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Abstract
In medicine, mRNA transcripts are being developed as molecular biomarkers for the diagnosis and
treatment of a number of diseases. These biomarkers offer early and more accurate prediction and
diagnosis of disease and disease progression, and ability to identify individuals at risk. Use of
microarrays also offers opportunity to identify orthogonal (uncorrelated) biomarkers not known to
be linked with conventional biomarkers. Investigators are increasingly using blood as a surrogate
tissue for biopsy and analysis; total RNA isolated from whole blood is predominantly from
erythroid cells, and whole blood mRNA share more than 80% of the transcriptome with major
tissues. Thus blood mRNA biomarkers for individualized disease prediction and diagnosis are an
exciting area in medicine; mRNA biomarkers in nutrition have potential application that parallel
these opportunities. Assessment of selenium (Se) status and requirements is one area where tissue
mRNA levels have been used successfully. Selenoprotein-H and selenoprotein-W as well as
glutathione peroxidase-1 (Gpx1) mRNAs are highly down-regulated in Se deficiency in rat liver,
and the minimum dietary Se requirement is 0.06–0.07 μg Se/g based on these biomarkers, similar
to requirements determined using conventional biomarkers. Blood Gpx1 mRNA can also be used
to determine Se requirements in rats, showing that blood mRNA has potential for assessment of
nutrient status. Future research is needed to develop mRNA biomarker panels for all nutrients that
will discriminate between deficient, marginal, adequate, and supernutritional individuals and
populations, and differentiate between individuals that will benefit versus be adversely affected by
nutrient supplementation.
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1. Introduction
A biomarker, as defined in current medical dictionaries, is “a distinctive biological or
biologically-derived indicator (as a biochemical metabolite in the body) of a process, event,
or condition (as aging, disease, or exposure to a toxic substance), such as age-related
biomarkers of disease or degenerative change [1].” The Biomarkers Definitions Working
Group, as part of the NIH Director’s Initiative on Biomarkers and Surrogate Endpoints,
defined biomarker as “a characteristic that is objectively measured and evaluated as an
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indicator of normal biologic processes, pathogenic processes, or pharmacologic responses to
a therapeutic intervention [2].” For the purposes of this review, a molecular biomarker is
defined as “an mRNA transcript that indicates the (nutrient) status of an organism or tissue,
as distinguished from a biochemical biomarker (eg. enzyme activity), or chemical biomarker
(eg. plasma element concentration).”

The discoveries of reverse transcriptase and heat-stable DNA polymerase, the development
of high-throughput qRT-PCR and microarray technologies, the sequencing and annotation of
multiple genomes, and development of the parallel sophisticated bioinformatics, collectively
have provided the ability to assess relative levels of individual gene transcripts at a quantity
and a pace that was unimaginable just a decade ago. This review will discuss the increasing
development of these tools to provide molecular biomarkers for application in medicine,
including the potential for individualized medicine, and the efficacy of using blood as a
source of RNA for these measurements. Lastly, the review proposes that molecular
biomarkers have just as much potential in nutrition for assessment of nutrient status, using
selenium as an example.

2. Molecular Biomarkers in Medicine
In his essay in Nature on “Predicting disease using genomics [3],” Bell suggests that genetic
(genes) and genomic (RNA and protein) information will allow early and more accurate
prediction and diagnosis of disease and disease progression, and that medicine will become
oriented towards disease prevention rather than efforts to cure people at late stages of illness.
He points out that common genetic risk factors are being identified for a number of diseases
including leprosy, asthma, cancer, diabetes, and cardiovascular disease, and that these new
genomic tools will create a new approach to clinical practice [3]. Similar reviews point out
the promise of molecular biomarkers in cancer [4], cardiovascular disease [5], treatment of
CNS disorders [6], monitoring of infectious disease [7], assessment of environmental health
in children [8], and even chronic fatigue syndrome [9] and psychiatry [10]. Clearly there is
excitement and promise in the use of molecular biomarkers for diagnosis and treatment of
disease.

2.1 Biomarkers and individualized medicine
Bell [3] further points out that these new genomic tools will improve our ability to identify
individuals at risk or in presymptomatic phases of disease, and will more precisely define
disease subtypes on the basis of their individual pathophysiology and their responsiveness to
therapy, including predictive diagnosis and risk profiling. Bell suggests (Fig. 1A) that
treatment in medical practice today doesn’t begin until the patient visits the doctor with
symptoms, often relatively late in the disease, and treatment often only alleviates symptoms
and slows disease progression [3]. In contrast in the future, Bell foresees (Fig. 1A) that
screening via molecular biomarkers for genetic predisposition will facilitate early detection,
define individual disease subtypes based precisely on individual pathophysiology, and will
inform treatment and responsiveness to therapy [3]. Treatment of HIV or hepatitis C are
examples of this individualized treatment paradigm already in practice; chip-based
diagnostics for predicting cytochrome P450 metabolism are also examples of biomarkers for
monitoring therapy. In describing the search for new cardiovascular biomarkers, Gerszten &
Wang describe successful new biomarkers “as improv(ing) the prediction of risk in an
individual and hence contribut(ion) to personalized medicine [5].” Proposed future roles for
molecular biomarkers in personalized medicine are even being extended to CNS disorders,
where the traditional approach is described as focused on average patients and not on the
outliers who are most likely to benefit from personalized prescription [6]. Clearly, the
application of molecular biomarkers to individualized disease prediction and diagnosis is
seen as an exciting area in medicine with high potential for success.
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2.2 Discovery of orthogonal biomarkers
A second potentially important aspect of molecular biomarkers is the application of
microarrays in discovery science to identify “orthogonal” (uncorrelated) biomarkers [5].
Conventional biomarkers have usually been identified as an extension of known pathways,
whereas new emerging technologies can uncover and allow unbiased characterization of
variations in genes and mRNA associated with disease conditions [5]. The identification of
orthogonal biomarkers is likely to overcome limitations of current biomarkers which are
often associated with the same pathways, such as in inflammation or cardiovascular disease.
As a consequence, current biomarkers often only provide information that is correlated with
what is already known about the disease. Furthermore, use of multiple conventional
biomarkers provides diminishing diagnostic strength because they are all basically assessing
the same pathways, whereas use of a much smaller number of orthogonal biomarkers, not
associated with the same pathways or downstream conditions, would have considerably
more diagnostic power [5]. Winegarden [4] in his Lancet essay on microarrays in cancer,
states: “there are two major advantages to the use of microarrays to identify such molecular
classifiers of cancer. First, microarrays allow a researcher to screen thousands of genes
without a-priori knowledge about which genes might be involved. Second, with microarrays
it is possible to identify a panel of genes, rather than a single gene, that when used together
may be a more accurate and robust indicator of patients’ outcome [4]. Discovery studies
using microarrays to examine the full set of transcripts thus are powerful tools to identify
new biomarkers that may signal the status of distinct previously-unknown and/or previously
un-linked pathways associated with the condition under study.

3. Molecular Biomarkers in Blood
One of the challenges of biomarker use is obtaining samples from the appropriate tissue. The
Biomarkers Definitions Working Group [2] indicated that clinical endpoints or biomarkers
are distinct characteristics of disease that reflect how a patient feels, functions or survives,
whereas surrogate endpoints or biomarkers are a subset of biomarkers that substitute for a
clinical endpoint, and that are expected to predict clinical benefit or harm. Blood is one of
the obvious surrogate tissues that has been used since the onset of medicine.

3.1 Total whole blood RNA
Conventional wisdom a decade or more ago assumed that mammalian erythroid cells,
lacking a nucleus, were devoid of mRNA and incapable of protein synthesis. Recent
microarray and qRT-PCR studies on mRNA isolated from whole blood, however, indicate
that as much as 70% of total RNA isolated from whole blood is hemoglobin mRNA in
humans or rodents [11], demonstrating that erythroid cells are clearly the predominant
source of RNA isolated from whole blood. The total RNA from human RBCs resembles
typical eukaryotic RNA, with a 5S–80S sedimentation distribution similar to sedimentation
distributions in avian (nucleated) erythrocytes; this RNA contains the standard 18S- and
28S-rRNA bands indicative of protein synthesis [12]. Furthermore, genes identified in total
RNA include transcripts of genes encoding initiation, activation and regulation of
transcription and translation, and include RNA-stabilizing factors and anti-apoptotic
proteins, supporting nucleus-independent protein synthesis in erythrocytes [12]. Clearly total
RNA isolated from whole blood is predominantly from erythroid cells and not the leukocyte
fraction.

3.2 Blood molecular biomarkers in medicine
Genomics and transcriptomics investigators thus have begun to use blood as a “surrogate”
tissue for biopsy and analysis. Studies using microarray analysis have shown that blood cells
share more than 80% of the transcriptome with each of nine tissues studied (brain, colon,
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heart, kidney, liver, lung, prostate, spleen and stomach), and estimates are that the blood
transcriptome contains 16,000–20,000 transcripts [13]. Other researchers have found, when
looking at isolated total RNA from whole blood, liver, and spleen, that the total number of
expressed transcripts in blood RNA was intermediate between liver (lowest) and spleen
(highest), and that the concordance of gene expression between human and monkey was
73% for blood RNA [14]. A recent review cites more than 40 human disease conditions or
risks that have been studied using gene-expression profiling on human blood cells [15], in
specific conditions in the areas of health status, cancer, neurological disease, cardiovascular
disease and autoimmune disease. The 2009 publication of a volume in Methods of
Molecular Biology, entitled DNA and RNA Profiling in Human Blood [16], further
illustrates the emerging focus on RNA from blood as a molecular biomarker.

For instance, total RNA from blood was used to define a gene panel (9 genes) to be used to
detect pathological responses in chronic fatigue syndrome patients and for differential
diagnosis of this syndrome [9]. Microarray analysis of whole blood RNA was used to
develop a panel of molecular biomarkers for acetaminophen exposure in rats that predicted
exposure 89–96% based on microarray bioinformatics analysis (molecular biomarkers)
versus blinded analysis by board certified veterinary pathologists of 62% based on clinical
chemistry, 78% using hematology, and 67–75% based on histopathology [17]. Collectively,
these reports and reviews suggest that molecular biomarkers perhaps offer more potential
than biochemical biomarkers to identify presymptomatic phases of disease, predict patient
outcome, identify clinically-relevant patient subgroups, and increase understanding of
disease mechanisms. This especially includes increased opportunities for individualized
medicine [3–6].

3.3 Molecular biomarkers in population studies as well as clinical studies
The above discussion clearly indicates that biomarkers based on mRNA levels, especially in
blood, are an emerging and exciting area of research in medicine. Initial uses are obviously
going to be in clinical research as well as in basic research, and in diagnosis and treatment of
patients. The advent of high-throughput technologies associated with these techniques,
however, suggests that there will be far wider application, and that as these technologies
evolve there will be increasing application for population studies and epidemiology studies.
Ability to screen populations for presymptomatic phases of disease or to identify clinically-
relevant patient subgroups [15] are but two obvious applications in population studies. The
commercial availability of vacutainers already containing RNA-stabilizing solutions and
associated kits for ready RNA isolation from whole blood (PAXgene, Qiagen) clearly
illustrates this potential. Application to nutrition studies of all types is certainly in the near
future as well.

3.4 Costs for molecular biomarker analyses
Currently, commercial full genome microarrays for humans or rodents cost around $500,
and preparation of isolated RNA, hybridization, scanning, and analysis typically add about
$400, resulting in a research cost of just under $1000 per sample. As these arrays typically
now report the expression of over 47,000 transcripts for over 38,000 genes, the potential cost
today is actually less than 3 cents per gene. Costs for qRT-PCR analyses in a research
laboratory are about $3 per gene for reagents and supplies. For comparison, routine blood
analysis for hemoglobin C-reactive protein, cell count and reticulocyte count in a clinical lab
typically total $50–$100 or higher. Just as with advent of continuous-flow autoanalyzers for
routine repetitive medical laboratory analyses forty years ago, mainstream clinical use of
microarray analysis or qRT-PCR in the future will likely increase efficiency, reduce cost,
and focus on predictive panels of biomarkers that will make these techniques a centerpiece
of clinical laboratory practice in the future.
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4. Blood Molecular Biomarkers in Nutrition
Development of molecular biomarkers for nutritional status based on blood, too, has
potential application that parallels the opportunities in medicine, including providing solid
data for individualized nutrition. One potential advantage of using total blood mRNA for
nutritional assessment, due to the long lifespan of red cells (120 days for humans; 60 days
for rodents), is that blood-based molecular biomarkers may effectively integrate nutrient
status over the lifespan of red cells rather than reflecting recent nutrient intake. Few studies
so far, however, have used molecular biology methods to determine nutrient requirements,
especially for humans. Changes in white cell metallothionein mRNA were found to correlate
with changes in zinc intake in human subjects [18], and microarray analysis found decreased
levels of mRNA for a zinc influx transporter in women supplemented with zinc [19]. These
studies included use of blood spots as the biopsy tissue [18], clearly illustrating the potential
application in population studies as well as clinical nutrition research. To identify
biomarkers for the health risk assessment of chronic low level exposure to cadmium, the
gene expression profile of blood was determined on residents in a cadmium-polluted area
and in a control population where whole blood was collected in Paxgene tubes for RNA
isolation. Cadmium exposure significantly up-regulated 137 genes and down-regulated 80
genes, compared with the control group, leading to identification of 7 cadmium-responsive
genes that were suggested as a biomarker panel for risk assessment [20]. These are but a few
of the emerging studies that illustrate the potential use of molecular biomarkers in nutrition.

5. Molecular Biomarkers for Selenium Status and Requirements
Selenium (Se) deficiency results in dramatic decreases in glutathione peroxidase-1 (Gpx1)
mRNA as well as Gpx1 activity in rats [21] and other species. This down-regulation of
Gpx1 mRNA in Se-deficient animals is specific for selenoprotein mRNAs and occurs due to
nonsense mediated decay [22,23]. We have now used liver Gpx1 mRNA to assess Se
requirements in growing rats [24–26], showing that mRNA levels can be used as specific
biomarkers for nutrient status. These biomarkers were especially effective in determining Se
requirements in pregnant and lactating rats as it explained that the drop in Gpx1 activity in
pregnancy was caused by a natural drop in Gpx1 mRNA that was unrelated to changes in Se
status [27], illustrating the usefulness of this molecular biomarker. Recently, we conducted a
mouse microarray study to screen the complete selenoprotein proteome (selenoproteome)
for selenoprotein mRNAs that are significantly decreased in Se deficiency, confirmed this
regulation using qRT-PCR, and discovered that several additional selenoprotein mRNAs
(Selh, Sepw1) are also highly down-regulated in Se deficiency [28]. We have more recently
extended this study to rats to characterize Se regulation of mRNA levels of all 24 rat
selenoproteins over the range from Se-deficiency to super-nutritional Se levels (8X the
requirement), and to determine minimum dietary Se requirements using these molecular
biomarkers [29]. Fig. 2 shows the Se response curves for these three highly-regulated
selenoprotein mRNAs, Gpx1, Selh, and Sepw1, in rat liver, illustrating the efficacy of using
molecular biomarkers for Se status. The result is that the minimum dietary Se requirement in
the growing rat is 0.06–0.07 μg Se/g based on these selenoprotein mRNA biomarkers as
compared to 0.06 μg Se/g based on plasma glutathione peroxidase-3 (Gpx3) activity, 0.08
μg Se/g based on liver Se concentration, and 0.09 μg Se/g based on liver Gpx1 activity in
these same rats [29].

5.1 Blood molecular biomarkers for selenium
We have now found that total RNA from rat whole blood can also be used to assess Se
status [30], and that blood Gpx1 mRNA levels can be used to determine minimum dietary
Se requirements in rats [31]. Fig. 2D shows that the minimum Se requirement based on
Gpx1 mRNA in total RNA from rat blood is 0.08 μg Se/g diet. We have also begun to assess
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human Se status using blood selenoprotein mRNAs as biomarkers, but found that we could
not distinguish between subjects consuming 48 μg Se/day verus 116 μg Se/day [32],
presumably because both groups were on the plateau of the Se response curves for both
biochemical biomarkers (plasma Gpx3 activity) and molecular biomarkers (blood
selenoprotein mRNA levels) [32]. Studies in more Se-deficient populations will be
necessary to evaluate the efficacy of using molecular biomarkers for assessment of human
Se status.

5.2 Challenges in Se research where molecular biomarkers may help
Tissue levels of Se have long been used as chemical biomarkers to determine Se status and
requirements in Se-deficient versus Se-adequate animals or humans [33]. Tissue levels with
supernutritional Se supplementation, however, are far less indicative of level of Se exposure
because organic (selenomethionine) and inorganic (selenite, selenate) forms are metabolized
differently, incorporated differently into tissue selenoproteins and general-proteins [34], and
even excreted in different proportions [35]. mRNAs for enzymes involved in these various
pathways, such as synthesis of the urinary selenosugar (1-β-methylseleno-N-acetyl-D-
galactosamine) under low Se conditions [36], or the methylation pathways for synthesis of
methylated selenium forms with high Se intakes [37] might provide orthologous biomarkers
for Se status. Microarrays are likely to detect additional unknown pathways that are also
modulated by high Se.

The recent unblinding and stopping of the Se and Vitamin E Cancer Prevention Trial
(SELECT) in October, 2008 [38], illustrates an additional challenge in the Se area where
molecular biomarkers may prove to be powerful tools. A previous human trial (using
selenized yeast) had indicated that higher intakes of Se are associated with prevention of
prostate cancer [39]. The SELECT trial (using selenomethionine, the major Se component in
selenized yeast), however, was stopped after 5 years because an independent monitoring
committee found that Se and vitamin E, taken alone or together, did not prevent prostate
cancer, and because it was unlikely Se and vitamin E supplementation would produce a 25%
reduction in prostate cancer (the study goal) even if the trial continued to its planned
endpoint. In addition, while not significant, there were slightly more cases of diabetes in
men taking only Se, as well as slightly more cases of prostate cancer in men taking only
vitamin E [38], matching with other recent studies indicating increased risk of type-2
diabetes [40] as well as cancer [41,42] with Se supplementation. Differences in initial Se
status of the two populations, and differences in form of Se supplementation are both likely
to play some role in the differences between the two trials. The identification of new
molecular biomarkers of Se status, especially orthogonal biomarkers, has the potential to
further discriminate between individuals that will respond positively to high-Se
supplementation versus individuals that will be adversely affected.

The are many examples for other nutrients where new orthogonal biomarkers, identified by
discovery science, might be able to distinguish between subjects that would benefit from
nutrient supplementation versus be adversely affected, or that could be used effectively to
confirm nutrient requirements in less-studied groups such as children, the elderly, or even
certain disease states.

6. Nutrition Assessment in the Future
What will the future hold in the area of nutrient assessment using molecular biomarkers?
The underlying hypothesis is that homeostatic mechanisms exist for each essential nutrient –
element, vitamin, amino acid, essential fatty acid – that detect and maintain the
concentration and/or body burden of these nutrients at relatively constant levels in healthy
individuals, thus adjusting for concentrations of dietary nutrients that can vary over a much
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wider range. Nutritional assessment of an individual using molecular biomarkers could be
conducted for all nutrients in one assay by using a panel of biomarkers for each nutrient,
which in the future might span the full range from deficient to toxic. As quality molecular
biomarkers are identified and validated for each nutrient, inclusion of probe sets on RNA
microarrays would allow rapid and full assessment of nutrient status for an individual. Such
molecular analysis (Fig. 1B) could provide early detection of aberrant nutritional conditions
due to individual genetics, or to poor nutritional and/or lifestyle choices, in parallel with
what has been suggested for how molecular biomarkers will impact medical diagnosis. Just
as in medicine, application of molecular biomarkers to nutrition will provide opportunities
for early diagnosis, individualized treatment, and therapeutic monitoring of nutritional
disorders.

The currently-available Chicken Genome Array from Affymetrix illustrates in one small
way how molecular biomarkers are already providing powerful diagnostic tools [43]. This
microarray covers over 32,000 transcripts corresponding to over 28,000 genes, but it also
contains 689 probe sets for detecting 17 avian viruses. Use of this microarray thus empowers
a veterinarian or producer to rapidly diagnose viral infection in a flock. Imagine how useful
and rapid a complete nutrition assessment microarray could have been when the FDA
recently was asked to diagnose the nature of over 40 cases of adverse reaction to a health
food supplement which was ultimately found to contain up to >700 times the US RDA
(recommended dietary allowance) for Se and contain up to >130 times the US AI (adequate
intake) for chromium in females (19–50 yr) [44,45].

There are many pitfalls in this scenario. The range of individual variation in homeostatic set-
points for these hypothetical biomarkers is unknown, and certainly will be wider in human
populations than in studies using standardized diets and animals with homogeneous
genetics. For some nutrients, a molecular biomarker revealing the level of nutrient stores
(eg. iron or vitamin A) may not exist. For others, the reliable biomarker may be a metabolite
or hormone signal rather than an mRNA biomarker in blood RNA. None-the-less, just as in
medicine, discovery science and emerging RNA technologies offer tremendous potential for
nutrition as well as medicine to provide powerful molecular biomarkers.

Just as for biomarkers in other areas, the ethics of the research in nutritional molecular
biomarkers and of the translation to public practice will need to be considered. Application
of biomarkers to combating misdescription of food contents on product labels [46], for
instance, has little downside, but study and application of biomarkers in human subjects is a
completely different matter, as illustrated by recent discussion about the challenges in
research and use in studying biomarkers in the environmental health of children [8] and use
of biomarkers to predict human behavior and psychiatric disorders [10]. Important social,
legal, and ethical issues, such as confidentiality, risk profiling, privacy and children’s rights,
informed consent, intervention, labeling, and discrimination [8,10], will apply in nutrition as
well as in medicine and other areas. Biomarker research in nutrition is needed to show the
efficacy of molecular biomarker use and to realize the potential of early identification and
individualized treatment, but these studies and subsequent application will need to be
conducted under the scrutiny of institutional review boards to carefully to protect the rights
of individuals and society. Focused panels of biomarkers, as indicated in Fig 1, may be the
mechanism to provide diagnostic strength in assessing nutrient status without compromising
other ethical considerations.

7. Conclusion
The 1998–2004 Institute of Medicine, while making recommendations for dietary nutrient
intakes (both RDAs and tolerable upper intake levels(ULs)), consistently called for new
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biomarkers for both deficiency and toxicity for nearly all of the essential nutrients [47]. A
recent review of the status of supplement use concluded that “present evidence is
insufficient to recommend either for or against the use of MVMs [Multivitamins and
Minerals] by the American public to prevent chronic disease” [48], but the panel further
stated, “With the strong trends of increasing MVM and other dietary supplement
consumption, and the increasing fortification of the U.S. diet, we are concerned that a
growing proportion of the population maybe consuming levels considerably above the upper
level, thus increasing the possibility of adverse effects.” Thus the MVM Supplements
panel’s sixth suggestion was to capitalize “on the progressing state of biomedical science ..
to identify important new biomarkers, early in the disease process… [48].” Clearly there is
broad and high interest and need for biomarkers for both low and high nutrient levels. These
biomarkers could have tremendous impact in both the US and world-wide.

Future discovery microarray studies have high potential to identify new molecular
biomarkers, perhaps related to known pathways of metabolism but also related to orthogonal
pathways completely dissociated from any known biological connection. Resulting panels of
biomarkers may be able to discriminate between deficient, marginal, adequate, and
supernutritional individuals and populations, and differentiate between individuals that will
benefit versus be adversely affected by nutrient supplementation. Such mRNA biomarkers,
including those in whole blood, will make powerful contributions to the study and practice
of nutrition in the future.
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Fig. 1.
Impact of molecular biomarkers in medicine and in nutrition, leading to individualized
therapy. (A) Diagram of diagnostic medicine today and in the future (adapted from [3] by
permission from Macmillan Publishers Ltd (Nature)). (B) Diagram of diagnostic nutrition
today and in the future. Boxes show key potential roles for molecular biomarkers to provide
early detection of aberrant nutritional status due to genetics or diet/lifestyle, thus shaping
individualized therapy and subsequent monitoring.
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Fig. 2.
Relative levels of selenoprotein mRNA for liver Gpx1 (A), liver Sepw1 (B), liver Selh (C),
and whole blood Gpx1 (D) in male weanling rats fed diets containing the indicated levels of
Se for 28 days, as determined by qRT-PCR on total RNA isolated from rat liver (A–C, n=3/
diet, as described in [29]), and as determined by ribonuclease protection analysis on total
RNA isolated from rat blood (D, n=4/diet, as described in [31]). Values are means ± SEM.
Data in each panel is significant (P < 0.0001) by ANOVA; values with a common letter are
not significantly different (P < 0.05). The calculated plateau breakpoint (BP) for each
response curve is also indicated.
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