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The Human Plasma Lipidome

Oswald Quehenberger, Ph.D. and Edward A. Dennis, Ph.D.
Departments of Medicine and Pharmacology (O.Q.) and the Departments of Chemistry and
Biochemistry and Pharmacology (E.A.D.), School of Medicine, University of California, San
Diego, La Jolla.

CHOLESTEROL AND TRIGLYCERIDE LEVELS ARE NOW ASSESSED
ROUTINELY, and physicians regularly prescribe lipid-lowering drugs to patients found to
have dyslipidemia. However, the increase in the number of patients with metabolic diseases
(including type 2 diabetes and obesity, which are associated with an elevated risk of
cardiovascular disease) demands more detailed lipid analyses both for diagnostic purposes
and for monitoring the efficacy of prescribed therapy. Human plasma comprises nucleic
acids, amino acids (mostly in the form of proteins), carbohydrates (in the form of
monosaccharides and disaccharides), and lipids (Fig. 1).1-3 Much is known about the first
three constituents, but among the various cellular metabolites, lipids stand out because of
their structural diversity and the sheer number of discrete molecular species — in the
hundreds of thousands, according to some estimates4 (Fig. 2).

The lipids in plasma are solubilized and dispersed through their association with specific
groups of proteins. Most free fatty acids and related structures with carboxyl functional
groups associate with albumin, whereas the transport and distribution of more complex
lipids are accomplished by means of plasma lipoproteins.5 The structural diversity of lipids
is mirrored by the enormous variation in their physiological function. The abundance of
individual lipid molecular species in plasma may be indicative of the variety of specific
human diseases. In this review, we discuss the application of metabolic-profiling strategies
to quantitatively measure entire lipid categories in human plasma, and we examine the
potential use of the diverse lipid metabolites as diagnostic tools or therapeutic targets.

DIVERSITY OF LIPIDS IN HUMAN PLASMA
In view of the importance of lipids to biologic and pathophysiological processes, detailed
knowledge of the composition and concentration of lipid metabolites in plasma would be
expected to expand our diagnostic capabilities. To this end, the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK), in collaboration with the National
Institute of Standards and Technology (NIST), recently issued a plasma-based standard
reference material (SRM 1950 Metabolites in Human Plasma) for the purpose of metabolite
analysis (www.nist.gov). Historically, wide-scale lipid profiling has been difficult to
perform because the diverse physical properties of lipid metabolites require a multitude of
purification systems combined with a host of complex technical procedures. The evolution
of lipidomics has driven the development of new analytic platforms, specifically in the area
of mass spectrometry, which have streamlined these procedures and have allowed many
more lipid molecules to be analyzed in great detail. A high-resolution lipidomic method
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based on liquid and gas chromatography coupled with mass spectrometry and designed to
systematically map the mammalian lipidome was applied to the NIDDK–NIST SRM,
facilitating the first comprehensive lipid analysis of human plasma.3 The in-depth analysis
performed by the LIPID MAPS consortium (www.lipidmaps.org) revealed an amazingly
complex plasma lipidome. Almost 600 distinct molecular species were quantified, covering
the six main mammalian lipid categories: fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, and prenol lipids6 (Fig. 3). Their structural diversity is
particularly apparent within the sphingolipid and glycerophospholipid categories, with 204
and 160 distinctly identifiable molecular species, respectively. The somewhat lower number
of defined species in the glycerolipid category is largely due to the presence of complex
mixtures of isobaric entities that make it difficult to define individual molecular species. The
heterogeneity of complex lipids within a category is principally determined by variations in
fatty acid content and head groups. The fatty acids used in the assembly of complex lipids
come from several sources, including nutrient intake, release from adipose tissue, and
biosynthesis.

PLASMA LIPIDS IN THE METABOLIC SYNDROME
OBESITY AND GLYCEROLIPIDS

Glycerolipids account for a high proportion of total lipids in plasma and comprise
triacylglycerols (TAGs), diacylglycerols (DAGs), and ether-linked glycerolipids. The
absolute plasma concentration of TAGs, distributed between chylomicrons and very-low-
density lipoprotein (VLDL), is dependent on food intake (Fig. 4). In addition, several
acquired or secondary factors (including genetic determinants, uncontrolled diabetes
mellitus, obesity, and sedentary lifestyle) can cause hypertriglyceridemia, a prevalent form
of dyslipidemia that is frequently associated with premature coronary artery disease.7 Public
surveys have revealed that the prevalence of hypertriglyceridemia among adults 20 years of
age or older in the United States is approximately 36% for men and 27% for women.8 On
detailed lipidomic analyses performed independently in 14 pairs of young-adult
monozygotic twins who were discordant for obesity9 and in a pool of 100 healthy adults,3 a
considerable number of individual glycerolipid molecular structures were implicated,
including TAGs and DAGs. In these studies, TAG 50:2, 52:2, 52:3, and 52:4 were the most
abundant glycerolipid species. (TAGS are defined as the ratio of the total number of carbon
atoms to the total number of double bonds in the fatty acids.) When the twin study was
controlled for patientage and genetic background, it showed that several (but not all) TAG
molecular species, including 56:4, correlated significantly with bodymass index and
measurements of subcutaneous fat and may serve as biomarkers for the early detection of
acquired obesity, especially when applied to children.9 Similarly, plasma profiling of 16
adults without diabetes with a broad range of insulin sensitivity revealed that TAG species
containing saturated or monounsaturated fatty acids correlate positively with insulin
resistance, whereas TAGs containing essential fatty acids correlate negatively with insulin
resistance (according to the homeostasis model assessment) and waist circumference.10

The study of monozygotic twins included an assessment of phospholipids and showed that
obesity was associated with increases in lysoglycerophosphocholine and decreases in ether
glycerophospholipids.9 In addition, a strong negative correlation was seen between
docosahexaenoic acid (DHA 22:6 n–3)–containing glycerophosphocholine and levels of
subcutaneous and intraabdominal fat. A separate lipidomic analysis of 19 hypertensive
persons and 59 normotensive control subjects showed that hypertension was also associated
with a decrease in ether glycerophospholipids — specifically, the ones containing
arachidonic acid (20:4 n–6) and docosapentaenoic acid (DPA 22:5 n–3).11

Quehenberger and Dennis Page 2

N Engl J Med. Author manuscript; available in PMC 2012 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.lipidmaps.org


In a study of patients with dilated cardiomyopathy, researchers identified specific plasma
lipid abnormalities; the predominant abnormality was a decrease in TAG molecular species
containing odd-chain-length fatty acids.12 No marked changes in total triglycerides were
observed; consequently, these specific molecular changes would remain undetected if one
were using the enzymatic triglyceride assays that are routinely applied in clinical
laboratories.

SATURATED AND UNSATURATED FATTY ACIDS IN THE REGULATION OF ENERGY
METABOLISM

The contribution of lipids to our energy supply is quantitatively important, especially during
prolonged muscular exercise, when as much as 80% of the energy is supplied by lipid
oxidation.13 However, when dietary lipid intake exceeds energy expenditure, adipose lipid
storage expands in the form of TAGs and results in overweight and obesity. To achieve and
maintain a favorable body weight, emphasis is commonly placed on the amount of fat in the
diet, whereas lipid composition is frequently ignored. However, the fatty acid composition
of fats ingested may determine lipid energy substrate utilization in humans. Since the 1960s,
the intake of calories in the form of fat has steadily decreased, yet during the same period,
obesity has increased in the U.S. population.14,15 The molecular structure of the fatty acids
determines the kinetics of their release from adipose tissue. The mobilization of fatty acids
increases with the degree to which they are unsaturated, and as predicted, arachidonic acid,
eicosapentaenoic acid (EPA 20:5 n–3), and DHA, the latter two being major components of
fish oil, are released at high rates relative to the more saturated fatty acids.16 Consistent with
this process is the finding that unsaturated fatty acids undergo more rapid oxidation than do
their saturated analogues, suggesting that the composition of fat depots may be as important
as their total quantity.17

Most obese persons have elevated plasma levels of free fatty acids, owing to increased
release from expanded adipose tissue.18 Long-term increases in levels of plasma free fatty
acids will ultimately inhibit the antilipolytic action of insulin, which will further increase the
rate of their release into the circulation and contribute to the development of insulin
resistance and type 2 diabetes (Fig. 4).19 The plasma pool of free fatty acids is also an
important source of lipid for hepatocytes, and any excess of free fatty acids is likely to be
converted to TAGs and stored in the liver or incorporated into lipoproteins and secreted into
the circulatory system.20 Predictably, raising plasma free fatty acid levels will lead to an
accumulation of TAGs in the liver, which not only triggers hepatic insulin resistance but
may also cause hepatic steatosis.19,21 Thus, specific free fatty acids are responsible for
several serious health problems associated with obesity.22

FREE FATTY ACID SIGNALING AND INSULIN SENSITIVITY
Fatty acids have broad metabolic functions, owing to their ability to serve as potent
signaling molecules. As described above, long-term elevations of plasma free fatty acid
levels lead to insulin resistance in muscle, desensitization of adipocytes to the lipogenic
effects of insulin, and steatosis in the liver (Fig. 4).19,23 Thus, plasma free fatty acids
provide a metabolic link among obesity, insulin resistance, and type 2 diabetes — all
wellestablished risk factors for cardiovascular disease.24 However, not all types of fatty
acids contribute equally to the systemic disruption of insulin action. Epidemiologic studies
indicate that fat rich in saturated fatty acids promotes insulin resistance, whereas
monounsaturated and polyunsaturated fatty acids reduce it.25

A mouse model of obesity-induced insulin resistance showed that hepatic fatty acid
composition was an independent determinant of insulin resistance.26 Modification of this
composition by genetic inhibition of the elongation of palmitic acid (16:0) to stearic acid
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(18:0) ameliorated insulin resistance, even in the presence of persistent obesity and
hepatosteatosis. Inhibition of elongation leads to a relative enrichment in palmitic acid,
which can then serve as a substrate for desaturases to form monounsaturated palmitoleic
acid (16:1). Studies of mice with a deficiency of the fatty acid–binding proteins aP2 and
mal1 (FABP4 and FABP5, respectively) raised the possibility that local alterations in
adipose tissue might regulate systemic metabolic responses.27 Although these mice were
protected from the onset of diet-induced insulin resistance and fatty liver disease, total
plasma free fatty acid levels paradoxically rose significantly. Targeted lipidomic analysis
showed a unique lipid profile with significant enrichment of endogenous palmitoleate in
adipose tissue and plasma, which led to the hypothesis that palmitoleate levels are associated
with an improved metabolic profile.28 Consistent with this idea is the finding that
palmitoleate stimulates basal glucose uptake and use by cultured skeletal-muscle cells.29 As
compared with the findings in animal models, the results of clinical studies are less clear.
One recent study suggested a strong association between circulating levels of palmitoleate
and insulin sensitivity,30 whereas another showed no correlation.31 However, the latter
group of investigators found a robust association between plasma levels of transpalmitoleate
and insulin sensitivity.32 The divergent findings for cis-palmitoleate and trans-palmitoleate
remain unexplained, but the benefits derived from the trans isomer are supported by the
clinical observation that the consumption of dairy products rich in trans-palmitoleate
inversely correlates with the insulin resistance syndrome.33

FISH OIL, EICOSANOIDS, AND INFLAMMATION
Plasma free fatty acids have also been linked to sudden cardiac death,34 and increased levels
have been observed in cancer-induced cachexia and may impair lymphocyte function.35,36

Several studies in animals and humans have shown that saturated and monounsaturated fatty
acids increase the risk of ventricular arrhythmia and sudden cardiac death, whereas
polyunsaturated fatty acids, and n–3 fatty acids in particular, prevent this arrhythmogenic
action, with a significant reduction in the risk of death from cardiac causes.37,38 Presumably,
polyunsaturated fatty acids act through their eicosanoid products, including prostaglandins,
leukotrienes, and other oxidized fatty acid products (Fig. 4).39 The observed beneficial
effects prompted the American Heart Association to release a statement regarding the
nutritional benefits of n–3 fatty acid consumption.40

Chronic inflammation in liver and adipose tissue is common in obesity, and mounting
evidence indicates that free fatty acids directly modulate inflammatory responses. Several
groups have characterized orphan G-protein–coupled receptors (GPR) that are specifically
activated by free fatty acids.41,42 A number of these receptors are expressed at high levels on
leukocytes and adipose tissue and may synchronize the inflammatory action of
lipopolysaccharides. Whereas saturated fatty acids amplify the proinflammatory action of
lipopolysaccharides, many polyunsaturated fatty acids have antiinflammatory effects.
Consistent with these findings is the observation that n–3 fatty acids, including DHA,
enhance systemic insulin sensitivity in animal models of obesity by ameliorating
inflammation in adipose tissue through a receptor termed GPR120.42 These findings indicate
the presence of interconnecting pathways linking fatty acid metabolism to inflammation. In
addition, the n–3 fatty acids have been implicated in brain function; a decrease in DHA and
increased ratios of n–6 to n–3 polyunsaturated fatty acids in the serum predict the severity of
some neurologic disorders including Alzheimer’s disease and other dementia disorders,43,44

major depression,45 and bipolar affective disorder.46 Furthermore, a general population–
based study showed that several lipid clusters containing mainly saturated TAGs were
significantly associated with schizophrenia.47
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CHOLESTEROL, OXIDIZED STEROLS, AND CARDIOVASCULAR RISK
Cholesterol is the most abundant sterol in plasma and exists in both free and fatty acyl–
esterified forms. In plasma, cholesterol is associated with lipoproteins, including mainly
low-density lipoprotein (LDL, which accounts for 60 to 70% of plasma cholesterol) and
high-density lipoprotein (HDL, which accounts for 20 to 30% of plasma cholesterol), and its
level in plasma is widely used to predict a person’s risk of cardiovascular events. In fact, a
high level of LDL cholesterol in the blood is considered the major risk factor for coronary
artery disease and stroke, making it a prominent target for therapeutic intervention. Current
public health guidelines recommend that all persons 20 years of age or older be tested every
5 years to determine their fasting lipoprotein profile.48

Typical blood tests include measurement of total cholesterol, usually performed without dis-
crimination between free and esterified forms. Cholesterol exists primarily in the form of
fatty acyl esters; plasma contains more than 22 distinct molecular species of cholesterol
ester.3 In addition to cholesterol, human plasma contains campesterol and sitosterol, which
are not synthesized in humans but are derived entirely from the diet. In normal persons,
plant sterols are present in only small amounts, and cholesterol accounts for more than 99%
of all circulating sterols. In sitosterolemia, an autosomal recessive disorder, the levels of
plant sterols in plasma are markedly elevated.49 In patients with this disorder, plasma
cholesterol levels are also elevated, and xanthomatosis and premature atherosclerosis
develop.50,51 These patients have a poor response to statin treatment but have a strikingly
good response to treatment with bile acid resins.52 A complete plasma sterol panel is
therefore necessary to determine the differential diagnosis and select the optimal treatment.

Lathosterol is also present in normal plasma and can be of diagnostic value as an indicator
of whole-body cholesterol synthesis.53 The rate at which cholesterol is synthesized and the
differentiation of this endogenous source from dietary contributions are of considerable
clinical interest, especially in assessing the efficacy of statin therapy in patients with
hypercholesterolemia. Normal plasma also contains trace amounts of 25-hydroxycholesterol,
which is secreted by macrophages in response to the activation of toll-like receptors.54

Exposure of B cells to this macrophagederived oxysterol suppresses immunoglobulin A
production, thereby facilitating negative regulation of the adaptive immune response by the
innate immune system.

PHOSPHOLIPIDS AND SPHINGOLIPIDS IN CANCER AND NEUROLOGIC
DISEASES

Glycerophospholipids constitute the main components of cell membranes and serve as
precursors for signaling molecules in many cellular and physiological processes. As shown
in Figures 2 and 3, phospholipids in plasma are abundant and heterogeneous, properties that
are largely a function of fatty acid variations as well as structural differences of the head
groups. Most phospholipids found in plasma are secreted by the liver and distributed among
all lipoprotein classes.5 Their structural diversity suggests critical involvement in many
physiological and pathophysiological processes.3 Cancer cells have aberrant
glycerophosphocholine metabolism, leading to an elevation of phosphocholine, an
intermediate in glycerophosphocholine biosynthesis, and other cholinecontaining
phospholipids.55,56 Elevated phosphocholine levels have been reported in several types of
cancers and have been evaluated as a target for anticancer therapy.57-59 Moreover,
phosphocholine levels may also be used as a predictor of both outcome and the
aggressiveness of carcinomas60,61 and as an early marker of the response to therapy.62-64
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In addition to a direct role in cancer biology, glycerophosphocholine serves as a precursor
for several lipid second messengers, including phosphatidic acid, a signaling molecule
implicated in the development of drug resistance that is frequently observed in rapamycin
(sirolimus)–based immunosuppressive therapy and anticancer therapy.65 Phosphatidic acid
can be further metabolized to lysophosphatidic acid by phospholipases A1 and A2, which
hydrolyze the fatty acid at the sn-1 position and the sn-2 position, respectively.66

Lysophosphatidic acid is also formed outside cells in plasma from
lysoglycerophosphocholine by autotaxin, which has lysophospholipase D activity and
cleaves the choline head group from lysoglycerophosphocholine.67 Lysophosphatidic acid is
a bioactive lipid that signals through specific GPR to elicit a host of cellular responses,
including proliferation, survival, and migration.68 Enhanced autotaxin expression and
overproduction of lysophosphatidic acid have been noted in numerous types of cancer,
including ovarian cancer.69 Ascites fluid from patients with ovarian cancer contains
lysophosphatidic acid in high levels,70,71 an observation that is consistent with its role in
tumor biology. Lysophosphatidic acid levels are also elevated in plasma from patients with
ovarian cancer but not in plasma from healthy controls72; however, a second study could not
verify these findings.73 Subsequent studies supported the potential role of plasma
lysophosphatidic acid as a biomarker for ovarian cancer.74-77 To date, this issue remains
controversial and is the impetus for an ongoing clinical trial (ClinicalTrials.gov number,
NCT00986206).

Sphingolipids are complex lipids that are particularly abundant in nervous tissue. They are
also found in human plasma, which contains over 200 distinct molecular species.3 Among
these, the free sphingoid base sphingosine-1-phosphate (S1P) has potent messenger
functions and is centrally involved in the trafficking of immune cells, maintenance of
vascular tone, and cell communication in the central nervous system.78 It is detected in
various tissues and blood and participates in numerous fundamental biologic and
pathophysiological processes through five GPR S1P subtypes (S1P1 through S1P5).79 S1P
regulates lymphocyte trafficking from the thymus and lymphoid organs, which requires the
engagement of the S1P1receptor subtype on lymphocytes.80 Pharmacologic down-
modulation of S1P1 antagonizes the action of S1P and prevents the egress of lymphocytes
from the lymph node into the lymphatic circulation. This has implications for certain
autoimmune diseases characterized by autoreactive lymphocytes and has led to the
development of the immunosuppressive drug fingolimod (FTY720) for the treatment of
multiple sclerosis.81 Fingolimod, an S1P analogue, down-modulates four of the five S1P
receptors, creating temporary S1P1-null lymphocytes and thus favors their retention in
lymph nodes.

Sphingolipids are also implicated in a number of neurologic diseases. Recent profiling
efforts established baseline levels for more than 200 sphingolipids in unfractionated plasma
and across lipoprotein fractions isolated from healthy donors.3,82,83 Plasma levels of
glucosylceramide and ceramide correlate with the severity of Gaucher’s disease as well as
with the response to treatment,84 and it has been proposed that the recently discovered 1-
deoxy-sphingolipids mediate the neurodegeneration of hereditary sensory neuropathy type
1.85 Elevated plasma levels of many of the sphingolipids have also been correlated with
chronic disease — for example, sphingomyelins with coronary heart disease86 and
ceramides with type 2 diabetes87 and Alzheimer’s disease.88 Even a very minor species,
such as sphinganine, has been useful as a biomarker, since increased maternal serum ratios
of sphinganine to sphingosine correlate with the occurrence of neural-tube defects in
offspring.89
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CLINICAL PERSPECTIVES ON LIPIDOMICS AND THER APEUTIC
MONITORING

The unexpectedly large number of lipid metabolites present in human plasma establishes a
broad platform for the discovery of biomarkers for diseases and efficacy of treatment.
Monitoring of specific sterol, cholesterol ester, and TAG molecular species may provide
more detailed diagnostic information. Moreover, a recent metaanalysis of genomewide
association studies involving more than 100,000 persons identified 95 distinct gene variants
associated with lipid traits in plasma that affect blood lipid levels and thus have direct
relevance to cardiovascular disease.90 Combinations of common genetic variants typically
contribute to extreme lipid phenotypes, highlighting the multifactorial nature of the
metabolic syndrome and cardiovascular disease and the need for comprehensive analyses of
lipid metabolites in plasma. Furthermore, the number of distinct human genes and their
coded proteins provides a gross underestimate of the number of lipid metabolites because an
individual enzyme may catalyze the synthesis of hundreds of distinct lipid species (Fig. 5).
These factors, combined with wide-ranging dietary sources of lipids from the plant, animal,
and marine kingdoms, as well as the contribution of the gut microbiota,91 make it clear that
our lipidome is enormous.4

The plasma lipidome discussed here is just the tip of the iceberg of what will surely be a
vastly expanding library. A recent study followed quantitative changes over time of some
400 lipid molecular species in a macrophage subjected to lipopolysaccharide as a model for
infection.92 This systems-level view of lipid metabolism reveals important connections
between lipid signaling and several biochemical pathways that contribute to innate immune
responses in inflammation. The production of eicosanoids is robustly induced by
proinflammatory stimuli, and the blocking of underlying signaling events is one of the
strategies used by clinicians to manage acute and chronic inflammation. Although plasma
eicosanoid concentrations are generally low in the healthy state, circulating eicosanoid
levels may increase in disease states as a result of spillover from inflamed tissues.
Eicosanoids are also secreted from tissues as part of the catabolic and secretory pathways,
and stable metabolites may accumulate in plasma. Isoprostanes derived from nonenzymatic
pathways have been found in blood and urine and are currently regarded as sensitive
biomarkers of oxidative stress.93 In addition, a single-nucleotide polymorphism in the gene
encoding prostaglandin E synthase 2 correlates with increased blood prostaglandin E2 levels,
at least in females, and has been associated with type 2 diabetes in several independent
cohorts.94,95 Not only do eicosanoid levels change, but their patterns of expression may also
change, depending on the type of inflammation. Therefore, a complete plasma profile of
eicosanoids and their breakdown products should provide an accurate metabolic snapshot.

The development of cancer involves aberrant regulation of multiple cellular processes,
including cell proliferation, survival, migration, and invasion and angiogenesis. The actions
of a number of phospholipids are concordant with some or all of these hallmarks of cancer,
and the composition and level of phospholipids correlate with various types of cancer. Blood
is an important reservoir for extracellular S1P, and specific antibodies can potently deplete
S1P in blood and other tissues. Several of these antibodies have reduced tumor progression
in animal models and have been formulated for clinical trials of treatment targeting cancer
and age-related macular degeneration.96 S1P also plays an important role in regulating the
egress of immune cells from lymphoid tissue into blood. As described above, the S1P
analogue fingolimod is approved for the treatment of multiple sclerosis81,97,98 and might
have a clinical application in other neurodegenerative diseases.

For some neurologic disorders, the initial screening, which often consists of invasive clinical
procedures, could be complemented with noninvasive analysis of lipid metabolites in blood.
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For example, the plasma concentrations of glucosylceramide are markedly elevated in
patients with symptomatic type 1 Gaucher’s disease.84 Notably, in one study, all patients
had a response to enzymereplacement therapy99; within 6 months, plasma glycosylceramide
levels were significantly reduced, and these reductions were correlated with clinical
responses. Monitoring plasma glucosylceramide levels during therapy is of particular
importance because several sphingolipids are effective inhibitors of thrombin generation,100

which would explain the bleeding tendency in patients with Gaucher’s disease.101

Conclusions
Lipid signaling pathways are complex. In the coming years, understanding the integrated
lipidomic networks and decoding the coordinately regulated pathways will constitute major
goals. The modulation of intracellular and systemic lipid metabolism has enormous
therapeutic potential. Recent technological advances have provided the tools for broad lipid
profiling as part of the effort to discover biomarkers, which has yielded promising results.102

A substantial portion of the human lipidome has now been identified, and methods are
available to permit the accurate quantitation of individual lipid molecular species. For the
most part, lipidomic studies are performed in specialized laboratories with the use of
multiple analytic platforms. Unlike the genome and transcriptome, which can be readily
measured with automated array technology, lipids require specific analytic procedures,
owing to their diverse structural and physical properties.

The next challenge will be to translate the findings of lipidomic laboratories into medical
applications and to introduce these technologies into clinical laboratories. This will require
the standardization of sample preparation, the streamlining of analytic procedures, and the
establishment of metabolite databases for cross-reference. Despite the work ahead, the use
of lipidomics as a diagnostic tool should expand enormously in the coming years as modern
medicine evolves to incorporate personalized treatment plans.
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Figure 1. Relative Distribution of Biologic Molecules in Human Plasma
Amino acids and nucleic acids are shown without consideration of the contribution of
proteins and DNA or RNA. The relative distribution is based on weight (grams per
deciliter). Data were compiled from Lentner,1 Wishart et al.,2 and Quehenberger et al.3
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Figure 2. Relative Distribution of Lipids in Human Plasma
Lipidomic analysis has identified, characterized, and quantified almost 600 lipid molecular
species in human plasma.3 The relative distribution in each category is given on a molar
basis. The nomenclature of the lipid categories conforms to the recently developed LIPID
MAPS classification system.6
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Figure 3. Diversity of Human Plasma Lipids
Relationships among the major mammalian lipid categories are shown by means of
representative molecules from each class as examples. The diagram starts with the 2-carbon
precursor acetyl coenzyme A (CoA), which is the building block for the biosynthesis of fatty
acids. (SCoA indicates the thioester bond between CoA and acetic acid.) Fatty acids, in turn,
become part of complex lipids — namely, glycerolipids, glycerophospholipids,
sphingolipids, and sterol lipids (as steryl esters). Some fatty acids are converted to
eicosanoids. A second major biosynthetic route from acetyl CoA generates the 5-carbon
isoprene precursor isopentenyl pyrophosphate, which provides the building block for the
prenol and sterol lipids. (The n indicates the variable number of isoprene units.) Fatty acyl–
derived substituents are shown in green, isoprene-derived atoms are shown in purple, the
glycerol backbone is shown in red, and the serinederived backbone is shown in blue. Arrows
indicate multistep transformations among the major lipid categories, starting with acetyl
CoA. Values in parentheses indicate the number of distinct analytes within each lipid
category that were quantified by means of mass spectrometry in the human plasma
lipidome.3
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Figure 4. Plasma Lipids in the Metabolic Syndrome
Abnormal levels of plasma lipids and lipoproteins are important risk factors for metabolic
and cardiovascular diseases and are targets for therapeutic intervention. Cells need
cholesterol and triacylglycerol (TAG) derived from dietary sources and the liver for
membrane synthesis and energy. These lipids circulate in the blood as lipoprotein particles,
including chylomicrons, very-low-density lipoprotein (VLDL), lowdensity lipoprotein
(LDL), and high-density lipoprotein (HDL). In circulating chylomicrons and VLDL, TAG
undergoes hydrolysis, catalyzed by lipoprotein lipase (LPL), to generate a pool of free fatty
acids (FFAs) that is used as an energy source in tissues, including muscle. Excess FFAs are
stored in adipocytes in the form of TAGs. Such caloric abundance leads to an unopposed
expansion of adipose tissue and, ultimately, to obesity and associated metabolic
complications characterized by insulin resistance and diabetes. Stored TAG in adipocytes
undergoes lipolysis on demand as a result of hormone-sensitive lipase (HSL), leading to an
energy-balanced level of FFAs in plasma. In insulin resistance, adipocytes exhibit a high
rate of lipolysis and are highly responsive to fat-mobilizing enzymes but respond poorly to
lipolysisrestraining insulin. Furthermore, insulin resistance depresses adipocyte LPL
activity; however, adipocytes from obese humans use compensatory mechanisms that
increase the capacity for FFA transport and uptake. In combination with increased lipolysis,
this process generates abnormally high plasma levels of FFAs, allowing their increased
uptake into hepatocytes in excess of metabolic requirements, which leads to storage as TAG
and results in hepatic steatosis and inflammation. Some TAGs are exported as VLDL,
contributing to hypertriglyceridemia. Trans-palmitoleic acid may oppose some of these
effects and may stimulate insulin sensitivity in muscle and liver. In general, saturated FFAs
promote cardiac disorders and systemic inflammation, whereas n–3 FFAs prevent these
effects. The contribution of LDL-derived cholesterol, in both its free form (FC) and its
esterified form (CE), to the development of cardiovascular disease has been well described.
HDL helps remove excess FC by reverse cholesterol transport (RCT), with the formation of
CE by lecithin cholesterol acyltransferase (LCAT), and subsequent uptake of the CE by the
liver. High levels of HDL are correlated with low cardiovascular risk.
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Figure 5. Eicosanoid Metabolic Network
The number of genes and proteins in a biosynthetic pathway does not accurately reflect the
enormous diversity of the lipidome. For example, in the eicosanoid biosynthetic pathways,
28 known genes and their corresponding enzymatic gene products (green dots) are
responsible for the production of more than 150 bioactive lipids (yellow dots) derived from
dihomo-gamma-linolenic acid (20:3), arachidonic acid (20:4), eicosapentaenoic acid (20:5),
and docosahexaenoic acid (22:6),39 of which 76 have been detected in normal human
plasma.3 (Fatty acids are defined by the ratio of the number of carbon atoms to the number
of double bonds.) A similar discrepancy between the small numbers of genes and the
correspondingly larger number of individual lipid species is observed with all other lipid
categories, and overlapping enzymatic activities explain the fact that a relatively small set of
enzymes generates a vast number of distinct lipid species with defined molecular structures
and unique biologic functions.
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