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Abstract:



Antioxidants have a number of potential health benefits. The present investigation was designed to determine the relationship between serum alpha- and gamma-tocopherol levels (powerful antioxidants), and leukocyte telomere length (a biomarker of biological aging). A cross-sectional design was employed to study 5768 adults from the National Health and Nutrition Examination Survey (NHANES). DNA was obtained via blood samples. Telomere length was assessed using the quantitative polymerase chain reaction method. Serum concentrations of alpha- and gamma-tocopherol were measured using high performance liquid chromatography (HPLC). Results showed that for each one-year increase in age, telomeres were 15.6 base pairs shorter (F = 410.4, p < 0.0001). After adjusting for differences in the demographic covariates, for each µg/dL higher level of gamma-tocopherol, telomeres were 0.33 base pairs shorter (F = 7.1, p = 0.0126). Telomeres were approximately 1 year shorter (15.6 base pairs) for each increment of 47.3 to 55.7 µg/dL of gamma-tocopherol in the blood, depending on the variables controlled. Adults at the 75th percentile of gamma-tocopherol had 2.8–3.4 years greater cellular aging than those at the 25th percentile, depending on the covariates in the model. However, alpha-tocopherol was not related to telomere length. Evidently, gamma-tocopherol levels, but not alpha-tocopherol, account for meaningful increases in biological aging.






Keywords:


cell aging; antioxidant; vitamin E; DNA








1. Introduction


Vitamin E is an essential nutrient and a powerful antioxidant. It is a fat-soluble vitamin that occurs naturally in eight forms. Vitamin E can be divided into two principal classes: tocopherols and tocotrienols. These can be further categorized into slightly different compounds, known as alpha, beta, delta, and gamma [1].



Many claims have been made about the potential of vitamin E to improve health and prevent disease because it is a chain-breaking antioxidant that prevents free radical reactions and lipid peroxidation. The most abundant and biologically active form of vitamin E is alpha-tocopherol [2]. Although alpha- and gamma-tocopherol differ by only one methyl group, alpha- is the only form of vitamin E considered necessary to satisfy human nutrition needs [3]. However, unlike alpha-tocopherol, gamma- also counters reactive nitrogen species [4]. Moreover, some scientists indicate that the antioxidant characteristics of gamma-tocopherol may actually exceed those of alpha-tocopherol [5]. In the US, blood levels of alpha-tocopherol are about five times higher than gamma-levels [6].



Although alpha- and gamma-tocopherol differ only slightly in molecular structure, some studies indicate that they have different consequences on the body [2,7,8,9,10]. Marchese et al. [2] suggest that alpha- and gamma-tocopherol oppose each other under certain conditions. For example, some experiments show that alpha-tocopherol protects, whereas gamma-tocopherol promotes lung inflammation and airway hyper-responsiveness [10,11]. According to data from the CARDIA (coronary artery risk development in young adults) study, serum concentrations of alpha-tocopherol are favorably associated with lung function, whereas gamma-tocopherol levels are negatively related to spirometry results [2].



Other investigations focusing on the health effects of alpha- and gamma-tocopherol have also yielded conflicting findings. A meta-analysis involving approximately 370,000 participants showed that blood alpha-tocopherol levels were inversely associated with risk of prostate cancer, whereas gamma-tocopherol levels were not [12]. Further, in a NHANES (national health and nutrition examination survey) study of 1289 US adults, blood levels of alpha-tocopherol were predictive of lower fasting blood glucose concentrations, suggesting better glucose regulation, but gamma-tocopherol levels were associated with higher fasting glucose levels and also higher glycosylated haemoglobin (A1c) concentrations [13]. Additionally, in women, blood alpha-tocopherol levels were favorably associated with hemorrhagic stroke mortality, but gamma-tocopherol concentrations were directly linked to death from hemorrhagic stroke [14].



The literature includes far more investigations about alpha-tocopherol than gamma-, even though gamma-tocopherol is the primary form of vitamin E in the American diet [15]. Consequently, some researchers recommend that more research focus on gamma-tocopherol [15,16]. In a review article, Jiang et al. [16] indicate plainly that gamma-tocopherol “deserves more attention” (p. 714). Given the inconsistent findings in the literature, it is of public health interest that the biological effects of both alpha- and gamma-tocopherol be investigated and their contributions to human health be compared.



A good gauge of cell aging and biological health is the length of leukocyte telomeres. Telomeres are protective caps found on the ends of chromosomes. When cells divide, some of the telomeric DNA does not replicate. Therefore, with mitosis, telomeres become consistently shorter. Hence, it follows that scientists refer to telomeres as the molecular clock of cells [17,18].



A number of investigations show that oxidative stress shortens telomeres [19,20,21,22,23]. Furthermore, many studies indicate that shorter telomeres are predictive of premature disease, independent of age, including cancer [24,25,26], cardiovascular disease [27,28,29,30], diabetes [31,32,33], and cognitive dysfunction [34,35]. Given that oxidative stress shortens telomeres, and given the antioxidant characteristics of vitamin E and its capacity to prevent free radical reactions, it follows that vitamin E could preserve telomeres and reduce cell aging. However, little research is available indicating if vitamin E—particularly blood levels of alpha- and gamma-tocopherol—account for differences in telomere length in US men and women. Hence, the present study was conducted. A random sample of 5768 men and women collected by NHANES was used, representing non-institutionalized civilian adults in the United States. A secondary purpose was to determine the influence of several covariates, including age, gender, race, smoking, BMI (body mass index), physical activity, alcohol use, total serum cholesterol, dietary vitamin E intake, and supplement use, on the associations between alpha- and gamma-tocopherol and telomere length.




2. Materials and Methods


2.1. Sample


In order to provide national estimates of the nutrition, health, and lifestyles of individuals living in the United States, the Centers for Disease Control and Prevention administers an ongoing study called NHANES. The investigation uses a multistage probability sampling design, so the results can be generalized broadly across the United States.



Only two 2-year data cycles of NHANES contain values for telomere length, 1999–2000 and 2001–2002. All of the data are cross-sectional. The telomere data became available to the public in November, 2014, and all of the NHANES data sets are available to the public online [36].



All participants ages 20 years and older were asked to give a blood sample containing their DNA during the 1999–2000 and 2001–2002 data cycles. A total of 10,291 adults were eligible and 7827 donated a valid sample (76%). Because NHANES records the age of all participants age 85 or older as 85 to maximize confidentiality, subjects ≥85 were excluded from the sample.



To be included in the present investigation, participants were required to have data for each variable of the study. A total of 5768 adults—3043 women and 2725 men—were included. Written informed consent was obtained from each participant and the National Center for Health Statistics Ethics Review Board approved collection of the NHANES data and posting of the files online for public use [37].




2.2. Measures


A total of 13 variables were studied in this investigation. The exposure variables were blood levels of alpha- and gamma-tocopherol. The outcome variable was leukocyte telomere length. Covariates included: age, gender, race, BMI, smoking, physical activity, alcohol use, total serum cholesterol, supplement use, and dietary vitamin E intake.



2.2.1. Alpha- and Gamma-Tocopherol


To provide objective measures of alpha- and gamma-tocopherol levels, blood specimens were collected at the NHANES mobile examination centers (MECs). Serum concentrations of alpha- and gamma-tocopherol were measured using high performance liquid chromatography (HPLC) with photodiode array detection [38]. Exclusion criteria included hemophiliacs, individuals who had received chemotherapy during the previous 4 weeks, and participants with rashes, gauze dressings, casts, edema, open sores or wounds, etc. The laboratory staff included certified medical technologists and phlebotomists. Members of the laboratory staff each completed comprehensive training before working in the MEC. The NHANES quality control and quality assurance protocols met the Clinical Laboratory Improvement Act standards [38].




2.2.2. Telomere Length


NHANES [39] has described in detail the procedures employed to measure telomere length. According to NHANES, DNA was extracted from blood samples and stored at −80 °C at the Centers for Disease Control and Prevention. Specimens were then shipped to the University of California, San Francisco for analysis in the Blackburn laboratory. Leucocyte telomere length was measured using the quantitative polymerase chain reaction method and compared to standard reference DNA (T/S ratio). Five 96-well quality control plates, representing 5% of the complete set, were used. The investigators were blinded regarding the duplicate samples [39].



According to NHANES [39], “Each sample was assayed 3 times on 3 different days. The samples were assayed on duplicate wells, resulting in 6 data points. Sample plates were assayed in groups of 3 plates, and no 2 plates were grouped together more than once. Each assay plate contained 96 control wells with 8 control DNA samples. Assay runs with 8 or more invalid control wells were excluded from further analysis (<1% of runs). Control DNA values were used to normalize between-run variability. Runs with more than 4 control DNA values falling outside 2.5 standard deviations from the mean for all assay runs were excluded from further analysis (<6% of runs). For each sample, any potential outliers were identified and excluded from the calculations (<2% of samples). The mean and standard deviation of the T/S ratio were then calculated normally. The interassay coefficient of variation was 6.5%” [39]. Mean T/S ratio values were converted to base pairs using the formula: 3274 + 2413 × (T/S).




2.2.3. Covariates


Age, gender, and race were used as demographic covariates. NHANES used five categories to differentiate among races and ethnicities: Non-Hispanic White, Non-Hispanic Black, Mexican American, Other race or multi-racial, and Other Hispanic. Additional covariates were employed to index lifestyle variables, including BMI, smoking, physical activity, alcohol use, dietary intake of vitamin E, supplement use, and total serum cholesterol.




2.2.4. Body Mass Index (BMI)


BMI was used to compare the body weight of participants, independent of height. The standard BMI formula was used (kg/m2): weight in kilograms divided by height in meters, squared. BMI categories were used to differentiate among participants who were underweight (<18.5), normal weight (≥18.5 and <25.0), overweight (≥25.0 and <30.0), obese (≥30.0), or missing.




2.2.5. Smoking


Pack-years, representing cumulative exposure to tobacco smoke, were used to index cigarette smoking. Pack years were calculated as the number of years smoked times the average number of cigarettes smoked per day, divided by 20.




2.2.6. Physical Activity


Daily physical activity was assessed using four descriptive statements. Participants were asked to identify the statement that best described their physical activity level. Subjects were categorized according to the level of activity reported. The statements were: (1) You sit during the day and do not walk about very much; (2) You stand or walk about much of the day, but do not have to carry or lift things very often; (3) You lift light loads or have to climb stairs or hills often; (4) You do heavy work or carry heavy loads.




2.2.7. Alcohol Use


A total of three categories were used to differentiate among participants relative to alcohol use: abstainers, moderate drinkers, and heavy drinkers. Heavy drinkers were women who reported drinking two or more alcoholic beverages per day over the past 12 months or men reporting three or more alcoholic drinks per day over the past 12 months. Moderate drinkers were women who reported drinking more than zero but less than two drinks per day over the past 12 months, or men who reported drinking more than zero and less than three alcoholic beverages per day during the past 12 months. Abstainers were those reporting no alcohol use in the past 12 months.




2.2.8. Dietary Vitamin E Intake and Supplement Use


Using a computer-assisted interview system, a 24-h dietary recall was administered by NHANES [40]. Dietary supplement use was also assessed. Each interviewer was a college graduate in Food and Nutrition or Home Economics, with at least 10 credits in food and nutrition. Interviewers were trained and bilingual, and interviews were administered in a private setting in a NHANES MEC. The dietary assessment was used to collect detailed information about all foods and beverages consumed. Interviewers followed scripts provided in the system, and the computer-assisted program provided a standardized interview format. The diet recall included food probes that have been used in previous NHANES and USDA surveys. A multi-pass format was used during the interview. Nutrients and non-nutrient food components, including vitamin E intake, were calculated from foods and beverages that were eaten during a 24-h period prior to the interview (midnight to midnight).




2.2.9. Total Serum Cholesterol


Cholesterol was measured enzymatically in a series of coupled reactions that hydrolyzed cholesteryl esters and oxidized the 3-OH group of cholesterol. One of the reaction byproducts, H2O2, was measured quantitatively in a peroxidase-catalyzed reaction that produced a color. Absorbance was measured at 500 nm. The color intensity was proportional to the cholesterol concentration [41].





2.3. Statistical Analysis


Strata, clusters, and individual-level sample weights were used to produce results generalizable to the non-institutionalized, civilian, adult population of the United States. By using unequal selection probability, the weights resulted in unbiased national estimates. For categorical variables, SAS SurveyFreq was used to calculate weighted frequencies to describe the data. For continuous variables, weighted means (±SE) were generated using SAS SurveyMeans. For the present study, sample weights were based on 4 years of MEC data, which included the blood alpha- and gamma-tocopherol levels and telomere lengths.



For this investigation, blood levels of alpha- and gamma-tocopherol served as the exposure variables, reported in µg/dL. The outcome variable was leukocyte telomere length. Regression analysis using the SAS SurveyReg procedure was employed to evaluate the extent of the linear associations between alpha- and gamma-tocopherol and telomere length. Regression estimates for each model were based on the complex, multistage, probability sampling process of NHANES. The effect of three demographic variables (age, gender and race) on the tocopherol and telomere relationships was tested using partial correlation and the SAS SurveyReg procedure. Additional potential mediating variables, including BMI, smoking, physical activity, alcohol use, total serum cholesterol, dietary vitamin E intake, and supplement use, were also evaluated. To study the associations between the covariates and telomere length, mean differences in telomere length were compared across each level of the covariates.



Because individuals with short telomeres are at greater risk of several diseases, the extent to which adults divided into sex-specific blood alpha- and gamma-tocopherol quartiles differed in odds of possessing short telomeres was calculated using SAS SurveyLogistic. Short telomeres were operationalized as participants in the lowest sex-specific quartile of the sample.



Statistical significance was accepted when alpha was <0.05 and all p-values were two-sided. SAS version 9.4 was used to conduct the statistical analyses (SAS Institute, Inc., Cary, NC, USA).





3. Results


In the present investigation, sample weights were employed to produce results that are generalizable to the non-institutionalized civilian adult population of the United States. Mean (±SE) age was 46.5 ± 0.5 years, and average telomere length was 5839 ± 41 base pairs. Mean blood concentrations of alpha- and gamma-tocopherol were 1328.3 ± 15.5 µg/dL and 241.5 ± 4.7 µg/dL, respectively—a 5.5-fold differential. Average dietary vitamin E intake, excluding supplements, was 7.5 ± 0.1 mg per day. Table 1 displays the weighted percentiles (±SE) for blood alpha- and gamma-tocopherol levels (µg/dL) and telomere length (base pairs), which represent those of the US adult population.



Table 1. Percentiles for blood levels of alpha-tocopherol and gamma-tocopherol and telomere length (base pairs) among US women and men (n = 5768).







	
Variable

	
Percentile (±SE)




	
5th

	
25th

	
50th

	
75th

	
95th






	
Alpha Tocopherol (µg/dL)

	

	

	

	

	




	
 Women (n = 3043)

	
689 ± 10

	
920 ± 13

	
1168 ± 17

	
1556 ± 22

	
2704 ± 116




	
 Men (n = 2725)

	
678 ± 14

	
903 ± 9

	
1139 ± 23

	
1490 ± 31

	
2414 ± 59




	
 Combined (n = 5768)

	
683 ± 10

	
912 ± 9

	
1156 ± 17

	
1523 ± 23

	
2594 ± 56




	
Gamma Tocopherol (µg/dL)

	

	

	

	

	




	
 Women (n = 3043)

	
65 ± 3

	
139 ± 5

	
217 ± 5

	
299 ± 8

	
486 ± 17




	
 Men (n = 2725)

	
63 ± 4

	
146 ± 3

	
226 ± 5

	
311 ± 5

	
489 ± 15




	
 Combined (n = 5768)

	
64 ± 3

	
143 ± 3

	
221 ± 4

	
306 ± 6

	
486 ± 14




	
Telomere Length (base pairs)

	

	

	

	

	




	
 Women (n = 3043)

	
4938 ± 46

	
5403 ± 40

	
5753 ± 40

	
6190 ± 53

	
7061 ± 131




	
 Men (n = 2725)

	
4961 ± 32

	
5364 ± 30

	
5735 ± 37

	
6155 ± 51

	
7010 ± 98




	
 Combined (n = 5768)

	
4957 ± 36

	
5387 ± 34

	
5745 ± 35

	
6179 ± 47

	
7034 ± 99








SE: standard error. Table values include person-level weighted adjustments based on the sampling design of NHANES so that values reflect those of the US adult population.








3.1. Age and Telomeres


In the present sample, chronological age was linearly and inversely associated with telomere length, as expected. For each one-year increase in age, telomeres were 15.6 base pairs shorter, on average (F = 410.4, p < 0.0001). Age-squared (age2) was not predictive of telomere length beyond the linear term (F = 0.3, p = 0.5785). Table 2 shows mean differences in the length of telomeres across sequential categories based on chronological age.



Table 2. Mean differences in telomere length (base pairs) across age categories in US men and women.







	
Variable

	
Age Category (Years)

	
F

	
p




	
20–29

	
30–39

	
40–49

	
50–59

	
60–69

	
70–84




	
Mean ± SE

	
Mean ± SE

	
Mean ± SE

	
Mean ± SE

	
Mean ± SE

	
Mean ± SE






	
Telomere Length

	

	

	

	

	

	

	

	




	
Men (n = 2725)

	
6201 ± 64

	
5970 ± 50

	
5868 ± 56

	
5690 ± 59

	
5507 ± 55

	
5312 ± 35

	
136.5

	
0.0001




	
Women (n = 3043)

	
6229 ± 74

	
6032 ± 60

	
5887 ± 50

	
5727 ± 51

	
5614 ± 56

	
5430 ± 47

	
83.0

	
0.0001




	
All (n = 5768)

	
6216 ± 59

	
6002 ± 50

	
5877 ± 45

	
5710 ± 49

	
5568 ± 49

	
5382 ± 39

	
184.2

	
0.0001








SE: standard error. Each mean differed significantly (p < 0.05) from each other mean on the same row. With age and telomere length both treated as continuous variables, telomere length was 15.6 base pairs longer for each year of age (F = 410.4, p < 0.0001). Table values above include person-level weighted adjustments based on the sampling design of NHANES so that values reflect those of the US population.









3.2. Gamma-Tocopherol and Telomere Length


Blood levels of gamma-tocopherol and telomere length were inversely related, as shown in Table 3. After adjusting for differences in the demographic covariates, for each µg/dL higher level of gamma-tocopherol, telomeres were 0.33 base pairs shorter, on average (F = 7.1, p = 0.0126). Telomeres were 0.27 base pairs shorter for each µg/dL increment in gamma-tocopherol with all of the covariates controlled, including age, gender, race, BMI, physical activity, smoking, alcohol use, total serum cholesterol, supplement use, and dietary vitamin E intake.



Table 3. Relationship between gamma- and alpha-tocopherol blood levels and telomere length (base pairs) in 5768 US adults, independent of covariates.







	

	
Telomere Length (Base Pairs)






	
Exposure

	




	
 Variable controlled

	
Regression Coefficient

	
SE

	
F

	
p




	
Blood Gamma-Tocopherol (per µg/dL)

	

	

	

	




	
 demographic covariates

	
−0.33

	
0.12

	
7.1

	
0.0126




	
 demographic and lifestyle covariates

	
−0.27

	
0.13

	
4.4

	
0.0439




	
Blood Alpha-Tocopherol (per 10 µg/dL)

	

	

	

	




	
 demographic covariates

	
0.28

	
0.24

	
1.4

	
0.2506




	
 demographic and lifestyle covariates

	
0.36

	
0.34

	
1.1

	
0.3099








Demographic covariates included: age, gender, and race. The lifestyle covariates were: BMI, physical activity, pack years of smoking, alcohol use, total serum cholesterol, dietary vitamin E intake, and supplement use. Interpretation of the regression coefficients would be as follows for the first row: After adjusting for differences in the demographic covariates, for each 1 µg/dL higher level of gamma-tocopherol, telomeres were 0.33 base pairs shorter, on average. Hence, a hypothetical difference of 191 µg/dL in gamma-tocopherol would result in an estimated difference of 4 years of biological aging (191 × 0.33 = 63; 63 ÷ 15.6 = 4).








With chronologic age and telomere length both treated as continuous variables, the relationship between age and telomere length was 15.6 base pairs per year of age. Hence, telomeres were approximately 1 year shorter (15.6 base pairs) for each increment of 47.3 to 55.7 µg/dL of gamma-tocopherol in the blood, depending on the variables controlled. Given adults at the 75th percentile (quartile 3) had 163 µg/dL higher levels of blood gamma-tocopherol than those at the 25th percentile (quartile 1), as shown in Table 1, adults of the same age, gender, race, etc. at the 75th percentile had 2.8–3.4 years greater cellular aging than those at the 25th percentile, depending on the covariates controlled (163 × 0.27 = 44.0 ÷ 15.6 = 2.8 years; 163 × 0.33 = 53.8 ÷ 15.6 = 3.4 years).




3.3. Alpha-Tocopherol and Telomere Length


Blood levels of alpha-tocopherol were not associated with telomere length, as shown in Table 3. In general, telomeres were longer as blood alpha-tocopherol levels increased, but none of the relationships were statistically significant.




3.4. Alpha- and Gamma-Tocopherol


Blood levels of alpha- and gamma-tocopherol were inversely associated (F = 39.9, p < 0.0001). After adjusting for differences in the demographic and lifestyle covariates, for each µg/dL increase of gamma-tocopherol in the blood, alpha-tocopherol levels decreased by 1.2 µg/dL.




3.5. Dietary Vitamin E


Dietary vitamin E consumption was not related to telomere length after controlling for the demographic (F = 0.5, p = 0.4696) or the demographic and lifestyle covariates together (F = 0.3, p = 0.5977). However, vitamin E intake was inversely related to gamma-tocopherol blood levels, with the demographic covariates (F = 8.3, p = 0.0074) and the demographic plus lifestyle covariates controlled (F = 8.9, p = 0.0059). Specifically, for each mg of dietary vitamin E consumed in the diet, blood gamma- levels decreased by 1.5 and 1.2 µg/dL, respectively. Additionally, dietary vitamin E intake was directly associated with alpha-tocopherol blood levels, with the demographic covariates controlled (F = 12.3, p = 0.0015) and also with the demographic and lifestyle covariates held constant (F = 12.2, p = 0.0016). Specifically, for each mg of dietary vitamin E consumed, alpha-tocopherol blood levels were 9.2 and 9.1 µg/dL higher, respectively.




3.6. Dietary Supplement Use


A total of 51 ± 1% of the sample reported using dietary supplements. Use of dietary supplements was strongly related to blood levels of gamma-tocopherol. Specifically, after controlling for differences in age, gender, and race, participants who used dietary supplements (192.4 ± 6.8 µg/dL) had significantly lower gamma-tocopherol levels than those reporting they did not take supplements (279.3 ± 6.2 µg/dL)—a difference of 86.9 ± 6.1 µg/dL (F = 203.8, p < 0.0001). The relationship remained virtually identical after adjusting for differences in the demographic and lifestyle covariates combined (F = 204.0, p < 0.0001). Conversely, dietary supplement users (1569.8 ± 24.0 µg/dL) had significantly higher levels of blood alpha-tocopherol than non-supplement users (1157.7 ± 18.1 µg/dL)—a difference of 412 ± 23.4 µg/dL (F = 309.8, p < 0.0001), after adjusting for the demographic covariates. Controlling for the demographic and lifestyle covariates together produced a blood alpha-tocopherol difference of 394.9 ± 20.5 µg/dL (F = 371.5, p < 0.0001).



Dietary supplement users (7.3 ± 0.1 mg) also had higher intakes of dietary vitamin E from foods compared to non-users (6.6 ± 0.2 mg)—a difference of 0.7 ± 0.2 mg (F = 11.7, p = 0.0019), with the demographic variables controlled statistically. Comparable results were revealed after adjusting for the demographic and lifestyle covariates together (F = 8.3, p = 0.0074).



The relationship between dietary supplement use and telomere length was not significant after adjusting for the demographic covariates (F = 2.6, p = 0.1151) or after controlling for the demographic and lifestyle covariates combined (F = 1.3, p = 0.2573).




3.7. Odds of Possessing Short Telomeres


Participants with short telomeres (i.e., lowest sex-specific quartile) were compared to all other adults regarding their blood gamma-tocopherol levels. Specifically, participants with high levels of gamma- (i.e., highest sex-specific quartile) were compared to those in the other three quartiles. Findings showed that adults with high gamma-tocopherol levels were 53% (95% Confident Interval (CI): 1.1–2.1) more likely to possess short telomeres than their counterparts. After adjusting for the demographic covariates, the odds of having short telomeres was 46% (95% CI: 1.1–2.0) greater in those with high blood gamma- levels compared to all others. After controlling for all of the covariates, demographic, and lifestyle, the odds of possessing short telomeres was 42% (95% CI: 1.0–2.0) greater in those with high gamma- levels compared to adults with other gamma-tocopherol blood levels.





4. Discussion


The chief objective of the present study was to evaluate the association between blood levels of alpha- and gamma-tocopherol and the length of leukocyte telomeres—a biological marker of cellular aging—in a large nationally-representative sample of US adults aged 20–84. Results showed that blood levels of alpha-tocopherol were not related to telomere length. However, telomeres were progressively shorter as the gamma-tocopherol concentrations in the blood increased (Table 3). Moreover, adults with high levels of gamma-tocopherol (highest sex-specific quartile) were 42% to 53% more likely to possess short telomeres (lowest sex-specific quartile) compared to other adults, indicating increased risk of advanced cellular aging.



In the present investigation, telomere shortening occurred at the rate of 15.6 base pairs per year of chronologic age. In other words, 42-year-olds tended to have telomeres that were 31.2 base pairs shorter than 40-year-olds, and 75-year-olds had telomeres that were approximately 46.8 base pairs shorter than 72-year-olds. Given there was a gamma-tocopherol difference of 163 µg/dL between those at the 75th percentile compared to those at the 25th percentile, regression results revealed an estimated difference in biological age of about 3 years, based on telomere length. Similarly, by comparing those with gamma-tocopherol levels at the 10th percentile (86.7 µg/dL) to those at the 90th percentile (408.1 µg/dL), there was a cellular aging difference of approximately 6 years, depending on the variables controlled. Hence, the inverse relationship between blood gamma-tocopherol levels and telomere length appears significant and meaningful.



Insight can be gained by comparing the associations between blood gamma-tocopherol levels and telomere length to telomere length and other factors. For instance, in the present investigation, after adjusting for differences in the demographic covariates, U.S. men and women with a history of 20 pack-years of smoking had telomeres that were approximately 70.5 base pairs shorter than non-smokers (F = 17.8, p = 0.0002), indicating 4½ years of increased biological aging. Moreover, in the present sample, telomeres differed significantly in length across the various BMI categories (F = 3.3, p = 0.0246), with obese adults exhibiting telomeres that were 114.9 base pairs shorter than normal weight adults, suggesting more than 7 years of additional cellular aging. Conversely, the NHANES data showed no relationship between total serum cholesterol and telomere length (F = 2.4, p = 0.1321). Overall, it appears that blood levels of gamma-tocopherol account for differences in telomere length in US adults, consistent with common risk factors, including smoking and obesity.



According to the results, about one-half of American adults report using dietary supplements, but supplement use was not related to telomere length in this national sample. However, blood alpha- and gamma-tocopherol levels were highly related to supplement use, in opposite directions. Supplement users had 36% higher levels of blood alpha-tocopherol and 31% lower levels of gamma-tocopherol, on average, compared to their counterparts. Dietary vitamin E intake, alpha-tocopherol based, was directly related to higher levels of blood alpha-tocopherol levels and inversely related to gamma-tocopherol concentrations. Although differences in supplement use and dietary vitamin E intake were highly related to tocopherol blood levels, when statistical adjustments were made for differences in these covariates, the inverse relationship between gamma-tocopherol and telomere length remained statistically significant and the direct association between alpha-tocopherol and telomere length remained non-significant.



An extensive review by Wolf explains how the consumption of alpha-tocopherol can influence gamma-tocopherol levels [42]. The review states that excess alpha-tocopherol taken in supplements causes a reduction of gamma-tocopherol concentrations. Furthermore, reductions in gamma-tocopherol concentrations during increased consumption of alpha-tocopherol occurs because of accelerated metabolism of gamma-tocopherol. Recent research with rodents suggests that competition for an intestinal transporter protein could play a role in the reduction of gamma- concentrations associated with high doses of alpha-tocopherol [43]. The unfavorable association between gamma-tocopherol and telomere length could be partly a function of the interaction and competition between alpha- and gamma-tocopherol.



The literature includes a number of studies designed to determine the effect of supplemental vitamin E intake on disease. For example, in a classic randomized controlled trial [44], male smokers supplemented with alpha-tocopherol had no improvements in lung cancer rates, but deaths from ischemic heart disease and stroke were reduced. On the other hand, deaths from cancers other than lung cancer were higher among vitamin E users, as were deaths from hemorrhagic stroke. The authors concluded that vitamin E “may actually have harmful as well as beneficial effects” (p. 1029).



The Heart Outcomes Prevention Evaluation (HOPE) Study, which investigated nearly 10,000 adults at high risk of heart attack or stroke for 4.5 years, determined that 400 IU of natural vitamin E supplementation had no protective effect [45]. However, 2.5 years of additional treatment with vitamin E in the HOPE–TOO trial concluded with an unexpected increase in heart failure, indicating that vitamin E supplementation was unhealthy [46].



In another randomized placebo-controlled trial, no cardiovascular benefits in women with established heart disease were seen in those supplemented with vitamins E and C, but all-cause mortality was increased significantly [47]. Further, two meta-analyses of randomized controlled trials have shown that vitamin E supplementation results in increased all-cause mortality [48,49]. Consequently, none of the major health organizations in the US recommend that supplements be used to increase serum tocopherol levels.



In the present investigation, alpha- and gamma-tocopherol levels were linked to different telomere outcomes. A number of studies have shown similar conflicting results. Based on spirometric parameters, Marchese et al. [2] reported that there are opposing associations for alpha- and gamma-tocopherol. Specifically, using data from the CARDIA investigation, alpha- levels were positively related to spirometry findings and gamma-tocopherol levels were negatively related to lung-function [2]. Research by Ford et al. showed that blood glucose levels decreased as alpha-tocopherol levels increased (a desirable association), whereas fasting glucose and glycosylated haemoglobin (A1c) both increased as gamma-tocopherol concentrations increased, unfavorable outcomes [13].



Nagao et al. [14] also uncovered conflicting results in a study of more than 39,000 Japanese adults followed for more than a decade. In women, alpha-tocopherol levels were inversely related to total stroke and hemorrhagic stroke mortality. Gamma- concentrations were indirectly associated with ischemic stroke mortality in men, but directly and unfavorably related to hemorrhagic stroke in women.



Hak et al. [50] also found unhealthy results for gamma-tocopherol. Low-risk male physicians from the Physician’s Health Study were followed for up to 13 years. Those who had a heart attack were paired with controls, and a number of risk factors were adjusted statistically. After controlling for all of the potential confounders, men with high levels of gamma-tocopherol had more than twice the risk of a heart attack compared to those with low gamma- concentrations, and the overall P for trend was significant.



Overall, a number of epidemiologic investigations have produced conflicting outcomes for alpha- and gamma-tocopherol. Although both are antioxidants, their effects on health and disease are inconsistent and sometimes opposing. Findings from the present study were no exception to this pattern.



The present investigation had multiple limitations. First, because the study had a cross-sectional design, cause-and-effect conclusions are not defendable. Second, although 10 demographic and lifestyle covariates were controlled statistically, there are always other factors that could account for the undesirable relationship between gamma-tocopherol and telomere length. Similarly, residual confounding is a possibility. Elevated concentrations of gamma-tocopherol could be a marker for a generally unhealthy lifestyle, which could explain the shorter telomeres found in these adults.



There were also many strengths associated with this study. A total of 5768 adults were included in the sample, which was multi-racial and representative of the non-institutionalized population of the United States, 20–84 years of age. Second, statistical adjustments were made for several potential confounders, including age, gender, race, smoking, BMI, physical activity, alcohol use, total cholesterol, dietary vitamin E intake, and supplement use. Third, NHANES used a highly respected independent lab to measure telomere length. Fourth, chronological age was strongly associated with telomere length, consistent with the literature.




5. Conclusions


In conclusion, the effect of alpha- and gamma-tocopherol on morbidity and mortality appears to be erratic. In the present study, blood levels of alpha-tocopherol were not related to telomere length. However, gamma- concentrations were unfavorably and inversely linked to telomere length in a randomly selected sample of almost 6000 adults. Men and women with gamma- levels at the 75th percentile had much shorter telomeres than those at the 25th percentile, accounting for about 3 years of additional biological aging. Moreover, adults in the top quartile of gamma-tocopherol were approximately 45% more likely to possess short telomeres than other adults. Evidently, as gamma-tocopherol levels increase in the blood, cell aging increases as well. Given the many studies in the literature showing opposing findings between alpha- and gamma-tocopherol (including the present investigation), more research is clearly warranted.







Acknowledgments


A special thanks to all of the women and men who gave freely of their time to participate in the NHANES data collection. Without their involvement, this study could not have been completed.




Author Contributions


L.A.T. conceived the study, organized the data, analyzed the data, and wrote the paper.




Conflicts of Interest


The author declares no conflict of interest.




References


	1. 
NIH US National Library of Medicine. TOXNET: Vitamin E. Available online: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?dbs+hsdb:@term+@rn+59-02-9 (accessed on 12 June 2017).

	2. 
Marchese, M.E.; Kumar, R.; Colangelo, L.A.; Avila, P.C.; Jacobs, D.R., Jr.; Gross, M.; Sood, A.; Liu, K.; Cook-Mills, J.M. The vitamin E isoforms alpha-tocopherol and gamma-tocopherol have opposite associations with spirometric parameters: The CARDIA study. Respir. Res. 2014, 15, 31. [Google Scholar] [CrossRef] [PubMed]

	3. 
Dutta, A.; Dutta, S.K. Vitamin E and its role in the prevention of atherosclerosis and carcinogenesis: A review. J. Am. Col. Nutr. 2003, 22, 258–268. [Google Scholar] [CrossRef]

	4. 
Patel, A.; Liebner, F.; Netscher, T.; Mereiter, K.; Rosenau, T. Vitamin E chemistry. Nitration of non-alpha-tocopherols: Products and mechanistic considerations. J. Org. Chem. 2007, 72, 6504–6512. [Google Scholar] [CrossRef] [PubMed]

	5. 
Singh, U.; Jialal, I. Anti-inflammatory effects of alpha-tocopherol. Ann. N. Y. Acad. Sci. 2004, 1031, 195–203. [Google Scholar] [CrossRef] [PubMed]

	6. 
Ford, E.S.; Schleicher, R.L.; Mokdad, A.H.; Ajani, U.A.; Liu, S. Distribution of serum concentrations of alpha-tocopherol and gamma-tocopherol in the US population. Am. J. Clin. Nutr. 2006, 84, 375–383. [Google Scholar] [PubMed]

	7. 
Cook-Mills, J.M.; Abdala-Valencia, H.; Hartert, T. Two faces of vitamin E in the lung. Am. J. Respir. Crit. Care Med. 2013, 188, 279–284. [Google Scholar] [CrossRef] [PubMed]

	8. 
Cook-Mills, J.M. Isoforms of Vitamin E Differentially Regulate PKC alpha and Inflammation: A Review. J. Clin. Cell. Immunol. 2013. [Google Scholar] [CrossRef] [PubMed]

	9. 
Cook-Mills, J.M.; McCary, C.A. Isoforms of vitamin E differentially regulate inflammation. Endocr. Metab. Immune Disord. Drug Targets 2010, 10, 348–366. [Google Scholar] [CrossRef] [PubMed]

	10. 
Berdnikovs, S.; Abdala-Valencia, H.; McCary, C.; Somand, M.; Cole, R.; Garcia, A.; Bryce, P.; Cook-Mills, J.M. Isoforms of vitamin E have opposing immunoregulatory functions during inflammation by regulating leukocyte recruitment. J. Immunol. 2009, 182, 4395–4405. [Google Scholar] [CrossRef] [PubMed]

	11. 
McCary, C.A.; Abdala-Valencia, H.; Berdnikovs, S.; Cook-Mills, J.M. Supplemental and highly elevated tocopherol doses differentially regulate allergic inflammation: Reversibility of alpha-tocopherol and gamma-tocopherol’s effects. J. Immunol. 2011, 186, 3674–3685. [Google Scholar] [CrossRef] [PubMed]

	12. 
Cui, R.; Liu, Z.Q.; Xu, Q. Blood alpha-tocopherol, gamma-tocopherol levels and risk of prostate cancer: A meta-analysis of prospective studies. PLoS ONE 2014, 9, e93044. [Google Scholar] [CrossRef]

	13. 
Ford, E.S.; Mokdad, A.H.; Ajani, U.A.; Liu, S. Associations between concentrations of alpha- and gamma-tocopherol and concentrations of glucose, glycosylated haemoglobin, insulin and C-peptide among US adults. Br. J. Nutr. 2005, 93, 249–255. [Google Scholar] [CrossRef] [PubMed]

	14. 
Nagao, M.; Moriyama, Y.; Yamagishi, K.; Iso, H.; Tamakoshi, A.; Group, J.S. Relation of serum alpha-and gamma-tocopherol levels to cardiovascular disease-related mortality among Japanese men and women. J. Epidemiol. 2012, 22, 402–410. [Google Scholar] [CrossRef] [PubMed]

	15. 
Dietrich, M.; Traber, M.G.; Jacques, P.F.; Cross, C.E.; Hu, Y.; Block, G. Does gamma-tocopherol play a role in the primary prevention of heart disease and cancer? A review. J. Am. Coll. Nutr. 2006, 25, 292–299. [Google Scholar] [CrossRef] [PubMed]

	16. 
Jiang, Q.; Christen, S.; Shigenaga, M.K.; Ames, B.N. gamma-tocopherol, the major form of vitamin E in the US diet, deserves more attention. Am. J. Clin. Nutr. 2001, 74, 714–722. [Google Scholar] [PubMed]

	17. 
Rubin, H. The disparity between human cell senescence in vitro and lifelong replication in vivo. Nat. Biotechnol. 2002, 20, 675–681. [Google Scholar] [CrossRef] [PubMed]

	18. 
Kong, C.M.; Lee, X.W.; Wang, X. Telomere shortening in human diseases. FEBS J. 2013, 280, 3180–3193. [Google Scholar] [CrossRef] [PubMed]

	19. 
Kepinska, M.; Szyller, J.; Milnerowicz, H. The influence of oxidative stress induced by iron on telomere length. Environ. Toxicol. Pharmacol. 2015, 40, 931–935. [Google Scholar] [CrossRef] [PubMed]

	20. 
Guan, J.Z.; Guan, W.P.; Maeda, T.; Guoqing, X.; GuangZhi, W.; Makino, N. Patients with multiple sclerosis show increased oxidative stress markers and somatic telomere length shortening. Mol. Cell. Biochem. 2015, 400, 183–187. [Google Scholar] [CrossRef] [PubMed]

	21. 
Li, H.; Hedmer, M.; Wojdacz, T.; Hossain, M.B.; Lindh, C.H.; Tinnerberg, H.; Albin, M.; Broberg, K. Oxidative stress, telomere shortening, and DNA methylation in relation to low-to-moderate occupational exposure to welding fumes. Environ. Mol. Mutagen. 2015, 56, 684–693. [Google Scholar] [CrossRef] [PubMed]

	22. 
Kim, K.S.; Kwak, J.W.; Lim, S.J.; Park, Y.K.; Yang, H.S.; Kim, H.J. Oxidative Stress-induced Telomere Length Shortening of Circulating Leukocyte in Patients with Obstructive Sleep Apnea. Aging Dis. 2016, 7, 604–613. [Google Scholar] [CrossRef] [PubMed]

	23. 
Palmieri, D.; Cafueri, G.; Mongelli, F.; Pezzolo, A.; Pistoia, V.; Palombo, D. Telomere shortening and increased oxidative stress are restricted to venous tissue in patients with varicose veins: A merely local disease? Vasc. Med. 2014, 19, 125–130. [Google Scholar] [CrossRef] [PubMed]

	24. 
Willeit, P.; Willeit, J.; Mayr, A.; Weger, S.; Oberhollenzer, F.; Brandstatter, A.; Kronenberg, F.; Kiechl, S. Telomere length and risk of incident cancer and cancer mortality. JAMA 2010, 304, 69–75. [Google Scholar] [CrossRef] [PubMed]

	25. 
Prescott, J.; Wentzensen, I.M.; Savage, S.A.; De Vivo, I. Epidemiologic evidence for a role of telomere dysfunction in cancer etiology. Mutat. Res. 2012, 730, 75–84. [Google Scholar] [CrossRef] [PubMed]

	26. 
Wentzensen, I.M.; Mirabello, L.; Pfeiffer, R.M.; Savage, S.A. The association of telomere length and cancer: A meta-analysis. Cancer Epidemiol. Biomarkers Prev. 2011, 20, 1238–1250. [Google Scholar] [CrossRef] [PubMed]

	27. 
Samani, N.J.; Boultby, R.; Butler, R.; Thompson, J.R.; Goodall, A.H. Telomere shortening in atherosclerosis. Lancet 2001, 358, 472–473. [Google Scholar] [CrossRef]

	28. 
Willeit, P.; Willeit, J.; Brandstatter, A.; Ehrlenbach, S.; Mayr, A.; Gasperi, A.; Weger, S.; Oberhollenzer, F.; Reindl, M.; Kronenberg, F.; et al. Cellular aging reflected by leukocyte telomere length predicts advanced atherosclerosis and cardiovascular disease risk. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1649–1656. [Google Scholar] [CrossRef] [PubMed]

	29. 
Brouilette, S.W.; Moore, J.S.; McMahon, A.D.; Thompson, J.R.; Ford, I.; Shepherd, J.; Packard, C.J.; Samani, N.J.; West of Scotland Coronary Prevention Study Group. Telomere length, risk of coronary heart disease, and statin treatment in the West of Scotland Primary Prevention Study: A nested case-control study. Lancet 2007, 369, 107–114. [Google Scholar] [CrossRef]

	30. 
Fitzpatrick, A.L.; Kronmal, R.A.; Gardner, J.P.; Psaty, B.M.; Jenny, N.S.; Tracy, R.P.; Walston, J.; Kimura, M.; Aviv, A. Leukocyte telomere length and cardiovascular disease in the cardiovascular health study. Am. J. Epidemiol. 2007, 165, 14–21. [Google Scholar] [CrossRef] [PubMed]

	31. 
Zee, R.Y.; Castonguay, A.J.; Barton, N.S.; Germer, S.; Martin, M. Mean leukocyte telomere length shortening and type 2 diabetes mellitus: A case-control study. Transl. Res. 2010, 155, 166–169. [Google Scholar] [CrossRef] [PubMed]

	32. 
Salpea, K.D.; Talmud, P.J.; Cooper, J.A.; Maubaret, C.G.; Stephens, J.W.; Abelak, K.; Humphries, S.E. Association of telomere length with type 2 diabetes, oxidative stress and UCP2 gene variation. Atherosclerosis 2010, 209, 42–50. [Google Scholar] [CrossRef] [PubMed]

	33. 
Tamura, Y.; Takubo, K.; Aida, J.; Araki, A.; Ito, H. Telomere attrition and diabetes mellitus. Geriatr. Gerontol. Int. 2016, 16, 66–74. [Google Scholar] [CrossRef] [PubMed]

	34. 
Von Zglinicki, T.; Serra, V.; Lorenz, M.; Saretzki, G.; Lenzen-Grossimlighaus, R.; Gessner, R.; Risch, A.; Steinhagen-Thiessen, E. Short telomeres in patients with vascular dementia: An indicator of low antioxidative capacity and a possible risk factor? Lab. Investig. 2000, 80, 1739–1747. [Google Scholar] [CrossRef] [PubMed]

	35. 
Panossian, L.A.; Porter, V.R.; Valenzuela, H.F.; Zhu, X.; Reback, E.; Masterman, D.; Cummings, J.L.; Effros, R.B. Telomere shortening in T cells correlates with Alzheimer’s disease status. Neurobiol. Aging 2003, 24, 77–84. [Google Scholar] [CrossRef]

	36. 
NHANES. Data Files: Questionnaires, Datasets, and Related Documentation. Available online: http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm (accessed on 12 June 2017).

	37. 
NHANES. National Center of Health Statistics Research Ethics Review Board (ERB) Approval. Available online: http://www.cdc.gov/nchs/nhanes/irba98.htm (accessed on 12 June 2017).

	38. 
NHANES. Vitamin A, Vitamin E, and Carotenoids (L06VIT_B): Data Documentation, Codebook, and Frequencies. Available online: https://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/L06VIT_B.htm (accessed on 12 June 2017).

	39. 
NHANES. 2001–2002 Data Documentation, Codebook, and Frequencies. Telomere Mean and Standard Deviation. Available online: https://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/TELO_B.htm (accessed on 12 June 2017).

	40. 
NHANES. Dietary Interview, Individual Foods: Data Documentation, Codebook, and Frequencies. Available online: https://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/DRXIFF_B.htm (accessed on 12 June 2017).

	41. 
NHANES. Cholesterol—Total and HDL (Lab13): Data Documentation, Codebook, and Frequencies. Available online: https://wwwn.cdc.gov/Nchs/Nhanes/1999-2000/LAB13.htm (accessed on 12 June 2017).

	42. 
Wolf, G. How an increased intake of alpha-tocopherol can suppress the bioavailability of gamma-tocopherol. Nutr. Rev. 2006, 64, 295–299. [Google Scholar] [CrossRef] [PubMed]

	43. 
Reboul, E.; Klein, A.; Bietrix, F.; Gleize, B.; Malezet-Desmoulins, C.; Schneider, M.; Margotat, A.; Lagrost, L.; Collet, X.; Borel, P. Scavenger receptor class B type I (SR-BI) is involved in vitamin E transport across the enterocyte. J. Biol. Chem. 2006, 281, 4739–4745. [Google Scholar] [CrossRef] [PubMed]

	44. 
Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. The effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in male smokers. N. Engl. J. Med. 1994, 330, 1029–1035. [Google Scholar] [CrossRef]

	45. 
Jialal, I.; Devaraj, S. Vitamin E supplementation and cardiovascular events in high-risk patients. N. Engl. J. Med. 2000, 342, 1917–1918. [Google Scholar] [CrossRef] [PubMed]

	46. 
Lonn, E.; Bosch, J.; Yusuf, S.; Sheridan, P.; Pogue, J.; Arnold, J.M.; Ross, C.; Arnold, A.; Sleight, P.; Probstfield, J.; et al. Effects of long-term vitamin E supplementation on cardiovascular events and cancer: A randomized controlled trial. JAMA 2005, 293, 1338–1347. [Google Scholar] [CrossRef] [PubMed]

	47. 
Waters, D.D.; Alderman, E.L.; Hsia, J.; Howard, B.V.; Cobb, F.R.; Rogers, W.J.; Ouyang, P.; Thompson, P.; Tardif, J.C.; Higginson, L.; et al. Effects of hormone replacement therapy and antioxidant vitamin supplements on coronary atherosclerosis in postmenopausal women: A randomized controlled trial. JAMA 2002, 288, 2432–2440. [Google Scholar] [CrossRef] [PubMed]

	48. 
Miller, E.R., III; Pastor-Barriuso, R.; Dalal, D.; Riemersma, R.A; Appel, L.J.; Guallar, E. Meta-analysis: High-dosage vitamin E supplementation may increase all-cause mortality. Ann. Intern. Med. 2005, 142, 37–46. [Google Scholar] [CrossRef] [PubMed]

	49. 
Bjelakovic, G.; Nikolova, D.; Gluud, L.L.; Simonetti, R.G.; Gluud, C. Mortality in randomized trials of antioxidant supplements for primary and secondary prevention: Systematic review and meta-analysis. JAMA 2007, 297, 842–857. [Google Scholar] [CrossRef] [PubMed]

	50. 
Hak, A.E.; Stampfer, M.J.; Campos, H.; Sesso, H.D.; Gaziano, J.M.; Willett, W.; Ma, J. Plasma carotenoids and tocopherols and risk of myocardial infarction in a low-risk population of US male physicians. Circulation 2003, 108, 802–807. [Google Scholar] [CrossRef] [PubMed]













© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  nutrients-09-00601


  
    		
      nutrients-09-00601
    


  




  





media/file0.png





