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ABSTRACT 

Obesity prevalence continues to increase in the United States (US), therefore, 

understanding preventative measures is increasingly important for population 

health. The US has one the world’s highest rates of overweight and obesity with at 

least 70% of adults categorized as overweight or obese, with an increasing 

prevalence of morbid obesity. Obesity is of concern because increasing rates are 

positively correlated with multiple comorbidities. The 2015-2020 Dietary 

Guidelines for Americans recommend adults consume approximately 2 cups of 

fruits and 2.5 cups of vegetables daily, as research has tied consumption to a 

reduced risk for many chronic diseases. Presumably, these recommendations are 

made because low serum carotenoid status, a marker of fruit and vegetable intake, is 

associated with increased cardiometabolic disease risk. Investigating the 

associations between the carotenoid β-carotene (BC) and obesity are pivotal in 

understanding obesity as a diet-related condition. This work is the first to assess 

multiple factors that might influence the association between dietary BC and serum 

BC concentrations utilizing population-based data collected in the US. Secondary 

data analysis of the 2003-2006 NHANES dataset, which utilized cross-sectional 

survey methods to obtain a unique collection of nationally-representative, health- 

and nutrition-related data on non-institutionalized civilians in the US, was 

conducted. Weighted variables were created in SAS statistical software to 

accommodate the complex survey design. There is a normal distribution across sex, 

ethnicity, age, and body mass index (BMI), however, we natural log transformed 

serum BC concentrations, reported dietary BC, high-sensitivity C-reactive protein 
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(hsCRP), and reported dietary lycopene due to skewing. Pearson correlation and 

partial correlation coefficients were used to assess variable correlation. 

Multivariable linear regression estimated relationships between serum BC 

concentrations and inflammation, reported dietary BC intake, BMI, total reported 

dietary fat intake, and total reported dietary fatty acid (FA) intakes. Notable 

associations were present between serum BC concentrations and BMI, hsCRP, 

reported dietary BC intakes, android body fat percentage, gynoid body fat 

percentage, saturated FAs, monounsaturated FAs, and polyunsaturated FAs. The 

findings of this project suggest a protective effect of increased serum BC 

concentrations against low-grade, systemic inflammation often associated with 

adipose tissue dysfunction present in obese individuals. The association present 

between serum BC and anthropometric factors related to higher adiposity, suggests 

individuals with an increased BMI and/or body fat percentage may have a greater 

risk of lower serum BC concentrations despite dietary BC intake. Additionally, 

dietary FA, polyunsaturated FA alpha-linolenic acid, is associated with increased 

BC in circulation. Moreover, the inverse association present between serum BC and 

other specific fatty acid classes suggests there may be multiple post-digestion 

factors affecting serum BC concentrations.  
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INTRODUCTION  

The prevalence of obesity in the United States is increasing steadily, therefore, 

understanding preventative measures is increasingly important for population 

health. Obesity is of concern because increasing rates are positively correlated 

with multiple comorbidities. The 2015-2020 Dietary Guidelines for Americans 

recommend adults consume approximately 2 cups of fruits and 2.5 cups of 

vegetables daily, as research has tied consumption to a reduced risk for many 

chronic diseases. Serum carotenoids are used as a marker of fruit and vegetable 

consumption. Low serum carotenoid status is associated with increased 

cardiometabolic disease risk. Investigating the associations between the 

carotenoid β-carotene (BC) and obesity are pivotal in understanding obesity as a 

diet-related condition.  

 

The aim of this project was to a) describe the relationship between carotenoids 

and adipose tissue development; b) examine the associations between adiposity, 

inflammatory markers, dietary carotenoid intakes, serum carotenoid 

concentrations, and other factors in the diet influencing serum carotenoid 

concentrations. Background information regarding obesity, carotenoids, and 

inflammation is discussed in the review of literature (Chapter 1). Chapters 2 to 4 

present the objectives and research conducted in this project.      



 

1 

 

CHAPTER 1 

 

 

Literature Review 

 

I. Introduction to Obesity and Its Implications 

a. Increased prevalence of overweight and obesity  

The prevalence of overweight adults worldwide in 2016 was 39% and obesity was 

13%, tripling since 19751. Moreover, the American Medical Association officially 

recognized obesity as a disease for improved health interventions and insurance 

coverage. This was done in efforts to reduce the adverse medical effects of obesity2. 

Currently, there are 25 countries throughout the world with greater than two-thirds 

of their population considered overweight or obese3,4. The United States (US) has 

one the world’s highest rates of overweight and obesity with at least 70% of adults 

categorized as overweight or obese in 2018. More specifically, 27.6% of adults 

have a body mass index (BMI) between 25 kg/m2 and 30 kg/m2 and 42.4% of adults 

have a BMI over 30 kg/m2, with an increasing prevalence of morbid obesity4–6. 

Understanding the health consequences related to obesity becomes more important 

as this worldwide epidemic increased mortality rates and chronic disease 

prevalence7–10.  

Obesity does not target or solely present itself in a specific population; however, 

there are differences in prevalence based on age, sex, race/ethnicity, education level 
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and socioeconomic status (SES). In the US, the prevalence of obesity was highest 

among middle-aged adults (40-59 years) at 44.8%, followed by adults over 60 years 

of age at 42.8%, and adults 20-39 at 40.0%5,6. Globally, the proportion of 

overweight by sex has risen equally since 1980, with an 8.1% increase in rates for 

men and 8.2% for women. Different patterns of overweight and obesity were found 

in different countries, with developing countries displaying higher rates of 

overweight and obesity in women, and developed countries with higher rates in 

men. However, the rates of overweight and obesity increased more rapidly for 

women in developed countries3. The prevalence of a woman being obese in the US, 

a developed country, is 4% greater than that of men5, and women also have a 

significantly higher prevalence of morbid obesity than men6.  

 

Obesity was found to be most prevalent in non-Hispanic black adults (49.6%), 

followed by Hispanic (44.8%), non-Hispanic White (42.2%), and lowest among 

non-Hispanic Asian adults (17.4%) in the US5. Independent of race, individuals that 

have obtained a college degree had lower prevalence of obesity those who had less 

education5. However, when assessing SES, there was a difference in obesity 

prevalence by race. Hispanic and non-Hispanic white men and women in the high-

income group had lower rates of obesity compared to those in the middle-income  

group.  Black men in the high-income group also had lower rates of obesity 

compared to the middle- and low-income groups. Black women, however, showed 

no significant difference in obesity prevalence by income group5. When 
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implementing dietary recommendations for different populations, communities, 

families, or individuals, there is growing importance in understanding the patterns 

present in overweight and obesity trends.  

 

Within family units, dual-burden paradoxes exist where obesity is present in at least 

one family member, but not others, which creates a challenge to understand how to 

feed a family to support healthy body weight. Doak et al assessed dual burden 

households in seven countries of differing socioeconomic status, finding that 

countries with a median gross domestic product (GDP) had the highest prevalence 

of dual burden households (e.g. Krgyzstan- 15.5%). The lowest prevalence of dual 

burden households was present in the lowest GDP country assessed, Vietnam 

(3.7%), and was the highest in the US (5.4%) for the high GDP countries 

assessed11. Socioeconomic status not only affected the food choices individuals 

made but was also linked to higher prevalence of disease. When using the National 

Health Interview Survey to assess sociodemographic and behavioral determinants 

of obesity and BMI (n=23,434), Shaikh et al found that an income of >500% of the 

poverty threshold had a significantly lower prevalence of obesity than those at all 

other income levels (p<0.001). Those with the highest prevalence of obesity were 

between 100-199% of the poverty threshold12.   

 

To aid in understanding nutrient needs in overweight and obesity, the World Health 

Organization (WHO) and the Food and Agriculture Organization of the United 
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Nations developed guidelines for human nutrient requirements for countries to 

adopt and build their own nutritional guidelines13. These guidelines were set to 

prevent obesity, but do not address some of the individual complications that may 

be present regarding nutrition for those who were already overweight or obese or 

have comorbid health conditions.  

 

A relationship between obesity and risk for all-cause mortality has been well 

established (Figure 1.1)7,10,14–17. Additionally, overweight or obesity in any 

population is a concern due to the positive correlation between obesity and 

comorbidities such as insulin resistance, Type 2 diabetes mellitus (T2DM), 

dyslipidemia, hypertension (HTN), and visceral adiposity. When an individual 

displays three or more of these conditions, it is defined as metabolic syndrome 

(MetS), a disease that places one at higher risk for cardiometabolic diseases (CMD) 

and increased all-cause mortality17. MetS has also been associated with an increase 

in low-grade, systematic inflammation10,18. Researching associations between diet 

and obesity has been pivotal in understanding this diet-related condition. 

 

Obesity is considered a complex health issue associated with increased mortality 

risk, poorer mental health, and decreased quality of life19. Not only does obesity 

place physical and emotional burden on individuals and families, but it has also 

generated related medical expenses, placing a financial burden on the family and 

economy, both directly and indirectly. Using an instrumental variable approach, 
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Cawley et al found a $67.2 billion dollar underestimation in the nation’s medical 

expenses from obesity-related complications in 200820, greater than the estimated 

$147 billion dollars spent19.  Interestingly, they also found a similar pattern between 

obesity and mortality risk, with the most significant medical expenses associated 

with Class II and III obesity. For individuals with a BMI >31 kg/m2, significant 

reductions in medical spending related to obesity were found with as little as a 5% 

reduction in BMI21. 

Figure 1.1. All-cause mortality ratios for men and women with varying BMI. (Figure 
from Gray, D. (1989). Diagnosis and Prevalence of Obesity. Obesity, 73(1), 1-1317) 
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b. Defining overweight and obesity  

A measure often used to categorize overweight and obesity based on tissue mass is 

the BMI or Quetelet index. BMI has served as a crude index allowing a quick 

assessment of mortality risk and is determined by the equation: 
 ( )

 ( )
 , which 

factors in height (m) and weight (kg) of an individual over 18 years of age, and not 

other markers of health such as body fat percentage, physical activity level, or lean 

body mass22. Based on the interpretation of BMI, categorization as underweight, 

normal, overweight, or a level of obesity occurs (Table 1.1)23. However, some 

issues have been presented with using BMI for the health assessment of an 

individual’s weight. For example, Deurenberg et al found significant differences in 

predicted body fat percentage based on BMI versus measured body fat percentage 

via underwater weighing (p<0.05). However, the significant difference was <0.5%, 

which was nominal in regards to body fat percentage22. In contrast, research has 

shown that physical activity level and BMI together are better indicators of 

mortality risk than BMI alone15.  

 

Other markers of adiposity such as body fat percentage (BF%) and waist 

circumference (WC) are often considered helpful anthropometric assessments in 

addition to BMI. Obesity in terms of BF% has been defined as a BF% of greater 

than 25% for men and greater than 30% for women17. Assessments such as skinfold 

measurements, underwater weighing, bioelectric impedance, and dual-energy X-ray 

absorptiometry (DXA) scan, are used to estimate BF%, with the DXA scan 

considered the most accurate24. WC has been another measurement that is easy to 



 

7 

obtain by trained professionals and can depict an accurate representation of visceral 

fat accumulation. A WC of greater than 40” for men and 35” for women has been 

indicative of increased visceral fat accumulation, placing individuals at high risk for 

CMD17,25.  

 

Although obesity is considered a preventable disease, its etiology is multifactorial. 

Causes of obesity are commonly associated with individuals who have consumed a 

higher energy intake in comparison to their expenditure26. There has been a strong 

positive relationship between populations with higher supply of energy and rates of 

overweight and obesity4. However, at least 70% of obesity has been attributed to the 

expression of genes in the current environment, particularly appetite regulation via 

the hormones leptin and ghrelin27,28, metabolic factors29, and the effects of aging28. 

Through the emerging study of epigenetics, there has been growing evidence that 

environmental factors such as food or lifestyle exposures may also influence the 

genome28. Other environmental factors such as medications, sedentary lifestyles, 

access to food, socioeconomic status, and peer influence have contributed to 

obesity7,30. 

 

Alexander et al evaluated the effects of aging on BMI with the National Health and 

Nutrition Examination Survey (NHANES) data finding that for each component of 

MetS evaluated, there was a complex interaction between BMI and age.  This 

interaction showed that there were components, such as markers of inflammation, 
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that were linearly associated with obesity, but not aging, whereas fasting blood 

glucose showed associations with both BMI and aging31.   

Due to the increased prevalence of obesity and its related comorbidities, it is crucial 

to understand the physiology of adipose tissue development and measures to ensure 

disease management32.  

 

Table 1.1. Classifications of BMI per the World Health Organization 

BMI Range Classification 

< 18.5 kg/m2 Underweight  

18.5 -24.9 kg/m2 Normal 

25- 29.9 kg/m2 Overweight 

30 – 34.9 kg/m2 Obesity Class I 

35- 39.9 kg/m2 Obesity Class II 

> 40 kg/m2 Obesity Class III 

  

II. Associations between overweight/obesity and inflammation 

a. White adipose tissue development 

As the body’s main long-term energy storage site, accumulation of fat mass as 

white adipose tissue (WAT) is the result of energy surplus26. Alternative to the 

WHO definition of obesity, obesity is defined as excess adiposity with body fat 

percentages of greater than 37% for women and 24% for men, overweight ranges 

from 32-36.9% in women and 21-23.9% in men1,28. However, adipose tissue has 
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important functions in the body besides energy storage of triglycerides (TG). Other 

major roles of WAT include: a) functioning as an endocrine organ by releasing 

cytokines that regulate inflammatory responses and energy balance, b) regulation of 

energy metabolism through release of fatty acids (FA) into circulation, and c) 

protecting major organs from damage by serving as cushion26,32–37.  

 

b. Storage of triglycerides 

Excess stored TG in response to a fed state can contribute to two different forms of 

adipocyte growth: hypertrophy and hyperplasia. Hypertrophy, or enlargement by 

volume of existing adipocytes, differs from hyperplasia, which is an increase in 

number of adipocytes and is characteristic of growing children17. Both forms of 

growth, hyperplasia and hypertrophy, increase the total adipose tissue size, which 

increases the functional capacity of the adipose tissue33. Hyperplasia is often coined 

“metabolically healthy” expansion, as hyperplasia is associated with appropriate 

angiogenesis, vascular remodeling, and extracellular matrix remodeling33. 

Hypertrophy is favored when there is a dramatic surplus of energy in the body. In a 

fasting state, adipocytes will decrease in size to maintain energy homeostasis32,34. 

Interestingly, research shows that obese individuals were found to have an 

increased number of hypertrophic adipocytes, but weight loss did not decrease cell 

number, only cell size38. However, hypertrophy poses a higher health risk because it 

is related to systemic inflammation and insulin resistance compared to 

hyperplasia26. The increased inflammation present in hypertrophic adipocytes is 
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exacerbated by hypoxia resulting from poor access to vascularization and 

macrophage recruitment as a result of dysfunction from an increase in size of the 

adipocytes26,33,34.  

 

Adipose tissue expansion is also related to downstream effects of insulin. The 

release of insulin from the pancreas occurs in response to elevated glucose 

circulating in the blood. Additionally, insulin activates hepatic lipogenesis to reduce 

high concentrations of glucose present in the blood. This upregulates glycolytic and 

lipogenic gene expression in the short-term, increasing the production of FA. 

Moreover, insulin also promotes lipogenesis in adipose tissue, further promoting 

FA storage in adipose tissue34. These storage sites are fluid. For example, at rest, fat 

serves as the primary source of fuel, providing up to 65% of energy for the body, 

therefore, the homeostatic mechanisms and optimal functioning of adipose tissue is 

necessary39.  

 

The location of the WAT depots is an important factor in the promotion of 

inflammation. In humans, adipose can be found in two major depots, the 

subcutaneous and visceral adipose tissue, but it can also be stored 

intramuscularly27,33. Visceral adipose tissue is characterized by higher turnover 

rates than subcutaneous adipose tissue, but is a significant risk factor for 

comorbidities and complications of obesity when in excess27. The subcutaneous 

depot is associated with fat storage beneath the skin, whereas the visceral depot is 
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located around the organs and intra-abdominally. These depots differ in their 

adipogenic capability, secretory function, and inflammatory response26. Visceral 

adipose tissue is often related to a higher lipogenic activity, whereas subcutaneous 

depots have a lower lipid turnover37.  

 

Studies indicate that fat distribution can be controlled by multiple factors including 

sex, due to differences in hormone secretion and patterning15,22,27,40. Men tend to 

accumulate fat viscerally and women, subcutaneously27. Age and physical activity 

level are also linked to depot-specific adiposity, with increasing age and decreased 

activity levels contributing to increased visceral adiposity39.  

 

c. White adipose tissue and inflammation 

The association between WAT development and systemic inflammation is crucial 

in understanding the relationship between obesity and the role of WAT as an 

endocrine organ. WAT is a plastic storage site for lipid droplets via hypertrophy of 

mature adipocytes or hyperplasia involving precursor cells present in the adipose 

tissue. Adipose tissue is formed though the activity of adipocytes that actively take 

up FA and glucose from the blood through the action of lipoprotein lipase (LPL) 

and insulin with FA and glucose subsequently stored as TG in the adipocyte. This 

mechanism of fat storage is mediated by glucose-regulated glucose transporter 4 

(GLUT-4) located on the outer membrane of adipocytes32,34,38. 
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Low-grade, systemic inflammation is related to increased adiposity which increases 

the risk for chronic diseases8,14–17,41. Excess adiposity is positively correlated with 

concentrations of circulating inflammatory markers such as the acute phase protein 

(APP), C-reactive protein (CRP)42,43, or the proinflammatory cytokines, tumor 

necrosis factor α (TNF-α), interleukin- 1β (IL-1) and interleukin- 6 (IL-6)37,41,43–45. 

Increases in these proinflammatory cytokines exacerbates the production of reactive 

oxygen species (ROS), resulting in oxidative stress. Longitudinal studies analyzing 

the relationship between circulating inflammatory cytokines and progression of 

chronic disease show that cytokine concentrations are a predictive biomarker of 

CMD41. 

 

The WHO assessed the usefulness of CRP as a marker of inflammation versus 

marker of infection. Of importance, CRP levels are known to rise rapidly in 

response to infection, but concentrations decline quicker than other APPs46. 

Additionally, changes in CRP occur independent of nutrient status42, allowing for 

differentiation between dietary effects and inflammation. A diet high in 

antioxidants, especially dietary carotenoids, is a modality recognized to reduce low-

grade inflammation as a result of adipose tissue dysfunction47,48. 

 

Although titled “acute” phase response (APR), APP such as CRP are associated 

with both acute and chronic inflammatory conditions49. The APR is a complex 

series of reactions mediated by the liver involving a range of pathological responses 
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on both local and systemic levels50. Proinflammatory cytokines IL-6 and IL-1, 

which are present as a result of obesity, upregulate the APR, working as messengers 

between the body’s site of damage and hepatocytes. One of the pathological 

responses to increased cytokine signaling by hepatocytes is an increase in 

production of APP49–51. Kramer et al found that transcription of CRP is induced by 

IL-6 in Hep3B-cells and IL-1 in primary human hepatocytes51. The major biological 

functions of CRP are to mediate complement activation and phagocytosis in the 

host defense from microbes and to induce the release of ROS and cytokines from 

macrophages as a response to inflammation49. This is an important reaction in the 

inflammatory response, however, when continued for long periods of time, such as 

in low-grade inflammation caused by obesity, the reaction can be detrimental. 

 

Associations between BMI and CRP were examined in a number of studies, mostly 

reporting positive associations between BMI and CRP45,52–54. Visser et al found a 

positive correlation between BMI and CRP levels with obese men and women 

being 2.13 and 6.21 times, respectively, more likely to have elevated CRP 

compared to the normal-weight participants52. Similar results were ascertained in a 

study by Ishii et al assessing the relationship of sex, obesity, and CRP. CRP was 

more likely to be elevated in women than in men, and in individuals that were 

categorized as obese (BMI >30 kg/m2)55. Moreover, a study assessing the 

correlation between CRP and morbid obesity found a positive linear relationship 

(p<0.0001)53. The evidence in support of a relationship between obesity and CRP 
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signify the importance of finding solutions to mitigate the effects of low-grade 

inflammation and oxidative stress as a result of obesity.  

 

The relationship between oxidative stress caused by ROS and free radicals, 

adiposity, and inflammation forms a positive feedback cycle that constitutes further 

investigation.  Research supports the hypothesis that individuals with higher 

adiposity have higher oxidative stress than their normal-weighted counterparts56–59. 

Once adipocytes have shown increased proliferation, differentiation, and growth, 

the cycle between inflammation and oxidative stress begins. Increased systemic 

ROS triggers the release of proinflammatory cytokines via increased transcription 

of nuclear factor-B (NF-B) and activator protein-1, which are reduction-

oxidation sensitive58. These proinflammatory cytokines contribute to the chronic, 

low-grade inflammation often present in obese individuals. 

 

Due to the complex relationship between oxidative stress and obesity, Dandona et 

al investigated the effects of dietary restriction and weight loss on the generation of 

ROS in nine obese individuals. Four weeks of a 1,000-calorie diet regimen resulted 

in an average weight loss of 4.5  2.8 kg and significant reduction in generated ROS 

(p<0.001) compared to controls. Three months after the study with no energy 

restrictions, participants’ ROS returned to concentrations higher than baseline. 

Unfortunately, weights were not obtained at the 3-month follow-up59. However, 
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their results suggest a positive association between obesity and ROS generation and 

the importance of weight loss in decreasing ROS concentrations.  

 

d. Energy exchange of adipose tissue 

When in excess, stored TG contribute to adipocyte hypertrophy, and are effectively 

mobilized in situations of energy deficit, such as fasting34. The uptake of fatty acids 

into adipose tissue is regulated by the action of LPL and facilitated into cells by an 

insulin-regulated GLUT-4 in a fed state. The liver is also responsible for the 

production of very-low density lipoproteins, which serve to distribute dietary fatty 

acids throughout the body. Because the liver is primarily responsible for the 

distribution of fats, any disruptions to normal function of the liver can alter the fat 

metabolism, favoring fat deposition and contributing to obesity. This is highly 

associated with both insulin resistance and metabolic disease. Most stored TG 

contribute to hypertrophy, which can cause low-grade inflammation without proper 

vascularization in the adipocyte.  

 

III. Defining vitamin A and carotenoids 

a. Defining carotenoids 

In humans, all vitamin A must be obtained from the diet from two primary sources: 

1) preformed vitamin A sourced from animal products as retinol or retinyl esters or 

2) carotenoids from plant products, or provitamin A compounds, that can be 

enzymatically converted to vitamin A via dioxygenase60. When carotenoids are 
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cleaved to vitamin A in the body, they form one of three chemical formulations of 

vitamin A61. Retinal can be oxidized to retinol and retinoic acid (Figure 1.3). 

Retinol can be esterified and stored as retinyl esters in the hepatocytes or adipose 

tissue. Retinol is reversibly oxidized to retinal by aldehyde dehydrogenases and 

microsomal short-chain dehydrogenases, then irreversibly oxidized to retinoic acid 

by retinaldehyde dehydrogenases32.  

 

Synthesis and degradation of retinoic acid by the enzyme CYP26 largely regulates 

homeostasis of retinoic acid62. Retinoic acid, which is a conversion product of 

dietary carotenoids, has a large effect on gene expression by binding and activating 

retinoic acid receptors and retinoid X receptors63. The main functions of vitamin A 

in the body are in facilitating normal vision, supporting placental development and 

maintenance, regulation of cell differentiation, maintenance of skin and epithelial 

cells, serving in the maintenance and regulation of immunity, and as an 

antioxidant32,34,38,62.  

 

Carotenoids are a large family of fat soluble, plant-derived pigments that have the 

ability to function in-vivo as a precursor for vitamin A64,65. There are over 700 

identified species of carotenoids and those with provitamin A activity in the body 

are β-carotene (BC), α-carotene (AC), and β-cryptoxanthin66. The xanthophyllic 

carotenoids lutein, lycopene, and zeaxanthin are also utilized in organs such as the 

eyes, but are not cleaved in the intestine to be converted to vitamin A67. 
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b. Dietary sources of carotenoids 

Carotenoids are known markers of fruit and vegetables in the diet. Many studies 

have been conducted to assess carotenoids as biomarkers of fruit and vegetable 

intakes, but often times are conducted on self-reported dietary recall. Couillard et al 

utilized a fully controlled dietary study over 4-5 weeks in 264 male and female 

participants age 42.614 years to validate serum carotenoid concentrations as 

markers for fruit and vegetable intakes. Interestingly, when consuming the provided 

the 126 servings of fruits and vegetables daily, they found negative associations 

between fruit and vegetable intakes and serum AC and lycopene (p<0.001), and no 

associations to serum BC concentrations. Their research did support β-

cryptoxanthin, zeaxanthin, and lutein as biomarkers of mixed fruit and vegetable 

intakes, due to the significant positive association with fruit and vegetable intakes 

(p<0.005)68. Their results concurred with other research using food frequency 

questionnaires (FFQ) that support β-cryptoxanthin and lutein as biomarkers of fruit 

and vegetable intakes69.  
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Figure 1.2. Overview of vitamin A and carotenoid conversion. Preformed vitamin A as retinol and retinyl esters are sourced 
from animal products in the diet. Carotenoids, such as β-carotene, are obtained via plant sources and converted to retinal via 
mono- or dioxygenases. Retinal is reversibly oxidized to retinol or irreversibly oxidized to retinoic acid, dependent on the 
body’s needs.  
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A meta-analysis aiming to determine biomarkers of interventions for adequate 

consumption of fruits and vegetables found that carotenoids AC, BC, β-

cryptoxanthin, and lutein were increased following fruit and vegetable 

consumption, meeting the WHO guidelines of 400 grams of fruits and vegetables 

daily. Lycopene did not display similar results, as plasma concentrations showed no 

significant difference before and after interventions70. Souverein et al made similar 

conclusions in a meta-analysis assessing serum carotenoid concentrations as a 

marker of fruit and vegetable intake, finding all individual carotenoids have a 

positive correlation to reported fruit and vegetable intakes71. These results may be 

attributed to AC and BC being the two most abundant and bioavailable carotenoids 

in the diet. Research also suggests the sum of carotenoids may be the best predictor 

of fruit and vegetable intake71 as it is most representative of diet in its entirety.   

 

A study conducted by Jansen et al assessed plasma carotenoid concentrations in 591 

Dutch men and women ages 20-59 years relative to fruit and vegetable 

consumption. The study utilized national FFQ data to obtain information on 

reported fruit and vegetable intakes and reported fruit and vegetable juice 

consumption followed by a physical examination as part of the nation-wide survey. 

Serum carotenoid concentrations were assessed finding higher carotenoid 

concentrations in women compared to men. Lycopene contributed most to total 

serum carotenoid concentrations in men, and AC and β-cryptoxanthin in women. 

Additionally, all carotenoids, with the exception of lycopene were positively 
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correlated with serum concentrations. The strongest correlation between fruit and 

vegetable intakes and serum carotenoid concentrations in both men and women was 

seen for β-cryptoxanthin (r=0.35 and r=0.41, respectively)69.  

 

An indicator of carotenoids in food is a red, yellow-orange, or green color; 

however, carotenoids are widespread in other sources. Foods rich in carotenoids BC 

and AC are: carrots (13,485μg/100g) and sweet potatoes (9,488μg/100g), whereas 

leafy green vegetables such as spinach (17,535 μg/100g) are rich in lutein and 

zeaxanthin (Table 1.2)72.  Lycopene is highly associated with cooked tomato 

products, as the best sources of lycopene in the diet are ketchup (17,008 μg/100g), 

marinara sauce (15,990 μg/100g), and other canned tomato products such as paste 

(29,330 μg/100g), soup (10, 920 μg/100g), and puree (16,670 μg/100g )72.  

 

When evaluating dietary intakes of carotenoids, it is important to understand the 

bioavailability of the carotenoids as it is dependent on dose67,73,74, quantity and 

dispersion throughout the day65, stability of the compound when cooked versus 

raw66, and presence of other foods consumed in the diet, specifically fat65,75–77. 

Carotenoids are fat soluble, therefore, dietary fat is important regarding 

bioavailability; fat aids in the release of BC from the food matrix and incorporation 

into the mixed micelle78. Additionally, the intestinal absorption of carotenoids 

varies by the chemical structure of the carotenoid66, release of the carotenoid from 

the food matrix79 and intestinal cleavage of BC to retinol65,79. If carotenoids are still 
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bound to their food matrix and not solubilized in a micelle, carotenoid absorption is 

limited, ultimately affecting circulating concentrations of carotenoids80.  

 

In the Western diet, it is proposed that 25-50% of vitamin A is sourced by 

provitamin A carotenoids81, making their consumption an important part of meeting 

recommended dietary allowances of vitamin A. BC is the primary carotenoid in 

plant sources, in the diet, and has the highest quantities in serum81–83. However, 

most foods containing BC also contain other carotenoids72. Positive relationships 

between co-consumption of BC and other carotenoids have been noted, however, 

other studies have found that the carotenoid lycopene can reduce the absorption of 

BC81. 
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Table 1.2. Carotenoid content in raw foods in g/100 g edible portion72. 

 
α-carotene  β-carotene β-cryptoxanthin 

Lutein + 
zeaxanthin Lycopene 

Fruits  

Apricots 0 2554 0 0 5 

Cherries 242 1048 27 105 N/A 

Grapefruit 5 603 12 13 1462 

Mangos  17 445 11 0 N/A 

Raspberries 12 8 0 0 N/A 

Strawberries 5 9488 0 0 N/A 

Tomatoes 112 393 0 130 3025 

Watermelon 0 295 103 17 4868 

Vegetables 

Green beans 68 377 0 640 0 

Broccoli 1 779 0 2445 0 

Carrots 4649 8836 0 0 0 

Swiss chard 49 3954 0 0 0 

Red peppers 59 2379 2205 0 N/A 

Pumpkin 4795 6940 0 0 0 

Spinach  0 5597 0 11938 0 

Butternut 
squash 

834 4226 0 0 N/A 
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c. Consumption of carotenoids with dietary fat 

The relationship between BC and the presence of dietary fat is important for 

understanding carotenoid bioavailability. Multiple factors have an influence on the 

bioavailability of BC including efficient transfer from food to mixed micelles, 

incorporation to chylomicrons for transport to the lymph and serum, and 

distribution to tissues84.  Research indicates that the addition of fat to a carotenoid-

containing meal improves intestinal absorption of BC65,75–78,85. Brown et al reported 

that carotenoid absorption was highest when consumed with fat, with a 40-fold 

increase in post-prandial BC when consuming a salad with 28g of fat versus 0g78.  

 

Other studies assessing co-consumption of fat-containing foods and BC showed 

significant increases in BC absorption. A study by Kim et al assessed co-

consumption of eggs and carotenoids within a meal and found that a meal of three 

eggs (150g) versus 1.5 eggs (75g) significantly increased BC absorption 10 hours 

post consumption (p<0.001)86. Another study assessing the effectiveness of 

avocado or avocado oil reported significant differences in areas under the curve for 

BC in the plasma triacylglycerol-rich lipoprotein fraction 9.5 hours after 

consumption of 300g salsa with 150g avocado (p<0.003) and 200g salad with 75g 

avocado (p<0.01), 150g avocado (p<0.01), or 24g avocado oil (p<0.01)87. White et 

al found similar results when adding 0, 2, 4, 8, 16 and 32g of soybean oil to a salad 

containing 11.54±0.5mg BC. There was a positive linear relationship between BC 

and total grams of soybean oil between 0-8g, with highest BC absorption with 32g 

of oil88.  
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Additionally, the intestinal absorption of carotenoids varies by the chemical 

structure of the carotenoid66, release of the carotenoid from the food matrix79 and 

intestinal cleavage of BC to retinol65,79. If BC is still bound to its food matrix and 

not solubilized in a micelle, absorption is limited, ultimately affecting circulating 

concentrations of BC80. Research conducted by Failla et al using Caco-2 cells to 

assess bioaccessibility of BC found that dietary oils promote partitioning of total 

BC in simulated digestion, showing significant differences between fatty acid 

types84. Goltz et al determined that adding 20g of lipids to a meal containing BC 

significantly affected the absorption rates of BC, independent of the type of lipid 

consumed (p<0.01)10. This indicates that, on its own, BC has poor bioavailability 

and the presence of fat is necessary for absorption. 

 

Mashurabad et al studied the effects of different types of dietary oils on BC uptake 

in Caco-2 intestinal cells, using the aqueous micellar fraction obtained after 

digestion of fruits and vegetables. When comparing olive oil, (which contains a 

high proportion of monounsaturated fatty acids (MUFA)), soybean oil (high 

proportion of polyunsaturated fatty acids (PUFA)), sunflower oil (high proportion 

of PUFA), peanut oil (high proportion of MUFA + saturated fatty acids (SFA)), and 

coconut oil (highest proportion of SFA), BC micellarization was significantly 

higher in the MUFA and PUFA rich oils than the SFA rich oils (p<0.05)85. BC 

uptake was dependent on the type of fat, suggesting the food matrix, BC polarity, 

and type of dietary fat determine BC bioavailability85. Similar results were obtained 
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by Failla et al finding BC micellarization and cellular uptake were significantly 

different between fatty acid types (soybean oil > olive > canola > butter) (p<0.05)84. 

This suggests that unsaturated fatty acids MUFA and PUFA are better promoters of 

BC micellarization and cellular uptake than SFA.  

 

d. Carotenoid digestion and absorption 

It is often assumed that there are minor between-person differences in digestion and 

absorption, however, biologically, there are significant differences both within-

person and between persons in how people digest, absorb, and metabolize nutrients. 

Research supports serum carotenoid concentrations as short-term markers of fruit 

and vegetable consumption, however, tissue carotenoid concentrations, especially 

adipose tissue, are more stable markers of long-term carotenoid intakes89.  Johnson 

and Russel assessed serum carotenoid concentrations for 10 days after a 120 mg 

dose of BC and found that mean serum carotenoid concentrations significantly 

increased after six and 12 hours, however, serum concentrations peaked between 16 

and 36 hours90. Interestingly, major differences were seen between participant peak 

response, suggesting serum status must be maintained over time with long-term 

dietary intake90. Mathews-Roth researched the effects of long-term consumption of 

180 mg of BC per day for 11 weeks on serum BC concentrations.  Mean serum 

carotenoid concentrations reached a plateau between 1.5 and 4 weeks, however, 

between-person plateau times varied91.  
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The relationship between dietary intakes of carotenoids and serum carotenoid 

concentrations is complex, especially taking into account the bioavailability and 

bioaccessibility of carotenoids92. Some research hypothesizes that food matrices 

and intestinal saturation reduce carotenoids absorption93. Kopec et al hypothesized 

that low bioavailability and bioaccessibility of carotenoids, compared to other 

dietary antioxidants, is attributed to oxidation occurring during the digestive 

process. Carotenoids are temperature and pH sensitive. During digestion, 

carotenoids would be exposed to both increased temperatures and low pH.  

 

Additionally, co-consumption of oxidizing agents, such as iron, can influence the 

pro-oxidative state of carotenoids, oxidizing them before they have reached the 

intestine for absorption92. Therefore, the researchers studied initial, post-gastric, 

post-duodenal and post-jejunal carotenoid (BC, lutein and lycopene) stability to 

better understand how digestion affects postprandial carotenoid concentrations. 

Their research indicated that the percent carotenoid transferred from lipid droplets 

to the micelle during digestion is proportional to the degree of hydrophobia of the 

carotenoid. This was evident in the results as lycopene is the least hydrophobic 

between lycopene, BC, and lutein and had the least loss (20%) throughout digestion 

compared to BC and lutein, which saw a 40% loss. Interestingly, lutein and 

lycopene loss was most significant following the jejunal phase (p<0.05), whereas 

BC loss was most significant following the gastric phase92.  
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The intestine is the main site of carotenoid cleavage to retinal, however, the liver, 

adipose tissue, lungs and kidneys are also capable of converting BC to retinal73 . 

There is a low rate of activity in the intestinal cells for carotene oxygenases, the 

enzymes responsible for the cleavage of carotenoids, therefore much of the 

carotenoids consumed in the diet are absorbed and remain intact in circulation94. 

Cooperstone et al assessed within person variability of carotenoid cleavage and 

absorption when assessing the contributions of BC and AC to postprandial 

concentrations of vitamin A in twelve healthy subjects. Their findings show that the 

range of cleavage for both BC (9-68%) and AC (6-63%) was highly variable, and 

there was no correlation between preference in cleavage and preference in 

absorption within subject. However, there was a strong, positive relationship 

between BC conversion and AC conversion (R=0.82), suggesting that individuals 

who convert more BC also convert more AC95.  Ultimately, there are multiple 

factors that contribute to serum carotenoid concentrations, with a wide variability 

within-person and between-persons. This makes it difficult to make firm 

conclusions on the relationship between dietary carotenoid intakes and serum 

carotenoid concentrations. 

 

Once absorbed into the intestinal cell, carotenoids can be 1) converted to retinol, 

esterified, and packaged to chylomicrons or 2) secreted directly into 

chylomicrons81. For delivery to the body tissues, chylomicrons are dependent on 

saturation of the absorptive intestinal cells and concentrations of BC, as a 

concentration gradient must be present for passive diffusion to occur60,74,94,96. 
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O’Neill et al explored the TG-rich fraction of plasma to assess conversion to retinol 

and esterification rates post-consumption of a standard meal and supplementation of 

40 mg BC, 31.2 mg lutein, or 38 mg lycopene in twelve healthy subjects ages 20-

25. They obtained interesting results as the plasma concentrations of BC increased 

in all subjects, however, plasma concentrations of BC also showed large between-

subject variability with a 2-fold variation. Lycopene and lutein showed similar 

patterns, with a more significant variation (2-3 fold difference) between subjects81.  

 

Other research assessed the relationship between postprandial chylomicron 

carotenoid response and age. Their participants fell into one of two groups: 20-35 

years (younger) or 60-75 years (older), and all participants were non-obese, non-

smoking individuals. In the younger participants, chylomicron TG concentration of 

BC, lycopene, and lutein maximized 2 hours after a meal, whereas in the older 

group TG concentration maximized 2-3 hours after a meal, indicating more 

variability between persons. The only significant difference in chylomicron 

carotenoid response between the younger and older group was observed in lycopene 

concentrations (41.217.9 versus 24.98.0, p=0.04), however, the older group had a 

27% higher chylomicron TG response. They proposed that these effects are seen as 

age affects gastrointestinal function, bioavailability of micronutrients, efficiency of 

carotenoid absorption, provitamin A conversion to vitamin A, and modifies 

chylomicron metabolism and transport of carotenoids97.  
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IV. Associations between obesity and serum carotenoid concentrations  

a. Carotenoids in the metabolism of adipocytes 

More recently, the effects of provitamin A carotenoids and vitamin A in adipose 

tissue biology have been explored32. Carotenoids have been well studied for a 

proposed role in adiposity because WAT is the main storage site for 

carotenoids16,34. After retinol is taken up by adipose cells, it can be stored or 

converted to retinaldeyhde and retinoic acid. These metabolites have an anti-

adipogenic effect on fat metabolism and adipocyte differentiation60. Some research 

supports the idea that uncleaved BC can also have an effect on the function of 

adipocytes. Using 3T3-L1 cells from mouse models, Kawada et al tested the effects 

of multiple vitamins on adipocyte differentiation. They found that retinoic acid, 

retinal, and retinyl palmitate not only inhibited adipocyte differentiation, but 

concentrations ranging from 2-50 μM BC also significantly reduced TG percentage 

in the adipocytes (p<0.05)98. Kameji et al investigated the effects of BC on 3T3-L1 

cell models for four days during differentiation and found that cells cultured with 20 

μM concentrations of BC had significantly higher expression of genes related to FA 

metabolism, insulin sensitivity, and anti-inflammatory proteins than those cultured 

without BC (p<0.05)99.   

 

Further research discovered that carotenoids, especially BC, regulators of adipocyte 

development, modulating adipocyte differentiation, lipogenesis, and 

lipolysis35,100,101. Research on the effects of BC supplementation of 1,500 IU in vivo 

on mice showed a 28% decrease in body fat, down regulation of gene expression in 

WAT, and reduction in adipocyte size (p<0.05)100. Moreover, Mercader et al 
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discovered a dose-dependent decrease in body weight (p<0.001) and WAT size 

(p<0.005) independent of energy intake in mice35. These rodent studies provide 

evidence in support of BC playing a role in adipocyte differentiation, lipid 

metabolism, and gene modulation of adipocytes.  

 

Interestingly, Harari et al were able to detect the same carotenoids in the serum as 

in adipose tissue, but in differing proportions. BC was 40% of the proportion of 

carotenoids present in the serum, but 26% in adipose tissue, whereas AC was 11% 

in serum and 14% in adipose tissue. Lutein and lycopene also had a higher presence 

in serum than in adipose tissue83. Moreover, Chung et al analyzed carotenoid 

concentrations in biopsied human adipose tissue from the abdominal area, lateral 

buttock, and inner thigh. They found that mean concentrations of BC, AC, lutein + 

zeaxanthin, lycopene, and β-cryptoxanthin were highest in the abdomen (p<0.05), 

intermediate in the buttock, and lowest in the thigh102. Additionally, many 

carotenoid concentrations, including BC in the abdomen and buttock, lycopene in 

the thigh, and cryptoxanthin in the abdomen were positively correlated with age 

(p<0.05). A significant relationship with age may be present due to the association 

with higher carotenoid intakes with age102.  
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b. Carotenoids and BMI 

Lower correlations between dietary intakes and serum concentrations indicate that 

there are potential factors dictating serum carotenoid concentrations as they forego 

intestinal cleavage and absorption.  One theorized factor is that carotenoids are 

stored and utilized in adipose tissue, as BMI was found to be associated with 

efficiency of conversion of carotenoids to retinal in women (r=0.71, p<0.01). The 

process in which carotenoids, especially BC, are stored in the body may explain this 

relationship between adiposity and carotenoid concentrations. The enzyme β-

carotene 15’15-monoxygenase type 1 (BCMO1) is present in adipose tissue, 

promoting conversion of BC to retinaldehyde on site; some BC is also left intact 

and is stored in the adipose tissue. Previous studies concluded that 

carotenoids/retinoic acid promotes weight loss, glucose tolerance, and body fat loss 

in mice, independent of diet101,103,104.  

 

When comparing serum carotenoid concentrations with dietary intake of 

carotenoids in women ages 50-79, Kabat et al found significant associations 

between dietary intake and serum concentrations of BC (r=0.19, p<0.001), AC 

(r=0.28, p<0.001), lycopene (r=0.20, p<0.001), and β-cryptoxanthin (r=0.32, 

p<0.001)16. Vioque et al obtained similar results when evaluating the association 

between dietary intake and serum concentrations of carotenoids in 545 older men 

and women with findings reported by BMI category, to further understand the 

relationship between BMI and carotenoid digestion and absorption. Serum BC 
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concentrations were positively associated with dietary intakes of BC for normal 

(r=0.35, p<0.05), overweight (r=0.15, p<0.05), and obese (r=0.20, p<0.01) 

individuals. Similar results were obtained for lycopene and β-cryptoxanthin. 

However, AC and lutein + zeaxanthin did not show significant associations in obese 

individuals, but did in normal and overweight participants105.  

 

Burrows et al conducted similar research reporting on servings of fruits and 

vegetables consumed daily and its effect on BMI. They also assessed the 

relationship between BMI and serum carotenoid concentrations. Their findings 

show that there were no significant differences in the quantity of fruits and 

vegetables consumed between participants with a normal versus overweight BMI 

(p<0.2), however, participants that were classified as overweight had significantly 

lower concentrations of serum BC (p=0.01), AC (p=0.05), and lutein + zeaxanthin 

(p=0.05) compared to their counterparts with a normal BMI106.  

 

Recent research suggests that BMI and serum BC concentrations are inversely 

related. Östh et al found that those with higher adiposity also have a significantly 

lower level of BC stored in their adipose tissue compared to lean counterparts 

(p<0.02)107. Bovier et al assessed the relationship between lutein and zeaxanthin 

status, measured via macular pigment optical density, and body fat in 100 healthy 

subjects. Their findings indicated that there is a significant relationship between 

macular lutein and zeaxanthin status and body fat percentage in both men and 
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women (r=-0.32, p<0.01)108. Additionally, Harari et al. performed a comprehensive 

analysis of serum and adipose tissue BC in 80 non-diabetic, Caucasian subjects with 

BMI ranging between 30.1-48.5 kg/m2. Serum BC concentrations correlated 

inversely with weight, BMI, WC, total BF%, body fat-free mass, and central body 

fat. Interestingly, adipose BC concentrations did not significantly correlate with the 

abdominal subcutaneous or visceral fat depots, whereas AC, lutein, and lycopene 

did (p<0.05). All serum carotenoids were significantly lower in individuals with a 

BMI >30 kg/m2 than those with a normal or overweight BMI83.  

 

Most studies have examined the relationship between BMI and/or BF%, however, 

Wang et al assessed the associations between serum carotenoid concentrations and 

body fat distribution in 4,048 Chinese adults aged 40-75 years. There were 

significant, inverse associations between total serum carotenoid concentrations and 

all measured markers of adiposity: BMI, WC, waist-to-hip ratio, total BF%, android 

BF%, and gynoid BF%, with BC showing the strongest associations109.  

 

This relationship between adiposity and carotenoid concentrations led to further 

research on its association with BMI61 and inflammation110. Andersen et al reported 

that obese subjects have 24-37% lower serum carotenoid concentrations compared 

to individuals with a BMI of <22 kg/m2 (p<0.0001)111. Additionally, other studies 

have shown an inverse relationship between serum BC concentrations and BMI (r= 

-0.22, p<0.0001); for every 1 unit increase in serum BC, there is a 0.077 decrease in 
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BMI (p<0.0001)16. Similar results were obtained by Kabat et al when assessing the 

relationship between BMI and other serum carotenoids in women. Their findings 

showed a significant and inverse relationship between BMI and AC (r=-

0.24,p<0.0001), BC (r=-0.22, p<0.0001), β-cryptoxanthin (r=-0.17, p<0.0001), 

lutein + zeaxanthin (r=-0.22, p<0.0001), and lycopene (r=-0.10, p<0.0001)16. This 

evidence helps solidify the inverse relationship between individual serum 

carotenoids and BMI.  

 

Lower serum BC concentrations are also associated with HTN, dyslipidemia, and 

MetS10,112. A longitudinal study showed that individuals with low consumption of 

fruits and vegetables, suggesting low carotenoid consumption, and high intakes of 

sugar-sweetened beverages, meat, and fried potatoes are significantly more likely to 

have higher obesity prevalence (p<0.001)12. An inverse relationship was observed 

between serum BC concentrations and HTN (p<0.01)113, dyslipidemia(p<0.029)8, 

waist circumference (p<0.001) and MetS (p<0.001)16. Beydoun et al analyzed the 

relationship between serum antioxidant statuses and MetS in adults, finding that 

participants with MetS had higher serum retinol, but lower total carotenoid 

concentrations than those without MetS (p<0.05)18. These data support a correlation 

between serum carotenoid concentrations and risk for chronic disease. Additionally, 

research on mortality in US adults by Shardell et al concluded that the mortality 

rate ratio for the lowest quartiles of carotenoid intakes was 1.83 times higher than 

individuals with the highest carotenoid intakes114. Therefore, conclusions can be 
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drawn that there is a correlation between serum carotenoid levels and risk for 

chronic disease and all-cause mortality. 

 

Lastly, lower serum carotenoid concentrations are associated with smoking status 

due to its proposed increase in free radicals, which often deplete circulating 

antioxidants. Interestingly, Kabat et al found that women who were current smokers 

showed an average of 39% lower serum carotenoid concentrations than their non-

smoking counterparts with similar anthropometric measurements16. Other research 

supports their findings showing significant reductions in serum BC concentrations 

for both men and women when an individual was either a former smoker or a 

current smoker (p<0.0001)115. Additionally, Wallstrom et al found similar findings, 

noting that male smokers had significantly lower concentrations of serum BC 

(p<0.01), but the reasoning is uncertain. It is possible that smokers may metabolize 

BC differently than non-smokers or generally consume less BC than their non-

smoking counterparts116. It is important to assess the relationship between smoking 

and serum carotenoid concentrations as the pro-oxidant nature of chemicals in 

cigarettes disrupts antioxidant status.  

  

c. Associations between diet and inflammation 

Dietary antioxidants, more specifically carotenoids, vitamin E, vitamin C, 

magnesium, and selenium, are proposed to reduce oxidative stress related to low-

grade inflammation7,117. To assess the relationship between diet, oxidative stress, 

and inflammation, Ford et al scored diet quality based on the Healthy Eating Index 
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(HEI) scale ranging from 0-100. They found that individuals with elevated CRP had 

reduced HEI scores in dietary variety, especially with regards to grains, fats, and 

dairy products117.  

 

There are noteworthy associations present between diet quality and CRP117. Of 

note, low intakes of vitamins and minerals were found to contribute to higher risk 

for chronic disease7. A longitudinal retrospective chart review study in which 43 

patients followed the Low Inflammatory Foods Everyday diet, a dark green leafy 

vegetable-rich diet, for five years concluded that serum BC concentrations were 

inversely associated with CRP. Moreover, the degree in which CRP decreased was 

greater with increasing concentrations of BC in the serum48.  

 

Other research on diet quality and inflammation was conducted by Watzl et al in 63 

middle-aged men following two 4-week dietary interventions consuming two, five, 

or eight servings of fruits and vegetables daily. The group consuming two servings 

of fruits and vegetables daily had no significant changes in serum carotenoid 

concentrations, whereas the groups consuming five and eight servings of fruits and 

vegetables daily had significant increases in serum carotenoid concentrations 

(p<0.01). After four weeks of eight servings of fruits and vegetables daily, an 

inverse relationship between serum BC concentrations and CRP (r=-0.51, p=0.016) 

was present. Significant reductions in CRP were not associated with any other 

carotenoids118. Therefore, research identifying specific dietary factors that influence 

inflammation is of high importance.  
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A longitudinal study by Mazidi et al assessing the relationship between serum 

antioxidants concentrations and inflammatory markers suggested that serum BC 

concentrations were negatively associated with CRP concentrations119. 

Epidemiological studies show that subgroups among populations with the highest 

serum carotenoid concentrations, especially BC, AC, and β-cryptoxanthin, are 

older114, female105,114,120, non-smoking individuals111,114,120. Interestingly and likely 

due to the fat-soluble nature of carotenoids, individuals surveyed in NHANES III 

with high total cholesterol and high-density lipoprotein (HDL) also had higher 

serum carotenoid concentrations than their counterparts with lower total cholesterol 

and HDL values (p<0.001, p<0.05)114. Hozawa et al obtained similar results in 

longitudinal analysis of trends in antioxidants assessing Coronary Artery Risk 

Development in Young Adults data120. Interestingly, serum BC, AC, 

lutein/zeaxanthin, and β-cryptoxanthin concentrations were significantly higher in 

individuals with undetectable inflammatory marker CRP (p<0.01)114 and lower 

leukocyte concentrations(p<0.01)120.  

 

Dietary associations between dietary fiber, total fat intakes, and dietary magnesium 

have been studied due to their proposed effects on inflammation. Utilizing 

NHANES data, individuals reporting higher intakes of fiber 121,122 and 

magnesium123 were found to have lower CRP levels. However, higher intakes of 

saturated fats were found to moderately increase risk for elevated CRP122. Low-

grade inflammation is related to an increase in oxidative stress, suggesting a need 

for increased dietary antioxidants8,124. The best sources of dietary antioxidants are 
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fruits, vegetables, nuts, and whole-grains. When comparing Mediterranean diet 

patterns, high in antioxidants, to the Westernized diet containing highly processed 

foods and an abundance of red meats, it is evident that the Westernized diet 

supports a proinflammatory state in the body14.  

 

Additionally, factors such as increasing age, the female sex, decreased physical 

activity levels, increased alcohol consumption, current status as a smoker, and 

disease states such as T2DM, cardiovascular disease, congestive heart failure, HTN, 

angina, cancer, and/or recent heart attack have been associated with increased CRP 

concentrations41,121,122. All aforementioned factors must be taken into account when 

assessing CRP and serum carotenoid concentrations, as many overlap with factors 

affecting serum carotenoid concentrations as well.  

 

V. Summary and objectives 

Obesity and its comorbidities continue to increase in the US, therefore, 

understanding preventative measures is increasingly important for population 

health. There is a well-researched relationship between obesity and serum 

carotenoid concentrations; however, it is not well understood how dietary and 

anthropometric factors affect this association in the US adult population. By 

examining data from the 2003-2004 and 2005-2006 NHANES collection and 

assessing the associations between dietary BC intakes, serum BC concentrations, 

and markers of adiposity in the US population, information regarding the 

relationship between dietary BC, serum BC concentrations, and the factors that 
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influence them will contribute to the knowledge base on BC. Moreover, 

investigating the associations between BC and obesity are pivotal in understanding 

obesity as a diet-related condition.  

 

The specific aims of this project are 1) to test the hypothesis that serum BC 

concentrations are associated with BMI and the inflammatory marker high-

sensitivity C-reactive protein (hsCRP) in the US population, 2) to assess the 

association between reported dietary BC intakes and serum BC concentrations in 

United States (US) adults and to examine the impact of body mass index (BMI) and 

region-specific body fat percentage on the association between reported BC intakes 

and serum concentrations of BC, and 3) to assess the association between serum BC 

concentrations and reported intake of specific fatty acid classes, utilizing data from 

the What We Eat in America (WWEIA) and National Health and Nutrition 

Examination Surveys (NHANES).  This work is the first to assess multiple factors 

that might influence the association between dietary BC and serum BC 

concentrations utilizing population-based data collected in the US.  
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I. Abstract  
 

Chronic low-grade inflammation associated with obesity may be attenuated by 

dietary β-carotene (BC) intake. The relationship between obesity, low-grade, 

systemic inflammation, and oxidative stress has been well established in 

longitudinal studies. However, how serum carotenoid concentrations are associated 

with obesity-related inflammation is not well understood. The primary objective 

was to test the hypothesis that serum BC concentrations are independently 

associated with body mass index (BMI) and the inflammatory marker high-

sensitivity C-reactive protein (hsCRP) in the United States (US) population.  Data 

from 3,886 male and non-pregnant female participants aged 18-85 years from the 

National Health and Nutrition Examination Surveys  (NHANES) 2003-2006 

nationally representative, cross-sectional survey were analyzed to estimate the 

relationships among BMI, hsCRP, and serum BC concentrations. Due to skewing, 

natural log (ln) transformation of serum BC concentrations and hsCRP was applied. 

Multiple linear regression estimated the relationship of ln(hsCRP) to ln(serum BC) 

adjusted for age, sex, and ethnicity. In this cross-sectional analysis, individuals with 

the highest concentrations of serum BC were more likely to be women, non-

Hispanic white, older (70+), and have a normal BMI. Participants in the highest 

quintile for serum BC concentrations had the lowest hsCRP concentrations and a 

correlation between serum BC and hsCRP was present (r=-0.12, p<0.0001). 

Multivariable linear regression modeling hsCRP on serum BC concentrations 

adjusted for age, sex, race/ethnicity, and reported dietary BC intake, show a 

negative association (p<0.0001). The present negative association between hsCRP 
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and serum BC concentrations, which is partially mediated by BMI, may suggest a 

protective effect of increased serum BC concentrations against low-grade, systemic 

inflammation often associated with adipose tissue dysfunction present in obese 

individuals.  

 

II. Introduction  
 
The prevalence of obesity in the US in 2018 was 42.4%5. Multiple studies have 

demonstrated a positive relationship between obesity and cardiometabolic diseases, 

especially Type II Diabetes Mellitus (T2DM) and cardiovascular disease16,18,111,112. 

Moreover, the American Medical Association has officially recognized obesity as a 

disease2 due to the association with chronic, systemic inflammation and increased 

oxidative stress, and exacerbation of the progression of other comorbidities.  

 

Chronic low-grade inflammation associated with obesity may be attenuated by 

dietary BC intake99,119. Nutrition has been recognized as a modulating factor for 

low-grade inflammatory response resulting from adipose tissue dysfunction present 

in obesity47. Dietary intake of the antioxidant BC, has been known to reduce 

oxidative stress associated with low-grade inflammation26,57–59,119. Evidence 

supports an independent, inverse relationship between obesity, as assessed by BMI, 

and serum carotenoid concentrations111, the best marker of dietary carotenoid 

intake114. Limited data on the relationship between serum BC concentrations and 

inflammation in population samples exists.  
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The present study aimed to evaluate the associations between serum BC 

concentrations, the inflammatory marker hsCRP, and BMI in US adults aged 18-85 

years who participated in the NHANES collection between 2003-2006. 

 

III. Methods 
 

Design overview 

Demographic, anthropometric, laboratory, and questionnaire data obtained from 

NHANES were compiled to create a dataset for cross-sectional analysis of the 

associations present between serum BC concentrations, hsCRP concentrations, and 

BMI. This data was assessed via multivariable linear modeling to examine how 

inflammatory marker hsCRP is affected by serum BC concentrations and BMI 

among US adults.   

 

Participants and Dataset 

The NHANES dataset utilized cross-sectional survey methods to obtain a unique 

collection of nationally-representative, health- and nutrition-related data on non-

institutionalized civilians in the US. Sampling design of NHANES includes the 

selection of approximately 5,000 people per year representing fifteen locations 

across the US, enrolling a total of 20,470 individuals in the years 2003-2006 125. 

Data are released on a two-year cycle (e.g. 2003-2004) with the most current serum 

carotenoid collection conducted in 2003-2004 and 2005-2006. NHANES was 

designed to obtain data to assess the health and nutritional status of the US 
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population using interviews, clinical examinations and laboratory data18. The data 

collection process was well documented by NHANES126.  

 

This analysis includes males and non-pregnant females aged 18-85 years who 

participated in laboratory analysis for serum BC and hsCRP and had recorded 

information on race/ethnicity, sex, age, smoking status, and measured height and 

weight to calculate BMI. Exclusions were made for individuals who were missing 

serum BC concentrations (n =13,202), BMI (n = 2,834), high-sensitivity CRP 

(hsCRP) (n=4,044), pregnancy status (n=4,968), and current smoking status 

(n=2,517). Participants were also excluded if: a) BMI was less than 14 kg/m2 

(n=181) due to metabolic implications of very low body weight for height, or 

greater than 70 kg/m2 (n=3), as these were outliers in the data, b) if hsCRP was 

greater than 10 mg/dL (n=20), an indicator of acute versus chronic inflammation55, 

c) if they were currently pregnant (n=566) or unsure of their pregnancy status 

(n=21) due to weight changes related to pregnancy, and d) if they are current 

smokers smoking every day (n= 1,844) or some days (n=376) due to the effects of 

smoking on serum carotenoid concentrations111. This resulted in 3,668 participants 

included in the current analysis to estimate the relationships among BMI, hsCRP, 

and serum BC concentrations. 
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Study variables 

Sociodemographic covariates included age, sex, and race/ethnicity (non-Hispanic 

(NH) whites, NH blacks, Mexican Americans, other Hispanic, and other 

ethnicities). Anthropometric and laboratory data were collected via in-person 

analysis at mobile examination centers by trained individuals using protocols 

developed by NHANES18,121,125.  The anthropometric measurement of BMI was 

used in this study as a marker of adiposity, categorized by World Health 

Organization (WHO) classifications: <18.5 kg/m2= underweight, 18.6-24.99 

kg/m2= normal, 25-29.99 kg/m2= overweight, 30-34.99= class I Obesity, 35-39.99 

kg/m2= class II obesity, and  40 kg/m2 = class III obesity23.  

 

To obtain laboratory data for hsCRP and serum BC concentrations, standard 

phlebotomy procedures were used to obtain and process blood from non-fasted 

participants. Serum samples of 0.3-1.0 mL are stored in properly sealed vials and 

frozen at -70°C until analysis127,128. Serum trans-BC  and cis-BC concentrations 

were determined via high performance liquid chromatography with 

multiwavelength photodiode-array absorbance detection127. The sum of cis- and 

trans-BC was used in this assessment (LBXBCC in μg/dL). hsCRP concentrations 

were determined using latex-enhaced nephelometry128.  hsCRP, a cytokine-induced, 

positive acute phase protein, was used to determine inflammatory status, as it has 

been noted as a sensitive marker for systematic inflammation129. Low hsCRP was 

defined by the Center for Disease Control as <0.05 mg/dL, average concentrations 
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range from 0.05-0.30 mg/dL, and high hsCRP was above 0.30 mg/dL130. Dietary 

consumption of BC is highest of all the carotenoids61. BC is the primary carotenoid 

present in plant sources, has highest quantities in serum82 (with normal serum BC 

concentrations range from 2.2- 122.7 mg/dL89), therefore, was the primary 

carotenoid assessed. There are no specified deficiency markers set for serum BC131.   

 

Statistical analysis 

To accommodate the complex survey design, weighted variables were created in 

SAS statistical software (version 9.4, Cary, NC, USA) according to the guidelines 

for analysis published by the Center for Disease Control125,132. Sex, ethnicity, 

education level, age, and BMI data were normally distributed. Due to skewing, 

natural log transformation of serum BC concentrations and hsCRP was conducted. 

Mean and standard errors for continuous variables and percentages for categorical 

variables were used. Multiple linear regression estimated ln(hsCRP) based on 

ln(serum BC) adjusted for age, sex, and ethnicity. Associations between given 

variables were estimated using Pearson correlations coefficients. Adjustments of 

covariates were conducted by stratification for CRP, serum BC concentration, age, 

sex, smoking status, total caloric intake, alcohol consumption.  Multivariable linear 

regression modeled serum BC concentrations (ln transformed) on BMI adjusted for 

hsCRP, age, sex, and race/ethnicity. Statistically significant results were reported as 

p<0.05. The University of Minnesota Institutional Review Board determined the 

secondary analysis of this de-identified dataset to be exempt. 
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IV. Results  
 
Analysis included 3,668 participants, comprised of 1,782 men (48.6%) and 1,886 

women (51.4%) from the nationally representative survey. The mean age was 

46.9±0.6 years overall, with no difference between mean age of men and women 

(48.5 years versus 49.9 years, respectively; p=0.07). Table 2.1 shows other 

participant demographics. Mean and SE for serum BC is 13.87±0.01 mg/dL, hsCRP 

was 0.18±0.04 mg/dL, and BMI was 28.3±0.2 kg/m2. Serum BC concentrations 

ranges from 0.58 μg/dL to 411.58 μg/dL with a greater than 6-fold difference in the 

mean concentration from the lowest to the highest quintiles (Table 2.2). 

Demographic characteristics across quintiles of serum BC concentrations are shown 

in Table 2.2. When comparing the participants with highest concentrations of serum 

BC to those with the lowest, the participants were more likely to be women, NH 

white, older (70+), and categorized as having a normal BMI.  An increase in age 

was found from 40.1 years to 53.5 years by increase of quintiles of BC (p<0.0001). 

There were significant differences present in distribution of sex and BMI category 

across quintiles of BC. Race/ethnicity and education level did not show any 

significant differences in distribution by quintiles of serum BC concentrations. 

Participants in the highest quintile for serum BC concentrations had the lowest 

hsCRP concentrations. All quintiles of hsCRP concentrations were within the 

normal range (0.05-0.30 mg/dL).  

 

 
The proportion of obesity was significantly higher in women compared to men 

(p<0.0001) as seen in Table 2.4. In assessing the highest quintiles of serum BC 
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concentrations compared to the lowest, participants with the highest concentrations 

of BC have lower average BMI (25.7 kg/m2) than those with the lowest 

concentrations (31.0 kg/m2). Moreover, the mean serum hsCRP concentrations for 

individuals with a BMI categorized as Class II obesity and Class III obesity were 

defined as high (>0.30 mg/dL), whereas the mean serum hsCRP concentrations for 

all other BMI classifications (underweight, normal, overweight, and Class I obesity) 

were within the normal range (Figure 2.1). There was a 1.9-fold increase when 

comparing the mean hsCRP concentrations of individuals with a normal BMI 

compared to those that are overweight, a 2.9-fold increase between normal and 

Class I obesity, a 5.1-fold increase between normal and Class II obesity, and a 7.8-

fold increase between normal and Class III obesity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.1. Weighted participant demographics of NHANES 2003-2006 sample of 
adults ranging from 18-85 years (n=3,668). 
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Variable Number of Participants Percent Sample 
Sex     
   Men 1782 48.58% 
   Women 1886 51.42% 
Ethnicity   

   Mexican American 795 21.67% 
   Other Hispanic 111 3.03% 
   Non-Hispanic White 1848 50.38% 
   Non-Hispanic Black 759 20.69% 
   Other-Multiracial 155 4.23% 
Age in years   
   18-30 932 25.41% 
   31-50 926 25.25% 
   51-70 957 26.09% 
   70+ 853 23.36% 
Education    
   Less than HS diploma 1094 29.83% 
   HS diploma or equivalent 901 24.56% 
   More than HS 1668 45.47% 
   Unknown/refused 5 0.14% 
Income to Poverty Ratio   
   Less than 1.0 653 17.80% 
   1.0-5.0 1388 37.84% 
   Greater than 5.0 578 15.76% 
   Missing 215 5.86% 
BMI Category    
   Underweight  61 1.66% 
   Normal  1148 31.30% 
   Overweight  1293 35.25% 
   Class I Obesity 707 19.27% 
   Class II Obesity 280 7.63% 
   Class III Obesity  179 4.88% 
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Table 2.2. Participant demographic characteristics by serum BC concentration in quintiles; NHANES 2003-2006 (n=3,668) 

*variables were compared across quintiles of serum BC using ANOVA or Rao- Scott χ2 analysis

Variables All (n) 
Q1 n=736  
(% sample) 

Q2  n=731  
(% sample) 

Q3  n=734  
(% sample) 

Q4  n=733  
(% sample) 

Q5  n=734 
 (% sample) 

p-for 
trend* 

Serum BC (μg/dL),  mean±SE   13.9±0.1 4.5± 0.1 8.8± 0.1 13.3± 0.1 16.8± 0.1 27.4± 0.1 <0.0001 
Sex       <0.0001 
   Men 1782 431 (11.8) 410 (11.2) 366 (10.0) 312 (8.5) 263 (6.4)  
   Women 1886 305 (8.3) 321 (8.8) 368 (10.0) 421 (11.5) 471 (12.8)  
Race/ Ethnicity       0.27 
   Mexican American 795 163 (4.4)  172 (4.7)  179 (4.9) 170 (4.6)   111 (3.0)  
   Other Hispanic 111 25 (0.7) 17 (0.5) 25 (0.7) 20 (0.5) 24 (0.7)  
   NH White 1848 313 (8.5) 351 (9.6) 379 (10.3) 375 (10.2) 430 (11.7)  
   NH Black 759 204 (5.6) 170 (4.6) 126 (3.4) 133 (3.6) 126 (3.4)  
   Other-Multiracial 155 31 (0.8) 21 (0.6) 25 (0.7) 35 (1.0) 43 (1.2)  
Age (years),  mean±SE 46.9±0.6 40.1±0.6 44.5±0.6 47.9±0.7 49.4± 0.7 53.5± 0.7 <0.0001 
   18-30 932 314 (8.6) 242 (6.6) 176 (4.8) 127 (3.5) 73 (2.0)  
   31-50 926 189 (5.2) 181 (4.9) 192 (5.2) 194 (5.3) 170 (4.6)  
   51-70 957 156 (4.3) 193 (5.3) 184 (5.0) 198 (5.4) 226 (6.2)  
   70+ 853 77 (2.1) 115 (3.1) 182 (5.0) 214 (5.8) 265 (7.2)  
Education       0.24 
   < HS diploma 1094 245 (6.7) 235 (6.4) 217 (5.9) 216 (5.9) 181 (4.9)  
   HS diploma or = 901 15 (0.4) 8 (0.2) 12 (0.3) 12 (0.3) 13 (0.4)  
   > than HS 1668 254 (6.9) 292 (8.0) 316 (8.6) 315 (8.6) 376 (10.3)  
   Unknown/ refused 5 1 (<0.1) 0 2 (<0.1) 0 2(<0.1)  
Income: Poverty        
   < 1.0 653 143 (3.9) 129 (3.5) 122 (3.3) 97 (2.6) 61 (1.7) <0.0001 
   1.0-5.0 1388 347 (9.5) 372 (10.1) 376 (10.3) 384 (10.5) 377 (10.3)  
   >5.0 578 58 (1.6) 74 (2.0) 80 (2.2) 104 (2.8) 145 (4.0)  
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 Table 2.3. Participant health characteristics by serum BC concentration in quintiles; NHANES 2003-2006 (n=3,668) 

*variables were compared across quintiles of serum BC using ANOVA or Rao- Scott χ2 analysis 

 

Variables All (n) 
Q1 n=736 
(% sample) 

Q2  n=731 
(% sample) 

Q3  n=734 
(% sample) 

Q4  n=733  
(% sample) 

Q5  n=734  
(% sample) 

p-for 
trend* 

BMI (kg/m2), mean±SE  
/ BMI Category 28.3± 0.2 31.0± 0.3 29.6± 0.2 28.0± 0.2 27.4± 0.2 25.7± 0.2 <0.0001 

   Underweight 61 11 (0.3) 16 (0.4) 12 (0.3) 10 (0.3) 12 (0.3)  

   Normal 1148 173 (4.7) 189 (5.2) 222 (6.1) 249 (6.8) 315 (8.6)  

   Overweight 1293 226 (6.2) 229 (6.2) 273 (7.4) 288 (7.7) 277 (7.6)  

   Class I Obesity 707 170 (4.6) 164 (4.5) 156 (4.3) 120 (3.3) 97 (2.6)  

   Class II Obesity  280 80 (2.2) 78 (2.1) 45 (1.2) 48 (1.3) 29 (0.8)  

   Class III Obesity  179 76 (2.1) 55 (1.5) 26 (0.7) 18 (0.5) 4 (0.1)  

hsCRP (mg/dL), mean±SE 0.18±0.04 0.28±0.05 0.21±0.05 0.17±0.04 0.15±0.05 0.12±0.04 <0.0001 
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Pearson correlation suggests a moderate, negative correlation between serum BC 

and BMI, r=-0.22 (Figure 2.2a). When adjusted for age, sex, and race/ethnicity, a 

stronger negative association was present (r=-0.24, p<0.001). Serum BC 

concentrations were also moderately correlated with age and hsCRP (r=0.18 and -

0.12, respectively). Multivariable linear regression modeled hsCRP on serum BC 

concentrations adjusted for age, sex, race/ethnicity, and reported dietary BC intake, 

showing a significant negative association (Table 2.5). There was also a significant 

inverse relationship present when modeling serum BC concentrations on BMI 

adjusted for age, sex, race/ethnicity, and reported dietary BC intake (β=-

0.04±0.002, 95% CI (-0.05, -0.04)).  Table 2.4 shows that when BMI was added to 

the model, the relationship between hsCRP and serum BC concentrations was 

attenuated toward the null compared to the crude model.  
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Table 2.4. Participant characteristics by WHO BMI classifications; NHANES 2003-2006 (n=3,668) 

 *variables were compared across quintiles of serum BC using ANOVA or Rao- Scott χ2 analysis

Variables All 

Under-
weight 
(n=61) 

Normal 
(n=1,148) 

Overweight 
(n=1,293) 

Class I 
Obesity 
(n=707) 

Class II 
Obesity 
(n=280) 

Class III 
Obesity 
(n=179) p-value* 

Sex        <0.0001 

   Men 1782 29 512 717 353 117 54  

   Women 1886 32 636 576 354 163 125  

Race/Ethnicity        <0.0001 

   Mexican American/  
Other Hispanic 

906 10 263 351 184 65 33  

   Non-Hispanic White 1848 31 592 676 349 125 75  

   Non-Hispanic Black 759 14 209 229 158 83 66  

   Other-Multiracial 155 6 84 37 16 7 5  

Age (years),  mean±SE  35.7± 0.6 43.6± 2.6 49.8 ±0.5 48.3± 0.6 49.8± 0.9 45.7± 1.1 <0.0001 

   18-30 932 42 451 234 114 51 40  

   31-50 926 4 236 341 216 69 60  

   51-70 957 4 204 358 219 114 58  

   70+ 853 11 257 360 158 46 21  

hsCRP (mg/dL),  
mean±SE 

 0.07± 0.17 0.09± 0.04 0.17± 0.03 0.26± 0.04 0.46± 0.06 0.70± 0.07 <0.0001 
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Figure 2.1. Mean hsCRP concentrations (mg/dL) by WHO BMI Classifications from 
NHANES 2003-2006 sample (n= 3,668) 

    
a indicates p<0.001 compared to normal BMI, b indicates p<0.0001 compared to  
normal BMI  
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Figure 2.2.a. Pearson correlations between ln(serum BC) concentrations and BMI; 
NHANES 2003-2006 (n=3,668) 
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Figure 2.2.b. Pearson correlations between ln(hsCRP) and ln(serum BC) concentrations; 
NHANES 2003-2006 (n=3,668) 
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Table 2.5. Linear regression modeling for the association between ln(hsCRP) concentrations and ln(serum BC) concentrations; 
regression coefficients and SE for ln(serum BC); NHANES 2003-2006 (n=3,668) 

 
 

models β 95% CI  P for trend 

1 -0.36± 0.03 (-0.43; -0.29) <0.0001 

2 -0.51± 0.03 (-0.57; -0.44) <0.0001 

3 -0.51± 0.04 (-0.58; -0.43) <0.0001 

4 -0.29± 0.04 (-0.37; -0.21) <0.0001 

 

1: crude; 2: age, sex, & race/ethnicity adjusted; 3: age, sex, race/ethnicity, & reported dietary BC intake adjusted; 4: age, sex, 
race/ethnicity, reported dietary BC & BMI adjusted 
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V. Discussion  
 

There are significant inverse associations present among serum BC concentrations 

and BMI in this cross-sectional study. This observation is unaffected by adjustment 

for confounding factors, suggesting a potential anti-adipogenesis effect of BC.  

Additionally, individuals with the highest mean serum BC concentrations had the 

lowest mean hsCRP concentrations. The present association between hsCRP and 

serum BC concentrations, which is partially mediated by BMI, suggests a protective 

effect of increased serum BC concentrations against low-grade, systemic 

inflammation often associated with adipose tissue dysfunction present in obese 

individuals. These factors may also contribute to the increased risk of 

cardiometabolic diseases, particularly in obese individuals. However, this 

association may be due to the antioxidant capacity of BC itself, or as BC is a marker 

of fruit and vegetable intake, and the effect is a result of other unmeasured factors 

such as fiber or reduced caloric intake in a high-plant food diet.  

 

Several studies have assessed the relationship between serum BC concentrations 

and BMI, reporting an inverse relationship between obesity and serum BC 

concentrations16,35,100,111,119. The direct relationship between BC and adiposity was 

still unclear, however it has been hypothesized that BC has a direct effect on the 

function of adipocytes. Interestingly, research by Harari et al found that BC was the 

carotenoid with the highest concentrations in both serum and adipose tissue; BC 

was 40% of the proportion of carotenoids present in the serum, and 26% in adipose 
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tissue83. Amengual et al found that supplementing BC in vivo in mice models 

showed a 28% decrease in body fat, down regulation of gene expression in WAT, 

and reduction in adipocyte size (p<0.05)100. Moreover, Mercader et al discovered a 

dose-dependent decrease in body weight (p<0.001) and WAT size (p<0.005) 

independent of energy intake in mice35. These rodent studies provide evidence in 

support of BC playing a role in adipocyte differentiation, lipid metabolism, and 

gene modulation of adipocytes. Östh et al also found that there was a significant, 

inverse relationship between BC concentrations in isolated human adipocytes and 

BMI of donor subjects (p<0.02); those with higher adiposity (defined as BMI ≥ 28) 

had a significantly lower concentration of BC stored in their isolated adipocytes 

compared to lean counterparts after adjusting for total body fat107. 

 

A complicated relationship has been presented between serum carotenoid 

concentrations, BMI, and inflammation. Our study supports the findings of other 

research as there is an inverse association between CRP and serum BC 

concentrations, and CRP was lowest in the participants with the highest serum BC 

concentrations.  A longitudinal study by Mazidi et al assessing the relationship 

between serum antioxidants concentrations and inflammatory markers suggested 

that serum BC was negatively associated with CRP concentrations119. A study 

assessing diet quality and inflammation found an inverse relationship between 

serum BC concentrations and CRP (r=-0.51, p=0.016). Significant reductions in 

CRP were not associated with any other carotenoids118. In assessing the relationship 
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between BMI and CRP, Visser et al found a positive correlation between BMI and 

CRP concentrations with obese men and women being 2.13 and 6.21 times, 

respectively, more likely to have elevated CRP compared to the normal-weight 

respondents52. Similar results were ascertained in a study by Ishii et al assessing the 

relationship of sex, obesity, and CRP; CRP was more likely to be elevated in 

women than in men, and in individuals that were categorized as obese (BMI >30 

kg/m2)55.  

 

Strengths of this study include using the NHANES dataset, a large and nationally 

representative dataset, organized by a stratified, multistage, probability sampling, 

and designed to be representative of the US population125. For these reasons, these 

findings can be generalized to the US population. Data were combined from two 2-

year cycles to obtain statistically significant estimates for the subgroups of interest. 

However, the NHANES dataset was collected using cross-sectional methods, which 

presented a limitation of temporality. The current analysis was only able to use 

hsCRP as a marker of inflammation, which may not capture the full scope of 

systemic inflammation associated with obesity. Additionally, this study accounted 

for several demographic and lifestyle factors, but potential for effects of other 

confounding factors may not have been captured.   

 

In summary, substantial negative associations were found among serum BC 

concentrations and hsCRP concentrations. These factors may contribute to the 
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increased risk of cardiometabolic diseases, particularly in obese individuals in the 

US population. Our data is the first to identify BMI as a partial mediator in the 

association between inflammation and serum BC in population samples.  
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I. Abstract 
 

Serum β-carotene (BC) concentrations are not reflective of dietary BC status as 

serum concentrations can be variable as a result of intake, lifestyle factors, and 

physiological factors related to digestion and absorption. However, longitudinal 

studies have shown a positive relationship between serum carotenoids and dietary 

BC intake, but the relationship between BC concentrations and reported dietary BC 

intake in population samples is not well understood. The primary objective was to 

determine the association between reported dietary BC intakes and serum BC 

concentrations, controlling for body mass index (BMI), age, sex, and ethnicity. The 

relationships between serum BC concentrations and reported dietary intake of BC 

were estimated using data from National Health and Nutrition Examination Surveys 

(NHANES)/What We Eat in America (WWEIA) survey 2003-2006 for 2,580 male 

and non-pregnant female participants aged 20-85 years in the United States (US). 

The distributions of reported dietary and serum BC concentrations were skewed, 

therefore natural log (ln) was used to transform the data. Multivariable linear 

regression estimated serum BC concentrations based on reported dietary intake of 

BC adjusted for age, sex, race/ethnicity, BMI and body fat percentage. Mean serum 

BC concentrations were 14.59± 0.1 μg/dL, BMI was 27.80± 0.1kg/m2, android 

body fat percentage (AF%) was 38.0± 0.2%, and gynoid body fat percentage (GF%) 

was 37.4± 0.3%. A moderate association was present between serum BC and 

reported dietary BC intake, r= 0.30, p<0.0001; a weak negative correlation was seen 

between other dietary factors, whereas a moderate inverse association was seen 

between age and anthropometric factors BMI and AF%. GF% showed no 
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significant correlation. The multivariable linear model predicts that for every 10μg 

increase in reported dietary BC intake, serum BC concentrations increased by 

1.7μg/mL (p<0.0001). There was a moderate association present between reported 

dietary BC intakes and serum BC concentrations. Additionally, a moderate 

association was present between serum BC and anthropometric factors related to 

higher adiposity, suggesting individuals with an increased BMI and/or body fat 

percentage may have a greater risk of low serum BC concentrations despite dietary 

BC intake.  

 

II. Introduction 
 

Serum BC concentrations may not be reflective of dietary BC status. BC is the 

primary carotenoid in the diet61,133 and has highest quantities in serum81,82 out of 

over 700 species of these fat soluble, plant-derived pigments64,65. Serum carotenoid 

concentrations are the best biological indicator of fruit and vegetable consumption 

in the diet89,131. However, serum concentrations of carotenoids can be variable as a 

result of intake, lifestyle factors, and physiological factors related to digestion and 

absorption of BC66,85,89. A positive relationship between serum carotenoids and 

dietary intake are evident in longitudinal studies102,105,111,115,116,134,135. However, the 

relationship between dietary intakes of BC and serum BC concentrations in 

population samples is not well understood.  
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Carotenoids have been well studied for a proposed role in adiposity because adipose 

tissue is the main storage site for BC16,34. Wallstrom et al hypothesized that serum 

BC concentrations are attenuated due to BC distribution between plasma and 

adipose sites116. Moreover, El-Sohemy et al concluded that long-term intakes of 

carotenoids determined by food frequency questionnaire had higher correlation with 

serum carotenoid concentrations than with adipose tissue concentrations. However, 

serum carotenoid concentrations were consistent despite reported dietary intakes in 

comparison to adipose tissue concentrations, which were variable. This suggested 

that post-consumption factors may affect adipose carotenoid concentrations more 

than serum concentrations135.  

 

The primary objective of this study was to assess the association between reported 

dietary BC intakes and serum BC concentrations in US adults who took part in the 

NHANES/ WWEIA survey between 2003 and 2006. Our secondary objective was 

to examine the impact of BMI and region-specific body fat percentage on the 

association between reported BC intakes and serum concentrations of BC.  

 

III. Methods 

Design overview 

A cross-sectional analysis of the associations present between reported dietary 

intake of BC and serum concentrations of BC were assessed using NHANES 

datasets. Pearson correlation coefficients and multivariable linear modeling was 
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used to examine how reported dietary BC intakes would affect serum BC 

concentrations among US adults.   

 

Participants and Dataset 

The NHANES dataset utilizes a cross-sectional surveying method to obtain health- 

and nutrition-related data via selection of approximately 10,000 people in the US 

every two years126. The aforementioned data collection process is well documented 

by the Center for Disease Control in their laboratory manuals131, interview 

information136, and clinical examination manual25. For this study, variables from the 

NHANES datasets were compiled from demographic data, examination data, 

dietary data, laboratory data, and questionnaire data. The most recent serum 

carotenoid collection was reported in the 2003-2004 and 2005-2006 waves. 

Sampling includes fifteen locations across the US125,126 and ages of participants 

range from 0 to 85+ years old.  The data obtained on reported BC consumption and 

total energy intake was acquired from the WWEIA survey, where individuals 

complete a 24-hour dietary recall administered by a trained interviewer in the 

mobile examination center (MEC). The data obtained by the WWEIA interview 

provides self-reported food intake data, which is analyzed to determine the 

individual dietary constituents, such as BC and total energy intake136. Serum was 

collected from non-fasted participants by standard phlebotomy procedures in which 

0.3-1.0 mL serum samples were obtained and stored in properly sealed vials and 

frozen at -70°C until analysis127. Serum trans-BC  and cis-BC concentrations were 

determined using high performance liquid chromatography with multiwavelength 
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photodiode-array absorbance detection127. This study used the sum of cis- and trans-

BC (LBXBCC in μg/dL). Multistage probability sampling was used to estimate the 

relationship between BMI, reported dietary BC consumption, and serum BC 

concentrations using data from 2,580 participants participating in the NHANES 

waves 2003-2004 and 2005-2006.  

 

There were 20,470 individuals enrolled in the NHANES survey between 2003-

2006. This analysis includes males and non-pregnant females aged 20-85 years who 

a) had recorded demographic and questionnaire data on race/ethnicity, sex, age, 

smoking status, b) reliably reported day 1 dietary intakes in the WWEIA survey 

interview, and c) participated at the mobile examination center to obtain a blood 

draw for laboratory analysis of serum carotenoids, anthropometric measurements 

such as BMI, and participated in a dual-energy x-ray absorptiometry (DXA) scan 

for body fat percentage. Exclusions were made for individuals who were younger 

than 18 years of age (n= 10,450), missing serum BC (n =13,202), BMI (n = 2,834), 

body fat percentages via DXA (n=15,539), reported dietary intake of BC (n=9,300), 

pregnancy status (n= 4,968), and current smoking status (n=2,517). Participants 

were also excluded if they indicated they were currently pregnant (n=566) or unsure 

of their pregnancy status (n=21) due to weight changes during pregnancy. If BMI 

was less than 14 kg/m2 (n=181) or greater than 70 kg/m2 (n=3) participants were 

removed as outliers in the data, and if they were current every day smokers (n= 

1,844) or smoked some days (n=376) participants were removed due to the effects 
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of smoking on serum carotenoid concentrations111. After all exclusions, 2,580 

participants were included in the current analysis. 

 

Study Variables 

Age, sex (male or female), race/ethnicity (non-Hispanic (NH) whites, NH blacks, 

Mexican Americans, other Hispanic, and other ethnicities), and education level (less 

than high school (HS) diploma, HS diploma or equivalent, more than HS, and 

unknown/refused) were sociodemographic characteristics utilized in this study. 

Reported dietary BC quantities are reported on a continuous scale as there is no 

identified Dietary Reference Intake (DRI) specified for BC to categorize intakes as 

adequate or deficient89.  The sum of cis- and trans-BC was used for serum BC 

concentrations in this assessment (LBXBCC in μg/dL). Although normal serum BC 

concentrations are recorded to range from 2.2- 122.7 mg/dL89, assessment of serum 

BC concentrations are done on a continuous scale or in quintiles, as there are not 

specified deficiency markers131. BMI, android body fat percent (AF%), and gynoid 

body fat percentage (GF%) were used as markers of adiposity. BMI is categorized 

by the World Health Organization (WHO) classifications: <18.5 kg/m2= 

underweight, 18.6-24.99 kg/m2= normal, 25-29.99 kg/m2= overweight, 30-34.99= 

class I Obesity, 35-39.99 kg/m2= class II obesity, and  40 kg/m2 = class III 

obesity1. Obesity is defined as a total body fat percentage of greater than 25% for 

men and greater than 30% for women17.  
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Statistical Analysis 

Weighted variables were created in SAS statistical software (version 9.4, Cary, NC, 

USA), per the Analytical Guidelines by the Center for Disease Control125,132 to 

accommodate the complex survey design. There is a normal distribution across sex, 

ethnicity, age, BMI, however, we natural log transformed serum BC concentrations, 

reported dietary BC, and reported dietary lycopene (LYC) due to skewing. 

Multivariable linear regression estimated ln(serum BC) based on BMI and 

ln(dietary BC) adjusted for age, sex, and ethnicity. Adjustments of covariates were 

conducted by stratification of serum BC concentrations, age, sex, total energy 

intake, and any other variable if found to confound, such as reported dietary LYC 

intake and reported total energy intake. Additional models were run adjusting for 

other confounding variables. The use of standardized p-values, betas, odds ratios, 

and 95% confidence intervals were computed using a mixed linear model with 

statistical significance at α <0.05. The Institutional Review Board at the University 

of Minnesota determined this study exempt due to secondary analysis of a de-

identified dataset. 

 

IV. Results 
 

Of the 2,580 participants from NHANES who met all criteria for this study, 49% 

(n=1263) were men and 51% (n=1317) were women. Mean age of the participants 

was 47.7± 0.5 years, with the highest percentage of participants in the 51-70 year 

old age group. Other participant demographics are reported in Table 3.1. Mean BMI 

was 27.8± 0.1 kg/m2 and mean region-specific body fat percentages were 38.0± 
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0.2% for AF% and 37.4± 0.3% for GF%. Mean serum BC concentrations were 

14.59± 0.1 μg/dL, ranging from 0.58 μg/dL to 411.58 μg/dL with a greater than 7.8-

fold difference in the mean concentration from the lowest (5.37 μg/dL) to the 

highest (42.10 μg/dL) quartiles. Additionally, mean reported dietary intakes of BC, 

total reported fat intake, and total reported energy intakes were 828.82± 0.06 μg, 

82.6± 1.3 g and 2,167± 26 kcals, respectively. Reported dietary BC intakes were 

ranging from 0 μg to 44,993 μg with a 40-fold difference in the mean concentration 

from the lowest (126.5 μg) to the highest (5064.5 μg) quartiles. 

 

Table 3.2a shows mean total reported energy intake, total reported fat intake, 

reported BC intake, AF%, GF%, BMI, and age by quartiles of serum BC 

concentrations. Interestingly, the means of dietary factors, total reported energy 

intake and total reported fat intake, both decreased slightly across quartiles of serum 

BC concentrations, whereas reported BC intakes increased 3-fold. AF% decreased 

by 3.8% from the highest and lowest quartiles, whereas GF% increased by 1%. 

BMI also decreased from a mean of 29.75± 0.2 in the lowest quartile to 25.8± 0.2 in 

the highest.  

 

Additionally, average age increased by 10 years from the lowest quartile of serum 

BC concentrations to the highest, but not for reported dietary BC intakes (as shown 

in Table 3.2b). In Table 3.2b, total reported energy and fat intakes increased across 

quartiles of reported BC intake, however, total reported fat intake showed a 
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consistent increase from quartile 1 to 3, then decreased from quartile 3 to 4. For 

anthropometric measures by quartiles of reported BC intake, AF%, GF% and BMI 

showed similar patterns to serum BC, however, were not as consistent. When 

comparing mean intakes of reported BC across BMI categories, there were no 

significant differences in mean reported intake of BC between normal weighted 

group and the overweight, class II obesity, and Class III obesity groups (Figure 3.1). 

However, there were significant differences present between serum concentrations 

of individuals with a normal BMI versus individuals with a BMI categorized as 

overweight or obese (Figure 3.2). 
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Table 3.1. Weighted participant demographics for US adults 20+ from NHANES 
2003-2006 (n=2580) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 
Number of 

Participants 
Percent Sample 

Sex   
   Men 1263 48.95% 
   Women 1317 51.05% 
Ethnicity   
   Mexican American 545 21.12% 
   Other Hispanic 85 3.29% 
   Non-Hispanic White 1385 53.68% 
   Non-Hispanic Black 459 17.80% 
   Other-Multiracial 106 4.11% 
Age in years   
   20-30 383 14.85% 
   31-50 777 30.11% 
   51-70 779 30.19% 
   70+ 641 24.85% 
Education   
   Less than HS diploma 693 26.86% 
   HS diploma or equivalent 605 23.45% 
   More than HS 1278 49.3% 
   Unknown/refused 4 0.16% 



 

73 

Table 3.2. Mean and standard error of multiple factors across quartiles of a) serum BC concentrations and b) reported dietary intake of 
BC from NHANES 2003-2006 (n=2,580)  

a) 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

*variables were compared across quartiles of serum BC or reported dietary BC using ANOVA or Rao- Scott χ2 analysis

Variable Quartiles of serum BC concentrations (μg/dL)  
 Q1 (n=645) Q2 (n=645) Q3 (n=645) Q4 (n=645) p for trend* 
Serum BC (μg/dL), mean±SE 5.4± 0.1 11.4± 0.1 19.1± 0.1 42.1± 0.1 <0.0001 
Total reported Energy intake (kcals) 2,365± 45 2,222± 39 2,138± 39 2,065± 34 0.001 
Total reported Fat intake (g) 90.8± 2.0 86.0± 1.7 79.8± 1.7 77.6± 1.6 <0.0001 
Reported BC intake (μg) 497.7± 0.1 720.5± 0.1 943.9± 0.1 1,571.8± 0.1 <0.0001 
Android BF% 39.7± 0.3 38.9± 0.3 37.1± 0.4 35.9± 0.3 <0.0001 
Gynoid  BF% 37.0± 0.4 37.1± 0.3 37.5± 0.4 38.0± 0.3 0.02 
BMI (kg/m2) 29.8± 0.2 28.1± 0.2 27.3± 0.2 25.8± 0.2 <0.0001 
Age (years) 42.9± 0.6 47.5± 0.6 48.8± 0.7 52.9± 0.7 <0.0001 

Variable Quartiles of Reported Dietary BC intake (μg)  

 Q1 (n=645) Q2 (n=645) Q3 (n=645) Q4 (n=645) p for trend* 
Serum BC (μg/dL), mean±SE 126.5± 0.1 492.8± 0.1 1,236.5± 0.1 5,064.5± 0.1 <0.0001 
Total reported Energy intake (kcals) 1,762± 32 2,259± 38 2,410± 42 2,324± 41 <0.0001 
Total reported Fat intake (g) 67.5± 1.5 87.3± 1.7 93.2± 1.9 85.9± 1.8 <0.0001 
Android BF% 39.8± 0.3 37.5± 0.3 37.9± 0.3 37.0± 0.3 0.008 
Gynoid  BF% 36.99± 0.4 37.13± 0.3 37.51± 0.4 38.01± 0.3 0.005 
BMI (kg/m2) 28.25± 0.2 27.73± 0.2 27.81± 0.2 27.49± 0.2 0.08 
Age (years) 48.0± 0.7 45.4± 0.6 48.4± 0.7 49.9± 0.7 0.007 
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Figure 3.1. Ln(reported dietary BC intake) by WHO BMI Classifications; from 
NHANES 2003-2006 (n=2,580) 

 

 

Figure 3.2. Ln(serum BC concentrations) by WHO BMI Classifications; from 
NHANES 2003-2006 (n=2,580) 
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A moderate association was observed between serum BC and reported dietary BC 

intake, r= 0.30, p<0.0001 (Figure 3.3a), however, a weak negative correlation was 

seen between serum BC and reported dietary fat and energy intakes, r=-0.11 and r=-

0.10, respectively. BMI was the anthropometric factor showing the strongest 

correlation with serum BC using Pearson correlation (Figure 3.3b).  GF% showed 

no significant correlation (Figure 3.3d). However, when adjusted for age, sex, and 

race/ethnicity, a stronger negative association was present between serum BC and 

AF% (r=-0.32, p<0.0001) and a significant negative correlation was present with 

GF% (r=-0.21, p<0.0001) as shown in Table 3.3. Serum BC is also moderately 

correlated with age (r=0.21, p<0.0001). 

 

Table 3.3. Pearson correlations and partial correlations between serum BC concentration 
and dietary and anthropometric factors possibly influencing serum status from NHANES 
2003-2006 (n= 2,580) 

 
Dietary Factors Anthropometric Factors 

 Reported 
dietary 
BC intake 
(μg) 

Reported 
total fat 
intake (g) 

Reported 
total 
energy 
intake 
(kcal) 

Body 
Mass 
index 
(kg/m2) 

Android 
body fat 
percentage 

Gynoid 
body fat 
percentage 

Crude 0.30 a -0.11 a -0.10 a -0.29 a -0.18 a 0.02 
(p=0.18) 

Partial* 0.31 a -0.03 
(p=0.12) 

0.005 
(p=0.81) 

-0.31 a -0.32 a -0.21 a 

 
*adjusted for age, race/ethnicity, and sex; a p<0.0001 
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Figure 3.3.a. Pearson correlation between reported BC intakes and serum BC 
concentrations from NHANES 2003-2006 (n=2,580) 
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Figure 3.3.b. Pearson correlation between BMI and serum BC concentrations from 
NHANES 2003-2006 (n=2,580) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

78 

Figure 3.3.c. Pearson correlation between AF% and serum BC concentrations from 
NHANES 2003-2006 (n=2,580) 
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Figure 3.3.d. Pearson correlation between GF% and serum BC concentrations from 
NHANES 2003-2006 (n=2,580) 
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Figure 3.3.e. Pearson correlations between reported BC intakes and BMI from NHANES 
2003-2006 (n=2,580) 
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Figure 3.3.f. Pearson correlations between reported BC intakes and AF% from NHANES 
2003-2006 (n=2,580) 

 

 

 

 

 

 

 

 

 

 

Table 3.4 shows the multivariable linear regression modeling serum BC on reported 

dietary BC intake, with adjustments made for age, sex, race/ethnicity, BMI, AF%, and 

reported dietary LYC intakes.  Associations for all comparisons are shown in Table 3.4. 

The relationship between natural log-transformed serum BC concentrations and natural 

log-transformed reported dietary BC intakes remained significant despite adjustments 

made to the model. The model predicts that for every 10 μg increase in reported dietary 

BC intake, serum BC concentrations increased by 1.7 μg/mL (p<0.0001). Table 3.5 

shows the multivariable linear regression modeling serum BC on reported dietary BC 

intake by BMI strata.  
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Table 3.4. Linear regression modeling for the association between ln(serum BC) 
concentrations and ln(reported dietary BC intakes); regression coefficients and SE for 
ln(reported dietary BC intakes); NHANES 2003-2006 (n=2,580)  

 

 

 

 

 

 

1: crude; 2: age adjusted; 3: age & sex adjusted; 4: age, sex, & race/ethnicity adjusted; 5: 
age, sex, race/ethnicity, & BMI adjusted; 6: age, sex, race/ethnicity, BMI & AF% 
adjusted; 7: age, sex, race/ethnicity, BMI, AF% adjusted, and reported dietary LYC 
intakes  

 

 

Table 3.5. Linear regression modeling for the association between ln(serum BC) 
concentrations and ln(reported dietary BC intakes) adjusted for age, sex, race/ethnicity 
and stratified by BMI; regression coefficients and SE for ln(serum BC); NHANES 2003-
2006 (n=2,580)  

Model by BMI Classification β 95% CI  p for trend 
Normal 0.21± 0.03 (0.15; 0.27) <0.0001 
Overweight 0.16± 0.02 (0.11; 0.20) <0.0001 
Class I Obesity 0.12± 0.03 (0.06; 0.18) 0.0005 
Class II Obesity 0.12± 0.05 (0.01; 0.24) 0.04 
Class III Obesity 0.13± 0.03 (0.05; 0.22) 0.006 

 

 

 

 

 

 

 

 

model β 95% CI  p for trend 
1 0.17± 0.02 (0.14; 0.21) <0.0001 
2 0.17± 0.02 (0.13; 0.20) <0.0001 
3 0.17± 0.01 (0.14; 0.21) <0.0001 
4 0.17± 0.02 (0.14; 0.21) <0.0001 
5 0.16± 0.02 (0.13; 0.20) <0.0001 
6 0.16± 0.01 (0.12; 0.19) <0.0001 
7 0.19± 0.02 (0.16; 0.23) <0.0001 
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V. Discussion 
 

The current cross-sectional study shows a moderate, but positive association 

between serum BC concentrations and reported dietary BC intake. Since the 

association is not strong, it suggests that post-consumption factors may be 

attenuating serum carotenoid concentrations. Kabat et al obtained similar results 

when comparing serum carotenoid concentrations with dietary intake of carotenoids 

reported via a food frequency questionnaire in women (r=0.19, p<0.001)16.  

 

This moderate correlation between dietary BC intakes and serum BC concentration 

indicates that there may be other factors associated with the outcomes.  One 

possible mechanism is adiposity, as Vioque et al obtained opposing results when 

they investigated the relationship between carotenoid digestion and absorption and 

BMI. Their research found that serum BC was positively associated with dietary 

intakes of BC for those with a BMI categorized as normal (r=0.35, p<0.05), 

overweight (r=0.15, p<0.05), and obese (r=0.20, p<0.01)105. Wang et al assessed the 

associations between serum BC concentrations and markers of adiposity and found 

significant, inverse associations with BMI, waist circumference (WC), waist-to-hip 

ratio, total body fat percentage (BF%), AF%, and GF%109.  

 

Our data suggest a moderate inverse relationship exists between serum BC and the 

anthropometric factors BMI and AF%, suggesting individuals with an increased 

android adiposity may have a greater risk of low serum BC concentrations. Harari 
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et al. analyzed serum and adipose tissue in subjects with BMI ranging between 

30.1-48.5 kg/m2. Serum BC concentrations were inversely correlated with weight, 

BMI, WC, total BF%, body fat-free mass, and central body fat. Interestingly, 

adipose BC concentrations did not significantly correlate with the abdominal 

subcutaneous or visceral fat depots, but did with total BF%. Moreover, adipose 

tissue BC was the only carotenoid that did not show any correlation with the 

aforementioned anthropometric measurements83. Additionally, Östh et al found that 

those with higher adiposity also have significantly lower concentrations of BC 

stored in their adipose tissue compared to lean counterparts (p<0.02)107.  

 

Other dietary factors such as energy intake and total reported fat intake showed 

weak correlation with serum BC concentrations. Carotenoids are a fat-soluble, 

provitamin A pigment. Therefore, the relationship between BC and dietary fat 

intakes is important to understand bioavailability of BC in the body. However, the 

low association we observed with total fat is likely due to adequate carotenoid 

absorption even at lowest levels of reported fat consumption. Additionally, most 

foods containing BC also contain other carotenoids72. Positive relationships 

between co-consumption of BC and other carotenoids have been noted, however, 

other studies have found that the carotenoid LYC can reduce the absorption of 

BC81. Our findings show that reported dietary LYC did not have any substantial 

effect on the association between reported dietary BC and serum BC 

concentrations.  



 

85 

Another factor that may be influencing serum BC concentrations is age. There was 

a moderate correlation between age and serum BC concentrations in this study. 

Although it is not a post-consumption factor, epidemiological studies show that 

subgroups among populations with the highest serum carotenoid concentrations, 

especially BC, are older114, female105,114,120, and/or non-smoking 

individuals111,114,120. Additionally, BC concentrations in adipose of the abdomen and 

buttock were positively correlated with age (p<0.05) 102. This significant 

relationship with age may be due to the association of higher BC intakes with 

age137.  

 

There are multiple strengths identified in this study, including the use of a large, 

nationally representative dataset, NHANES125. This data was collected using 

multistage, probability sampling to be reflective of the representation in the US, 

allowing generalization of the findings to the US population. Additionally, trained 

professionals collected objective data points in obtaining the demographic, 

laboratory, and anthropometric data; the self-reported data collected through 

WWEIA was conducted through approved protocol. Limitations to a cross-sectional 

dataset also apply, as temporality is not able to be determined. Additionally, we 

only had access to self-reported dietary intakes of BC, fat, and energy through a 24-

recall from WWEIA, which may not be as accurate as monitored or directly 

measured intakes. Moreover, only one carotenoid was assessed, where most foods 

containing BC also contain other carotenoids72. Several post-consumption factors 
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were accounted for in this study, however, there is still potential for effects of other 

confounding factors or unmeasured variables that may not have been assessed.  

Other limitations to this study include possible misclassification of participants due 

to self-reporting, random error, within-person variability of nutrients assessed, and 

bias (recall, social desirability, etc.) related to dietary recall collections.  

 

In summary, an association was found between reported dietary BC intakes and 

serum BC concentrations, however the association was not as strong as expected, 

suggesting post-consumption factors are attenuating serum concentrations of BC. 

Additionally, a moderate association was present between serum BC and 

anthropometric factors related to higher adiposity, suggesting individuals with an 

increased BMI and/or body fat percentage may have a greater risk of lower serum 

BC concentrations despite dietary BC intake.  
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I. Abstract 

The main source of dietary β-carotene (BC) is fruits and vegetables. The 

bioavailability of BC is dependent on dose, quantity and dispersion, and presence of 

other nutrients in the diet, specifically fat. However, there is a gap in research on 

whether specific fatty acid classes affect serum BC concentrations. The primary 

objective was to assess the association between serum BC concentrations and 

reported intake of specific fatty acid classes, utilizing data from the What We Eat in 

America (WWEIA) and National Health and Nutrition Examination Surveys 

(NHANES). Data from 3,278 male and female participants 20-85 years of age in the 

NHANES 2003-2006 nationally representative, cross-sectional survey were 

analyzed to estimate the relationships between serum BC concentrations and 

reported saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) 

fatty acid intakes. Due to skewing, we natural log transformed serum BC and 

reported dietary BC. Multiple linear regression estimated ln(serum BC) based on 

reported fatty acid intakes adjusted for age, sex, race/ethnicity, and reported dietary 

BC intakes. Mean and standard error (SE) was 14.31±0.05µg/dL for serum BC 

concentrations. Means and SEs for total fat, SFA, MUFA, and PUFA were 

85.73±1.3g, 26.88±0.4g, 31.14±0.5, and 17.8±0.4g, respectively. After adjusting for 

age, sex, and race/ethnicity, serum BC concentrations were associated with fatty 

acid classes: SFA (r= -0.07, p<0.0001), MUFA (r=-0.05, p<0.006), and PUFA 

(r=0.05, p<0.005). There was a trend for association between serum BC and 

reported total fat intakes (r=-0.03, p=0.06) when adjusted for age, sex, and 

race/ethnicity.  Multiple linear regression modeling showed positive, but weak 
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associations between serum BC concentrations and increased reported dietary 

PUFA consumption. PUFA intakes are positively associated with serum BC 

concentrations. An inverse association between specific fatty acid classes suggests 

there may be multiple post-digestion factors affecting serum carotenoid 

concentrations.  

 

II. Introduction 
 

The dietary carotenoid, β-carotene (BC), is a fat-soluble antioxidant found in fruits 

and vegetables. The 2015-2020 Dietary Guidelines for Americans recommend most 

adults consume approximately 2 cups of fruits and 2.5 cups of vegetables daily, as 

research has tied consumption to a reduced risk for many chronic diseases138. Low 

serum BC status is associated with increased cardiometabolic disease (CMD) 

risk10,112. An inverse relationship was observed between serum BC and 

hypertension (p<0.01)113, dyslipidemia(p<0.029)8, waist circumference (p<0.001) 

and Metabolic Syndrome (p<0.001)16. Moreover, research on mortality in United 

States (US) adults by Shardell et al concluded that the mortality rate ratio for the 

lowest quartiles of carotenoid intakes was 1.83 times higher than individuals with 

the highest carotenoid intakes114. Therefore, understanding the relationship between 

BC and dietary fat intakes regarding bioavailability in the body is important.  

 

The bioavailability of carotenoids is complex and dependent on dose73,74, quantity 

and dispersion throughout the day65, and presence of other nutrients in the diet, 
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specifically fat65,75–77,85. Brown et al reported that carotenoid absorption was highest 

when consumed with fat, with a 40-fold increase in post-prandial BC when 

consuming a salad with 28g of fat versus 0g78. Additionally, the intestinal 

absorption of carotenoids varies by the chemical structure of the carotenoid66, 

release of the carotenoid from the food matrix79 and intestinal cleavage of BC to 

retinol65,79. BC still bound to its food matrix and not solubilized in a micelle limits 

absorption, ultimately affecting circulating concentrations of BC80. Research 

conducted by Failla et al using Caco-2 cells to assess bioaccessibility of BC found 

that dietary oils promote partitioning of total BC in simulated digestion, showing 

significant differences between fatty acid types84.  

 

However, there is a gap in research on whether total fat intakes and specific fatty 

acid classes affect serum BC concentrations for optimal absorption in population 

samples. Determining the relationship between serum carotenoid concentrations, 

reported dietary intake of carotenoids, and both reported fat quantity and type of 

fatty acid is important to better understand the bioavailability of carotenoids in 

foods. Our primary objective was to assess the association between serum BC 

concentrations and reported intake of total fat and specific fatty acid classes in US 

adults, utilizing the What We Eat in America (WWEIA) and National 

Health/Nutrition Examination Surveys (NHANES) data. 
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III. Methods 

Design overview 

Cross-sectional evaluation of data from the demographic, anthropometric, 

laboratory, dietary, and questionnaire components of NHANES were analyzed to 

determine associations present between serum BC, total reported fat intakes and 

reported intake of specific fatty acid classes. Multivariable linear modeling was 

used to examine how reported fat intakes would affect serum BC concentrations 

among US adults.   

 

Participants and Dataset 

The cross-sectional data collected by NHANES is publicly available to allow for 

research on the health and nutritional status of the non-institutionalized US 

population. Approximately 5,000 people per year were selected from fifteen 

locations across the US125 with data released on a two-year cycle, with the most 

current serum carotenoid collection done in 2003-2004 and 2005-2006. The data 

collection process conducted by NHANES is well documented in literature126. 

NHANES used trained personnel to conduct dietary interviews using the WWEIA 

survey in partnership with the U.S. Department of Agriculture and the U.S. 

Department of Health and Human Services126, perform clinical examinations,  and 

obtain laboratory measurements in Mobile Examination Centers (MEC) to compile 

the data collected18. The reported dietary intakes for BC, total fat, saturated fatty 

acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids 

(PUFA) was acquired from WWEIA survey questions, which required participants 
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to complete a 24-hour dietary recall administered by a trained interviewer in the 

MEC136.  

 

There were 20,470 individuals enrolled in the NHANES survey between 2003-

2006. This analysis includes males and non-pregnant females aged 20-85 years who 

a) had recorded demographic data on race/ethnicity, sex, age, smoking status, b) 

had reliable day 1 dietary recalls for reported dietary intakes of total fat, SFA, 

MUFA, PUFA, and dietary BC in the WWEIA survey, and c) participated at the 

MEC to obtain a blood draw for laboratory analysis of serum BC concentrations. 

Exclusions were made for individuals who were missing serum BC (n =5,567), 

reported dietary intake of total fat (n=1,052), SFA (n=1,052), MUFA (n=1,052), 

PUFA (n=1,052), dietary BC (n=1,052), and current smoking status (n=5,176). Due 

to the effects of smoking on serum carotenoid concentrations111, participants were 

also excluded if they indicated they were current every day smokers (n= 1,844) or 

smoked some days (n=376). There were 3,278 participants included in the current 

analysis after all exclusions. 

 

Study variables 

Sociodemographic factors assessed included sex, race/ethnicity (self-identified as 

non-Hispanic (NH) whites, NH blacks, Mexican Americans, other Hispanic, and 

other ethnicities), age, and education level (less than high school diploma, high 

school diploma or equivalent, and any post-secondary education). Trained 
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individuals used protocols developed by NHANES to obtain anthropometric, 

dietary, and laboratory data at the MEC 18,121,125.  The serum samples from non-

fasted participants were collected using standard phlebotomy procedures to 

determine serum BC concentrations. Serum samples of 0.3-1.0 mL were stored in 

properly sealed vials and frozen at -70°C until analysis127. Serum trans-BC  and cis-

BC concentrations were determined via high performance liquid chromatography 

with multiwavelength photodiode-array absorbance detection127. Serum BC 

concentrations were evaluated as the sum of cis- and trans-BC in this assessment 

(LBXBCC in μg/dL). The day 1 dietary data for BC, fat, and fatty acids was 

collected via WWEIA survey questions collected in the MEC139. There is no 

identified Dietary Reference Intake (DRI) for BC, therefore, reported dietary BC 

intake was noted on a continuous scale89. BC was the carotenoid of focus as it has 

both highest quantities in serum82, with normal serum BC concentrations range 

from 2.2- 122.7 mg/dL89, and has the highest consumption in the diet in comparison 

to other carotenoids61.  

 

Reported dietary fat, SFA, MUFA, and PUFA was assessed on a continuous scale, 

as the DRIs vary. The DRI’s Acceptable Macronutrient Distribution Range 

(AMDR) was set as a percentage of total caloric intake. The AMDR for total fat is 

20-35% of calories from fat for adults greater than 18 years140. The 2015-2020 

Dietary Guidelines for Americans recommend SFA make up less than 10% of total 

calories per day138. Specific guidelines for PUFA set by the AMDR recommend that 
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5-10% of total calories are derived from Omega-6 PUFA and 0.6-1.2% of total 

calories from Omega-3 PUFA, however, no AMDR for MUFA has been 

established140.  

 

Statistical analysis 

Weighted variables were created in SAS statistical software (version 9.4, Cary, NC, 

USA) according to the guidelines for analysis published by the Center for Disease 

Control125,132 to accommodate the complex survey design. Distribution was 

assessed, finding sex, ethnicity, education level, age, and reported fat intakes (total, 

SFA, MUFA, PUFA) were normally distributed. Natural log transformation was 

used for serum BC concentrations and reported dietary BC due to skewing. Using 

the SURVEYMEANS procedure, the mean and standard errors were used for 

continuous variables and percentages for categorical variables. Multiple linear 

regression was used via SURVEYREG to estimate ln(serum BC) based on total fat 

or specific fatty acid adjusted for age, sex, and race/ethnicity. Outcomes including 

variables with potential to confound such as reported intakes of other carotenoids, 

reported intakes of other fat soluble vitamins, reported total caloric intake, and 

reported alcohol consumption were reviewed. Pearson correlations were used to 

estimate the association between given variables, using partial correlations to adjust 

for age, sex, and race/ethnicity. Statistically significant results were reported as 

p<0.05. The University of Minnesota Institutional Review Board determined the 

secondary analysis of this de-identified dataset to be exempt. 
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IV. Results 

Of the 3,278 participants in this analysis, there were 1,493 men (45.55%) and 1,785 

women (54.55%) with a mean age of 48.2±0.5 years. Other participant 

demographics are shown in Table 4.1. Mean and standard error (SE) was 

14.31±0.05µg/dL for serum BC, with concentrations ranging from 0.43μg/dL to 

422.59μg/dL. There was an 8-fold difference between the lowest quartile of serum 

BC concentrations and the highest quartile, with a significant difference in 

proportions across the quartiles for sex and age (p<0.0001). For example, women 

have almost double the number of participants in the highest quartile of intakes 

compared to men. Additionally, the 70+ year age group had 3.6-times the 

participants in the highest quartile compared to the 20-30 year age group. Other 

demographic characteristics by quartiles of serum BC concentrations are shown in 

Table 4.2. Mean and SE for dietary factors such as reported total fat intake was 

85.73±1.3g, reported SFA intake was 26.88±0.4g, reported MUFA intake was 

31.14±0.5g, reported PUFA intake was 17.8±0.4g and reported dietary BC intake 

was 827.0±1.1μg. The first and second quartiles of serum BC concentrations 

showed significantly higher reported total fat consumption in comparison to 

individuals in the highest quartile of serum BC concentrations (Figure 4.1). 

Additionally, intakes for mean SFA were significantly higher in Quartile 1 and 2 

versus quartile 4 of serum BC concentrations. Similar trends were observed in 

MUFA, however, there were no significant differences between PUFA intakes 

between the quartiles of serum BC concentrations (Figure 4.2).  
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Table 4.1. Weighted demographic characteristics for the 3,278 US adults 20+ from 
NHANES 2003-2006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Number of Participants Percent Sample 

Sex   

   Men 1493 45.6% 

   Women 1785 54.4% 

Ethnicity   

   Mexican American 684 20.9% 

   Other Hispanic 101 3.1% 

   Non-Hispanic White 1768 53.9% 

   Non-Hispanic Black 595 18.1% 

   Other-Multiracial 130 4.0% 

Age in years   

   20-30 539 16.44% 

   31-50 960 29.29% 

   51-70 930 28.37% 

   70+ 849 25.90% 

Education   

   Less than HS diploma 905 27.61% 

   HS diploma or equivalent 759 23.15% 

   More than HS 1608 49.05% 

   Unknown/refused 6 0.19% 

Income to Poverty Ratio   

   <1 490 15.79% 

   1 to 5 2035 65.56% 

   >5 579 18.65% 
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Figure 4.1 Reported total fat intakes (g) by quartiles of serum BC from NHANES 
2003-2006 (n= 3,278) 

 

 

 

 

 

 

 

 

Figure 4.2. Reported intake of specific fatty acid classes by quartiles of serum BC 
concentrations from NHANES 2003-2006 (n=3,278) 
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Table 4.2. Weighted demographic characteristics by BC concentration in quartiles from NHANES 2003-2006 (n=3,278) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*variables were compared across quartiles of serum BC using ANOVA and Rao- Scott χ2 analysis 

Variables All (n=3,278) 
Q1 (n=819)/ 
(% sample) 

Q2 (n=820)/ 
(% sample) 

Q3 (n=820)/ 
(% sample) 

Q4 (n=819)/ 
(% sample) 

p-value 

Mean±SE Serum    
   BC (μg/dL)  

14.31±0.05 5.26±0.01 11.03±0.01 19.01±0.01 42.10±0.02 <0.0001 

Sex       <0.0001 
  Men  1493 453 (14.4) 414 (13.6) 347 (9.9) 279 (8.2)  
   Women 1785 366 (11.2) 406 (13.0) 473 (14.0) 540 (15.8)  
Race/Ethnicity      0.44 
   Mexican American 684 186 (2.3) 186 (2.0) 185 (2.1) 127 (1.4)  
   Other Hispanic 101 28 (1.1) 19 (0.7) 26 (0.9) 28 (1.0)  
   Non-Hispanic White 1768 394 (17.6) 456 (20.3) 435 (17.3) 483 (17.9)  
   Non-Hispanic Black 595 182 (3.3) 134 (2.5) 140 (2.4) 139 (2.3)  
   Other-Multiracial 130 29 (1.3) 25 (1.1) 34 (1.2) 42 (1.4)  
Age in years       <0.0001 
   20-30 539 207 (6.2) 129 (3.9) 120 (3.7) 83 (2.3)  
   31-50 960 257 (10.6) 273 (11.7) 237 (8.8) 193 (8.1)  
   51-70 930 237 (7.1) 229 (7.7) 220 (7.1) 244 (7.8)  
   70+ 849 118 (1.7) 189 (3.3) 243 (4.3) 299 (5.8)  
Education       0.01 
   Less than HS diploma 905 242 (5.2) 233 (4.8) 241 (4.6) 189 (3.6)  
   HS diploma or equivalent 759 217 (8.3) 196 (8.1) 187 (6.2) 159 (5.3)  
   More than HS 1608 213 (12.1) 253 (14.1) 256 (13.1) 313 (14.5)  
Income to Poverty Ratio      <0.0001 
   <1 490 163 (3.5) 134 (2.6) 120 (2.2) 73 (1.6)  
   1 to 5 2035 513 (17.8) 521 (17.9) 500 (14.9) 501 (14.3)  
   >5 579 91 (4.1) 129 (6.2) 152 (6.4) 207 (8.4)  
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Serum BC concentrations were weakly and inversely associated with total fat (r=-

0.12, p<0.0001), SFA (r= -0.15, p<0.0001), MUFA (r=-0.13, p<0.0001). There was 

no association between serum BC and PUFA (r=-0.02, p=0.30). However, when 

adjusted for age, sex, and race/ethnicity, serum BC showed no significant 

association with total fat (r=-0.03, p=0.06) and weaker associations with SFA (r= -

0.07, p<0.0001), MUFA (r=-0.05, p=0.006).  Figure 4.1 shows the correlation with 

PUFA was positive and weak, but significant (r=0.05, p=0.005). After adjusting for 

demographic characteristics, the strongest association was between serum BC 

concentrations and SFA. There was a significant, positive association between 

reported dietary BC and reported total fat intakes after adjusting for age, sex, and 

race/ethnicity (r=0.18, p<0.0001).  

 

A multivariable linear regression model assessed the relationship of serum BC and 

total fat adjusted for age, sex, race/ethnicity, and reported dietary BC was 

significant (as shown Table 4.3), although the negative association was weak. For 

each 10g increase in reported total fat intake, serum BC concentrations decreased 

by 0.02μg/mL (p<0.0001), which is a nominal decrease for the increase in reported 

grams of fat consumed. Moreover, the relationship between serum BC 

concentrations and total fat remained significant with all adjustments made to the 

model, even considering reported dietary BC, an indicator of dose of BC.  
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Table 4.3. Linear regression modeling for the association between serum BC 
concentrations and total fat; regression coefficients and SE for log-transformed serum BC 
from NHANES 2003-2006 

 

 1: crude; 2: age adjusted; 3: age & sex adjusted; 4: age, sex, & race/ethnicity adjusted; 5: age, 
sex, race/ethnicity, & reported dietary BC intake adjusted. 

 

The relationship between serum BC concentrations and reported SFA intake was 

assessed using a multivariable linear regression model, adjusting for age, sex, 

race/ethnicity, and reported dietary BC. Significant negative associations were 

found between the aforementioned variables (as shown in Table 4.4). For each 1g 

increase in reported SFA intake, which is 3.72% of the mean intake of SFA, serum 

BC concentrations decreased by 0.006μg/mL (p<0.0001). Additionally, the 

associations between serum BC concentrations and specific fatty acids within the 

fatty acid classes were assessed using Pearson correlation. The partial correlation, 

when adjusted for age, sex, and race/ethnicity, between serum BC concentrations 

and reported intakes of specific SFA is reported in Table 5. Mean reported dietary 

intake was highest for long chain SFA, palmitic acid (14.62±0.2g), followed by 

long chain SFA, stearic acid (6.96±0.1g), which were reflective of typical 

intakes141,142.  

 

models β 95% CI  P for trend 

1 -0.002± 0.0003 (-0.003; -0.002) <0.0001 
2 -0.001± 0.0003 (-0.002; -0.001) 0.0003 
3 -0.001± 0.0003 (-0.001; -0.0001) 0.03 
4 -0.001± 0.0003 (-0.001; -0.0001) 0.03 
5 -0.002± 0.0002 (-0.002; -0.001) <0.0001 
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In modeling the multivariable linear regression between serum BC concentrations 

and reported MUFA intakes, similar results to reported total fat and SFA intakes 

were obtained. For each 1g increase in reported MUFA intake, serum BC 

concentrations decreased by 0.005μg/mL (p<0.0001). A 1g increase in MUFA is 

3.21% of the mean MUFA intake. Moreover, Table 5 shows the partial correlations 

between specific MUFA and serum BC concentrations adjusted for age, sex, and 

race/ethnicity. The non-significant associations between serum BC concentrations 

and very long-chain MUFA 11-eicosenoic acid (20:1) and erucic acid (22:1) were 

likely due to minimal reported mean quantities of these fatty acids. The mean 

reported dietary intake for oleic acid was 129 times higher than 11-eicosenoic acid 

and 740 times higher than erucic acid (29.02±0.5g versus 0.24±0.01g and 

0.04±0.002 g). Mean reported intakes of oleic acid were also over 22 times higher 

than palmitoleic acid (1.31±0.03g), however, palmitoleic acid showed a stronger 

association to serum BC concentrations.  

 

For reported PUFA intakes, results were inconsistent, although PUFA was the only 

fatty acid class to show positive associations with serum BC concentrations after 

adjusting for demographic factors using Pearson partial correlation. The 

multivariable linear regression model assessing the relationship of serum BC 

concentrations and reported PUFA intakes adjusted for age, sex, race/ethnicity, and 

reported dietary BC intake was not significant. However, when adjusted for only 

age, sex, and race/ethnicity, the multilinear model suggests for each 1g increase in 
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reported PUFA intake, serum BC concentrations increased by 0.004 μg/mL 

(p=0.03). The association between specific PUFA and serum BC concentrations 

determined by Pearson partial correlation are presented in Table 4.5. Means and 

SEs for Omega-3 fatty acid alpha-linolenic acid (ALA) (18:3) and Omega-6 fatty 

acid linoleic acid (LA) (18:2) were 1.55±0.04g and 15.58±0.40g, respectively.   
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Table 4.4. Linear regression modeling for the association between serum BC concentrations and reported saturated, monounsaturated, 
and polyunsaturated fatty acids; regression coefficients and SE for log-transformed serum BC from NHANES 2003-2006 (n=3,278) 

 

  

 

 

 

 

 

 

1: crude; 2: age adjusted; 3: age & sex adjusted; 4: age, sex, & race/ethnicity adjusted; 5: age, sex, race/ethnicity, & reported dietary 
BC intake adjusted. a p for trend is ≤0.05, b p for trend is ≤0.01, c p for trend is <0.001, d p for trend is <0.001.  

 

 

 

 

 

 

 

 
SFA MUFA PUFA 

models β 95% CI β 95% CI β 95% CI 

1 -0.008± 0.001 (-0.01; -0.006) d -0.006± 0.001 (-0.008; -0.004)d -0.001± 0.002 (2.57; 2.80)  

2 -0.006± 0.001 (-0.008; -0.003) d -0.004± 0.001 (-0.006; -0.002) d 0.001± 0.001 (-0.002; 0.004)  

3 -0.004± 0.001 (-0.006; -0.002) c -0.002± 0.001 (-0.004; -0.001) b 0.004± 0.001 (0.0003; 0.007)a 

4 -0.004± 0.001 (-0.006; -0.002) c -0.002± 0.001 (-0.004; -0.001) b 0.004± 0.001 (0.0003; 0.007) a 

5 -0.006± 0.001 (-0.008; -0.004) d -0.005± 0.001 (-0.006; -0.003) d -0.002± 0.002 (0.006; -0.002)  
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Table 4.5. Pearson partial correlations between serum BC concentrations and reported intakes of individual saturated, 
monounsaturated, and polyunsaturated fatty acids adjusted for age, sex, and race/ethnicity from NHANES 2003-2006 (n= 3,278) 

 

 

 

a p for trend is ≤0.05, b p for trend is ≤0.01, c p for trend is <0.0001. Unmarked values are not significant.  

 

 

 

 

 

 

 

 

SFA r MUFA r PUFA r 
Butyric acid (4:0) -0.01 Palmitoleic acid (16:1) -0.09 c Linoleic acid (18:2) 0.04 a 
Caproic acid (6:0) -0.01 Oleic acid (18:1) -0.04 a Alpha-linolenic acid (18:3) 0.09 c 
Caprylic acid (8:0) -0.02 11-Eicosenoic acid (20:1)  -0.03 Stearidonic acid (18:4) 0.02 
Capric acid (10:0) -0.01 Erucic acid (22:1) -0.02 Arachidonic acid (20:4) -0.02 
Lauric acid (12:0) -0.03   Eicosapentaenoic acid (20:5) 0.05 b 

Myristic acid (14:0) -0.05 b   Docosapentaenoic acid (22:5) 0.05 b 
Palmitic acid (16:0) -0.07 c   Docosahexaenoic acid (22:6) 0.05 b 
Stearic acid (18:0) -0.09 c     
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V. Discussion 

Multiple factors influence the bioavailability of BC including efficient transfer from 

food to mixed micelles, incorporation to chylomicrons for transport to the lymph 

and serum, and distribution to tissues84. The findings of this study indicate that there 

are significant associations between serum BC concentrations and reported dietary 

fat intakes. However, the results of this study suggest that reported quantity of total 

fat consumed is not a factor dictating serum BC concentrations in population 

samples, as a significant, inverse relationship was present when adjusted for 

participant demographics and unaffected by confounding factors. Research 

indicates that the addition of fat to a carotenoid-containing meal improves intestinal 

absorption of BC65,75–78,85. Goltz et al determined that adding 20g of lipids to a meal 

containing BC significantly affected the absorption rates of BC, independent of the 

type of lipid consumed (p<0.01)10. White et al found similar results when adding 0, 

2, 4, 8, 16 and 32g of soybean oil to a salad containing 11.54±0.5mg BC. There was 

a positive linear relationship between BC and  total grams of soybean oil between 

0-8g, with highest BC absorption with 32g of oil88. This indicates that, on its own, 

BC has poor bioavailability and the presence of fat is necessary for absorption.  

 

Other studies assessing co-consumption of fat-containing foods and BC showed 

significant increases in BC absorption. A study by Kim et al assessed co-

consumption of eggs and carotenoids within a meal and found that a meal of 3 eggs 

(150g) versus 1.5 eggs (75g) significantly increased BC absorption 10 hours post 
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consumption (p<0.001)86. Another study assessed the effectiveness of avocado or 

avocado oil and reported significant differences in areas under the curve for BC in 

the plasma triacylglycerol-rich lipoprotein fraction 9.5 hours after consumption of 

300g salsa with 150g avocado (p<0.003) and 200g salad with 75g avocado 

(p<0.01), 150g avocado (p<0.01), or 24g avocado oil (p<0.01)87.  

 

This study indicates that the SFAs with the highest mean concentrations in the diet, 

such as stearic acid and palmitic acid, also showed the strongest negative 

correlations with serum BC concentrations. However, a long-chain MUFA, 

palmitoleic acid showed higher reported mean intake compared to oleic acid, but 

oleic acid has a stronger negative association to serum BC concentrations. Similar 

patterns were found with PUFA, LA, which had reported dietary intakes 10 times 

higher than those of ALA, but ALA had a stronger positive association to BC 

concentrations. This suggests that even though ALA is consumed in small 

quantities, it may have stronger biologic effects with regards to BC absorption. 

However, we don’t know if this is a biologic effect via absorption or is a result of 

intake of foods that contain both ALA and BC, such as leafy greens.  

 

The relationship between serum BC concentrations and specific fatty acids has been 

assessed in other studies. Mashurabad et al studied the effects of different types of 

dietary oils on BC uptake in Caco-2 intestinal cells, using the aqueous micellar 

fraction obtained after digestion of fruits and vegetables. When comparing olive oil 
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(highest proportion of MUFA oleic acid), soybean oil (highest proportion of PUFA 

LA + ALA), sunflower oil (highest proportion of PUFA LA), peanut oil (highest 

proportion of MUFA oleic acid + SFA palmitic acid), and coconut oil (highest 

proportion of SFA lauric acid), BC micellarization was significantly higher in the 

MUFA and PUFA rich oils than the SFA rich oils (p<0.05)85. BC uptake was 

dependent on the type of fat, suggesting the food matrix, BC polarity, and type of 

dietary fat determine BC bioavailability85. Similar results were obtained by Failla et 

al finding BC micellarization and cellular uptake was significantly different 

between fatty acid types (soybean oil > olive > canola > butter) (p<0.05)84.  

 

The strongest association between specific fatty acids and serum BC concentrations 

in this study was ALA (omega-3), showing a moderate, positive association. 

Interestingly, the strongest negative association was with long-chain SFA stearic 

acid and palmitic acid, which are most prevalent in a Westernized diet, high in red 

meat. These results are parallel with the recommendations to increase carotenoids 

and reduce SFA in the diet, especially stearic acid and palmitic acid for reduction of 

CMD142.  

 

A strength of this study was the use of a dataset that is representative of the US 

population, allowing the findings to be generalized to the US population.  The 

NHANES dataset is large and organized by a stratified, multistage, probability 

sampling design to properly reflect the US demographics125. In combining data 
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from two 2-year cycles, statistically significant estimates were obtained for the 

subgroups of interest. Trained professionals collected the data, allowing use of 

objective data points, such as serum biomarkers and anthropometric data, versus 

using self-reported data. However, reported dietary intakes of foods containing fat 

and BC were self-reported through the WWEIA survey questions, which may 

increase both social desirability and recall biases in comparison to intakes being 

monitored or directly measured intakes. Another limitation is that the current 

analysis was cross-sectional, limiting the temporality of the outcome. Moreover, 

several demographic and lifestyle factors were accounted for, however, the 

potential for effects of other confounding factors that may not have been captured 

was present.  Last, oils and fats contain percentages of each type of fatty acid, with 

a higher proportion of one fatty acid over another. Therefore, it may be difficult to 

discern the effects of a specific fatty acid type on BC concentrations unless the fatty 

acid was isolated from a fat source. 

 

This study suggests that reported PUFA intake, especially ALA is associated with 

increased BC in circulation, whereas, reported SFA stearic acid and MUFA 

palmitoleic acid is associated with decreased BC in circulation. Moreover, the 

inverse association present between serum BC and other specific fatty acid classes 

suggests there may be multiple post-digestion factors affecting serum BC 

concentrations. Total fat intake is not associated with serum BC concentrations 

likely due to adequate absorption even at lowest levels of reported fat consumption.  
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