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ABSTRACT: The National Institute of Standards and Technology (NIST), in =~
collaboration with the National Institutes of Health (NIH), has developed a
Standard Reference Material (SRM) to support technology development in
metabolomics research. SRM 1950 Metabolites in Human Plasma is intended to
have metabolite concentrations that are representative of those found in adult
human plasma. The plasma used in the preparation of SRM 1950 was collected
from both male and female donors, and donor ethnicity targets were selected
based upon the ethnic makeup of the U.S. population. Metabolomics research is
diverse in terms of both instrumentation and scientific goals. This SRM was
designed to apply broadly to the field, not toward specific applications. Therefore,
concentrations of approximately 100 analytes, including amino acids, fatty acids,
trace elements, vitamins, hormones, selenoproteins, clinical markers, and
perfluorinated compounds (PFCs), were determined. Value assignment
measurements were performed by NIST and the Centers for Disease Control and Prevention (CDC). SRM 1950 is the first reference
material developed specifically for metabolomics research.

D 1 etabolites are well-established indicators of human health, reflecting a clear cause and effect relationship.”” For example,

and measurement of specific metabolites has historically elevated cholesterol levels are associated with a number of

played a key role in disease diagnosis and risk assessment." disorders, including hypothyroidism, diabetes, and kidney
Fasting blood glucose levels are used to diagnose diabetes,z’3 and dysfunction. Diseases such as diabetes® and Parkinson’s

serum creatinine levels are monitored in assessment of kidney

function.** Individual metabolite markers tend to lack disease Received: August 23, 2013

specificity, however, and results outside the normal range may
only point to the need for further investigation rather than
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disease”'® tend to affect multiple biochemical processes in the
body, and measurement of a single biomarker is often insufficient
for definitive diagnosis or for classification of patients into disease
subtypes. Therefore, focusing on one or even a few metabolites at
a time has limited diagnostic or prognostic value and provides
little insight into disease etiology." ™"

Advances in technology have now made global profiling of
hundreds or thousands of metabolites present in a given
biological sample possible and thus have paved the way for
holistic investigations of biochemical pathways and the relation-
ships between them.'>'* An examination of the complete
collection of metabolites, known as the metabolome,>™"” may
provide insight into disease mechanisms and identify markers
that can pinpoint the early sta$es of disease when interventions
are more likely to be effective.%™® Similarly, metabolomics studies
are also being employed to understand the mechanisms of drug-
induced toxicity in the hopes of improving drug safety and
efficacy.’*%*

Metabolomics studies can be either qualitative or quantitative
in nature and either targeted (hypothesis-driven) or untargeted
(global) in design.”>** Given the complexity of the metabolome
and the range of metabolite concentrations and polarities
routinely encountered, no single analytical technique is able to
provide a complete picture of the metabolites present in a specific
sample. Hence, the metabolites observed are dependent to a
certain extent upon the technique used as well as variables such as
sampling and sample preparation protocols.”>~>” Nuclear
magnetic resonance (NMR) spectroscopy and mass spectrom-
etry (MS) are the predominant analytical approaches in
metabolomics research,'* although there have been applications
of infrared and Raman spectroscopy as well as other
techniques.”'* The strengths and limitations of NMR and
MS approaches for metabolomics have been summarized in a
number of reviews.”* ™'

Regardless of the analytical platform selected, metabolomics
research relies upon the ability to compare two or more data sets
and to identify particular patterns or features that differ between
them. To achieve this goal and make meaningful comparisons of
data, it must be possible to isolate “real” differences between
samples and data sets from those that arise from analytical
variability or experimental artifacts.*>*> Thus, identifying and
controlling sources of intra- and interlaboratory variability have
become crucial elements of metabolomics research.>***

Quality control (QC) materials are increasingly being
employed in metabolomics as a means of assessing data quality
and for identifying experimental artifacts.>**® One approach to
the implementation of QC materials involves combining aliquots
from each of the study samples to prepare a QC pool that can be
analyzed at the same time as the samples.>” This technique can be
particularly valuable for studies where samples are analyzed in
different batches or if changes in instrument performance are
suspected.*® However, poolin§ of sample aliquots may not be
teasible for long-term studies.*® In addition, further confidence in
data quality can be gained through the use of standards or QC
materials that are independent of the samples being analyzed.

Standard Reference Material (SRM) 1950 Metabolites in
Human Plasma was developed in collaboration with the National
Institutes of Health (NIH) in response to a recognized need for a
reference material to support metabolomics technology develop-
ment. SRM 1950 consists of a human plasma pool collected from
healthy adults. Concentrations of approximately 100 analytes
have been determined in this material, including both
metabolites and environmental contaminants. Isotope-dilution

mass spectrometry approaches to analyte quantification were
used whenever possible. This SRM is the first reference material
developed specifically for metabolomics research.

B EXPERIMENTAL SECTION

Standard Reference Material. SRM 1950 Metabolites in
Human Plasma was prepared by Bioreclamation, Inc. (Hicksville,
NY) according to specifications provided by NIST. The plasma
pool was collected from 100 donors, with an equal number of
men and women and from donors between 40 and 50 years of
age. Donors were selected to be representative of the ethnic
distribution of the U.S. population, based upon data from the
U.S. Census in 2000. Donors were asked to fast overnight and to
abstain from taking medications for 72 h prior to blood donation.
A rapid glucose test was used to exclude individuals who did not
comply with the fasting requirement. Individuals affected by
overt disease or disorders and those having a body mass index
(BMI) outside the 95th percentile were excluded.

Plasma was prepared from whole blood that was placed on ice
immediately after collection, and lithium heparin was used as the
anticoagulant. Each sample was centrifuged at 4 °C at 8000 X g
for 25 min. Samples were processed and frozen within 60 min
from the time of collection. Units of plasma were thawed once
and blended under nitrogen. The resulting plasma pool was
dispensed in 1 mL aliquots into vials, and the vials were then
stored at —80 °C prior to shipment to NIST. Approximately 20
000 vials of SRM 1950 were delivered to NIST, and a unit of
SRM 1950 consists of 5 vials.

Safety Considerations. Each unit of human plasma used in
the preparation of SRM 1950 was screened by Bioreclamation
and found to be nonreactive for hepatitis B surface antigen
(HBsAg), human immunodeficiency virus (HIV), hepatitis C
virus (HCV), and human immunodeficiency virus 1 antigen
(HIV-1Ag) by Food and Drug Administration (FDA)-licensed
tests. However, because no test method can guarantee that these
infectious agents are absent, appropriate safety precautions
should be taken when handling this or any other potentially
infectious human plasma or blood specimens.

Methods. Brief descriptions of the methods used in the value
assignment of SRM 1950 are provided in the Certificate of
Analysis** and are also included in the Supporting Information.
Method details are also available online (http:/ /srm1950.nist.
gov). Some of the methods developed as part of the certification
of SRM 1950 have been described in related publications.*' ~*
Certification measurements were performed at NIST and at the
Centers for Disease Control and Prevention (CDC, Atlanta,
GA). The methods used at NIST had, in most cases, been used
previously for value assignment of other SRMs. The methods
used by CDC had previously been validated for use in the
National Health and Nutrition Examination Survey (NHANES).
Analyte quantification was based upon isotope-dilution mass
spectrometry (ID-MS) whenever possible. For analytes such as
the carotenoids where ID-MS methods were not available, liquid
chromatographic methods with UV/visible detection (LC-UV)
or fluorescence detection (LC-FL) were employed at NIST and
CDC. For some of the fatty acids and carotenoids, value
assignment measurements were performed using a single
method at the CDC.

B RESULTS AND DISCUSSION

Validation of metabolites or profiles of metabolites as biomarkers
will require the comparison of data sets from different laboratories
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Table 1. Concentrations of Clinical Markers in SRM 1950¢

analyte mass concentration (mg/dL)
bilirubin 0.344 + 0.023
cholesterol 151.4 + 3.3
creatinine 0.6789 + 0.0108
glucose 82.16 + 1.00
total glycerides 99.0 + 2.1
calcium
magnesium
potassium
sodium
analyte mass concentration (mg/L)
homocysteine 1.150 + 0.026
analyte mass fraction (ng/g)
cortisol 822 + 1.7
progesterone 1.452 + 0.037
testosterone 2.169 + 0.046

molar concentration (mmol/L) method
spectrophotometry
3.917 + 0.085 ID GC-MS
0.0600 + 0.0009 ID LC-MS
4.560 + 0.056 ID GC-MS
1.12 + 0.02 ID GC-MS
1.936 + 0.024 ID ICP-MS
0.696 + 0.004 ID ICP-MS
3.665 + 0.025 ID ICP-MS
141.76 + 0.31 gravimetry
molar concentration (umol/L) method
8.50 + 0.20 ID GC-MS
mass concentration (ng/mL) method
83.9 + 1.7 ID LC-MS/MS
1.482 + 0.038 ID LC-MS/MS
2214 + 0.047 ID LC-MS/MS

“Certified values (bold font) and reference values (normal font) are provided with their associated uncertainties.

and from different analytical platforms. Such comparisons are
difficult at present, even if adequate experimental details (metadata)
are provided with the results.””>** The impact of certain
preanalytical variables such as sample collection and storage can
be minimized through the implementation of standard operating
procedures (SOPs), but it is very difficult to adopt uniform
approaches to reduce the many potential sources of variability in
metabolomics, particularly when complex sample preparation and
analysis schemes are required.”>>* As a result, experimental artifacts
may be difficult to identify in the absence of appropriate
measurement quality assurance materials.

Traditional approaches to detecting and minimizing analytical
variability and ensuring measurement accuracy may not be easily
adapted to metabolomics investigations. Internal standards,
including stable isotope-labeled internal standards, can aid in
correcting for variations in factors such as sample pre};aration,
chromatographic retention, and ionization efficiency. > How-
ever, in metabolomics studies, selection of appropriate internal
standards is complicated by the fact that the compounds of
interest generally are not known in advance.>® In addition, even
when the target analytes are known, adding an internal standard
for each compound when hundreds of analytes are being
detected is not a viable option.

Reference materials are another mechanism for validating
analytical methods and evaluating data quality. NIST SRMs have
typically been developed with a particular application in mind.
For example, SRM 967a Creatinine in Frozen Human Serum is
directed toward laboratories performing measurements of
creatinine in serum. Because metabolomics studies encompass
such a wide range of interests including toxicology, nutrition, and
drug development, as well as a number of different analytical
platforms, it is nearly impossible to match the sample matrixes
and metabolite profiles encountered by each end user of a
potential reference material. An alternative approach is to
develop a reference material that is as broadly applicable as
possible. NIH and a panel of metabolomics investigators
provided guidance to NIST in designing SRM 1950 Metabolites
in Human Plasma and in selecting target analytes for value
assignment.

SRM 1950 Metabolites in Human Plasma is intended to
represent normal human plasma. The specifications for the
preparation of the plasma pool were designed to minimize the
influence of factors such as diet and medications on the

metabolite profile.* As noted earlier, one of the goals of this
work was to develop a reference material that would be suitable
for applications that were difficult to predict in advance.
Therefore, concentrations of a broad spectrum of metabolites
were determined in SRM 1950, including amino acids,
carotenoids, fatty acids, electrolytes, hormones, and vitamins.
Additional measurements were performed for total protein,
selenoproteins, and perfluorinated compounds (PFCs). PFCs
are persistent environmental contaminants, and their concen-
trations in serum or plasma may be of interest for biomonitoring
studies. Values were assigned for nearly 100 different species in
SRM 1950, and this information is provided to users of the SRM
in a Certificate of Analysis.** The assigned values are presented in
the certificate as certified, reference, or information values.*
Both certified and reference values are given with their associated
uncertainties, which were calculated in accordance with the
International Organization for Standardization (ISO) Guide.*’

The methods used in the certification of SRM 1950 are not
intended to be representative of analytical approaches typically
used in metabolomics research. Candidate analytes of interest for
value assignment in SRM 1950 were either known in advance or
identified through preliminary screening of the material, and
therefore method selection could be optimized. In many cases,
metabolite concentrations were determined using methods
previously employed at NIST for value assignment of other
SRMs. These methods generally quantify only one or a small
group of analytes at a time and are often based upon ID-MS
approaches to analyte quantification. The following sections
describe the value assignment process for several classes of
metabolites in this reference material. Additional details can also
be found in the Supporting Information.

Clinical Markers. Traditional clinical markers such as
glucose, cholesterol, and triglycerides can be useful as surrogate
markers for classifying or stratifying samples in metabolomics
research.***’ Glucose is one of the most abundant metabolites in
serum or plasma, and glucose metabolism is also known to be
altered in a number of disease states, including diabetes.®
Although electrolytes (calcium, magnesium, potassium, sodium)
are not generally considered in metabolomics investigations,
electrolyte imbalances are associated with a number of diseases.
They are also some of the more abundant species in human serum
or plasma.'® Steroid hormone profiles have been studied in relation
to endocrine disorders and as potential cancer biomarkers.”
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Table 1 summarizes the concentrations of the majority of the
clinical markers that were value assigned in SRM 1950. For some
analytes, mass concentrations presented in the table were
calculated from mass fractions using the measured density of
SRM 1950 (1.02086 g/mL). In general, each of these analytes
was determined at NIST by a single method, as indicated in the
table. Many of these methods are recognized as reference
measurement procedures by the Joint Committee for Trace-
ability in Laboratory Medicine (JCTLM). The GC-MS
procedures for the clinical analytes involved derivatization of
the analyte of interest after isolation from the plasma matrix.
Labeled internal standards were added at the beginning of the
sample preparation process and allowed to equilibrate with the
sample for a predetermined period of time. A similar approach
was utilized for the LC-MS and LC-MS/MS analyses, but
derivatization was not required in these methods. Samples for
ICP-MS analysis were subjected to acid digestion, and an
appropriate isotope spike was employed for quantification. For
the GC-MS, LC-MS, and LC-MS/MS analyses, the relative
expanded uncertainties associated with these measurements are
generally in the range of 1—3%, and relative expanded
uncertainties <1% are common for the ICP-MS methods. This
method performance is reflected in the expanded uncertainties
shown with each certified or reference value in Table 1.

Amino Acids. Amino acids are the building blocks of proteins
and also serve as important metabolic intermediates. Measure-
ment of amino acids in biological fluids is routinely used in the
diagnosis of metabolic disorders.*® Thus, it is not surprising that
metabolomics studies have frequently detected perturbations in
amino acid concentrations that appear to be linked with
particular disease states.”'~>> Research has also indicated that
amino acid metabolism is altered in diabetes, and certain
branched chain amino acids may have utility as early indicators of
diabetes risk.*>* In some cases, changes in specific amino acid
concentrations appear to have merit in classifying patients by
disease subtype, as was reported for chronic obstructive
pulmonary disease (COPD).>

Amino acids were determined in SRM 1950 through a co-
mbination of data from four independent methods based upon
liquid chromatography—tandem mass spectrometry (LC-MS/MS),
gas chromatography—time-of-flight mass spectrometry (GC-TOF-
MS), and two-dimensional GC coupled to time-of-flight mass
spectrometry (GCxGC-TOF-MS).*' For the GC-TOF-MS anal-
yses, either propyl chloroformate (PCF) or N-methyl-N-
(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA) was used
as the derivatizing agent. Only MTBSTFA was used as the
derivatizing agent for the GCxGC-TOF-MS measurements.
Isotopically labeled internal standards were employed for each of
the amino acids and were added at the beginning of the sample
analysis. In general, good agreement was observed among the results
from the four methods. Details on the results from the individual
methods are presented elsewhere.*' Coefficients of variation (CVs)
for the LC-MS/MS method were typically in the range of 1—3%,
reflecting the excellent precision commonly associated with ID-MS
methods. The observed CVs for the GC-TOF-MS and GCxGC-
TOF-MS analyses were generally higher (~5—10%), perhaps
because of the additional sample preparation steps that were
required for these methods.

The concentrations of 18 amino acids were assigned based
upon a combination of the GC-MS and LC-MS/MS methods,
and the certified and reference values are summarized in Table 2.
Arginine and ornithine could not be determined in SRM 1950 by
the GC-MS methods because of thermal instability of the

11735

Table 2. Concentrations of Amino Acids in SRM 1950
Metabolites in Human Plasma“

amino acid mass fraction (mg/kg)  molar concentration (#mol/L)
alanine 26.2 + 2.2 300 + 26
arginine 13.89 + 0.40 814 23
cysteine 5.26 +£0.81 44.3 £ 69
cystine 1.83 + 0.08 7.8 04
glutamic acid 9725 67 + 18
glycine 18.0 + 1.2 245 + 16
histidine 11.04 + 0.55 72.6 + 3.6
isoleucine 7.13 + 0.42 55.5 + 3.4
leucine 12.90 + 0.82 100.4 + 6.3
lysine 20.0 + 1.9 140 + 14
methionine 3.26 + 0.26 223+ 1.8
ornithine 6.7 + 0.4 521 +28
phenylalanine 82+ 1.1 S1+7
proline 199 + 1.1 177 + 9
serine 9.87 + 0.44 959 + 4.3
threonine 13.94 + 0.70 119.5 + 6.1
tyrosine 10.17 + 0.53 57.3 + 3.0
valine 209 + 1.2 182.2 + 10.4

“Certified values (bold font) and reference values (normal font) are
provided with their associated uncertainties.

Table 3. Concentrations of Fatty Acids in SRM 1950

molar
mass fraction concentration
lipid name common name (nug/g) (umol/L)
C12:0 lauric acid 1.86 + 0.11 9.47 + 0.57
C16:0 palmitic acid 594 + 19 2364 + 77
C 16:1 n-7  palmitoleic acid 53.5 + 6.4 215 + 26
C18:0 stearic acid 179 + 12 644 + 41
C18:3n-3  a-linolenic acid 149 + 1.0 54.6 + 3.6
C18:1 n-9 oleic acid 447 + 43 1614 + 154
C18:2n-6  linoleic acid 780 + 39 2838 + 143
C22:0 behenic acid 159 + 1.5 47.8 + 4.6
C14:0 myristic acid 179 £ 3.8 80.1 £17.0
Cl4:1 myristoleic acid 1.57 £ 0.03 7.1x0.1
C1s:0 pentadecanoic acid 1.08 + 0.01 4.56 £+ 0.04
C17:0 margaric acid 4.7 +02 17.6 + 0.7
C18:3n-6  y-linolenic acid 109 +2.3 39.9 + 8.5
C18:1 n-7  vaccenic acid 37.7 £ 09 136 +3
C20:0 arachidic acid 5.5+02 18.0 + 0.5
C20:1 gondolic acid 35+0.1 11.5 + 0.5
C20:2 (2,2)-11,14-eicosadienoic 57+£02 18.8 + 0.6
acid
C20:3n-6  homo-y-linolenic acid 418 + 1.1 139 + 4
C20:4 n-6  arachidonic acid 293 + 54 984 + 180
C20:5 n-3 EPA 114 £ 0.1 38.6 +0.5
C22:1 erucic acid 1.1 +04 34+13
C22:4 06 (2,2,2,2)-7,10,13,16- 83 +02 25.5 + 0.6
docosatetraenoic acid
C22:5n-3 DPA 125 £ 0.2 385+ 0.7
C2:50-6  (2,2,2,2,2)-4/7,10,13,16- 63+0.1 19.5 + 0.4
docosapentaenoic acid
C22:6 n-3 DHA 379 + 6.8 118 +21
C24:0 lignoceric acid 16.8 + 0.9 46.6 + 2.6
C24:1 nervonic acid 256 +12 713 +3.2

“Certified values are presented in bold.

arginine derivative, leading to potential conversion to ornithine.
Histidine could not be determined by GC-TOF-MS because of a
large interference from glucose, but adding a second dimension
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Figure 1. Comparison of results (mg/g) for selected fatty acids in SRM
1950. For the individual methods, the error bars represent one standard
deviation. For the certified and reference values, the error bars represent
the expanded uncertainty, U.

to the separation (GCxGC) removed the interference. Hence,
employing multiple independent methods reduced the like-
lihood of undetected measurement bias and provided greater
confidence in the value assignment of amino acids in SRM 1950.
The results obtained in this work were also comparable to a
related literature report on analysis of SRM 1950 by NMR*° and
to information on amino acid concentrations found in the
Human Metabolome Database.'” SRM 1950 is the first serum or
plasma-based NIST SRM with values assigned for amino acids.
Fatty Acids. Dysregulation of fatty acid metabolism has been
implicated in a number of diseases, including diabetes® and cancer.**
Some drug therapies have been shown to cause widespread changes
in lipid profiles,”” and differences in fatty acid concentrations have
also been observed between groups having disparate levels of
physical fitness.>® Fatty acids were value assigned in SRM 1950
through a combination of GC methods with either flame ionization
(FID) or mass spectrometric detection. A total of 26 fatty acids were
determined in SRM 1950, including saturated, monounsaturated,

and polyunsaturated fatty acids. The results are summarized in
Table 3. Of these fatty acids, 14 were measured by a single method,
either at NIST or at CDC. The two NIST methods (GC-FID and
GC-MS) employed different sample preparation schemes and
different chromatographic columns. The CDC method (GC-MS)
represented a third approach and was independent from the NIST
methodologies.

Figure 1 shows a comparison of results from the three methods
for selected fatty acids. The certified or reference values derived
from these results are also shown in the figure. In general, there
was good agreement among the methods used, even for fatty
acids present in SRM 1950 at low concentrations. Oleic acid,
palmitic acid, and linoleic acid were the most abundant fatty acids
measured in SRM 1950, and these results are consistent with U.S.
population data from NHANES.*® Omega-3 fatty acids are of
interest because of their potential cardioprotective effects,*” and
several omega-3 fatty acids were measured in SRM 1950, as
shown in Table 3. SRM 1950 represents the first serum or
plasma-based NIST SRM with values assigned for fatty acids.

Vitamins and Carotenoids. Numerous studies have
attempted to discern the relationship between diet and the risk
of disease. Nutrients such as carotenoids and vitamin D may
reduce the risk of cancer or other diseases in certain
populations.*>®" However, identifying individuals more like?I
to respond to dietary interventions remains an elusive goal.*”
Metabolomics studies may provide answers to some of the
seemingly contradictory results that have been reported in
nutrition research.%®

Vitamin A, vitamin E, and carotenoids were determined in
SRM 1950 using a combination of LC-UV methods, as shown in
Table 4. The NIST methods utilized two different types of
chromatographic columns, and additional method details are
provided in the Supporting Information. Whenever possible, the
values in Table 4 represent a combination of the results obtained
by NIST and CDC. In some cases, however, assigned values for
the carotenoids were based solely upon measurements
performed at CDC. Metabolites arising from two water-soluble
vitamins (folate and vitamin Bg) and one additional fat-soluble

Table 4. Concentrations of Vitamins and Carotenoids in SRM 1950¢

analyte mass fraction (mg/kg)
0.396 + 0.034
0.0067 + 0.0004

0.0022 + 0.0002

retinol
retinyl palmitate

retinyl stearate

a-tocopherol 8.01 + 0.22
7- + p-tocopherol 1.67 + 0.16
trans-lycopene 0.14 + 0.01
total lycopene 0.32 + 0.02
lutein 0.067 + 0.022
zeaxanthin 0.021 + 0.005
P-cryptoxanthin 0.038 + 0.003
total a-carotene 0.025 + 0.005
total f-carotene 0.077 + 0.004
trans-f-carotene 0.071 + 0.005

cis-f}-carotene

0.0040 + 0.0003

analyte mass fraction (ng/g)
25-hydroxyvitamin D, 0.51 +£0.17
25-hydroxyvitamin D, 2427 + 0.75
S-methyltetrahydrofolate 12.11 + 0.31
folic acid 1.48 + 0.44
pyridoxal 5’-phosphate 8.02 + 0.45

“Certified values are given in bold.

11736

mass concentration (pg/mL) method(s)
0.404 + 0.035 LC-UV
0.0069 + 0.0004 LC-UV
0.0023 + 0.0002 LC-UV
8.18 + 0.22 LC-UV
1.71 + 0.17 LC-UV
0.14 + 0.01 LC-UV
0.33 + 0.02 LC-UV
0.069 + 0.023 LC-UV
0.022 + 0.005 LC-UV
0.039 + 0.003 LC-UV
0.026 + 0.005 LC-UV
0.079 + 0.004 LC-UV
0.072 + 0.005 LC-UV
0.0041 + 0.0003 LC-UV
mass concentration (ng/mL) method(s)

0.52 +0.17 ID LC-MS, ID LC-MS/MS
24.78 + 0.77 ID LC-MS, ID LC-MS/MS
12.36 + 0.32 ID LC-MS/MS

1.51 + 045 ID LC-MS/MS

8.19 + 0.46 ID LC-MS/MS, LC-FL

dx.doi.org/10.1021/ac402689t | Anal. Chem. 2013, 85, 11732—11738
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vitamin (vitamin D) were also measured in SRM 1950, and these
results are included in Table 4. The certified and reference values
for these analytes were based primarily upon ID-MS methods,
but an LC-FL method was included for analysis of pyridoxal 5'-
phosphate, a vitamin B4 metabolite.

B CONCLUSIONS

SRM 1950 Metabolites in Human Plasma represents the first
reference material developed specifically to support measure-
ment quality assurance in metabolomics research. This SRM will
complement existing approaches including the use of internal
standards and QC materials that are already being employed in
metabolomics analyses. In addition, SRM 1950 is intended to
facilitate the development and validation of new metabolomics
technology. Sufficient material was acquired to ensure
approximately 10 years of availability for this SRM, and stability
of the material is routinely monitored. Work to characterize the
metabolite profile of SRM 1950 is continuing, and additional
values will be added as they become available.

B ASSOCIATED CONTENT

© Supporting Information
Additional information as noted in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone: 301-975-4457. E-mail: karen.phinney@nist.gov.

Present Addresses

"N.G.D.: Southern California Coastal Water Research Project
Authority, Costa Mesa, CA 92626.

J%G.E.: Department of Chemistry, University of Liege, Belgium.
SEAM.: Chemistry Department, Adrian College, Adrian, MI
49221.

||J.L.P.: George Mason University, Fairfax, VA 22030.

Notes

Certain commercial equipment, instruments, or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose. The
findings and conclusions in this report are those of the authors
and do not necessarily represent the official views or positions of
the Centers for Disease Control and Prevention/Agency for
Toxic Substances and Disease Registry or the Department of
Health and Human Services.

The authors declare no competing financial interest.

B REFERENCES

(1) German, J. B; Gillies, L. A.; Smilowitz, J. T.; Zivkovic, A. M.;
Watkins, S. M. Curr. Opin. Lipidol. 2007, 18, 66—71.

(2) Sacks, D. B.; Bruns, D. E.; Goldstein, D. E.; Maclaren, N. K;
McDonald, J. M.; Parrott, M. Clin. Chem. 2002, 48, 436—472.

(3) Brambilla, P.; La Valle, E.; Falbo, R; Limonta, G; Signorini, S.;
Capellini, F.; Mocarelli, P. Diabetes Care 2011, 34, 1372—1374.

(4) Doi, K;; Yuen, P. S. T.; Eisner, C.; Hu, X.; Leelahavanichkul, A.;
Schnermann, J.; Star, R. A. . Am. Soc. Nephrol. 2009, 20, 1217—1221.

(5) Wyss, M.; Kaddurah-Daouk, R. Physiol. Rev. 2000, 80, 1107—1213.

(6) Ellis, D. L; Goodacre, R. Analyst 2006, 131, 875—88S.

(7) Kotlowska, A. Drug Dev. Res. 2012, 73, 381—389.

(8) Fiehn, O.; Garvey, W. T.; Newman, J. W.; Lok, K. H.; Hoppel, C.
L.; Adams, S. H. PLoS One 2010, S, e15234.

(9) Michell, A. W.; Mosedale, D.; Grainger, D. J.; Barker, R. A.
Metabolomics 2008, 4, 191—201.

(10) Ahmed, S. S. S. J.; Santosh, W.; Kumar, S.; Christlet, H. T. T. J.
Biomed. Sci. 2009, 16, article no. 63.

(11) Brindle, J. T.; Antti, H.; Holmes, E.; Tranter, G.; Nicholson, J. K,;
Bethell, H. W. L.; Clarke, S.; Schofield, P. M.; McKilligin, E.; Mosedale,
D. E.; Grainger, P. M. Nat. Med. 2002, 8, 1439—1444.

(12) Petrich, W.; Dolenko, B.; Friih, J.; Ganz, M.; Greger, H.; Jacob, S.;
Keller, F.; Nikulin, A. E.; Otto, M.; Quarder, O.; Somorjai, R. L.; Staib,
A.; Werner, G.; Wielinger, H. Appl. Opt. 2000, 39, 3372—3379.

(13) Nicholson, J. K; Lindon, J. C.; Holmes, E. Xenobiotica 1999, 29,
1181—1189.

(14) Nagana Gowda, G. A.; Zhang, S.; Gu, H.; Asiago, V.; Shanaiah, N.;
Raftery, D. Expert Rev. Mol. Diagn. 2008, 8, 617—633.

(15) Hollywood, K; Brison, D. R.; Goodacre, R. Proteomics 2006, 6,
4716—4723.

(16) Psychogios, N.; Hau, D. D.; Peng, J.; Guo, A. C.; Mandal, R;
Bouatra, S.; Sinelnikov, I; Krishnamurthy, R.; Eisner, R.; Gautam, B;
Young, N,; Xia, J.; Knox, C; Dong, E; Huang, P.; Hollander, Z;
Pedersen, T. L.; Smith, S. R.; Bamforth, F.; Greiner, R.; McManus, B;
Newman, J. W.; Goodfriend, T.; Wishart, D. S. PLoS One 2011, 6,
el6957.

(17) Wishart, D. S; Tzur, D.; Knox, C.; Eisner, R.; Guo, A. C,; Young,
N.; Cheng, D,; Jewell, K;; Arndt, D.; Sawhney, S.; Fung, C.; Nikolai, L.;
Lewis, M.; Coutouly, M.-A,; Forsythe, I; Tang, P.; Shrivastava, S,;
Jeroncic, K; Stothard, P.; Amegbey, G.; Block, D.; Hau, D. D.; Wagner,
J.; Miniaci, J.; Clements, M.; Gebremedhin, M.; Guo, N.; Zhang, Y,;
Duggan, G. E,; Maclnnis, G. D.; Weljie, A. M,; Dowlatabadi, R;
Bamforth, F.; Clive, D.; Greiner, R.; Li, L.; Marrie, T.; Sykes, B. D,;
Vogel, H. J.; Querengesser, L. Nucleic Acids Res. 2007, 35, D521—-DS526.

(18) Holmes, E.; Tsang, T. M.; Huang, J. T. J.; Leweke, F. M.; Koethe,
D.; Gerth, C. W.; Nolden, B. M.; Gross, S.; Schreiber, D.; Nicholson, J.
K.; Bahn, S. PLoS Med. 2006, 3, 1420—1428.

(19) Nicholson, J. K.; Connelly, J.; Lindon, J. C.; Holmes, E. Nat. Rev.
Drug Discovery 2002, 1, 153—161.

(20) Mortishire-Smith, R. J.; Skiles, G. L.; Lawrence, J. W.; Spence, S.;
Nicholls, A. W.; Johnson, B. A.; Nicholson, J. K. Chem. Res. Toxicol.
2004, 17, 165—173.

(21) Robertson, D. G. Toxicol. Sci. 2005, 85, 809—822.

(22) Beger, R. D.; Sun, J; Schnackenberg, L. K. Toxicol. Appl.
Pharmacol. 2010, 243, 154—166.

(23) Brown, M.; Dunn, W. B,; Dobson, P.; Patel, Y.; Winder, C. L.;
Francis-McIntyre, S.; Begley, P.; Carroll, K,; Broadhurst, D.; Tseng, A.;
Swainston, N.; Spasic, I; Goodacre, R.; Kell, D. B. Analyst 2009, 134,
1322—1332.

(24) Patti, G. J.; Yanes, O.; Siuzdak, G. Nat. Rev. Mol. Cell Biol. 2012,
13, 263—269.

(25) Bruce, S.J.; Tavazzi, L; Parisod, V.; Rezzi, S.; Kochhar, S.; Guy, P.
A. Anal. Chem. 2009, 81, 3285—3296.

(26) Dunn, W. B;; Ellis, D. L. Trends Anal. Chem. 2005, 24, 285—294.

(27) Duportet, X; Aggio, R. B. M,; Carneiro, S.; Villas-Bdas, S. G.
Metabolomics 2012, 8, 410—421.

(28) Pan, Z.; Raftery, D. Anal. Bioanal. Chem. 2007, 387, 525—527.

(29) Coen, M.; Holmes, E.; Lindon, J. C.; Nicholson, J. K. Cherm. Res.
Toxicol. 2008, 21, 9—27.

(30) Want, E. J.; Nordstrom, A.; Morita, H.; Siuzdak, G. J. Proteome Res.
2007, 6, 459—468.

(31) Scalbert, A.; Brennan, L.; Fiehn, O.; Hankemeier, T.; Kristal, B. S.;
van Ommen, B.; Pujos-Guillot, E.; Verheij, E.; Wishart, D.; Wopereis, S.
Metabolomics 2009, 5, 435—458.

(32) Maher, A. D.; Zirah, S. F. M.; Holmes, E.; Nicholson, J. K. Anal.
Chem. 2007, 79, 5204—5211.

(33) Burton, L.; Ivosev, G.; Tate, S,; Impey, G.; Wingate, J.; Bonner, R.
J. Chromatogr., B: Anal. Technol. Biomed. Life Sci. 2008, 871, 227—235.

(34) Koek, M. M,; Jellema, R. H.; van der Greef, J; Tas, A. C,;
Hankemeier, T. Metabolomics 2011, 7, 307—328.

(35) Gika, H. G.; Theodoridis, G. A.; Wingate, J. E.; Wilson, 1. D. J.
Proteome Res. 2007, 6, 3291—3303.

dx.doi.org/10.1021/ac402689t | Anal. Chem. 2013, 85, 11732—11738


http://pubs.acs.org
mailto:karen.phinney@nist.gov

Analytical Chemistry

(36) Sangster, T.; Major, H.; Plumb, R.; Wilson, A. J.; Wilson, L. D.
Analyst 2006, 131, 1075—1078.

(37) Gika, H. G.; Macpherson, E.; Theodoridis, G. A.; Wilson, L. D. J.
Chromatogr., B: Anal. Technol. Biomed. Life Sci. 2008, 871, 299—305.

(38) Begley, P.; Francis-McIntyre, S.; Dunn, W. B.; Broadhurst, D.;
Halsall, A.; Tseng, A.; Knowles, J.; Goodacre, R.; Kell, D. B. Anal. Chem.
2009, 81, 7038—7046.

(39) CDC/NIH. Biosafety in Microbiological and Biomedical
Laboratories, Sth ed.; Richardson, J., Barkley, W. E., Richmond, J.,
McKinney, R. W, Eds.; U.S. Department of Health and Human Services,
Public Health Service, Centers for Disease Control and Prevention and
National Institutes of Health; U.S. Government Printing Office:
Washington, DC, 2009.

(40) Certificate of Analysis, Standard Reference Material 1950
Metabolites in Human Plasma; available at: https://www-s.nist.gov/
srmors/view_detail.cfm?srm=1950.

(41) McGaw, E. A.; Phinney, K. W.; Lowenthal, M. S. J. Chromatogr., A
2010, 1217, 5822—5831.

(42) Ballihaut, G; Kilpatrick, L. E.; Davis, W. C. Anal. Chem. 2011, 83,
8667—8674.

(43) Reiner, J. L.; Phinney, K. W.; Keller, J. M. Anal. Bioanal. Chem.
2011, 401, 2899-2907.

(44) Castle, A. L.; Fiehn, O.; Kaddurah-Daouk, R; Lindon, J. C. Brief.
Bioinform. 2006, 7, 159—165.

(45) Quehenberger, O.; Armando, A. M.; Brown, A. H;; Milne, S. B;
Myers, D. S.; Merrill, A. H.; Bandyopadhyay, S.; Jones, K. N.; Kelly, S.;
Shaner, R. L.; Sullards, C. M.; Wang, E.; Murphy, R. C,; Barkley, R. M.;
Leiker, T. J.; Raetz, C. R. H,; Guan, Z.; Laird, G. M,; Six, D. A.; Russell,
D.W.; McDonald, J. G.; Subramaniam, S.; Fahy, E.; Dennis, E. A. J. Lipid
Res. 2010, 51, 3299—3305.

(46) May, W.; Parris, R.; Beck, C.; Fassett, ].; Greenberg, R.; Guenther,
F.; Kramer, G.; Wise, S.; Gills, T.; Colbert, J.; Gettings, R.; MacDonald,
B. Definition of Terms and Modes Used at NIST for Value-Assignment of
Reference Materials for Chemical Measurements; NIST Special Publication
260-136; U.S. Government Printing Office: Washington, DC, 2000.

(47) JCGM 100:2008. Evaluation of Measurement Data - Guide to the
Expression of Uncertainty in Measurement (ISO GUM 1995 with Minor
Corrections); Joint Committee for Guides in Metrology, 2008.

(48) Krug, S.; Kastenmiiller, G.; Stiickler, F.; Rist, M. J.; Skurk, T.;
Sailer, M.; Raffler, J.; Romisch-Margl, W.; Adamski, J.; Prehn, C.; Frank,
T.; Engel, K-H.; Hofmann, T.; Luy, B.; Zimmerman, R.; Moritz, F;
Schmitt-Kopplin, P.; Krumsiek, J.; Kremer, W.; Huber, F.; Oeh, U,;
Theis, F. J.; Szymczak, W.; Hauner, H.; Suhre, K ; Daniel, H. FASEB .
2012, 26, 2607—2619.

(49) Rudkowska, L; Paradis, A.-M.; Thifault, E.; Julien, P.; Tchernof,
A,; Couture, P.; Lemieux, S.; Barbier, O.; Vohl, M. C. J. Nutr. Biochem.
2013, 24, 54—61.

(50) Wajner, M.; Coelho, D. M; Barschak, A. G.; Aratijo, P. R;; Pires, R.
F.; Lulhier, F. L. G.; Vargas, C. R. J. Inherit. Metab. Dis. 2000, 23, S05—
S12.

(51) Gao, H; Lu, Q.; Liu, X;; Cong, H.; Zhao, L.; Wang, H.; Lin, D.
Cancer Sci. 2009, 100, 782—78S.

(52) Qiy, Y;; Cai, G.; Su, M.; Chen, T.; Zheng, X.; Xu, Y.; Ni, Y.; Zhao,
A,; Xu, L. X; Cai, S.; Jia, W. . Proteome Res. 2009, 8, 4844—4850.

(53) Ng, D.].Y,; Pasikanti, K. K.; Chan, E. C. Y. Metabolomics 2011, 7,
155—-178.

(54) Wang, T. J.; Larson, M. G.; Vasan, R. S.; Cheng, S.; Rhee, E. P,;
McCabe, E; Lewis, G. D.; Fox, C. S.; Jacques, P. F.; Fernandez, C,;
O’Donnell, C. J.; Carr, S. A;; Mootha, V. K; Florez, J. C.; Souza, A;
Melander, O,; Clish, C. B.; Gerszten, R. E. Nat. Med. 2011, 17, 448—453.

(55) Ubhi, B. K.; Cheng, K. K.; Dong, J.; Janowitz, T.; Jodrell, D.; Tal-
Singer, R.; MacNee, W.; Lomas, D. A;; Riley, J. H.; Griffin, J. L.; Connor,
S. C. Mol. BioSyst. 2012, 8, 3125—3133.

(56) Nagana Gowda, G. A,; Tayyari, F.; Ye, T.; Suryani, Y.; Wei, S,;
Shanaiah, N.; Raftery, D. Anal. Chem. 2010, 82, 8983—8990.

(57) Watkins, S. M.; Reifsnyder, P. R.; Pan, H.; German, J. B.; Leiter, E.
H. J. Lipid Res. 2002, 43, 1809—1817.

(58) Chorell, E,; Svensson, M. B.; Moritz, T.; Antti, H. Mol. BioSyst.
2012, 8, 1187—1196.

11738

(59) CDC. Second National Report on Biochemical Indicators of Diet and
Nutrition in the U.S. Population; Centers for Disease Control and
Prevention: Atlanta, GA, 2012.

(60) Tanaka, T.; Shnimizu, M.; Moriwaki, H. Molecules 2012, 17,
3202—3242.

(61) Lappe, J. M.; Travers-Gustafson, D.; Davies, K. M.; Recker, R. R;;
Heaney, R. P. Am. J. Clin. Nutr. 2007, 85, 1586—1591.

(62) McNiven, E. M. S.; German, J. B.; Slupsky, C. M. J. Nutr. Biochem.
2011, 22, 995—1002.

(63) Davis, C. D.; Milner, J. Mutat. Res. 2004, 551, 51—64.

dx.doi.org/10.1021/ac402689t | Anal. Chem. 2013, 85, 11732—11738


https://www-s.nist.gov/srmors/view_detail.cfm?srm=1950
https://www-s.nist.gov/srmors/view_detail.cfm?srm=1950

