdplus, Osterode, Germany). On analysis, all
samples were resuspended in 100 �l of 100 mM Tris-buffer and
subsequently transferred to 300 �l conical polypropylene autosam-
pler vials (Agilent Technologies; Santa Clara, CA).

Transition Selection and CE Optimization—To select the most ap-
propriate SIS PrEST internal standard for each apolipoprotein target,
a list of peptides and their corresponding fragment ions was gener-
ated by LC-MS/MS analysis on an Impact IITM instrument (Bruker
Daltonics; Hamburg, Germany) supplemented with assay parameters
obtained from SRMAtlas.org (supplemental Table S2). Up to eight
peptides were selected and screened for each SIS PrEST standard by
injecting them individually. Approximately 1 pmol of each SIS PrEST
was injected onto the LC system (Agilent 1290, Waldbronn, Germany)
and separated using a Zorbax Eclipse XDB-C18 2.1 � 150 mm
column packed with 1.8 �m particles with a pore size of 80 Å (Agilent
Technologies), which was interfaced to a Triple Quadrupole mass
spectrometer (Agilent 6490, Agilent Technologies) using the Agilent
Jet Stream flow ESI source that was operated in a positive ion mode.
For the initial screening, an unscheduled method with a dwell time of
50 ms for all target specific transitions was used. The collision energy
(CE) optimization was done using a dynamic MRM method with delta
time windows of each SRM transition set to 1 min, the gradient
started at 97.3% solvent A (0.1% FA, H2O) and 2.7% solvent B (0.1%
FA, ACN) with a constant flow rate of 0.400 ml/min. Peptides were

eluted with a linear increase of solvent B from 2.7–45% over 6 min,
followed by a 1 min washout as the percentage of solvent B was
increased to 80%. The column was then re-equilibrated for 2 min with
2.7% of solvent B. The temperature of the column compartment was
set to 50 °C and the autosampler temperature was maintained
at 8 °C. Initial CE-optimization parameters were automatically gener-
ated using Skyline, software version 4.2 (48). The precursor ion of the
highest intensity for each peptide together with its four most intense
transitions was selected. The screened SIS PrESTs were pooled
together into one equimolar pool and the CEs were further optimized
using the same LC-gradient. The SRM transitions with the highest
signal-to-noise ratios were saved into the final assay (supplemental
Table S3) (49). An initial SIS PrEST masterbatch was made by pooling
individual SIS PrESTs into an equimolar mix. This standard pool was
further refined by adjusting the individual level of each SIS PrEST
relative to the plasma pool so the ratio between heavy standard
peptides and their corresponding endogenous counterparts would be
as close to 1:1 (Heavy/Light) as possible.

Sample Preparation—Two microliter human plasma was spiked
into a pooled SIS PrEST mixture that was mixed with 12 �l 9 M Urea
(Sigma-Aldrich), 300 mM Tris buffer, pH 8.0, 15 mM TCEP and incu-
bated for 30 min at 37 °C. Subsequently, 12 �l of 75 mM IAA dissolved
in water was added to the mixture and the solution was incubated for
30 min, shielded from light. The solution was subsequently diluted by
adding 165 �l of 100 mM Tris (pH 8.0) in water. Trypsin (Sigma-
Aldrich) was dissolved in 100 mM Tris buffer (pH 8.0) at the concen-
tration of 0.250 �g/�l and 22 �l was added, resulting in an enzyme to
substrate ratio of �1:15. The digestion was performed at 37 °C for
17 h and was stopped by quenching with 5 �l of concentrated FA. The
solid phase extraction (SPE) was performed using the Bravo Assay-
MAP liquid handler robot (Agilent Technologies) using reversed-
phase cartridges (RPS, #65496–60033, Agilent Technologies). The
cartridges were activated with 100 �l of 0.1% trifluoroacetic acid
(TFA, Sigma-Aldrich) in 50% ACN using a flow rate of 300 �l/min. The
cartridges were equilibrated with 50 �l 0.1% TFA in water using a flow
rate of 10 �l/min. 100 �g of tryptic peptides were loaded onto the
cartridge using a flow rate of 10 �l/min. The cartridge was then
washed with 50 �l of 0.1% TFA in water using a flow rate of 10 �l/min.
The syringe was washed with 50 �l 0.1% TFA in 50% ACN using a
flow rate of 300 �l/min and subsequently the samples were eluted in
10 �l of 0.1% TFA in 70% ACN using a flow rate of 5 �l/min. The
peptides were eluted into a collection plate (Eppendorf PCR plate,
Cat no. 0030129300) where the wells contained 90 �l of 0.1% FA in
water, giving a ten times dilution of the eluate and a total peptide
concentration of 1 �g/�l.

Repeatability Study for the Apolipoprotein Panel—Repeatability
study was conducted to assess technical assay variation under con-
ditions as similar as possible to handling of samples from EFFECT I
trial for quantification of apolipoproteins in this study. The built in
“check tune” test protocol of the Agilent 6490 mass spectrometer and
an injection of a plasma digest sample was conducted to evaluate
instrument performance and delta retention times for each analyte
prior to LC-MS/SRM analysis. The procedure described below was
repeated for five consecutive days using aliquots from the same SIS
PrEST masterbatch (Table II) as well as the same pooled plasma.
ApoAI was not evaluated because of a shipment error. Endogenous
apoAV was not detected in the human plasma samples and therefore
not reported. One aliquot of pooled human plasma and masterbatch
were thawed before each experiment and triplicates were made by
adding 2 �l pooled human plasma to 3.8 �l of SIS PrEST masterbatch
in a 1.5 ml tubes (LoBind #0030108051, Eppendorf; Hamburg, Ger-
many). The samples were prepared as described above. After the SPE
the samples were transferred from the elution plate to new tubes and
stored at �80 °C until analysis. The samples were stored between
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one and 6 days and subsequently all subjected to LC-SRM/MS
analysis on a single day and on the same instrument. A sample
volume of 10 �g was injected three times for each sample and the
transitions in supplemental Table S3 were monitored. The gradient
started with 97.3% solvent A (0.1% FA in water) and 2.7% solvent B
(0.1% FA, ACN) with a constant flow rate of 0.400 ml/min. Peptides
were eluted with a linear increase of solvent B and started with an
increase to 4.0% within 2 min. The content of solvent B was further
increased to 14% within 13 min, to 26.1% within 7 min, to 40.5%
within 3 min and up to 81% within 2 min. The content of solvent B was
kept at 81% for 2 min and then gradually decreased to the initial
composition within 1 min. The temperature of the column compartment
was 50 °C and the autosampler temperature was maintained at 8 °C.

Extended Repeatability Study for the Apolipoprotein Panel—The
digested samples from the repeatability study were stored at �80 °C
for additional 13 months, and then injected in technical triplicates on
5 consecutive days and analyzed by LC-SRM/MS using the same
parameters as described above.

Standard Curves for the Apolipoprotein Panel—A pool of SIS
PrESTs (supplemental Table S4) was serially diluted into a plasma
pool of five healthy volunteers in a 3-fold manner. A separate dilution
was performed for the three highest points in the calibration curves by
spiking of plasma into the SIL mixture in order to compensate for the
limitation in volume possible to spike into human plasma. Each mix-
ture was digested as above and analyzed using the same method
used for the stability test. Standard curves were established by taking
the average ratio between Heavy/Light standard peptides. Standards
were established using the target bias method, and calibration points
were only included if they had less than 25% CV and yielded within
25% from the expected concentration (supplemental Table S4, sup-
plemental Fig. S1) (50).

Comparison Between SIL Standards—Three types of proteomic
standards were evaluated to assess possible digestion and quantifi-
cation biases when quantifying apoAI in bottom-up proteomics set-
tings: (1) commercial full-length SIL recombinant protein (SILU™
PROT apoAI; Sigma Aldrich), (2) SIS PrEST (detailed earlier in meth-
ods section) and (3) commercially available SIS peptide standards.
The SIS peptide standards were obtained from either ThermoFisher
Scientific (AQUA Ultimate grade) or New England Peptide. The three
peptides employed were ATEHLSTLSE(K), THLAPYSDEL(R), and VS-
FLSALEEYT(K). The U-13C/15N lysine and arginine Fmoc materials,
for the solid phase peptide synthesis, were from Cambridge Isotope
Laboratories Inc. For both full-length apoAI and apoAI SIS PrEST
(HPRR3450266), a total of 50 pmol was spiked according to the
manufacturers’ instructions into 1 �l plasma in quintuplicates and
digested using the above described plasma digestion protocol. In
addition, five samples only spiked with 1xPBS were digested together
with the samples spiked with SIL protein and after digestion this set
of samples was spiked with 50 pmol of each of the three SIL peptides
according to the manufacturers’ instructions prior to solid phase
extraction (performed by the AssayMAP Bravo platform; Agilent Tech-
nologies) and LC-MRM/MS.

SIS PrEST - Based SRM Assay In the Clinical Cohort Samples—To
evaluate the effect of treatment on the apolipoprotein concentrations,
the plasma samples from the clinical cohort collected during the
EFFECT I study (44) were distributed into two separate 96-well plates.
Pairs of patient samples from visits 1 and 4 were randomized between
plates so that each treatment arm and study site had a balanced
representation on each plate. Each plate included 4 additional QC
samples from pooled plasma of healthy volunteers to assess potential
batch to batch variability. The LC-SRM/MS was run by a person who
was blinded to treatment arm. The samples were subjected to SPE
and eluted off into a skirted 96-well PCR plate (Eppendorf, Cat. no.
0030129300) that was covered with a silicone sealing mat (Axygen

Inc., Axymat Cat. no. AM-96-PCR-RD; Union City, CA) and subse-
quently transferred directly to the autosampler for analysis. We used
single-point calibration, which is acceptable as long as the concen-
tration lies within the assay linear range (51). The masterbatch was
further adjusted to reach as close as possible to a 1:1 ratio between
concentrations of the endogenous target proteins and their corre-
sponding SIS PrESTs (Table II). Tryptic digestion and SPE were
performed as previously described and finally 10 �g of each sample
were injected into the LC-SRM/MS system using the same parame-
ters as for the repeatability study, monitoring the transitions in sup-
plemental Table S3. The injection order was randomized, and a blank
(5% ACN, 0.1% FA) was run every tenth injection. The mass spec-
trometer was running a Dynamic MRM method with cycle time of 0.5 s
and a maximum of 8 concurrent precursors. The mass spectrometric
parameters of the Agilent 6490 triple quadrupole mass spectrometer
were the following: positive ion mode, 3.5 kV capillary voltage, nozzle
voltage 300 V, drying gas flow rate 15 L/min at 150 °C, nebulizer gas
pressure 30 PSI at 250 °C, and Q1 and Q3 set to unit resolution.

Experimental Design and Statistical Rationale

Assay Evaluation in the Repeatability Studies—Coefficients of var-
iation were calculated based on measurements of technical triplicates
aliquoted from healthy volunteer plasma pool in Skyline version 4.2.
The samples were digested on 5 days. but subjected to LC-SRM/MS
analysis on a single day in the repeatability and on 5 consecutive days
in the extended repeatability studies. In total, 15 samples (3 aliquots
by 5 occasions) and 45 injections (3 injections per sample) were
analyzed for each apolipoprotein. For each apolipoprotein, median
over 3 injections per sample was denoted m and intra-day CV was
sd(msample 1 . . . 3)/mean(msample 1 . . . 3). Mean value of m for each day
was denoted M � mean(msample 1 . . . 3) on day X. Then, inter-day CV
was sd(Mday 1 … 5)/mean(Mday 1 … 5).

Clinical Cohort Analysis—For each apolipoprotein, the concentra-
tion was determined in �M in each QC sample from plasma pool of
healthy volunteers (4 QC samples per plate) and compared between
plates using Mann-Whitney U test. No apolipoproteins differed sig-
nificantly between the QC samples, and the absence of batch effects
between plates was confirmed. Data from 72 individuals, who have
completed the EFFECT I trial, were analyzed and the outcome was
defined as percent change from baseline. An exploratory analysis of
the effect of treatment over placebo on circulating apolipoproteins
was performed with a mixed linear modeling approach because of
potential correlation between response to treatment among subjects
enrolled at a given study center (52, 53). Treatment was incorporated
as a fixed effect and study site as a random intercept. Treatment was
encoded with two variables: fenofibrate (yes versus no) and OM3-CA
(yes versus no). Placebo was encoded as neither fenofibrate nor
OM3-CA treatment. Interactions between treatment and study site
were not considered because of the limited number of patients.
Model coefficients were estimated with the iteratively reweighted
generalized rank method in rlme package (54), which is robust to
outliers and scenarios when model residuals deviate from the normal
distribution. Spearman correlation coefficients between changes from
baseline in apolipoproteins and changes from baseline in cholesterol
levels in different lipoprotein particles were calculated. All tests were
two-tailed. Nominal p values 	 0.05 were considered significant. The
analysis was conducted in R version 3.2.4 (55).

RESULTS

We established a robust SIS PrEST-based SRM assay for
absolute quantification of apolipoproteins. We applied this
assay to assess the effects of OM3-CA and fenofibrate on
apolipoprotein levels in a clinical cohort (44).
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Generation of a Multiplexed SRM Assay—SIS PrESTs were
initially designed to represent a unique part of each target
protein (Fig. 1A). The enzymatic digestion by trypsin releases
proteotypic peptides from the SIS PrEST and its correspond-
ing target protein. The SIS PrEST peptides are labeled with
heavy arginine and lysine to be used as internal standards,
providing high precision and specificity when quantifying tar-
get proteins (19).

All SIS PrESTs were digested separately by trypsin and
measured by an unscheduled SRM method monitoring the the-
oretical fragment ions (y- and b-ions, supplemental Table S5)
representing all the theoretical proteotypic peptides originating
from the SIS PrEST sequence (Fig. 1B). The SIS PrEST frag-
ments for all apolipoproteins gave rise to 93 theoretical tryptic
peptides, out of which 42 were successfully detected by at
least three co-eluting monitored transition ions (y ions, m/z �

precursor - last y ion) with uniform peak shape. All experimen-
tally verified transitions were after that subjected to collision
energy (CE) optimization performed by a scheduled SRM
method and the top five most intense fragment ions were
selected for each peptide respectively and further evaluated
in human plasma background.

Quantification of the Apolipoproteins in Human Plasma—
The CE-optimized transitions were evaluated in a human
plasma background by multiple injections using scheduled
LC-SRM/MS analysis. Up to four of the most intense fragment
ions without any interferences were selected based on the
proposal made by Lange et al. (56). To determine the endog-
enous protein levels, we spiked in SIS PrESTs prior to trypsin
digestion into the plasma pool from healthy volunteers and
analyzed the samples by LC-SRM/MS using the scheduled
SRM method. The spike in of SIS PrEST was subsequently
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FIG. 1. Development of the SIS PrEST SRM-assay. A, illustrates the principle of SIS PrEST as internal standards. SIS PrEST have amino
acid sequence that uniquely aligns to the endogenous target protein. On tryptic digestion, proteotypic peptide fragments are released from the
SIS PrEST and its target. B, shows the workflow for the mass spectrometric assay development including screening, transition selection and
robustness studies ending with the measurement of the clinical samples. C, illustrates a schematic overview of the sample preparation
workflow.
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adjusted in four steps to represent the endogenous protein
level as close to 1:1 (SIS PrEST: endogenous protein) as
possible. The final amount of spike in levels used for the SIS
PrEST masterbatch is presented in Table II. The final assay for
all apolipoproteins covered 34 peptides and 176 transitions
measured with two-minute retention time windows with one
quantifier and up to two qualifiers per peptide (supplemental
Table S5). This allowed for the acquisition of at least fifteen
data points across the eluting peptide peak with optimal
sensitivity using the dynamic SRM setting of the triple qua-
drupole instrument.

LLOQ and LOD—The linear dynamic range for each target
was established by a serial dilution of a pool of standards
spiked into human plasma (supplemental Table S4), and the
resulting LOD and LLOQ can be seen in Table III for each
protein. Triplicate dilution curves were made by diluting the
pool of SIS PrESTs in plasma from healthy individuals. In
order to determine the linear range of quantification for the
different targets the following requirements were used to eval-
uate each data point: CV 	 25% and a bias 	 25%. The bias
was calculated against the expected protein concentration,
which was calculated through linear extrapolation. The lowest
concentration fulfilling these criteria for each respective pro-
tein was assigned as the LLOQ and the LOD was calculated
as the mean of the lower points excluded based on the
previously stated criteria (50).

Evaluation of Assay Repeatability—Three studies to evalu-
ate distinct sources of variation using the final optimized SIS
PrEST masterbatch were conducted. The clinical samples in
EFFECT I were received and digested in several batches but
analyzed in LC-SRM/MS in one run. We conducted a repeat-
ability study to assess technical variation with such sample
preparation scenario. The pool of plasma from healthy volun-
teers was individually prepared, digested in triplicate over a
five-day period and analyzed by LC-SRM/MS on the same
day as described in the Methods section. The coefficients of

variation were below 10% for all measured apolipoproteins
(Table IV).

The extended repeatability study was performed to assess
the day-to-day variation introduced by potential daily fluctu-
ations in instrument performance as well as effects of pro-
longed storage time. Samples prepared and analyzed at dif-
ferent days exhibited comparable high quantitative precision
as samples subjected for LC-SRM/MS analysis in one run
(Table IV). apoJ had higher variation (total CV 15.3%) in the
extended repeatability (Table V) than in the repeatability
study. Concentrations of individual apolipoproteins were
comparable in the repeatability and extended repeatability
studies (supplemental Table S6).

Systematic benchmarking of all apolipoproteins against the
corresponding full-length SIL protein standards was not fea-
sible because of cost and unavailability of full-length stan-
dards for most proteins. The accuracy and precision of the
SIS PrESTs was thus assessed by comparing the SIS PrEST
for apoAI against a commercially available full-length SIL pro-
tein and spiked in SIS peptides that were added post diges-
tion in order to address potential biases arising from the use
of different types of internal standards. Multiple peptides ex-
hibited excellent precision using either the SIS Protein Frag-
ment (median CV � 3.31%) or the SIL protein standard strat-
egy (median CV � 3.54%)(Fig. 2). Noteworthy, differences in
accuracy relative literature ranges (57) can be seen between
all of the investigated spiking strategies, with spiked peptides
showing the largest deviation in precision (median CV �

13.1%).
Notably, none of the used standards quantified the plasma

level of apoAI to the values found in literature. The targeted
MS method either overestimated or underestimated the
plasma level of apoAI depending on the spiked standard.
However, the difference in quantity observed between differ-
ent internal standards might be attributed to the difference in
method used for absolute quantification of the standard itself.
The SIS PrEST had been quantified against an external
standard, using LC-SRM/MS, which in turn had been quan-
tified by amino acid analysis, whereas the SIL protein was
quantified by BCA, using a conversion factor established
between amino acid analysis and BCA. The SIS peptides
were quantified by amino acid analysis. However, both SIL
protein and SIS PrEST showed great precision across mul-
tiple peptides if compared with SIS peptides, suggesting
that they should be considered as preferable standards for
reproducible quantification.

Application of the SIS PrEST-based SRM Assay to Clinical
Samples—The EFFECT I clinical study has been previously
described (44). In brief, the 78 randomized patients had a
mean age of 60.8 years, 58% were males, BMI ranged from
25.2 to 39.2 kg/m2 and serum triglycerides ranged from 1.8
mmol/L to 10.1 mmol/l. The patients were randomized 1:1:1 to
placebo (n � 26), OM-3CA (n � 25) and fenofibrate (n � 27).
Out of 78 patients, 72 patients completed the study, placebo

TABLE II
The initial and final SIS PrEST masterbatches

Abbreviation SIS PrEST ID
Concentration, �M

Initial
masterbatch

Final
masterbatch

apo(a) HPRR2190035 0.44 0.35
apoAI HPRR3450266 – 28.90
apoAII HPRR4430020 35.82 1.23
apoAIV HPRR260124 1.52 5.17
apoB HPRR3720310 0.04 2.55
apoB HPRR3720311 0.75 0.20
apoCI HPRR3730489 6.40 2.17
apoCIV HPRR4130067 0.14 0.02
apoD HPRR2760373 3.16 0.22
apoE HPRR4200068 2.69 0.01
apoE HPRR4340126 0.25 0.56
apoF HPRR350023 0.02 0.03
apoJ HPRR4320626 0.02 0.60
apoLI HPRR350088 0.27 0.12
apoM HPRR3340379 0.69 0.73
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(n � 23), OM-3CA (n � 23), fenofibrate (n � 26). The plasma
samples used for quantification of the 13 apolipoproteins
using the SIS PrEST-based LC-SRM/MS assay had been
frozen at �80 °C. The EFFECT I samples were all run back-
to-back on the same instrument and subjected to the work-

flow outlined in Fig. 1C. The transitions corresponding to
individual SIS PrEST standards exhibited high correlation with
each other (supplemental Fig. S2), indicating that the apoli-
poprotein concentrations were not affected by the choice of
transitions. All peptides showed linear dependence within the

TABLE III
LOD and LLOQ for the final masterbatch. Detection limits were not established for apoD and apoJ due limited available material

SIS PrEST Protein Peptide sequence
Fragment Molar concentration

Ion LOD LLOQ Defined linear range

HPRR2190035 apo(a) GTYSTTVTGR y7 2.70E-09 2.52E-08 2.52E-08–7.08E-05
HPRR3450266 apoAI VSFLSALEEYTK y9 3.19E-08 2.76E-07 2.76E-07–1.01E-04
HPRR4430020 apoAII SPELQAEAK y5 2.24E-08 6.75E-07 6.75E-07–8.38E-05
HPRR260124 apoAIV ISASAEELR y7 1.19E-09 3.04E-09 3.04E-09–8.12E-05
HPRR3720311 apoB SVSLPSLDPASAK y9 3.81E-09 3.15E-09 3.15E-09–2.80E-05
HPRR3730489 apoCI EFGNTLEDK y5 2.71E-08 6.58E-07 6.58E-07–7.87E-05
HPRR4130067 apoCIV AWFLESK y5 5.88E-09 6.07E-08 6.07E-08–6.43E-05
HPRR2760373 apoD CPNPPVQENFDVNK y11 – –
HPRR4200068 apoE LQAEAFQAR y7 9.91E-10 2.75E-09 2.75E-09–8.63E-06
HPRR350023 apoF FLVSLALR y5 1.34E-09 1.05E-08 1.05E-08–1.31E-06
HPRR4320626 apoJ IDSLLENDR y7 – –
HPRR350088 apoLI VAQELEEK y7 8.80E-09 2.88E-08 2.88E-08–7.94E-05
HPRR3340379 apoM AFLLTPR y4 5.41E-10 6.90E-09 6.90E-09–2.20E-05

TABLE IV
Repeatability study. Day refers to the day when tryptic digestion of the samples was performed

Protein SIS PrEST ID Peptide sequence
Fragment Coefficient of variation, %

Ion Intra-day Inter-day Overall

apo(a) HPRR2190035 GTYSTTVTGR y7 5.7 3.7 6.8
apoAII HPRR4430020 SPELQAEAK y5 3.3 1.7 3.7
apoAIV HPRR260124 ISASAEELR y7 3.9 1.7 4.2
apoB HPRR3720311 SVSLPSLDPASAK y9 4.9 4.5 6.7
apoCI HPRR3730489 EFGNTLEDK y5 7.5 3.7 8.3
apoCIV HPRR4130067 AWFLESK y5 4.1 2.8 4.9
apoD HPRR2760373 CPNPPVQENFDVNK y11 3.3 2.3 4.1
apoE HPRR4200068 LQAEAFQAR y7 4.7 3.6 6.0
apoF HPRR350023 FLVSLALR y5 5.3 2.5 5.8
apoJ HPRR4320626 IDSLLENDR y7 2.3 3.0 3.8
apoLI HPRR350088 VAQELEEK y7 5.0 2.9 5.8
apoM HPRR3340379 AFLLTPR y4 4.3 3.4 5.4

Median All 4.5 3.0 5.6
Range All 2.3–7.5 1.7–4.5 3.7–8.3

TABLE V
Extended repeatability study. Day refers to the day when LC-SRM/MS was performed

Protein SIS PrEST ID Peptide sequence
Fragment Coefficient of variation, %

Ion Intra-day Inter-day Overall

apo(a) HPRR2190035 GTYSTTVTGR y7 3.9 3.6 5.3
apoAII HPRR4430020 SPELQAEAK y5 3.2 5.8 6.6
apoAIV HPRR260124 ISASAEELR y7 2.2 2.7 3.5
apoB HPRR3720311 SVSLPSLDPASAK y9 3.7 3.0 4.7
apoCI HPRR3730489 EFGNTLEDK y5 4.2 8.4 9.4
apoCIV HPRR4130067 AWFLESK y5 2.8 2.7 3.9
apoD HPRR2760373 CPNPPVQENFDVNK y11 3.3 3.9 5.1
apoE HPRR4200068 LQAEAFQAR y7 3.9 5.0 6.3
apoF HPRR350023 FLVSLALR y5 4.8 3.4 5.9
apoJ HPRR4320626 IDSLLENDR y7 4.9 14.5 15.3
apoLI HPRR350088 VAQELEEK y7 2.9 3.0 4.1
apoM HPRR3340379 AFLLTPR y4 2.8 1.5 3.2

Median All 3.5 3.5 5.2
Range All 2.2–4.9 1.5–14.5 3.2–15.3
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range that they were observed in the EFFECT I study (Table
III). The SIS PrEST-based assay enabled precise quantifica-
tion of apolipoproteins with concentrations from low nanomo-
lar (apoF) to hundred micromolar range (apoAII) (supplemental
Table S7). Fenofibrate treatment significantly increased
plasma levels of apoAII (�34.4%, S.E. 3.6%, p value 1e-21,
within-study-site correlation ICC 0.4%). Fenofibrate also sig-
nificantly decreased plasma levels of apoB (-15.2%, S.E.
3.9%, p value 1e-4, ICC 2.7%), apoCI (-17.6%, S.E. 6.5%, p
value 7e-3, ICC 1.3%), apoCIV (-36.4%, S.E. 4.6%, p value
3e-15, ICC 0.5%) and apoE (-23.9%, S.E. 6.2%, p value 1e-4,
ICC 5.3%) (Fig. 3). Fenofibrate did not have a significant effect
on apoAI, apoAIV, apoD, apoF, apoL1, apoM, apoJ or apo(a)
levels. OM-3CA treatment had no significant effect on any of
the analyzed apolipoproteins.

Associations Between Changes in Apolipoproteins and
Changes in Lipoprotein Fractions—We examined cross-cor-
relations between changes from baseline in apolipoproteins
and HDL-C, LDL-C and cholesterol in TG-rich particles to
understand which lipoprotein fractions could represent poten-
tial sources for the observed changes. First, we investigated
the associations between changes in circulating lipoprotein
fractions and changes in concentrations of apolipoproteins,
which were significantly affected by treatment (Table VI).
Changes in apoB showed a moderate positive correlation with
cholesterol in TG-rich lipoproteins in all three treatment arms,
whereas apoB changes correlated more strongly with LDL-C
changes in the fenofibrate and placebo groups than in the
OM-3CA group (Table VI). Although apoAII changes showed a

moderate positive association with changes in LDL-C and
cholesterol in TG-rich lipoproteins in the placebo group, these
associations were not evident in the active treatment arms.
ApoE changes showed positive correlations with changes in
cholesterol in TG-rich lipoproteins in mainly the OM-3CA and
placebo groups. Changes in apoCIV levels showed a positive
association with changes in cholesterol in TG-rich lipoproteins
and LDL-C, mainly in the placebo group, but also in the
fenofibrate group. Changes in apoE and apoCIV were nega-
tively associated with changes in HDL-C in the placebo group,
whereas these associations were markedly weaker in the
active arms (Table VI).

Next, the associations between changes in apolipoproteins,
that were not significantly influenced by active treatments,
were correlated with changes in lipoprotein fractions (Table
VII). ApoAI changes in the active treatment arms, but not in
the placebo arm, were positively correlated with changes in
HDL-C. Apo(a) changes were positively correlated with
LDL-C in the OM-3CA treatment group, whereas apo(a)
showed a moderate negative association with cholesterol in
TG-rich lipoproteins in the fenofibrate arm and HDL-C in the
placebo arm. We also noted that apoL1 was negatively
correlated with HDL-C in the placebo group, but not in the
active treatment groups. Finally, apoD and apoM changes
were positively associated with changes in LDL-C and cho-
lesterol in TG-rich lipoproteins in the placebo group, but not
in the other treatment groups. ApoF was negatively associ-
ated with cholesterol in TG-rich lipoproteins in the OM-3CA
group.

FIG. 2. Quantitative precision of SIS
peptides, protein fragments and full-
length protein. Each color represents
one standard type (SIS Protein, SIL Pep-
tide and SIS PrEST). Each dot repre-
sents the absolute quantity in �M ob-
tained from quantification in one
replicate for the respective peptide. The
median within each group is defined by
one horizontal line. Each respective
standard was spiked in a total amount of
50 pmol, based on the concentration
provided by the suppliers, to reflect re-
ported plasma levels. The shaded area
represents the mean value 
 one stan-
dard deviation within the Swedish pop-
ulation. The lower light gray area corre-
sponding to the concentration in the
male population and the upper light gray
area corresponding the concentration in
the female population, whereas the dark
gray area is the overlapping concentra-
tion range for both groups.
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DISCUSSION

The ability to measure protein biomarker panels in a clinical
setting requires robust and automated assays capable of

providing absolute quantitative data with high analytical rigor
and sufficient throughput to scale up the analysis. Here we
describe the development of an SRM assay based on SIS
PrEST internal standards for the measurement of apolipopro-
teins in non-depleted human plasma. The flow rate of each
individual syringe of the AssayMAP robot is precisely con-
trolled in the SPE step. Furthermore, the addition of the SIS
PrEST at the very beginning of the workflow and the fact that
the trypsin activity released the internal standard resulted in
an assay that exhibited excellent performance, which is es-
sential for clinical application. The median inter-day CV
across the measured apolipoproteins was 3.5% (extended
repeatability study). The solid phase extraction step was au-
tomated using the AssayMAP robotic platform that enabled
the parallel processing of up to 96 samples. Importantly, the
SIS PrEST assay enabled the simultaneous quantification of
multiple apolipoprotein species. Currently �50,000 PrEST
clones (58), corresponding to more than 18,000 human pro-
teins, are available within the Human Protein Atlas project for
SIS PrEST production. Thus, it is possible to generate custom
panels for absolute protein quantification for virtually any pro-
tein of interest. Also, the technology enables generation of
proteins harboring specific genetic variants, which is crucial
for research on personalized medicine. Overall, SIS PrEST
can facilitate medical research.

In this study, we conducted a proof-of-concept application
of the SIS PrEST technology in clinical settings. The primary
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FIG. 3. Effects of treatment on the apolipoproteins measured with the SIS PrEST-based SRM assay. Five apolipoproteins were
significantly affected by fenofibrate, whereas none of the 13 measured apolipoproteins showed a significant response to treatment with
OM-3CA. Each data point represents the within-subject change from baseline apolipoprotein concentration. Subjects enrolled at different
study centers are shown with different data point shapes. The p values are indicated as ** for p 	 0.01 and *** for p 	 0.001 whereas “ns”
stands for non-significant (p � � 0.05).

TABLE VI
Lipoprotein fractions associated with the five apolipoproteins that
were significantly affected by fenofibrate. The table presents Spear-
man correlation coefficients between percentages change from base-
line. Changes in apolipoprotein concentrations were correlated with

changes in lipoprotein fractions in each study arm

Correlation
between

HDL-C LDL-C
Cholesterol in

TG-rich lipoproteins

OM3-CA
apoAII 0.11 �0.26 0.05
apoB �0.22 0.26 0.47
apoCI 0.05 �0.07 0.22
apoCIV 0 0.19 0.36
apoE �0.2 �0.04 0.68

Fenofibrate
apoAII 0.31 �0.23 �0.09
apoB �0.46 0.48 0.61
apoCI 0.07 �0.15 0.14
apoCIV �0.2 0.35 0.35
apoE �0.02 0.08 0.36

Placebo
apoAII �0.16 0.46 0.38
apoB �0.14 0.58 0.42
apoCI �0.33 0.25 0.26
apoCIV �0.49 0.47 0.6
apoE �0.52 0.49 0.59
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analysis of the EFFECT I trial showed that fenofibrate reduces
serum TG, LDL-C and apoCIII and increases HDL-C levels
(44). The post-hoc analysis with the SIS PrEST SRM-assay
showed reduced concentrations of apoB, apoCI, apoCIV and
apoE and increased levels of apoAII in the fenofibrate treat-
ment arm. However, OM-3CA treatment had no significant
effect on concentrations of the analyzed apolipoproteins de-
spite the significant reduction in serum TG that was reported
in the primary analysis (44). The limitation of our study is that
the EFFECT I trial was powered for the primary clinical end
point (liver fat reduction) but not the post-hoc exploratory
investigations. Hence, small-magnitude effects of treatment
on apolipoprotein levels could have been missed. However,
our results showed good agreement with previous studies
(supplemental Table S8).

In various clinical intervention studies, fenofibrate treatment
has shown a consistent increase in apoAII, whereas the effect
on apoAI is less consistent (30–36, 59). In this study, fenofi-
brate treatment increased apoAII significantly, whereas no
significant effect on apoAI was observed. In line with the
present study, previous omega-3 fatty acid treatment studies
have shown no effect on apoAI and apoAII levels (25, 26), but

also a decrease in apoAI levels have been observed (29). As
expected, changes in apoAI levels correlated positively with
changes in HDL-C levels, whereas changes in apoAII showed
weaker associations with changes in HDL-C levels but mod-
erate positive associations with changes in apoB-containing
lipoproteins.

There was no effect of any treatment on apoAIV concen-
trations. However, in experimental studies, the apoAIV gene
expression was increased by fenofibric acid in HepG2 cells
(60), whereas clofibrate reduced plasma apoAIV levels in the
rat (61). These discrepancies between effects of treatment in
model systems and patients highlight the necessity to con-
duct early proof-of-concept studies in humans. To the best of
our knowledge, this is the first clinical study investigating the
effects of fenofibrate or omega-3 fatty acids on apoAIV levels
in patients.

In line with the previous studies (30, 32–36, 59), plasma
total apoB concentrations were reduced by fenofibrate treat-
ment; a change that mainly correlated with changes in LDL-C
levels. OM3-CA treatment had no significant effect, and pre-
vious omega-3 fatty acid treatment studies have resulted in
either no change (25, 26) or a decrease in apoB levels (29).

Levels of apoCI and apoCIV were reduced by fenofibrate
but not by OM-3CA treatment. Fenofibrate has been shown to
decrease apoCI (36), whereas to the best of our knowledge,
the reduction in apoCIV is a novel finding. ApoCIV has been
shown to be associated with VLDL and overexpression in
mice resulted in hypertriglyceridemia (62). Interestingly, apo-
CIV changes showed positive associations with changes in
apoB-containing lipoproteins. Therefore, one could speculate
that decreased apoCIV levels may contribute to the decrease
in serum TG after fenofibrate treatment.

Fenofibrate decreased apoE concentrations in line with pre-
vious studies (31, 35, 36), whereas there was no significant
effect of OM3-CA in contrast to a previous study showing a
decrease in apoE levels when omega-3 fatty acids were ad-
ministered in combination with statins (25).

In this study, no effects on apo(a) concentrations were
observed, whereas previous fenofibrate studies have shown
either no change in apo(a) levels (33, 39) or an increase in
apo(a) levels (42). Previous OM3-CA treatment studies either
observed no change or decreased apo(a) levels (40, 41).
Apo(a) is highly variable in structure and size (63). Plasmino-
gen K4 domain type 2 may be present in 3 to 40 copies in
different individuals and lead to different apo(a) forms in
heterozygous individuals. The apo(a) SIS PrEST in our study
specifically aligned to plasminogen K4 domain type 1, 2, 3
and 5 of apo(a) and did not map to any other human protein.
We anchored the apo(a) concentration to the molar amount of
the specific peptide, which is present only once in the SIS
PrEST sequence. In other words, we obtained valid combined
molar concentrations of apo(a) Kringle 4 Type 1, 2, 3 and 5 for
each given individual, which were suitable for the purpose of
the study because the outcome values (% change from base-

TABLE VII
Lipoprotein fractions associated with the apolipoproteins that were
not changed by treatment. The table presents Spearman correlation
coefficients between percentages change from baseline. Changes in
apolipoprotein concentrations were correlated with changes in lipo-

protein fractions in each study arm

Correlation
between

HDL-C LDL-C
Cholesterol in

TG-rich lipoproteins

OM3-CA
apo(a) 0.15 0.37 �0.01
apoAI 0.47 0.04 �0.14
apoAIV 0.23 �0.26 0.05
apoD 0.19 �0.13 0.07
apoF 0.11 0.02 �0.40
apoJ 0.29 �0.04 �0.15
apoLI 0.25 �0.19 �0.10
apoM 0.22 �0.12 �0.07

Fenofibrate
apo(a) �0.05 0.15 �0.33
apoAI 0.40 �0.19 �0.07
apoAIV 0.12 �0.16 0.20
apoD 0.08 0.12 0.11
apoF 0.14 �0.13 0.08
apoJ �0.14 0.30 0.17
apoLI 0.15 0.13 �0.07
apoM 0.21 �0.01 0.18

Placebo
apo(a) �0.39 �0.20 0.16
apoAI 0 0.45 0.35
apoAIV �0.14 �0.11 0.09
apoD �0.09 0.39 0.40
apoF �0.19 0.07 0.07
apoJ �0.16 0.26 0.22
apoLI �0.53 0.18 0.28
apoM �0.16 0.45 0.36
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line) were computed within-individual. However, the current
SIS PrEST design of apo(a) will overestimate the apo(a) con-
centration because the target peptide sequence can be found
in four different Kringle domains. The resulting concentration
correspond to the combined amount of these Kringle do-
mains. Hence, the apo(a) SIS PrEST design needs to be
further refined for application in cross-sectional studies. De-
velopment of SIS PrEST standard that occurs only once in
apo(a) sequence in every individual human and is specific to
apo(a) represents a direction of future work.

Concerning the apolipoproteins that were not significantly
changed by treatment in this study, including apoJ, apoM,
apoLI, apoF and apoD, there is limited information about
regulation in humans including treatment with fenofibrate and
omega-3 fatty acids. Omega-3 fatty acid treatment has been
shown to increase apoLI and apoD (38) as well as apoJ in the
HDL-C fraction (39). In this study, we found a negative corre-
lation between changes in apoLI and changes in HDL-C in the
placebo group, but weaker associations in the active treat-
ment arms. In previous studies, fibrates either did not affect
apoM levels (bezafibrate) (43) or increased apoM (fenofibrate)
(36).

In summary, a robust SIS PrEST-based SRM assay has
been developed and shows high precision for apolipoprotein
quantification. This assay was applied to a clinical cohort to
investigate the differential effects of fenofibrate and OM3-CA
on circulating apolipoprotein levels. To the best of our knowl-
edge, reduction in apoCIV by fenofibrate and lack of treat-
ment effect by either drug on apoAIV, apoJ, apoLI, apoF and
apoD in hypertriglyceridemic patients have not been previ-
ously reported and therefore represent novel findings. Fur-
thermore, we confirmed the known effects of fenofibrate that
were consistent with previous studies.

Note Added in Proof—QPrESTs have been reformulated, hence the
standards used within this study are referred to as SIS PrESTs.

Acknowledgment—We acknowledge the entire staff of the Human
Protein Atlas program.

DATA AVAILABILITY

The mass-spectrometry data have been deposited
at PanoramaWeb (https://panoramaweb.org/apo.url), PX ID:
PXD013314.

* One or more authors has an actual or perceived conflict of interest
with the contents of this article. M.U. is a co-founder of Atlas Anti-
bodies. B.F. acknowledges formal links to Atlas Antibodies.

□S This article contains supplemental material.
§§ To whom correspondence should be addressed. E-mail:

Tasso.Miliotis@astrazeneca.com.
¶¶ These authors contributed equally to this manuscript.
Author contributions: A.H., F.E., M.R., A.J.P., L.L., B.F., M.U., J.O.,

and T.M. designed research; A.H., F.E., J.M., L.R., J.O., and T.M.
performed research; A.H., F.E., M.R., J.M., L.R., A.J.P., B.F., J.O., and
T.M. analyzed data; A.H., F.E., M.R., J.M., L.R., A.J.P., L.L., B.F.,
M.U., J.O., and T.M. wrote the paper; L.L., B.F., M.U., J.O., and T.M.
contributed new reagents/analytic tools.

REFERENCES

1. Ridker, P. M., Thuren, T., Zalewski, A., and Libby, P. (2011) Interleukin-
1beta inhibition and the prevention of recurrent cardiovascular events:
rationale and design of the Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS). Am. Heart J. 162, 597–605

2. Flores-Morales, A., and Iglesias-Gato, D. (2017) Quantitative mass spec-
trometry-based proteomic profiling for precision medicine in prostate
cancer. Front. Oncol. 7, 267

3. Baker, M. (2015) Antibody anarchy: A call to order. Nature 527, 545
4. Baker, M. (2015) Reproducibility crisis: Blame it on the antibodies. Nature

521, 274–276
5. Hoofnagle, A. N., Becker, J. O., Oda, M. N., Cavigiolio, G., Mayer, P., and

Vaisar, T. (2012) Multiple-reaction monitoring-mass spectrometric as-
says can accurately measure the relative protein abundance in complex
mixtures. Clin. Chem. 58, 777–781

6. Carr, S. A., Abbatiello, S. E., Ackermann, B. L., Borchers, C., Domon, B.,
Deutsch, E. W., Grant, R. P., Hoofnagle, A. N., Huttenhain, R., Koomen,
J. M., Liebler, D. C., Liu, T., MacLean, B., Mani, D. R., Mansfield, E.,
Neubert, H., Paulovich, A. G., Reiter, L., Vitek, O., Aebersold, R., Ander-
son, L., Bethem, R., Blonder, J., Boja, E., Botelho, J., Boyne, M., Brad-
shaw, R. A., Burlingame, A. L., Chan, D., Keshishian, H., Kuhn, E.,
Kinsinger, C., Lee, J. S., Lee, S. W., Moritz, R., Oses-Prieto, J., Rifai, N.,
Ritchie, J., Rodriguez, H., Srinivas, P. R., Townsend, R. R., Van Eyk, J.,
Whiteley, G., Wiita, A., and Weintraub, S. (2014) Targeted peptide mea-
surements in biology and medicine: best practices for mass spectrom-
etry-based assay development using a fit-for-purpose approach. Mol.
Cell Proteomics 13, 907–917

7. Schubert, O. T., Rost, H. L., Collins, B. C., Rosenberger, G., and Aebersold,
R. (2017) Quantitative proteomics: challenges and opportunities in basic
and applied research. Nat. Protoc. 12, 1289–1294

8. Liu, Y., Buil, A., Collins, B. C., Gillet, L. C., Blum, L. C., Cheng, L. Y., Vitek,
O., Mouritsen, J., Lachance, G., Spector, T. D., Dermitzakis, E. T., and
Aebersold, R. (2015) Quantitative variability of 342 plasma proteins in a
human twin population. Mol. Syst. Biol. 11, 786

9. Percy, A. J., Byrns, S., Pennington, S. R., Holmes, D. T., Anderson, N. L.,
Agreste, T. M., and Duffy, M. A. (2016) Clinical translation of MS-based,
quantitative plasma proteomics: status, challenges, requirements, and
potential. Expert Rev. Proteomics 13, 673–684

10. Ankney, J. A., Muneer, A., and Chen, X. (2018) Relative and absolute
quantitation in mass spectrometry-based proteomics. Annu. Rev. Anal.
Chem. 11, 49–77

11. Kuzyk, M. A., Smith, D., Yang, J., Cross, T. J., Jackson, A. M., Hardie, D. B.,
Anderson, N. L., and Borchers, C. H. (2009) Multiple reaction monitoring-
based, multiplexed, absolute quantitation of 45 proteins in human
plasma. Mol. Cell Proteomics 8, 1860–1877

12. Scott, K. B., Turko, I. V., and Phinney, K. W. (2015) Quantitative perform-
ance of internal standard platforms for absolute protein quantification
using multiple reaction monitoring-mass spectrometry. Anal. Chem. 87,
4429–4435

13. Shuford, C. M., Sederoff, R. R., Chiang, V. L., and Muddiman, D. C. (2012)
Peptide production and decay rates affect the quantitative accuracy of
protein cleavage isotope dilution mass spectrometry (PC-IDMS). Mol.
Cell Proteomics 11, 814–823

14. Bronsema, K. J., Bischoff, R., and van de Merbel, N. C. (2012) Internal
standards in the quantitative determination of protein biopharmaceuti-
cals using liquid chromatography coupled to mass spectrometry.
J. Chromatogr. B Analyt. Technol. Biomed Life Sci. 893–894, 1–14

15. Beynon, R. J., Doherty, M. K., Pratt, J. M., and Gaskell, S. J. (2005)
Multiplexed absolute quantification in proteomics using artificial QCAT
proteins of concatenated signature peptides. Nat. Methods 2, 587–589

16. Pratt, J. M., Simpson, D. M., Doherty, M. K., Rivers, J., Gaskell, S. J., and
Beynon, R. J. (2006) Multiplexed absolute quantification for proteomics
using concatenated signature peptides encoded by QconCAT genes.
Nat. Protoc. 1, 1029–1043

17. Edfors, F., Forsstrom, B., Vunk, H., Kotol, D., Fredolini, C., Maddalo, G.,
Svensson, A. S., Bostrom, T., Tegel, H., Nilsson, P., Schwenk, J. M., and
Uhlen, M. (2019) Screening a resource of recombinant protein fragments
for targeted proteomics. J. Proteome Res. 18, 2706–2718

18. Nilsson, P., Paavilainen, L., Larsson, K., Odling, J., Sundberg, M., Ander-
sson, A. C., Kampf, C., Persson, A., Al-Khalili Szigyarto, C., Ottosson, J.,
Bjorling, E., Hober, S., Wernerus, H., Wester, K., Ponten, F., and Uhlen,

The First Clinical Application of Tier 2 SIS PrEST Assay

2444 Molecular & Cellular Proteomics 18.12

https://panoramaweb.org/apo.url
http://www.mcponline.org/cgi/content/full/RA119.001765/DC1
mailto:Tasso.Miliotis@astrazeneca.com


M. (2005) Towards a human proteome atlas: high-throughput generation
of mono-specific antibodies for tissue profiling. Proteomics 5,
4327–4337

19. Zeiler, M., Straube, W. L., Lundberg, E., Uhlen, M., and Mann, M. (2012) A
Protein Epitope Signature Tag (PrEST) library allows SILAC-based ab-
solute quantification and multiplexed determination of protein copy num-
bers in cell lines. Mol. Cell Proteomics 11, O111 009613

20. Oeckl, P., Steinacker, P., and Otto, M. (2018) Comparison of internal
standard approaches for SRM analysis of alpha-synuclein in cerebrospi-
nal fluid. J. Proteome Res. 17, 516–523

21. Goldstein, J. L., and Brown, M. S. (2015) A century of cholesterol and
coronaries: from plaques to genes to statins. Cell 161, 161–172

22. Nordestgaard, B. G., and Varbo, A. (2014) Triglycerides and cardiovascular
disease. Lancet 384, 626–635

23. Pechlaner, R., Tsimikas, S., Yin, X., Willeit, P., Baig, F., Santer, P., Ober-
hollenzer, F., Egger, G., Witztum, J. L., Alexander, V. J., Willeit, J., Kiechl,
S., and Mayr, M. (2017) Very-low-density lipoprotein-associated apoli-
poproteins predict cardiovascular events and are lowered by inhibition of
APOC-III. J. Am. Coll. Cardiol. 69, 789–800

24. Hegele, R. A., Ginsberg, H. N., Chapman, M. J., Nordestgaard, B. G.,
Kuivenhoven, J. A., Averna, M., Boren, J., Bruckert, E., Catapano, A. L.,
Descamps, O. S., Hovingh, G. K., Humphries, S. E., Kovanen, P. T.,
Masana, L., Pajukanta, P., Parhofer, K. G., Raal, F. J., Ray, K. K., Santos,
R. D., Stalenhoef, A. F., Stroes, E., Taskinen, M. R., Tybjaerg-Hansen, A.,
Watts, G. F., Wiklund, O., and European Atherosclerosis Society Con-
sensus, P. (2014) The polygenic nature of hypertriglyceridaemia: impli-
cations for definition, diagnosis, and management. Lancet Diabetes En-
docrinol. 2, 655–666

25. Nordoy, A., Bonaa, K. H., Nilsen, H., Berge, R. K., Hansen, J. B., and
Ingebretsen, O. C. (1998) Effects of Simvastatin and omega-3 fatty acids
on plasma lipoproteins and lipid peroxidation in patients with combined
hyperlipidaemia. J. Intern. Med. 243, 163–170

26. Chan, D. C., Watts, G. F., Nguyen, M. N., and Barrett, P. H. (2006) Factorial
study of the effect of n-3 fatty acid supplementation and atorvastatin on
the kinetics of HDL apolipoproteins A-I and A-II in men with abdominal
obesity. Am. J. Clin. Nutr. 84, 37–43

27. Otto, C., Ritter, M. M., Soennichsen, A. C., Schwandt, P., and Richter,
W. O. (1996) Effects of n-3 fatty acids and fenofibrate on lipid and
hemorrheological parameters in familial dysbetalipoproteinemia and fa-
milial hypertriglyceridemia. Metabolism 45, 1305–1311

28. Kastelein, J. J., Maki, K. C., Susekov, A., Ezhov, M., Nordestgaard, B. G.,
Machielse, B. N., Kling, D., and Davidson, M. H. (2014) Omega-3 free
fatty acids for the treatment of severe hypertriglyceridemia: the EpanoVa
fOr Lowering Very high triglyceridEs (EVOLVE) trial. J. Clin. Lipidol. 8,
94–106

29. Maki, K. C., Orloff, D. G., Nicholls, S. J., Dunbar, R. L., Roth, E. M., Curcio,
D., Johnson, J., Kling, D., and Davidson, M. H. (2013) A highly bioavail-
able omega-3 free fatty acid formulation improves the cardiovascular risk
profile in high-risk, statin-treated patients with residual hypertriglyceri-
demia (the ESPRIT trial). Clin. Ther. 35, 1400–1411.e1-3

30. Keating, G. M. (2011) Fenofibrate: a review of its lipid-modifying effects in
dyslipidemia and its vascular effects in type 2 diabetes mellitus. Am. J.
Cardiovasc. Drugs 11, 227–247

31. Ooi, E. M., Ng, T. W., Watts, G. F., Chan, D. C., and Barrett, P. H. (2012)
Effect of fenofibrate and atorvastatin on VLDL apoE metabolism in men
with the metabolic syndrome. J. Lipid Res. 53, 2443–2449

32. Keech, A., Simes, R. J., Barter, P., Best, J., Scott, R., Taskinen, M. R.,
Forder, P., Pillai, A., Davis, T., Glasziou, P., Drury, P., Kesaniemi, Y. A.,
Sullivan, D., Hunt, D., Colman, P., d’Emden, M., Whiting, M., Ehnholm,
C., Laakso, M., and investigators, Fs. (2005) Effects of long-term feno-
fibrate therapy on cardiovascular events in 9795 people with type 2
diabetes mellitus (the FIELD study): randomised controlled trial. Lancet
366, 1849–1861

33. Athyros, V. G., Papageorgiou, A. A., Athyrou, V. V., Demitriadis, D. S., and
Kontopoulos, A. G. (2002) Atorvastatin and micronized fenofibrate alone
and in combination in type 2 diabetes with combined hyperlipidemia.
Diabetes Care 25, 1198–1202

34. Koh, K. K., Quon, M. J., Shin, K. C., Lim, S., Lee, Y., Sakuma, I., Lee, K.,
Han, S. H., and Shin, E. K. (2012) Significant differential effects of
omega-3 fatty acids and fenofibrate in patients with hypertriglyceridemia.
Atherosclerosis 220, 537–544

35. Knopp, R. H., Walden, C. E., Warnick, G. R., Albers, J. J., Ginsberg, J., and
McGinnis, B. M. (1987) Effect of fenofibrate treatment on plasma lipo-
protein lipids, high-density lipoprotein cholesterol subfractions, and apo-
lipoproteins B, AI, AII, and E. Am. J. Med. 83, 75–84

36. Croyal, M., Kaabia, Z., Leon, L., Ramin-Mangata, S., Baty, T., Fall, F.,
Billon-Crossouard, S., Aguesse, A., Hollstein, T., Sullivan, D. R., No-
becourt, E., Lambert, G., and Krempf, M. (2018) Fenofibrate decreases
plasma ceramide in type 2 diabetes patients: A novel marker of CVD?
Diabetes Metab. 44, 143–149

37. Stohler, R., Keller, U., and Riesen, W. F. (1989) Effects of simvastatin and
fenofibrate on serum lipoproteins and apolipoproteins in primary hyper-
cholesterolaemia. Eur. J. Clin. Pharmacol. 37, 199–203

38. Lambert, C., Cubedo, J., Padro, T., Sanchez-Hernandez, J., Antonijoan,
R. M., Perez, A., and Badimon, L. (2017) Phytosterols and omega 3
supplementation exert novel regulatory effects on metabolic and inflam-
matory pathways: a proteomic study. Nutrients 9, pii: E599

39. Burillo, E., Mateo-Gallego, R., Cenarro, A., Fiddyment, S., Bea, A. M.,
Jorge, I., Vazquez, J., and Civeira, F. (2012) Beneficial effects of omega-3
fatty acids in the proteome of high-density lipoprotein proteome. Lipids
Health Dis. 11, 116

40. Schmidt, E. B., Klausen, I. C., Kristensen, S. D., Lervang, H. H., Faergeman,
O., and Dyerberg, J. (1991) The effect of n-3 polyunsaturated fatty acids
on Lp(a). Clin. Chim. Acta 198, 271–277

41. Colussi, G. L., Baroselli, S., and Sechi, L. (2004) Omega-3 polyunsaturated
fatty acids decrease plasma lipoprotein(a) levels in hypertensive sub-
jects. Clin. Nutr. 23, 1246–1247

42. Ko, H. S., Kim, C. J., and Ryu, W. S. (2005) Effect of fenofibrate on
lipoprotein(a) in hypertriglyceridemic patients: impact of change in trig-
lyceride level and liver function. J. Cardiovasc. Pharmacol. 46, 405–411

43. Kappelle, P. J., Ahnstrom, J., Dikkeschei, B. D., de Vries, R., Sluiter, W. J.,
Wolffenbuttel, B. H., van Tol, A., Nielsen, L. B., Dahlback, B., and
Dullaart, R. P. (2010) Plasma apolipoprotein M responses to statin and
fibrate administration in type 2 diabetes mellitus. Atherosclerosis 213,
247–250

44. Oscarsson, J., Onnerhag, K., Riserus, U., Sunden, M., Johansson, L.,
Jansson, P. A., Moris, L., Nilsson, P. M., Eriksson, J. W., and Lind, L.
(2018) Effects of free omega-3 carboxylic acids and fenofibrate on liver
fat content in patients with hypertriglyceridemia and non-alcoholic fatty
liver disease: A double-blind, randomized, placebo-controlled study.
J. Clin. Lipidol. 12, 1390–1403

45. Targher, G., Byrne, C. D., Lonardo, A., Zoppini, G., and Barbui, C. (2016)
Non-alcoholic fatty liver disease and risk of incident cardiovascular dis-
ease: A meta-analysis. J. Hepatol. 65, 589–600

46. Larsson, M., Graslund, S., Yuan, L., Brundell, E., Uhlen, M., Hoog, C., and
Stahl, S. (2000) High-throughput protein expression of cDNA products as
a tool in functional genomics. J. Biotechnol. 80, 143–157

47. Matic, I., Jaffray, E. G., Oxenham, S. K., Groves, M. J., Barratt, C. L., Tauro,
S., Stanley-Wall, N. R., and Hay, R. T. (2011) Absolute SILAC-compatible
expression strain allows Sumo-2 copy number determination in clinical
samples. J. Proteome Res. 10, 4869–4875

48. MacLean, B., Tomazela, D. M., Shulman, N., Chambers, M., Finney, G. L.,
Frewen, B., Kern, R., Tabb, D. L., Liebler, D. C., and MacCoss, M. J.
(2010) Skyline: an open source document editor for creating and
analyzing targeted proteomics experiments. Bioinformatics 26,
966–968

49. Maclean, B., Tomazela, D. M., Abbatiello, S. E., Zhang, S., Whiteaker, J. R.,
Paulovich, A. G., Carr, S. A., and Maccoss, M. J. (2010) Effect of collision
energy optimization on the measurement of peptides by selected
reaction monitoring (SRM) mass spectrometry. Anal. Chem. 82,
10116–10124

50. Grant, R. P., and Hoofnagle, A. N. (2014) From lost in translation to paradise
found: enabling protein biomarker method transfer by mass spectrom-
etry. Clin. Chem. 60, 941–944

51. LeBlanc, A., Michaud, S. A., Percy, A. J., Hardie, D. B., Yang, J., Sinclair,
N. J., Proudfoot, J. I., Pistawka, A., Smith, D. S., and Borchers, C. H.
(2017) Multiplexed MRM-based protein quantitation using two different
stable isotope-labeled peptide isotopologues for calibration. J. Pro-
teome Res. 16, 2527–2536

52. Chu, R., Thabane, L., Ma, J., Holbrook, A., Pullenayegum, E., and De-
vereaux, P. J. (2011) Comparing methods to estimate treatment effects

The First Clinical Application of Tier 2 SIS PrEST Assay

Molecular & Cellular Proteomics 18.12 2445



on a continuous outcome in multicentre randomized controlled trials: a
simulation study. BMC Med. Res. Methodol. 11, 21

53. Kahan, B. C., and Morris, T. P. (2013) Analysis of multicentre trials with
continuous outcomes: when and how should we account for centre
effects? Stat. Med. 32, 1136–1149

54. Bilgic, Y. K., and Susmann, H. (2013) rlme: an R package for rank-based
estimation and prediction in random effects nested models. The R.
Journal 5, 71–79

55. R Core Team. (2018) R: A language and environment for statistical com-
puting., R Foundation for Statistical Computing, Vienna, Austria.

56. Lange, V., Picotti, P., Domon, B., and Aebersold, R. (2008) Selected reaction
monitoring for quantitative proteomics: a tutorial. Mol. Syst. Biol. 4, 222

57. Frondelius, K., Borg, M., Ericson, U., Borne, Y., Melander, O., and Sonest-
edt, E. (2017) Lifestyle and dietary determinants of serum apolipoprotein
A1 and apolipoprotein B concentrations: cross-sectional analyses within
a Swedish cohort of 24,984 individuals. Nutrients 9, 211

58. Uhlen, M., Fagerberg, L., Hallstrom, B. M., Lindskog, C., Oksvold, P.,
Mardinoglu, A., Sivertsson, A., Kampf, C., Sjostedt, E., Asplund, A.,
Olsson, I., Edlund, K., Lundberg, E., Navani, S., Szigyarto, C. A., Ode-
berg, J., Djureinovic, D., Takanen, J. O., Hober, S., Alm, T., Edqvist, P. H.,
Berling, H., Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk,

J. M., Hamsten, M., von Feilitzen, K., Forsberg, M., Persson, L., Johans-
son, F., Zwahlen, M., von Heijne, G., Nielsen, J., and Ponten, F. (2015)
Proteomics. Tissue-based map of the human proteome. Science 347,
1260419

59. Hiukka, A., Leinonen, E., Jauhiainen, M., Sundvall, J., Ehnholm, C., Keech,
A. C., and Taskinen, M. R. (2007) Long-term effects of fenofibrate on
VLDL and HDL subspecies in participants with type 2 diabetes mellitus.
Diabetologia 50, 2067–2075

60. Bovard-Houppermans, S., Ochoa, A., Fruchart, J. C., and Zakin, M. M.
(1994) Fenofibric acid modulates the human apolipoprotein A-IV gene
expression in HepG2 cells. Biochem. Biophys. Res. Commun. 198,
764–769

61. Staels, B., van Tol, A., Verhoeven, G., and Auwerx, J. (1990) Apolipoprotein
A-IV messenger ribonucleic acid abundance is regulated in a tissue-
specific manner. Endocrinology 126, 2153–2163

62. Allan, C. M., and Taylor, J. M. (1996) Expression of a novel human apoli-
poprotein (apoC-IV) causes hypertriglyceridemia in transgenic mice. J.
Lipid Res. 37, 1510–1518

63. Marcovina, S. M., and Albers, J. J. (2016) Lipoprotein(a) measurements for
clinical application. J. Lipid Res. 57, 526–537

The First Clinical Application of Tier 2 SIS PrEST Assay

2446 Molecular & Cellular Proteomics 18.12


