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Abstract

Background & Aims—Red cell distribution width (RDW), a measure of heterogeneity in the
size of circulating erythrocytes, is associated with some chronic diseases and predicts mortality.
Although oxidative damage and inflammation have been theorized to affect RDW, the
relationships of antioxidants and inflammation with RDW have not been well characterized. The
aims were to determine whether total serum carotenoids, a-tocopherol, selenium, protein
carbonyls, and interleukin-6 (IL-6) are associated with RDW and predict RDW over time.

Methods—RDW was measured at baseline, 12 months, and 24 months follow-up in 786
moderately to severely disabled community-dwelling women, aged >65 years, in the Women’s
Health and Aging Study | in Baltimore, Maryland.

Results—Selenium was significantly associated with RDW at baseline and predicted RDW over
two years’ follow-up in separate multivariate mixed effects models that adjusted for other
covariates. As expected, the addition of IL-6 to the models attenuated the association of serum
selenium with RDW, as low antioxidant levels are known to upregulate IL-6. Total carotenoids
were associated with RDW at baseline and one year follow-up. Protein carbonyls and a-tocopherol
were not significantly associated with RDW.

Conclusion—Serum selenium is an independent predictor of RDW and may potentially mediate
effects on RDW through IL-6.
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Introduction

Methods

Red blood cell distribution width (RDW) is a measure of the variability in size of circulating
erythrocytes and a parameter that is routinely reported as part of a complete blood count.
Higher RDW values indicate greater heterogeneity in the size of circulating erythrocytes.
Recently, elevated RDW was shown to predict mortality with great consistency across
several different study populations.! The biological mechanisms that underlie the association
of RDW with survival are unknown. RDW is elevated under conditions of erythropoietic
stress, such as during iron, vitamin By, and folate deficiencies. Oxidative stress and
inflammation have been suggested to influence RDW,! but the relationships of biomarkers
of oxidative stress and inflammation with RDW have not been well characterized.

Oxidative stress refers to the condition in which the balance between oxidants and
antioxidant defenses is upset and excess reactive oxygen species cause oxidative damage to
nucleic acids, proteins, and lipids. Oxidative stress is related to red cell survival? and could
be a possible mechanism for RDW. Superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) are important antioxidant enzymes contained in erythrocytes. Mice
with transplanted hemopoietic stem cells from SOD knockout mice had decreased red cell
survival, and antioxidant treatment of the mice increased red cell survival.? In humans with
selenium deficiency, selenium supplementation increased GSH-Px activity in
erythrocytes.3 The antioxidant defense system in humans includes carotenoids, a-
tocopherol (vitamin E), and selenium. The six major dietary carotenoids found in the blood
are a-carotene, -carotene, a-cryptoxanthin, lutein, zeaxanthin, and lycopene. Alpha-
tocopherol is a chain-breaking antioxidant that protects polyunsaturated fatty acids within
membrane phosopholipids and plasma proteins by scavenging peroxyl radicals. Selenium is
an essential trace element and normal constituent of the diet. The biochemical functions of
selenium are related to its role in selenoproteins, and several of these selenoproteins are
antioxidant enzymes, such as glutathione peroxidase, phospholipid hydroperoxide
glutathione peroxidase, and thioredoxin reductase.

Reactive oxygen species have an extremely short half-life and are difficult to measure in
humans, but it is possible to measure the damage that oxidative stress causes to protein,
lipids, and DNA. Protein carbonyls represent several pathways of oxidative protein damage
and are the most studied marker of protein oxidation in epidemiologic studies.® Inadequately
opposed oxidative stress is suggested by low levels of circulating antioxidants. Oxidative
stress and inflammation are often closely related because reactive oxygen species play a role
in the activation of nuclear factor kappa B (NF-«B), a transcription factor that stimulates the
expression of cytokines involved in the inflammatory process, such as interleukin-6 (1L-6).5

We hypothesized that RDW was associated with serum antioxidant concentrations and
inflammation. In order to address this hypothesis, we examined the relationship of serum
total carotenoids, a-tocopherol, selenium, and IL-6 with RDW in a cohort study of older,
community-dwelling women.

Study participants

Subjects in this study were women, aged 65 and older, who participated in the Women’s
Health and Aging Study | (WHAS 1), a population-based study designed to evaluate the
causes and course of physical disability in the one third most disabled older women living in
the community. WHAS | participants were recruited from an age-stratified random sample
of women aged 65 years and older selected from Medicare enrollees residing in 12
contiguous zip code areas in Baltimore.” Women were screened to identify self-reported
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physical disability that was categorized into four domains. The domains of disability were
ascertained in a 20-30 minute home interview that included questions related to (1) mobility
and exercise tolerance, i.e., walking for a quarter of a mile, walking up 10 steps without
resting, getting in and out of bed or chairs, (2) upper extremity function, i.e., raising your
arms up over your head, using your fingers to grasp or handle, lifting or carrying something
as heavy as ten pounds, (3) higher functioning tasks (a subset of instrumental activities of
daily living, not including heavy housework, i.e., using the telephone, doing light
housework, preparing your own meals, shopping for personal items), and (4) basic self-care
tasks (a subset of non-mobility dependent activities of daily living, i.e., bathing or
showering, dressing, eating, using the toilet). WHAS I enrolled women with disability in
two or more domains. Of the 1409 women who met study eligibility criteria, 1002 agreed to
participate in the study in 1992. There were no major differences in sociodemographic or
reported health characteristics between eligible participants and those who declined to
participate.’

Standardized questionnaires were administered in the participant’s home by trained
interviewers. Mini-Mental State Examination (MMSE) was recorded.” Medication use was
recorded. Race was assessed in a questionnaire as black, white, or other, current smoking as
yes or no, and education as 0-8, 9-11, 12 years or more than 12 years as the highest level of
formal education achieved. Two weeks later, a trained registered full-time study nurse
conducted an examination of each study participant in her home, using a standardized
protocol that included physical performance measures and a standardized physical
examination. Approximately 75% of women also consented to phlebotomy performed
during a separate visit by a trained phlebotomist who followed a standardized protocol.
Further details on the methods and sampling design of the WHAS studies are published
elsewhere.” Women were allowed to participate after written, informed consent. The study
protocol was approved by the Johns Hopkins School of Medicine Institutional Review
Board.

Laboratory studies

There were 1002 women enrolled in the Women’s Health and Aging Study I, of whom 786
women participated in the blood drawing and had red cell distribution width measurements
at baseline. There were no significant differences in race or body mass index between those
who did and did not participate in the blood drawing, but women who did and did not
participate in the blood drawing were different by age (77.4 vs 80.7 years, respectively, P
<0.0001). Non-fasting blood samples were obtained by venipuncture between 9 AM and 2
PM. Processing, aliquoting, and freezing were carried out at the Core Genetics Laboratory
of The Johns Hopkins University School of Medicine following a standardized protocol.
Blood samples were delivered to Quest Diagnostics Laboratories (Teterboro, New Jersey)
for complete blood count, ferritin, vitamin By, and folate measurements. Iron deficiency
was defined as serum ferritin <12 pg/L.8 Vitamin B4 deficiency was defined as a
concentration <200 pg/mL and folate deficiency as a concentration <5.89 nmol/L.? Serum
aliquots were stored continuously at —70° C until the time of analyses for serum carotenoids,
tocopherols, selenium, protein carbonyls and interleukin-6.

Serum carotenoids and a-tocopherol were measured by high performance liquid
chromatography (HPLC).10 Total carotenoids were calculated as the sum of a-carotene, f-
carotene, B-cryptoxanthin, lutein/zeaxanthin, and lycopene in pmol/L. Within-run and
between-run coefficients of variation, respectively, were 10.7 and 23.9% for a-carotene, 7.0
and 19.1% for B-carotene, 4.7 and 8.5% for B-cryptoxanthin, 4.1 and 4.6% for lutein/
zeaxanthin, 10.0 and 14.0% for lycopene, and 4.1 and 9.7% for a-tocopherol. Plasma
selenium was measured by graphite furnace atomic absorption spectrometry using a Perkin
Elmer AAnalyst 600 with Zeeman background correction. Samples were diluted 1:4 with a
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triton-X (Sigma Chemical, St. Louis, MO) and nitric acid solution (Fisher Scientific,
Pittsburgh, PA), and the matrix modifier was a palladium and magnesium nitrate solution
(both Perkin Elmer, Norwalk, CT). The instrument was calibrated daily using known plasma
selenium standards (UTAK Laboratories, Inc., Valencia, CA). Within-run and between-run
coefficients of variation were 5.8% and 4.8%, respectively.

Serum protein carbonyls were measured using a commercial ELISA (Zentech PC Test,
Protein Carbonyl Enzyme Immuno-Assay Kit, Zenith Technologies, Dunedin, NZ). Protein
carbonyls are stable under long term storage at —70° C.2 The assay has a minimum
detectability of 0.02 nmol/mg protein, which is well below that range found in healthy
human controls. Intra-assay and interassay CVs for protein carbonyl measurements were
10.1% and 18.2%, respectively. Serum IL-6 was measured using a commercial ELISA
(Quantikine Human IL-6, R & D Systems, Minneapolis, MN). The minimum detection limit
for the IL-6 ELISA reported by the manufacturer is 0.039 pg/mL. Intra-assay and interassay
CVs for IL-6 measurements were 4% and 6%, respectively.

Statistical analysis

Results

Mean and standard deviation were used to describe continuous variables in the study
population. Log transformation of skewed variables was used to achieve a more normal
distribution. Body mass index was categorized as underweight (<18.5 kg/m?2), normal range
(18.5-24.9 kg/m?), overweight (>25-29.9 kg/m?2) and obese (=30 kg/m?). Renal
insufficiency was defined as estimated glomerular filtration rate of <60 mL/min/1.73 m?2
using the four-variable Modification of Diet in Renal Disease Study equation of Levey and
colleagues.1! Univariate and multivariate linear regression analysis was used to examine the
relationship between antioxidants and other factors where log RDW at baseline was the
dependent variable. The relationship between antioxidants and inflammation at baseline and
RDW over time were examined using mixed effects models.12 Covariates were included in
the multivariate models based upon clinical importance and the significance of the
association in the univariate analyses. The level of significance in this study was P <0.05.
All analyses were conducted using SAS version 9.13 (SAS Institute, Cary, NC).

The demographic and disease characteristics of the 786 women by quartile of RDW are
shown in Table 1. The relationships of serum antioxidants and other factors with RDW at
baseline are shown in univariate linear regression models in Table 2. White race, total serum
carotenoids, a-tocopherol, and selenium were significantly associated with a decrease in
RDW. Iron deficiency, folate deficiency, IL-6, and heart failure were significantly
associated with an increase in RDW. Age, education, BMI, smoking, MMSE score, vitamin
B1, deficiency, serum protein carbonyls, hypertension, angina, peripheral artery disease,
stroke, diabetes, chronic obstructive pulmonary disease, depression, cancer, and renal
insufficiency were not significantly associated with RDW. In a cross-sectional analysis at
baseline, total serum carotenoids and selenium were significantly associated with RDW in
separate multivariate linear regression models that adjusted for race, and additionally for
heart failure, iron and folate deficiencies (Table 3). The addition of IL-6 to the final model
attenuated the association of total serum carotenoids and selenium with RDW.

Total serum carotenoids and selenium were significantly associated with RDW at baseline in
separate multivariate random effects models that adjusted for race, heart failure, folate, and
ferritin (Table 4). Selenium was an independent predictor of RDW at 12 and 24 months’
follow-up visits, and the addition of IL-6 to the final model attenuated the association of
serum selenium with RDW. Total serum carotenoids were significantly associated with
RDW at baseline and the 12 month follow-up visit but not the 24 month follow-up visit.
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Discussion

The present study shows that serum selenium is independently associated with RDW and
predicts RDW over a two year period in older, disabled community-dwelling women. To our
knowledge, this is the first study to show an association between selenium and RDW. The
results suggest that oxidative stress may be a potential underlying biological mechanism for
increased RDW. The relationship of serum selenium with RDW was attenuated when IL-6
was included in the multivariate models, and both serum carotenoids and selenium have
been shown to predict changes in IL-6 over time.13 Total serum carotenoids were
independently associated with RDW at baseline and predicted RDW at the 12 month but not
the 24 month follow-up.

Whether elevated RDW is a marker for low circulating total carotenoid and selenium
concentrations is not clear. As noted previously, elevated RDW is a strong predictor of
mortality.! Both low total serum carotenoids and low serum selenium concentrations are
also strong predictors of mortality in older community-dwelling adults. Older community-
dwelling adults with low total serum carotenoids are at higher risk of mortality, as shown in
studies from the Netherlands,1* the United States, 3 France,1® and Italy.16 Low serum
selenium concentrations were independent predictors of mortality among older community-
dwelling adults in France,1” the United States,13 and Italy.18

Serum selenium and carotenoids could theoretically protect erythrocytes from increased
RDW by protecting erythrocytes from oxidative damage. Oxidative stress increases the
fragility of red blood cells.1® Oxidative stress also decreases the rate of erythroid maturation
and decreases erythrocyte lifespan.20 Beta-carotene supplementation has been shown to
protect erythrocytes from the increased osmotic fragility that is found in zinc-deficient
rats.21 Glutathione peroxidase protects erythrocytes from oxidative damage, and in humans,
selenium supplementation has been shown to increase glutathione peroxidase activities in
erythrocytes.34:22 Although a-tocopherol has been shown to protect erythrocytes from
oxidative damage in vitro,23 no significant relationship was found between serum a-
tocopherol concentrations and RDW in the present study. Protein carbonyls were not
associated with RDW and may represent a different pathway of oxidative stress that is not
affected by selenium. Dietary selenium supplementation has been shown to have no effect
upon protein carbonyls.24

Increased RDW has been reported in adults with impaired renal function,2® inflammatory
bowel disease,® and poor pulmonary function,? three conditions which are associated with
low antioxidant nutrients. The primary source of plasma glutathione peroxidase is the
kidney,28 and plasma selenium, plasma glutathione peroxidase, and glutathione peroxidase
activity in erythrocytes have been strongly correlated with stages of chronic renal failure.29
Inflammatory bowel disease is associated with lower circulating carotenoids and increased
oxidative stress.30:31 Data from the Third National Health and Nutrition Examination Survey
(NHANES I11) shows that higher serum selenium and other antioxidant nutrients are
associated with better pulmonary function.32 Whether poor antioxidant nutrient status can
explain the relationship between certain disease states and RDW needs to be explored in
future studies.

The present study was limited to moderately to severe disabled women living in the
community, and these findings cannot necessarily be generalized to less disabled women or
to older men. Indeed, according to data from the NHANES 11,1 RDW levels were lower, on
average, in the general population of adults aged 45 and older (median = 13.2%) than in the
current study (median = 14.3%), possibly reflecting higher disease burden among older
disabled women. In addition, other antioxidant nutrients which may protect erythrocytes
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from oxidative damage, such as ascorbate and polyunsaturated fatty acids, were not
measured in the present study and should be investigated in the future. The present study
only involved the measurement of oxidative protein damage using protein carbonyls, and
other types of oxidative damage to DNA and lipids was not addressed.

In conclusion, serum selenium was an independent predictor of RDW in older, moderately
to severely disabled women living in the community. Antioxidant nutrient status may
influence RDW and may potentially explain the association between elevated RDW and
decreased survival. Future studies are needed that examine whether increased RDW is
associated with decreased GSH-Px and SOD activity in erythrocytes or increased osmotic
fragility, and whether increased RDW is associated with lower erythrocyte survival time.
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