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ABSTRACT 

 

    Vitamin A is an essential nutrient that is important for visual, reproductive, 

developmental, and immunological health.  Vitamin A deficiency is a major global health 

concern, impacting 190 million children under 5 years of age.  The introduction of 

provitamin A carotenoid biofortified staple crops may provide a sustainable and cost 

effective solution for alleviating vitamin A deficiency, particularly in the rural poor who 

are disproportionately missed by supplementation interventions.   

    In order to develop biofortified crops that serve as effective vehicles for the 

delivery of vitamin A to target populations, the investigation of factors impacting the 

bioavailability of provitamin A carotenoids from plant foods is essential.  Cis- isomers of 

β-carotene are increased by up to 50% percent during thermal processing of plant foods 

and are currently assigned a vitamin A value equivalent to 50% that of all-trans β-

carotene.  However, the unique bioefficacies of 9-cis- and 13-cis-β-carotene have not 

been evaluated using physiological doses in an animal model that metabolizes vitamin A 

and carotenoids similarly to humans.  Bananas are a staple crop, which contain varying 

levels of provitamin A carotenoids, in many tropical and subtropical regions where 

vitamin A deficiency persists.  It is important to elucidate the impact of matrix effects on 

provitamin A carotenoid bioavailability in different cultivars and preparations of banana 

so as to assist plant breeders in biofortification efforts. 

    The burden of infectious disease is high in many regions where vitamin A 

deficiency is prevalent.  Infection suppresses appetite and alters blood-based indicators of 

micronutrient status.  Few studies have quantified the effect of common infections, such 
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as malaria, on dietary intake.  As provitamin A carotenoid biofortification targets are 

currently set to meet 50% of the EAR in children and based on food intake, infection-

related appetite suppression is important to consider.  Alterations to micronutrient status 

indicators can lead to inaccurate estimations of deficiency in populations with high or 

unknown prevalence of infectious disease.  Quantitative investigations into the impact of 

infection by time stage on blood-based micronutrient status indicators will support the 

development of a standardized method for adjustment.                  
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Preface 

 

Explanation of dissertation format: 

Evidence supporting the following dissertation is derived from studies implementing the 

gerbil as a model of human vitamin A and carotenoid metabolism and from a 

randomized, controlled feeding trial in rural Zambian children with high provitamin A 

carotenoid biofortified maize.  Chapter 1 reviews the synergistic relation between 

infection and malnutrition and considers the impact of infection on indicators of 

micronutrient status.  Chapter 2 examines the unique bioefficacies of 9-cis- and 13-cis-β-

carotene as compared to the all-trans isomer when dosed at physiological levels in 

Mongolian gerbils.  Chapter 3 investigates differences in provitamin A carotenoid 

bioavailability from green versus ripe and raw versus cooked banana diets in Mongolian 

gerbils.  Chapters 4 and 5 consider the effect of infection on dietary intake and indicators 

of micronutrient status in preschool-aged, rural Zambian children.  Chapter 6 summarizes 

the main findings from these investigations.  The appendix contains a published paper on 

work I participated in as a research intern and graduate student in the Tanumihardjo 

laboratory.  
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on Micronutrient Status Indicators 
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ABSTRACT 

Infection and undernutrition are prevalent in developing regions of the world and demonstrate an 

synergistic relationship.  The acute phase response (APR) to infection is a systematic 

inflammatory reaction to disruptions in a host’s homeostasis.  Released from immune cells in 

response to deleterious stimuli, proinflammatory cytokines act on distant tissues to induce the 

behavioral and systemic effects of the APR.  Cytokines act to increase energy and protein 

requirements in order to manifest fever and support hepatic acute phase protein (APP) 

production.  Blood concentrations of glucose and lipid are augmented to provide energy to 

immune cells in response to cytokines.  Additionally, infection suppresses appetite, decreases 

intestinal absorption of nutrients, and can cause greater direct loss of micronutrients.  Traditional 

indicators of iron, zinc, and vitamin A status are altered during the APR, leading to inaccurate 

estimations of deficiency in populations with high or unknown prevalence of infection.  Blood 

concentrations of APPs can be employed in nutrition interventions to assess the time stage and 

severity of infection.  A standardized method for adjusting micronutrient status indicators that 

are sensitive to infection is needed and should include universalized elevation cutoffs for APPs.  

Malnutrition increases infection-related morbidity and mortality.  Protein energy malnutrition 

leads to increased gut permeability to pathogens, abnormal immune cell populations, and 

impaired APP response.  Micronutrient deficiencies cause specific immune impairments that 

impact both innate and adaptive responses.  The antagonistic interaction between the APR and 

nutritional status epitomizes the need for integrated interventions to address undernutrition and 

reduce disease burden in developing countries.   
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INTRODUCTION 

Undernutrition persists as a major global health concern, particularly in Sub-Saharan Africa, 

South Asia, and regions of Latin America (1-3).  Dietary intakes of populations in these areas are 

often chronically deficient in macronutrients [leading to protein-energy malnutrition (PEM)], 

micronutrients (leading to specific micronutrient deficiencies), or both (2,4-6).  Poverty is the 

foundational cause of undernutrition and associated health determinants, such as infectious 

disease risk (7-9).  

 Over half of all deaths from infection are associated with malnutrition in children under 5 

years of age (10), and a synergistic relationship exists among nutritional status, immunity, and 

infectious disease.  Undernutrition increases vulnerability to infection through impaired 

immunity, and infection exacerbates the condition, further weakening the immune response (5).  

Even mild febrile infections negatively impact nutritional status; however, prior nutritional status 

of the host, severity of illness, and dietary intake during recovery determine the severity of the 

consequences (11-13).  It is not surprising to find high prevalence of microbial and parasitic 

diseases occurring in developing countries where undernutrition is common (6,14).  

 PEM is associated with abnormal immune cell populations and impaired intestinal barrier 

function, which increases risk for microbial infection (5,15-17).  Micronutrient deficiencies can 

lead to specific immune impairments that negatively impact both innate and adaptive immune 

responses (16,18).  Innate immunity includes the acute phase response (APR), a systematic 

inflammatory reaction to imbalances in an individual’s homeostasis (19).  During the APR, 

metabolic processes and nutrient requirements are altered (19,20).  Important in public health 

assessments, blood concentrations of micronutrients are also impacted, leading to inaccurate 
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assessments of micronutrient status and misestimates of deficiency prevalence during infection 

(21-23).            

 We review here the relation between infection and nutritional status.  We will first 

consider the effects of the APR to infection on nutrient metabolism and then the impact of 

nutrient deficiency on immunity.  We will also consider the impact of the APR on micronutrient 

status indicators and outcomes of nutrition interventions.      

 

THE ACUTE PHASE RESPONSE TO INFECTION  

The APR is a systemic inflammatory reaction to disruptions in the body’s homeostasis due to 

infection, tissue damage, tumor development, certain chronic disease states, and immunological 

disorders.  Inflammation is believed to be protective to the host as it removes injurious stimuli 

and promotes the healing of damaged tissue.  The magnitude of the APR varies with the severity 

of injury and by time stage. 

 Generally, the APR initiates when a pathogen is detected by pattern recognition 

receptors, including Toll-like receptors, on a variety of immune cells.  The activation of these 

receptors causes cells to secrete prostaglandins and cytokines that promote proinflammatory 

mechanisms, such as increases in vascular permeability and the recruitment of more cytokine 

secreting neutrophils and macrophages.  Cytokines serve as short-lived, long-range mediators 

that act on various tissues to mount the systemic response, which is commonly characterized by 

fever, leukocytosis, increased secretion of adrenocorticotropic hormone (ACTH) and 

glucocorticoids, and alterations in plasma protein concentrations.  Protein levels that are 

increased or decreased in the plasma during the APR are respectively called positive or negative 

acute phase proteins (APPs) and are primarily regulated by the liver.  The APR is limited by 
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counter-regulatory mechanisms, including diffuse cell-mediated and targeted neural anti-

inflammatory pathways.  These mechanisms also promote tissue repair once the deleterious 

stimuli have been removed.  The pathophysiological changes that occur during the APR have 

been previously reviewed in detail (19,24-36).  Aspects of the APR that relate to nutrient 

metabolism and nutritional status will be examined further herein.      

 

Cytokine Biology and Nutrient Metabolism  

Most cytokines are multi-functional and exhibit effects on diverse cell types.  Acute phase 

cytokines can be divided into three general categories: (i) proinflammatory cytokines, which 

include TNFα and interleukin (IL)-1, (ii) IL-6-type cytokines that promote the systemic features 

of the APR, and (iii) anti-inflammatory cytokines (26).  These cytokines modulate the immune 

response and associated metabolic effects through complex interactions that can be additive, 

synergistic, or antagonistic.  Generally, cytokines regulate gene expression through intracellular 

signal transduction pathways that activate transcription factors (24,39,40,41).   

 TNFα and IL-1 are generated shortly after the initial deleterious stimulus, promoting the 

production of a variety of other cytokines, such as IL-6, and inducing sickness behavior by 

acting on distant tissue sites through cell-mediated and neural communication pathways 

(24,42,43).  TNFα, IL-1, and IL-6 are responsible for cytokine-induced sickness behavior, which 

is characterized by symptoms of fever, anorexia, weakness, malaise, somnolence, and an 

inability to concentrate (19,43-46).  The metabolic cost of fever is high, increasing energy 

expenditure by about 7-11% per unit rise in fever (°C) in children (Table 1) (47,48).  This, 

coupled with anorexia, produces a state of negative energy balance during infection.  The fatigue 
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and discomfort associated with illness is believed to have the adaptive advantage of energy-

conservation (43,44).  

 Proinflammatory cytokines shift metabolic processes to a catabolic state during infection.  

TNFα and IL-1 inhibit muscle protein synthesis and promote wasting (49-53).  Through the 

stimulation of glucocorticoid release, IL-1 increases the whole body flux of amino acids by 

promoting muscle catabolism and liver anabolism (54).  During infection, mean losses are 0.6 g 

protein/kg body weight/day, matching the estimated protein requirement of adults, and can be as 

high as 1.14 g protein/kg body weight/d during peak febrile response (11).  Considering 

differences in the amino acid composition of muscle and APPs, Reeds et al. (55) concluded that 

the high demand for aromatic amino acids in APP production is responsible for a significant 

portion of the net loss in body nitrogen during the APR.    

 In order to ensure an adequate supply to obligate glucose-consuming cells, 

hyperglycemia is directly induced by cytokines during infection and via the stimulation of 

glucoregulatory hormones.  Proinflammatory cytokines act on the hypothalamic-pituitary-

adrenal axis to increase production of ACTH and glucocorticoids, which promote glycogenolysis 

and insulin resistance (56).  Additionally, TNFα stimulates glucagon production, and both TNFα 

and IL-1 promote gluconeogenesis (56,57).  The duration of hyperglycemia is dependent upon 

severity of infection and typically normalizes within 10 days (56); however, when infection is 

severe or septic, hypoglycemia can pose potentially lethal health risks (11).   

 Proinflammatory cytokines and IL-6 quickly increase serum triglyceride concentrations, 

which are maintained for at least 17 hours (57,58).  This response is accomplished by: (i) 

promoting peripheral lipolysis, (ii) increasing intracellular citrate concentrations to up-regulate 

de novo fatty acid synthesis and hepatic triglyceride production, and (iii) enhancing VLDL 
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secretion (57,58).  Hepatic fatty acid oxidation and ketogenesis are suppressed to ensure 

sufficient fatty acid substrate for these processes.  Serum cholesterol concentrations are 

decreased by TNFα through suppression of LDL and HDL.  Alterations in lipid profile are 

believed to be protective to the host during infection because lipoproteins have the ability to bind 

bacterial endotoxin and viruses, resulting in rapid clearance by the liver and reduced activation 

of cytokine-induced inflammatory mechanisms.  Additionally, the increase in serum triglycerides 

may provide fuel to macrophages.  During inflammatory chronic disease states and sustained 

APR, the prolonged alteration of lipid profile is associated with an increased risk of 

atherosclerosis (58).                

 IL-6 is the major regulator of the APR in hepatocytes and promotes the systemic effects 

of the APR by stimulating the growth and differentiation of many cell types.  While TNFα and 

IL-1 can promote the production of certain APPs in the liver, only IL-6 induces the production of 

the full spectrum of APPs known in humans (19,24).  APP production is regulated by IL-6 in a 

dose-dependent manner, thus modulating the response to the severity of infection (24,39).  

Additional APR functions facilitated by IL-6 include the maturation of B- and T-cells, and 

hematopoiesis (24,39,59).  IL-6 also displays anti-inflammatory attributes, by suppressing TNFα 

and IL-1 production in mononuclear cells and promoting ACTH and glucocorticoid production 

(24, 60,61). 

 

Infection and Nutrient Requirements  

Infection can lead to a reduction in food intake, impairment of nutrient absorption, and increased 

nutrient requirements (Figure 1).  Although breast milk intake appears to be unaffected, food 

intake is suppressed in children during the APR according to the magnitude of infection.  Caloric 
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intake decreases between 8 to 22% in children with diarrheal diseases, malaria, and acute 

respiratory infection (62-64).  During more severe infections, such as cholera and measles, 

decreases in caloric intake have been reported as 44% and 75%, respectively.  In Peruvian 

infants with diarrhea or fever, breast milk intake was unaffected; however, caloric intakes of 

non-breast-milk food decreased by 20-30%, resulting in an overall decrease in caloric intake of 

5-6% (65).  Infection-related caloric suppression results in both decreased macro- and 

micronutrient intake (63,64).   

 Nutrient absorption can be decreased during enteric and nonenteric infection.  Gut 

helminthes and diarrheal diseases can impair nutrient absorption by damaging epithelial cells 

(20,63,66).  The extent of malabsorption corresponds to the severity of enteric infection and 

diarrheal output (20).  Nutrient absorption appears to also be reduced during nonenteric 

infection.  Carbohydrate malabsorption has been observed in hospitalized American children 

with HIV infection (67).  Using a labeled tracer dose of vitamin A, Sivakumar and Reddy 

(68,69) found uninfected children absorbed 99% of the dose, children with diarrhea and Ascaris 

infection absorbed 70% and 80%, respectively, and children with nonenteric infection absorbed 

74%. 

 In addition to increased energy requirements due to the metabolic cost of fever, macro- 

and micronutrient demands may be augmented through greater direct loss.  Leakage of low 

molecular weight proteins in the urine is common during febrile infection (20).  This 

phenomenon leads to protein loss in the urine, as well as loss of vitamin A bound to retinol-

binding protein that can exceed the daily requirement for children (70,71).  Tissue damage from 

parasitic infection can lead to blood loss and iron-deficiency anemia (20).  
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Acute Phase Proteins as Markers of Infection for Nutrition Interventions 

The liver plays an important role in modulating the immune response and removing pathogens 

(72,73).  In mice, approximately 7% of hepatic genes respond to APR cytokines, inducing a wide 

array of functional changes, including those in macronutrient metabolism and APP production 

(74,75).  Positive APPs broadly work to mitigate the consequences of infection and modify the 

host’s immune response (19,28,30,33).  The role of negative APPs remains unclear, but the 

down-regulation is speculated to increase the availability of amino acids for positive APP 

production (28,30).  Many negative APPs are transporters; the hepatic suppression of these 

proteins allows for a temporarily increased free availability of their associated nutrients and 

hormones in the plasma followed by decreases in plasma concentration due to sequestration 

(19,28,33).   

 The manner in which the liver alters APP concentrations in the plasma is dependent on 

the time stage of infection, such that positive APPs become elevated in the plasma at different 

timepoints post-stimulus.  In nutrition interventions, C-reactive protein (CRP) and serum 

amyloid A (SAA) are employed as early markers of infection because they become elevated 

within 24-hours post-stimulus and normalize rapidly as infection resolves (23,24,33,76,77).  

Antichymotrypsin (ACT) and α1-acid glycoprotein (AGP) are implemented as late-stage markers 

of infection because they increase after 48 hours and can remain elevated after the infection 

convalesces (23,33,77,78).  Using these proteins, it is possible to identify different stages of 

infection including incubation (early stage APP only raised), early convalescence (both early and 

late stage APPs raised), convalescence (late stage APP only raised), and return to a healthy state 

(neither early nor late stage APP raised) (23,77).  Positive APPs provide a superior assessment of 

infection when compared with cytokines, which possess short half-lives. 
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 The magnitude of the APP response is dependent upon the severity of injury to the host.  

Contreras-Manzano et al. (79) reported positive APPs to be more elevated in children with 

respiratory infections than diarrhea.  Furthermore, direct correlations between plasma 

concentrations of positive APPs and indirect correlations between positive APP concentration 

and transporter-requiring micronutrients have been found in children (23,81-85).  Duncan et al. 

(86) also found that alteration for several micronutrients assessed in the blood corresponded to 

the extent of the APR when assessed by CRP concentration in adults. 

 APP elevation cutoff points used to determine infection are not standardized and may be 

age, gender, or nutrient specific.  For example, elevation cutoffs for CRP of 5 or 10 mg/L are 

commonly reported in the literature to describe the APR (21,23,77,87-90).  Bresnahan et al. (23), 

found that a CRP concentration of 5 mg/L was an effective elevation cutoff point to show impact 

on traditional blood-based indicators of vitamin A and iron status in Zambian children, whereas 

Abraham et al. (92) found significant changes occurring at only 0.6 mg/L using high-sensitivity 

assays.  In adults, CRP cutoffs between 5-20 mg/L have been necessary to detect changes in 

blood concentration for various vitamins and minerals (86).  CRP concentrations increase with 

age and tend to be higher in women than men (93).  This increase, in part, is related to chronic 

inflammatory conditions, suggesting a higher CRP cutoff may be necessary to assess acute 

infection in adults (87,94).  In order to develop standardized methods for adjustment of 

nutritional status indicators that are reactive to the APR, more research is imperative to establish 

universal APP cutoff points that are nutrient and population specific.   

 
Micronutrient Status Indicators during the Acute Phase Response 

The impact of the APR on micronutrient status indicators is well-documented in the 

literature, yet no standardized method for adjustment during infection has been developed.  In 
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public health assessments, micronutrient status is commonly determined using concentrations in 

blood as a surrogate for total body status.  Blood concentrations of retinol, iron, and zinc can be 

altered by the APR to infection (Table 2) (21-23,77,80-87,90,92,95-110).  Alterations in blood 

micronutrient concentration result from hepatic suppression of transport proteins (retinol-binding 

protein, transthyretin, albumin, and transferrin), and increases in serum ferritin and hepatic 

metallothionein, positive APPs that assist in iron and zinc sequestration (28,111-115).  Although 

micronutrient demands can be increased during infection, significant changes in micronutrient 

status do not likely occur as early as decreases in blood concentrations suggest during the APR.  

Furthermore, blood concentrations are typically restored to pre-infection values as the APR 

resolves, supporting measurements taken during febrile infection as inaccurate reflections of 

micronutrient status (80,95,96,104).   

 The APR rapidly impacts common biomarkers for iron status including serum iron, 

transferrin, and ferritin (115).  Of the iron biomarkers, serum ferritin concentrations are the most 

significantly affected by infection with reported increases of 30 to 1,400% depending on the time 

stage and severity of infection in children (21,23,84,85,97,102,109).  Serum iron and transferrin 

are suppressed by 50 and 30%, respectively, and percent transferrin saturation is lowered to 

about 20% (104,115).  The impacts of infection on soluble transferrin receptors and hemoglobin 

remain unclear.  While iron status appears to be the main factor impacting soluble transferrin 

receptor concentration, it has been reported to be decreased in surgical patients and in individuals 

with malarial and HIV infection (104,116-118).  Hemoglobin was suppressed in British, 

Zambian, and Zanzibari children during the APR and found inversely related to serum ferritin 

concentration, supporting its role as a reactive iron status indicator (23,84,119).  However, 
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Wieringa et al. (21) reported no effect of the APR on hemoglobin, and Das et al. (102) found no 

association between hemoglobin and serum ferritin. 

 Serum zinc concentration is suppressed by 12% in children during infection (21,97).  

Similarly, in HIV positive adults, a 12% decrease in serum zinc has been observed (22).  In 

children with malaria, CRP concentration and parasite density predicted low serum zinc 

concentration (108).  It is important to also consider the definition of zinc deficiency when 

assessing the impact of infection on estimates of deficiency prevalence as cutoffs vary by gender, 

age, and time of day (120). 

 Serum retinol concentration is a widely used indicator for vitamin A status and is 

recommended for population assessment by the WHO (121,122).  The current deficiency cutoff 

is set at 0.7 µmol retinol/L serum (or plasma) regardless of inflammation (122).  However, in 

children, serum retinol concentrations are suppressed by approximately 25% during common 

infections (23,77,98) and up to 69% in children with Shigellosis (80).  This decrease in serum 

retinol concentration is independent of vitamin A liver reserves (123).  Therefore, individuals 

who are experiencing infection but have an adequate vitamin A status may be misclassified as 

deficient, leading to overestimation of deficiency prevalence in a population.  The modified 

relative dose response (MRDR) test for vitamin A status is not impacted by the APR and is more 

sensitive than serum retinol to changes in liver retinol reserves, supporting it as a superior tool 

for assessment, particularly in populations with high or unknown prevalence of infection 

(21,23,121).  Plasma concentrations of provitamin A carotenoids are also suppressed during 

inflammation (100,124).  This may suggest an increased demand for vitamin A during infection, 

a reflection of alterations in blood lipid profile, or a decrease in dietary intake (124). 



!
!

!

13!

 Developing a standardized method for adjusting blood-based micronutrient status 

indicators that are reactive to the APR is challenging because: (i) discerning the difference 

between infection suppressed values and deficiency is difficult in regions where dietary intake is 

insufficient, (ii) the relationship between blood concentrations of micronutrients and APPs is not 

linear, and (iii) correction factors based on a healthy reference population may misestimate 

deficiency prevalence to the opposite extreme (22,110,125).  The measurement of APP 

concentrations when assessing micronutrient status should become standard practice as APPs are 

elevated during subclinical inflammation (22,126).  Moreover, both early and late stage markers 

of infection should be evaluated because it is common to find more individuals in a population 

with elevated AGP or ACT than CRP (21-23).  It is important to also consider sex differences 

when adjusting micronutrient status indicators for the APR.             

    

UNDERNUTRITION AND IMMUNE FUNCTION 

 PEM and micronutrient deficiencies lead to underweight and stunting, which are defined 

by the World Health Organization as weight-for-height and height-for-age Z-scores below -2 

standard deviations, respectively (127).  As of 2011, 16% of children below 5 years of age were 

underweight and 26% of children were stunted, which marks great achievement in combating 

global undernutrition (127).  However, half of all infectious deaths in developing countries are 

associated with a low weight-for-age (10).  While many interventions and research studies focus 

on severe PEM because of the associated sharp increase in mortality, Pelletier et al. (128) 

demonstrated that mild-to-moderate PEM accounts for 80% of childhood mortality in developing 

countries.  Stunting also appears to compromise immune function, but the effect has not been 

studied comprehensively (15,20). 
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 PEM leads to increased susceptibility to and mortality from infection (129-131).  Gut 

barrier function is decreased, increasing the risk of microbial infection (16).  Undernourished 

individuals also experience a reduction in leukotrienes, which promote leukocyte accumulation 

and enhance macrophage phagocytosis, negatively impacting the host’s ability to kill microbial, 

fungal, and parasitic agents (132).  During PEM, the structure and function of the thymus gland 

is damaged, leading to abnormal T-cell populations and reduced antigen response (133,134).  

Compared with healthy children, the B-cell response is lowered during malnutrition (135).  

However, the humoral response appears to be well-preserved during the short-term 

seroconversion to whole inactivated viral and polysaccharide vaccines (136).  Additionally, the 

development of antibody titers to common pathogens appeared to be normal in Kenyan children 

(137).    

 Conflicting evidence exists regarding the ability of children with severe PEM to mount a 

complete immune response.  While Doherty et al. (138) reported decreased TNFα and IL-6 in an 

in vitro study using whole blood from malnourished children, Sauerwein et al. (139) found that 

children with PEM mount a greater immune response than healthy children.  A study in Kenyan 

children supports PEM as a proinflammatory state with a generalized increase in IL-6 (140).  The 

APP response is impaired in children with severe PEM, with a greater deficit occurring in 

kwashiorkor as compared with marasmus (140-142).  In children with marasmus, rates of protein 

catabolism are similar to healthy children during infection and higher than in kwashiorkor (143).  

These comparative differences in immunity may reflect an inappropriate response during 

kwashiorkor and are consistent with observations of a lower fatality rate in marasmic children 

with infection (144).    
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 A high burden of infectious disease is associated with delayed linear growth and stunting 

(145-149).  Similar to underweight, stunted children display an abnormal lymphocyte profile 

(15).  Rural children tend to experience more severe stunting and have higher plasma levels of 

APPs than children living in urban settings (128).       

 Severe deficiencies frequently occur for multiple micronutrients simultaneously and can 

complicate PEM (17,18).  Certain micronutrients, including vitamin A, iron, and zinc, are 

important immunomodulators and, thereby, are crucial to the host in mounting an effective 

response to infection.  Iron deficiency is a major global health concern, impacting 3.5 billion 

people (150).  Iron is essential for redox reactions, gene regulation, oxygen delivery to tissues, 

and cell growth (114,151,152).  Iron supports immunity through its involvement with peroxide 

and nitric oxide producing enzymes, cytokine production and function, and lymphocyte 

proliferation (114,151,152).  Iron homeostasis is paramount as deficiency and overload 

negatively impact immune function (151).  Many pathogens also require iron to thrive, and 

therefore sequestration during infection is protective to the host (151,152).  Iron supplementation 

is controversial because excess and timing of repletion may promote pathogenic infection (152).  

In deficient children, iron supplementation improves status and promotes related growth and 

development (153).  However, iron supplementation in children has not been found to affect the 

incidence of infection or associated mortality and may increase the risk of diarrheal diseases and 

malaria (153,154). 

 Zinc is essential for highly proliferating cells in the immune system and influences both 

innate and acquired immune functions (155-157).  Zinc is a coenzyme in many important 

reactions during the immune response and is essential for thymic hormone function (156,158).  

Phagocyte and lymphocyte activity are impaired or completely suppressed in zinc deficiency, 
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resulting in weakened cytokine and antibody responses (155-157).  Zinc deficiency impacts 

approximately one-third of the global population and often coexists with PEM (18,159).  Zinc 

supplementation in children promotes gains in weight and height and protects against respiratory 

infections (160-162).  While zinc supplementation protected against diarrheal disease in children 

under 5 years of age (161), Negi et al. (163) recently reported supplements to be ineffective in 

children between 5 to 12 years of age.   

 Vitamin A deficiency compromises innate immunity through the degradation of mucosal 

epithelial barriers and impaired development of neutrophils, macrophages, and natural killer cells 

(164).  Pathogen-specific immunity is also lessened during vitamin A deficiency via reduction of 

antibody production in T-cells (164).  Vitamin A deficiency impacts 190 million children and is 

the leading cause of preventable blindness (165).  Xerophthalmia is associated with respiratory 

tract infection, measles, and diarrhea in children (166).  This is not surprising considering that 

infection can worsen deficiency through anorexia and increase direct loss of vitamin A in the 

urine.  The semi-annual vitamin A supplementation program recommended by the World Health 

Organization (165,167) reduced malnutrition and was protective against infection in Nepalese 

children (168).  Additionally, vitamin A supplementation reduced the frequency of malarial 

episodes by 30% in children in Papua New Guinea and promoted ponderal growth and protection 

against malaria-related death in Tanzanian children (169,170).  Provitamin A carotenoid 

biofortified staple crops provide a potentially effective method for alleviating vitamin A 

deficiency in the rural poor, who are disproportionally missed by supplementation interventions 

(171,172).  However, biofortification target concentrations of provitamin A carotenoids should 

be increased in areas with high prevalence of infection to account for reduced food intake and 

increased requirements (23). 
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SUMMARY  

The synergism between nutritional status and the APR is apparent where malnutrition and 

infectious diseases are prevalent.  The APR to infection increases energy expenditure to generate 

fever and accelerates catabolism of macronutrients.  Further, infection suppresses food intake, 

decreases nutrient absorption, and can increase requirements by augmenting direct loss of 

micronutrients.  Malnutrition, in turn, increases susceptibility to infection by impairing both 

innate and adaptive immune responses.  Integrated interventions are paramount to improve 

nutritional status and reduce disease burden in the developing world. 

 Blood-based micronutrient status indicators can be altered during the APR leading to 

misestimates of deficiency prevalence in populations with high or unknown prevalence of 

infection.  Currently, a universally accepted, standardized method for adjusting micronutrient 

status indicators that are reactive to the APR is lacking.  In order to develop a system for 

adjustment, elevation cutoffs for early and late stage APPs must be universally established and 

may need to be nutrient and population specific.  Additionally, the relation between APP and 

micronutrient indicator concentration requires further elucidation because both vary according to 

the magnitude of infection and correspond in a non-linear fashion.       
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Table 1  Impact of the acute phase response to infection on energy expenditure and macronutrient metabolism1  
Metabolic Indicator Impact of infection 
Energy ! dietary intake due to appetite suppression, " energy expenditure to produce fever 
  
Macronutrients 

    Protein " muscle protein wasting, " hepatic protein synthesis 
   Carbohydrate " blood glucose due to insulin resistance, glycogenolysis, and gluconeogenesis 
   Fat " peripheral lipolysis, " hepatic triglyceride and VLDL synthesis, ! serum cholesterol 
1", increase; !, decrease; VLDL, very low density lipoprotein  
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Table 2  Effect of inflammation on 
indicators of micronutrient status1 

Blood indicator 
Impact of 

inflammation 
Iron status 

    Ferritin ! 
   Serum iron " 
   Transferrin " 
   Transferrin receptors N to " 
   Hemoglobin N to " 

  Zinc status 
    Serum zinc " 

  Vitamin A status 
    Serum retinol " 

   MRDR test N 
1!, increase; ", decrease; N, no change; 
MRDR, modified relative dose response 
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Figure 1  Infections can alter micronutrient status.  For example, considering vitamin A, 

illness can negatively impact status through (i) decreased dietary intake caused by 

cytokine induced sickness behavior, (ii) reduced intestinal absorption during both enteric 

and non-enteric infection, and (iii) increased urinary excretion.  Infection also suppresses 

the release of vitamin A from the liver, reducing plasma concentrations and thus, possibly 

altering utilization of liver stores (reprinted and adapted with permission from 164). 
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Abstract
Provitamin A biofortification of staple cropsmay decrease the prevalence of vitamin A (VA) deficiency if widely adopted in target countries. To
assess the impact of processing methods on the VA value of plant foods, the unique bioefficacies of cis-bC isomers (formed during cooking)
compared with all-trans (at) b-carotene (bC) must be determined. The bioefficacies of 9-cis (9c)- and 13-cis (13c)-bC isomers were compared
with those of the at-bC isomer and VA positive (VAþ) and negative (VA2) controls in VA-depletedMongolian gerbils (Meriones unguiculatus)
in two experimental studies (study 1, n 56; study 2, n 57). A 3- or 4-week depletion period was followed by a 3- or 4-week treatment period in
which the groups received oral doses of the 9c-, 13c- or at-bC isomers in cottonseed oil (study 1, 15 nmol/d; study 2, 30 nmol/d). In study 1,
the bC isomers did not maintain baseline liver VA stores in all groups (0·69 (SD 0·20)mmol/liver) except in the VAþgroup (0·56
(SD 0·10)mmol/liver) (P¼0·0026). The bC groups were similar to the VAþgroup, but the 9c- and 13c-bC groups did not differ from the
VA2group (0·39 (SD 0·09)mmol/liver). In study 2, the bC isomers maintained baseline liver VA stores in all the bC groups (0·35
(SD 0·13)mmol/liver), and in the VAþgroup, the VA supplement (0·54 (SD 0·19)mmol/liver) exceeded the baseline VA status (0·38
(SD 0·15)mmol/liver) (P,0·0001); however, the 9c-bC group did not differ from the VA2group (0·20 (SD 0·07)mmol/liver). In vivo isomer-
isation of bC was confirmed in both experimental studies. Lower VA bioconversion factor values were obtained for the cis-bC isomers in
study 2 when compared with study 1, but higher values were obtained for the at-bC isomer. Dose and VA status clearly affect bioconver-
sion factors. In conclusion, the cis-bC isomers yielded similar liver VA stores to the at-bC isomer in Mongolian gerbils, and liver VA stores
of the 9c- and 13c-bC groups did not differ when the doses were provided at physiological levels over time in two studies.

Key words: b-Carotene: Bioavailability: Bioconversion: Isomer effects

b-Carotene (bC) is one of the most common carotenoids in the
human diet(1), and its primary function in the body is provitamin
A activity(2). All-trans (at)-bC is the most abundant isomer in
fresh plant foods, but thermal processing can increase the
proportion of 9-cis (9c)- and 13-cis (13c)-bC isomers up to
50%(3). Little is known about the vitamin A (VA) efficacies of
the cis-bC isomers, which have been collectively assigned a
bioavailability equivalent to half that of at-bC(4). Therefore, it
is imperative to determine the unique bioefficacies of the
cis-bC isomers to better understand the impact of thermal
processing methods on the VA value of plant foods.
VA deficiency is a global health concern, affecting 190 million

children under 5 years of age(5). The introduction of provitamin
A carotenoid-biofortified staple crops is a novel approach to
alleviate VA deficiency and prevent issues observed with

preformed VA supplementation and fortification, such as
cyclical liver stores and hypervitaminosis risk(6). However,
staple crops undergo thermal processing before consumption;
thus, the impact of isomerisation may need to be considered
when establishing biofortification targets in order to ensure
adequate delivery of VA to target populations.
A study by Deming et al.(7) has determined the individual

bioavailabilities of 9c- and 13c-bC isomers in gerbils to be
38 and 62% that of at-bC, respectively, using doses that
ranged between 141 and 418 nmol bC/d or 132 and
392 nmol VA/d according to the Institute of Medicine (IOM)’s
recommended values of 2mg at-bC to 1mg retinol activity
equivalents for supplemental bC(4). These orally administered
doses greatly exceeded the utilisation rate (10·8 nmol VA/100 g
body weight/d(8)) and the current recommendation of the

*Corresponding author: S. A. Tanumihardjo, fax þ1 608 262 5860, email sherry@nutrisci.wisc.edu

Abbreviations: at, all-trans; bC, b-carotene; 9c, 9-cis; 13c, 13-cis; IOM, Institute of Medicine; VA, vitamin A; VAþ , retinyl acetate in cottonseed oil;

VA2 , vitamin A-free cottonseed oil.
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National Research Council for a typical adult gerbil (15·1 nmol
VA/d, assuming an average feed intake of approximately
6 g(9)), and therefore they are not reflective of typical dietary
intake that would be achieved from staple crops. Howe
et al.(10) found that bC-enhanced cassava feeds providing
10·9–27·5 nmol bC/d maintained VA status in gerbils despite
40–50% cis-bC isomer content in cassava. Additionally, in
an in vitro study using isomeric mixtures, the 9c-bC isomer
enhanced overall total carotene in solution and resulted in
constant or enhanced micellar incorporation(11). Thus, the
objective of the present study was to compare the bioefficacies
of the 9c-, 13c- and at-bC isomers in VA-depleted gerbils using
doses reflective of dietary intakes from staple foods. Conver-
sion to retinol was determined using total liver VA stores com-
pared with a positive preformed retinol-supplemented group
and a negative VA-depleted group.

Materials and methods

Chemicals and dose preparation

Crystalline at-bC (Sigma-Aldrich), 9c-bC and 13c-bC (gifts
from Hoffmann-La Roche, Inc.) were prepared for purification
by dissolution in n-hexane. bC isomers were purified on an
open column using Al as the stationary phase and n-hexane
as the mobile phase. The purities of all bC isomers were
confirmed as .99% with HPLC. For stock solutions, purified
bC in hexane was condensed to 10ml under N2, mixed with
20ml cottonseed oil in an amber vial, and dried to remove
remaining hexane and ensure clear solutions. The removal
of hexane was confirmed by repeated weighing until a
constant weight was achieved. Using spectrophotometry, con-
centrations were calculated with E1%

1 cm ¼ 2590 for the at-bC
isomer at 450 nm, E1%

1 cm ¼ 2550 for the 9c-bC isomer at
445 nm and E1%

1 cm ¼ 2090 for the 13c-bC isomer at 443 nm(12).
Specific volumes of stock solution were pipetted into amber
vials containing the appropriate amount of oil to achieve the
target dose and were mixed by sonication; final doses were
validated by dissolution of the dose in hexane followed by
spectrophotometry where the reference cell contained an
equal amount of oil dissolved in hexane. Doses were divided
and stored at 2708C to minimise isomerisation. Lack of iso-
merisation during dose preparation was confirmed by running
an aliquot of the oil dose dissolved in isopropanol on the
HPLC system. A new bottle was opened at each study week.

Study design

Male Mongolian gerbils (Meriones unguiculatus) (study 1,
n 56; study 2, n 57; Charles River Laboratories), aged 34 d
old, were group-housed (n 2–3 per cage) throughout the
study. Room temperature and humidity were held constant
(12 h light–dark cycle). Gerbils were acclimatised to the
dosing procedure before the start of the treatments by orally
administering 40ml cottonseed oil/d using a positive displace-
ment pipette. Gerbils were weighed on a daily basis for about
2 weeks and thereafter were weighed twice per week. Animal
handling procedures were approved by the College of

Agriculture and Life Sciences Animal Care and Use Committee
at University of Wisconsin-Madison.
Gerbils consumed ad libitum water and VA- and carotenoid-

free, semi-purified, powdered feed for the duration of the study.
The feed was designed in consultation with a feed nutritionist
(Harlan-Teklad) tomeet the gerbils’ energy andnutrient require-
ments without any known source of VA or bC (Table 1). Feed
intake was determined by measuring the feed in a clean bowl
and subtracting the remainder after a 24 h period. After
depletion (study 1, 3 weeks; study 2, 4 weeks), a baseline
group (study 1, n 6; study 2, n 7) was killed via exsanguination
while under isoflurane anaesthesia to determine initial serum
and liver VA concentrations. The remaining cages were sorted
into weight-matched treatment groups (n 10 per group). To
ensure 90% power with a 5% significance level, nine gerbils
per treatment group were necessary to detect a 30 nmol
difference in liver retinol concentration, assuming a standard
deviation of 20 nmol. The sample size was increased to ten
gerbils per group to account for the animals that may fail to
thrive during the experimental period or to mitigate outliers.
In the present study, three groups received daily oral doses

of at-, 9c- or 13c-bC in cottonseed oil, and the other groups
received doses of VA-free cottonseed oil (VA2) or retinyl acet-
ate in cottonseed oil (VAþ). In study 1, a low bC dose of
15 nmol/d was designed to provide twice the molar equivalent
of the daily VA utilisation rate of a 70 g gerbil(8). In study 2, a
moderate bC dose of 30 nmol/d was designed to provide
twice the molar equivalent of the current VA recommendation
of 2·5 nmol/g feed(9), assuming a typical feed intake of
approximately 6 g/d. The retinyl acetate dose provided the
proportion of 1mg retinol:2mg at-bC in accordance with the
current equivalents of the IOM for oil bC supplements(4).
Following a 3-week (study 1) or a 4-week (study 2) treatment
period, gerbils were killed. Blood was allowed to clot at room
temperature for 30min and centrifuged for 15min at 2200 g at
48C in vacutainer tubes (Becton Dickinson). Serum and liver
samples were stored at 2708C.

Table 1. Composition of a vitamin A (VA)- and carotenoid-free gerbil
feed

Ingredients VA- and carotenoid-free feed (g/kg)

Casein, vitamin-free 200
L-Cys 3·0
Sucrose 360·5
Maltodextrin 120
Maize starch 150
Cottonseed oil 60
Cellulose 60
Mineral mix, AIN-93M-MX 35
Magnesium oxide 1·75
Calcium phosphate, dibasic 2·0
Vitamin mix* 5·0
Vitamin E acetate 0·242
Vitamin D3 0·004
Choline bitartrate 2·5

*Provided per kg of purified diet: biotin, 0·4mg; calcium pantothenate, 66·1mg;
folic acid, 2mg; inositol, 110·1mg; menadione, 49·6mg; niacin, 99·1mg;
p-aminobenzoic acid, 110·1mg; pyridoxine-HCl, 22mg; riboflavin, 22mg;
thiamin-HCl, 22mg; vitamin B12 (0·1% in mannitol), 29·7mg; ascorbic acid
(97·5%), 1016·6mg.

K. A. Bresnahan et al.2
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Tissue extraction procedures

Samples were analysed under gold light to prevent photo-
oxidation and isomerisation. C-23 apo-carotenol was used as
the internal standard in all serum and liver samples. A modified
procedure was used for the analysis of serum(13). In study 1,
500ml serum was analysed, reconstituted in 100ml of
methanol–dichloroethane (50:50), and 25ml injected. In
study 2, to assess the isomeric profile, 1000ml serum was
analysed, reconstituted in 80ml of methanol–butanol (70:30),
and 50ml injected.
Liver (approximately 0·7 g) was ground with approximately

4 g sodium sulphate, extracted with dichloromethane, filtered
and made up to 50ml. For retinoid and carotenoid analyses,
aliquots of 5 and 15ml, respectively, were dried under N2,
reconstituted in 100ml of methanol–dichloroethane (50:50),
and 25 or 50ml injected.

HPLC analyses

bC isomers were separated from the oil doses and liver
samples using a C30 YMC carotenoid column (4·6 £ 250mm,
3mm; Waters, Inc.) at 450 nm, as described previously(14), on
a Waters HPLC system consisting of a 1525 binary HPLC
pump, a 717 autosampler and a 996 photodiode array
detector. The samples were held at 48C in the autosampler
to prevent isomerisation or degradation.
For serum analysis in study 1 and all liver analyses, retinol and

retinyl esters were separated using a Resolve C18 column
(3·9 £ 300mm, 5mm; Waters, Inc.) at 325 nm. Solvent A was
acetonitrile–water (85:15) with 10mM-ammonium acetate and
solvent B was acetonitrile–methanol–dichloroethane
(85:10:5) with 10mM-ammonium acetate. Gradient elution
was performed at 2ml/min using the following procedure:
100% A for 3min, 7min linear gradient to 100% B, 15min
hold and 2min reverse gradient to 100% A. Identities of
bC isomers, retinol and retinyl esters were determined using
HPLC-purified standards. Total liver VA stores were calculated
by summing retinol and identifiable retinyl esters. For serum
analysis in study 2, retinol isomers were separated using a
Zorbax ODS C18 column (4·6 £ 250mm, 5mm; Dupont) at
325 nm with an isocratic mobile phase of methanol–water–
butanol (50:27:23) with 10mM-ammonium acetate run at
1ml/min. Identities of the retinol isomers were confirmed using
the elution order determined by MacCrehan & Schönberger(15)

and HPLC spectra. All tissue samples were run on a Waters
HPLC system consisting of a Delta 600 quaternary HPLC
pump, a 600 controller and a 2487 dual absorbance detector,
and the samples were injected manually. C-23 alcohol was
used as the internal standard, and standard curves were con-
structed for the quantification of carotenoids and retinoids.

Statistical analysis

Results are presented as means and standard deviations. Data
were analysed using SAS software (version 8.2; SAS Institute).
Outcomes of interest (gerbil body and liver weights, serum
retinol, and liver retinol and carotenoids) were evaluated

using a one-way ANOVA. Differences between groups were
determined using the least significant difference test at
a , 0·05. An arcsine-square-root transformation was used to
homogenise variance expressed as percentages. Bioconver-
sion factors of bC to retinol were calculated using differences
in total liver VA in the bC-treated groups compared directly
with the VAþgroup after correction for the VA2 group.

Results

Gerbil weights

In study 1, the final gerbil weights did not differ between the
experimental groups (77·7 (SD 5·15) g) but were found to be
higher than that of the baseline group (67·4 (SD 6·62) g,
P¼0·0043). The final liver weights did not differ among the
groups (3·05 (SD 0·42) g). In study 2, the final gerbil weights
(68·8 (SD 5·63) g) and liver weights (2·47 (SD 0·35) g) were
found to be similar among all the groups. Feed intakes did
not differ within study 1 (6·42 (SD 1·07) g feed/d) or study 2
(5·05 (SD 0·69) g feed/d) (Table 2).

Serum retinol and carotenoids

In both studies, total serum retinol concentration did not differ
among the treatment groups, and carotenoids were not
detected. In study 1, the range of serum retinol concentrations
was 1·43 (SD 0·12)mmol/l in the 13c-bC group to 1·70 (SD 0·18)
mmol/l in the VA2group. In study 2, the range was found to
be 1·19 (SD 0·12)mmol/l in the at-bC group to 1·27 (SD 0·14)
mmol/l in the baseline group, and the relative ratio of
isomers varied across the treatment groups (Fig. 1). Serum
retinol concentrations differed between studies 1 and 2
(P,0·0001). The composition of 9c-retinol in serum differed
among the groups (P¼0·032). The proportion of 9c-retinol
was similar among the 9c-bC, 13c-bC, at-bC and VAþgroups
(1·94 (SD 0·50)%), and the proportion for the baseline and
VA2groups (1·59 (SD 0·19)%) was found to be lower than
that for the 13c-bC and at-bC groups (2·09 (SD 0·51)%), but

Table 2. Gerbil feed consumption in two studies administering low
(15 nmol) and moderate (30 nmol) doses of b-carotene (bC) daily

(Mean values and standard deviations)

Daily feed intake (g/d)

Treatment n Mean SD

Low bC intake
9c-bC 10 5·83 1·15
13c-bC 10 6·66 0·73
at-bC 10 6·56 1·03
VA þ 10 6·61 1·22
VA 2 10 6·44 1·31

Moderate bC intake
9c-bC 10 4·93 0·92
13c-bC 10 5·08 0·53
at-bC 10 4·86 0·86
VA þ 10 4·93 0·25
VA 2 10 5·53 1·16

c, cis; at, all-trans; VA, vitamin A.
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did not differ from each other or the 9c-bC and VAþgroups
(1·77 (SD 0·46)%). The composition of 13c-retinol did not
differ among the groups (3·16 (SD 1·95)%). The composition
of at-retinol differed from baseline (96·7 (SD 0·50)%,
P¼0·021) in the 13c-bC and at-bC groups, but did not differ
from each other (94·1 (SD 1·94)%) or the VA2 , 9c-bC and
VAþgroups (95·1 (SD 1·76)%).

Liver retinol and carotenoids

In study 1, concentrations of liver retinol did not differ among
the experimental groups, and the bC isomers did not maintain
baseline liver stores in all the groups (P¼0·006; Fig. 2(A)).
Total liver retinol concentrations did not differ among the
VAþ , 9c-bC, 13c-bC and at-bC groups, and the bC isomers
failed to maintain baseline liver VA stores in all of these
groups, except the VAþgroup (P¼0·0026; Fig. 2(B)). The 9c-
and 13c-bC groups did not differ from the VA2group.
In study 2, the bC isomers maintained baseline liver retinol
status in all groups, except the VA2group, which did not
differ from the 9c- and 13c-bC groups (P¼0·0019; Fig. 3(A)).
Total liver retinol stores were found to be highest in the VAþ
group and lowest in the VA2group (P,0·0001; Fig. 3(B)).
The VA2group did not differ from the 9c-bC group, but all
the bC isomers resulted in similar total liver stores.
Carotenoids were not detected in the liver of the baseline,

VA2 and VAþgroups in either study. In studies 1 and 2,
total liver bC concentration was found to be highest in the
9c-bC group followed by the at-bC and 13c-bC groups
(study 1, P,0·0001; study 2, P,0·0001; Table 3). The
presence of the administered bC isomer and the other two
isomers in the liver demonstrated in vivo isomerisation of

the bC doses, and the relative proportions of the bC isomers
varied among these groups (Table 3).

Bioconversion factors and utilisation rates

Bioconversion factors for the bC-treated groups were calcu-
lated by determining the total liver VA stores above the nega-
tive control and by directly comparing this value to that of the
VAþgroup. Bioconversion factors ranged from 115 to 168%
and 140 to 175% of the IOM’s recommended values in studies
1 and 2, respectively (Table 4). Comparison of the 9c- and 13c-
bC isomers with the at-bC isomer resulted in mass equivalents
of 2·9 and 1·6mg 9c-bC and 2·6 and 1·4mg 13c-bC to 1mg at-
bC for studies 1 and 2, respectively. In study 1, the utilisation
rate for the VA2group, which was deprived of VA for 21 d
beyond baseline, was found to be 5·1mg/100 g body weight
and for the VAþgroup, which was supplemented cumulatively
with 84·6mg retinol in the form of acetate, was 7·5mg/100 g
body weight. In study 2, the utilisation rate for the VA2group,
which was deprived of VA for an additional 14 d in the
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Fig. 1. Serum retinol concentrations in Mongolian gerbils (Meriones
unguiculatus) fed a vitamin A (VA)- and carotenoid-free feed at baseline after
4 weeks (study 2) of depletion (baseline, n 7), or treated with VA-free
cottonseed oil (VA2 ), moderate doses of 30 nmol 9-cis-, 13-cis- or all-trans
b-carotene (9c- , 13c- or at-bC ) in cottonseed oil, or retinyl acetate in
cottonseed oil (VAþ ) for an additional 4 weeks. VA intake in the VAþ group
was matched to one-half of the theoretical VA intake in the bC groups.
Values are means (n 10), with standard deviations represented by vertical
bars. The treatment groups did not differ significantly (P.0·05; ANOVA
followed by least significant difference test).
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Fig. 2. Liver retinol (A) and total liver retinol (B) concentrations corrected for
liver weight in Mongolian gerbils (Meriones unguiculatus) fed a vitamin A (VA)-
and carotenoid-free feed at baseline after 3 weeks (study 1) of depletion (base-
line, n 6), or treated with VA-free cottonseed oil (VA2), low doses of 15nmol
9-cis-, 13-cis- or all-trans b-carotene (9c-, 13c- or at-bC) in cottonseed oil, or
retinyl acetate in cottonseed oil (VAþ) for an additional 3 weeks. VA intake in
the VA group was given at 1mg retinol equivalent to 2mg bC provided to the
bC groups. Liver retinol was determined by pooling values for retinol and
retinyl esters. Values are means (n 10), with standard deviations represented
by vertical bars. a,b,cMean values with unlike letters were significantly different
(P,0·05; ANOVA followed by least significant difference test).
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extended depletion and treatment periods, was found to be
2·7mg/100 g body weight, and for the VAþgroup, which
received a total of 225·7mg retinol, was 9·1mg/100 g body
weight.

Discussion

To assess the impact of thermal processing methods on plant
foods, it is essential to determine the unique VA bioefficacies
of cis-bC isomers at physiological levels. To our knowledge,
no other studies have investigated the bioefficacies of bC
isomers using amounts reflective of dietary intakes in animals
with carotenoid metabolism similar to that of humans. In
studies 1 and 2, the bioefficacies of 9c-, 13c- and at-bC in
oil at low (15 nmol) and moderate (30 nmol) doses were com-
pared directly with preformed VA supplements. In study 1, the
bC isomers did not maintain liver retinol stores; however, in
study 2, at higher doses, all bC isomers maintained baseline
liver stores and the VA supplement exceeded baseline VA
status. Bioconversion factors were 15–75% less efficient
than the current reference values of the IOM. Factors for the
supplemental cis-bC isomers were similar in each study,
with midpoints of 6·4 and 5·3mg cis-bC:1mg retinol, in
studies 1 and 2, respectively. Bioconversion factors for the
supplemental at-bC isomer were found to be 2·3 and 3·5mg
at-bC:1mg retinol in both studies, which are similar to the
reported values of 2·5–4·6 in previous gerbil studies(10,13,14,16).
The utilisation rates within and between each study were

not the same, but similar to those reported in previous
gerbil studies(8,16). For the VA2group, the utilisation rate in
study 2 was almost half of that in study 1, indicating that the
gerbils were conserving and recycling more retinol during
the period of prolonged deprivation. The higher utilisation
of the VAþgroup in study 2 probably reflects the more con-
centrated preformed retinyl acetate dose that they received(17).
The bC doses failed to maintain baseline liver VA stores in
study 1, suggesting that the utilisation rates of
gerbils exceeded the amount of bioavailable provitamin A
provided. Lee et al.(8) determined the VA utilisation rate of a
VA-deplete adult gerbil to be 3·1mg/100 g body weight.
The difference in utilisation rates between study 1
(i.e. 5·1mg/100 g body weight) and Lee et al.(8) may be due
to the gerbils having a higher requirement as they were
16–26 d younger, or due to the variation in the level of

Table 3. Total liver b-carotene (bC) and isomeric compositions in Mongolian gerbils (Meriones unguiculatus)
administered with low (15 nmol) and moderate (30 nmol) doses of 9-cis-, 13-cis- or all-trans bC (9c-, 13c- or at-bC)*

(Mean values and standard deviations; n 10 per bC group)

Total liver bC
(nmol) 9c-bC (%) 13c-bC (%) at-bC (%)

Mean SD Mean SD Mean SD Mean SD

Low bC intake
9c-bC 7·3a 1·3 68·6a 4·6 10·2 0·9 21·3c 3·8
13c-bC 2·4c 0·46 39·3b 5·6 12·3 4·2 48·4b 4·4
at-bC 4·9b 2·0 31·2c 13·0 12·6 2·8 56·2a 10·7
P ,0·0001 ,0·0001 NS ,0·0001

Moderate bC intake
9c-bC 5·0a 0·6 21·6c 4·1 6·2b 1·2 72·2a 3·4
13c-bC 2·2c 0·5 57·1b 6·0 9·6a 1·8 33·2b 6·6
at-bC 3·2b 0·5 69·6a 3·6 9·1a 2·9 21·3c 2·3
P ,0·0001 ,0·0001 0·0029 ,0·0001

a,b,cMean values within a column with unlike superscript letters were significantly different (P,0·05).
* The limit of detection for bC was ,0·007 nmol.

0·4(A)

(B)

0·3

0·2

Li
ve

r 
re

tin
ol

 c
on

ce
nt

ra
tio

n
(µ

m
ol

/g
)

Li
ve

r 
re

tin
ol

 c
on

ce
nt

ra
tio

n
(µ

m
ol

/li
ve

r)

0·1

0·0

1·0

0·8

0·6

0·4

0·2

0·0
Baseline VA–

b

c

b,c b b

a

a

a,ba,b,ca,b,c

c

a,b

9c-βC 13c-βC at-βC VA+

Treatment group

Baseline VA– 9c-βC 13c-βC at-βC VA+
Treatment group

Fig. 3. Liver retinol (A) and total liver retinol (B) concentrations in
Mongolian gerbils (Meriones unguiculatus) fed a vitamin A (VA)- and caroten-
oid-free feed at baseline after 4 weeks (study 2) of depletion (baseline, n 7),
or treated with VA-free cottonseed oil (VA2 ), moderate doses of 30 nmol
9-cis-, 13-cis- or all-trans b-carotene (9c-, 13c- or at-bC) in cottonseed oil, or
retinyl acetate in cottonseed oil (VAþ ) for an additional 4 weeks. VA intake
in the VA group was given at 1mg retinol equivalent to 2mg bC provided to
the bC groups. Liver retinol was determined by pooling values for retinol and
retinyl esters. Values are means (n 10), with standard deviations represented
by vertical bars. a,b,cMean values with unlike letters were significantly differ-
ent (P,0·05; ANOVA followed by least significant difference test).
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depletion(16,17). In study 2, the depletion period was extended
to reach deficiency, which resulted in a similar utilisation rate
(i.e. 2·7mg/100 g body weight) to that of the Lee et al.’s value,
and doses were increased to allow for adequate VA storage in
the bC-treated groups.
It is important to consider the impact of VA status on

bioconversion factors. The utilisation rate slows and recycling
becomes more efficient during the state of deficiency and the
converse occurs when the status is sufficient(17,18). This
departure in utilisation rates between the VA-deplete and
VA-replete groups can therefore lead to the inflation of
conversion factors, which may partially explain the higher
conversion factors in study 1 compared with study 2 for the
cis-bC isomers. The VA2group had higher VA status in
study 1 than in study 2 where the depletion and treatment
periods were extended. Furthermore, bioconversion of bC
to retinol in humans and gerbils is dependent on dose
size(19,20) and is inversely related to VA status(21,22), which
may explain the difference in bioconversion factors for the
at-bC isomer between the two studies because the dose was
doubled in study 2.
In study 2, the relative VA values of the 9c- and 13c-bC

isomers were similar with bioefficacies of 63 and 70% that
of the at-bC isomer, respectively. In previous studies, the
relative VA values of the 9c- and 13c-bC isomers compared
with that of the at-bC isomer were 33–61 and 48–74%,
respectively, in rats(23–25) and 38 and 62%, respectively, in
gerbils(7). The variations in the VA values determined in the
previous studies may be due to the differences in the
amount (0·6–224·4mg bC/d) and duration (7–28 d) of
dosing, the depletion period (20–56 d) or the basis of calcu-
lation (i.e. body-weight gain v. liver VA)(7,23–25). The gerbil
provides a more advantageous model for studying carotenoid
metabolism compared with the rat because, like humans, they
are capable of cleaving provitamin A carotenoids to retinal
and absorbing physiological doses intact(8,26,27). Although
rats are efficient cleavers of bC in the small intestine, they
only absorb bC intact under conditions of great dietary
excess(28–30). The present study demonstrates more efficient
conversion of the cis-bC isomers, particularly 9c-bC, in gerbils
than that found by Deming et al.(7), which, again, is likely
attributable to the larger dose size used in that study.

The observation of higher total liver bC concentration found
in the 9c-bC group suggests that the 9c-bC isomer may be more
efficiently delivered to the liver. In vitro studies have suggested
that the cis-bC isomers are similarly or more efficiently incor-
porated into micelles during digestion(11,31–33), but data are
inconsistent regarding the efficiency of cis-bC isomer uptake
by intestinal cells(31–33). Based on accumulation in human
serum, the at-bC isomer appears to be absorbed and/or pack-
aged into the chylomicra more efficiently than the cis-bC
isomers, with 13c-bC being the predominant cis-bC
isomer(34–37). Additionally, in human subjects fed supplements
or Dunaliella bardawil containing an at-bC:9c-bC ratio of
approximately 50:50, the at-bC isomer appears to be preferen-
tially incorporated into the chylomicra and VLDL(38–40). How-
ever, in vivo interconversion of bC isomers, documented
previously in human subjects(41) and gerbils(37) and confirmed
in the present study, may have a positive impact on the VA
values of the cis-bC isomers, and result in inaccurate interpre-
tations of their bioavailabilities when confirmed solely by the
presence of the isomer of interest. More work is necessary to
elucidate common in vivo patterns for and mechanisms of bC
isomer interconversion as none is apparent from the isomeric
composition found in the gerbil liver in these studies. Further-
more, enzymatic isomerisation of cis-bC isomers to at-retinal
by b-carotene 15,150-mono-oxygenase 1 was observed in rats,
with 9c-bC converting to a mixture of 9c-, 13c- and at-retinal
and 13c- and at-bC converting primarily to at-retinal(42). In a
previous study, the composition of retinol isomers in the liver
of gerbils was determined to be similar among groups dosed
with bC isomers and the negative control, with cis-bC isomers
constituting approximately 10% of total liver VA(37). Similarly,
the isomeric composition of serum retinol in study 2 was
found to be 3·3–6·5% of cis-retinol isomers, which supports
the in vivo isomerisation of bC and/or retinol. Together, these
findings demonstrate that the isomeric compositions of liver
and serum retinol do not reflect the dietary intake of bC, and
that the at-retinol isomer appears to be preferable for the storage
and circulation of VA.
The lack of the difference observed in liver VA stores among

the 9c-, 13c- and at-bC groups and bioefficacies of the cis-bC
isomers .60% that of the at-bC isomer contradicts the idea
that the cis:trans ratio significantly decreases the VA value of

Table 4. Bioconversion factors in Mongolian gerbils (Meriones unguiculatus) administered with low (15 nmol) or moderate (30 nmol)
doses of b-carotene (bC)*

mmol bC:
1mmol retinol

mg bC:
1mg retinol

IOM reference
(mg bC:1mg retinol)†

Percentage of
IOM value

Percentage of
at-bC bioefficacy‡

Low bC intake
9c-bC 3·6 6·7 4·0 168 34
13c-bC 3·2 6·1 4·0 153 37
at-bC 1·2 2·3 2·0 115 100

Moderate bC intake
9c-bC 3·0 5·6 4·0 140 63
13c-bC 2·7 5·0 4·0 125 70
at-bC 1·9 3·5 2·0 175 100

IOM, Institute of Medicine; at, all-trans; c, cis.
* n 10 per bC group.
† The IOM reference value for supplemental cis-bC isomers was based on the current retinol activity equivalents from food, which assumes a bioavailability

that is equivalent to 50% that of at-bC for all cis-bC isomers.
‡Determined by direct comparison with bioconversion factors for the at-bC isomer in studies 1 and 2.
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plant foods. These findings support the conclusion made by
Howe et al.(10) that regular, moderate intakes of cis-bC isomers
from plant foods allow for efficient absorption and biocon-
version to VA in gerbils. The cassava feeds used by Howe et al.
contained 41–47% of cis-bC isomers; by using a bioefficacy of
cis-bC isomers equivalent to two-thirds that of the at-bC isomer,
the VAvaluemay have been decreased by only 14–16%. In fact,
Howe et al.(10) demonstrated a conversion factor of 3·7mg
bC:1mg retinol, which is similar to the values from plant foods
containing much lower concentrations of cis-bC isomers(43,44).
Similar bioconversion factors for thermally processed pro-
vitamin A-biofortified cassava have recently been determined
in women, ranging from 4·2–4·5mg bC:1mg retinol depending
on oil content(45). Additionally, the matrix of certain plant foods
can have a negative impact on the VA value(46), in which case
thermal processing can increase bC bioavailability(33,47,48). It is
therefore important for nutritionists and plant breeders to
holistically consider the impacts of processing on matrix effects
and carotenoid concentrations when establishing provitamin A
biofortification targets in staple crops.
Liver is the primary storage site of retinol in mammals and is

considered the best measure of VA status(18). Serum retinol con-
centrations do not provide an effective measure of status
because of homeostatic regulation over a wide range of liver
stores(18), as demonstrated by similar concentrations among
all the treatment groups within both studies. In that regard,
the difference between serum retinol concentrations between
studies 1 and 2 is interesting, considering that the gerbils in
study 2 received twice the supplemental doses and liver VA con-
centrations did not differ between the two studies. Subclinical
deficiency has recently been defined as liver stores , 0·1mmol
retinol/g liver(18); according to this definition, the VA2group in
study 1 was nearing deficiency and the VA2group in study 2
was deficient, but serum retinol concentrations were not low
(i.e. concentrations were .0·7mmol/l). Additionally, the
absence of carotenoids in serum is expected because the lipid
profile of gerbils differs from that of humans in that the major
circulating lipoprotein is HDL and carotenoids are predomi-
nantly associated with LDL during fasting(49).
In summary, the 9c-, 13c- and at-bC isomers prevented retinol

deficiency in gerbils when provided in amounts reflective of
moderate dietary intake, and the cis-bC isomers demonstrated
bioefficacies .60% that of the at-bC isomer when baseline
liver storesweremaintained. The results of these studies suggest
that mild thermal processingmodestly decreases the VAvalue of
plant foods through the generation of the cis-bC isomers.
Furthermore, the currently assigned bioavailability of the
cis-bC isomers, equivalent to 50% that of the at-bC isomer(4),
may need to be clarified as being dependent on dose size
and VA status. More research is needed to elucidate the mecha-
nism of in vivo isomerisation of cis-bC to at-bC and to assess
the bioavailabilities of cis-bC isomers from plant foods in
human subjects.
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Abstract

Banana is a staple crop inmany regionswhere vitaminA deficiency is prevalent,making it a target for provitaminA biofortification.

However, matrix effects may limit provitamin A bioavailability from bananas. The retinol bioefficacies of unripe and ripe bananas

(study 1A), unripe high-provitamin A bananas (study 1B), and raw and cooked bananas (study 2) were determined in retinol-

depletedMongolian gerbils (n= 97/study) using positive and negative controls. After feeding a retinol-deficient diet for 6 and 4wk

in studies 1 and 2, respectively, customized diets containing 60, 30, or 15% banana were fed for 17 and 13 d, respectively. In

study 1A, the hepatic retinol of the 60% ripe Cavendish group (0.52 6 0.13 mmol retinol/liver) differed from baseline (0.65 6

0.15mmol retinol/liver) andwas higher than the negative control group (0.396 0.16mmol retinol/liver;P<0.0065). In study 1B, no

groups differed from baseline (0.656 0.15 mmol retinol/liver; P = 0.20). In study 2, the 60% raw Butobe group (0.686 0.17 mmol

retinol/liver) differed from the 60% cooked Butobe group (0.87 6 0.24 mmol retinol/liver); neither group differed from baseline

(0.806 0.27mmol retinol/liver;P<0.0001). Total liver retinolwashigher in thegroups fed cookedbananas than in those fed raw (P=

0.0027). Body weights did not differ even though gerbils ate more green, ripe, and raw bananas than cooked, suggesting a greater

indigestible component. In conclusion, thermal processing, but not ripening, improves the retinol bioefficacy of bananas. Food

matrixmodification affects carotenoid bioavailability fromprovitamin A biofortification targets. J. Nutr. doi: 10.3945/jn.112.167544.

Introduction

Banana is a staple crop in many tropical and subtropical regions
where vitamin A (VA)9 deficiency (VAD) is present (1,2).
Biofortification of staple crops with micronutrients is an

agricultural approach to improve human health (3). Provitamin
A enhancement of bananas may provide a novel and sustainable
approach to alleviate VAD in several populations and should be
considered a prime biofortification target, because >90% of
bananas harvested are consumed locally in many countries (4,5).
Recent research has located several high-provitamin A bananas
to use in traditional and genetically modified biofortification
efforts (6–9).

When assessing the impact of biofortification, it is essential to
elucidate matrix effects on provitamin A bioavailability. For
example, bananas contain considerable amounts of resistant
starch, an indigestible matrix component that is thought to limit
bioavailability (3,10,11). In human small intestine, raw banana
starch was >80% resistant to digestion (12,13). Ripening and
thermal processing reduce resistant starch concentrations and
may positively affect bioavailability (14,15).

In a recent study assessing the bioefficacies of provitamin
A-equalized fruit diets, processed banana flour was less effective
than other fruits in maintaining the liver reserves of Mongolian
gerbils (16). The bioconversion factor for the banana diet was

1 Supported by the Grand Challenges in Global Health (no. 9), an initiative of the
Bill and Melinda Gates Foundation through a grant to the International Food
Policy Research Institute; also funded by USDA Hatch WIS01528.
2 Presented at Experimental Biology 2011.
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Kluai Khai Bong green; KK, Kluai Khai; LG, Lady Finger green; LR, Lady Finger
ripe; MC, M9 cooked; MR, M9 raw; NC, Nakinyika cooked; NR, Nakinyika raw;
SN, Sukali Ndizi; VA, vitamin A; VA+, positive control; VA2, negative control;
VAD, vitamin A deficiency.
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much higher than for the other fruits, implying that a higher
provitamin A concentration would be needed to support adequate
VA status (16). To determine matrix effects, we investigated
provitamin A carotenoid bioefficacy in unripe compared with ripe
bananas, naturally occurring high-provitamin A bananas, and
raw compared with cooked bananas. We hypothesized that
ripening and thermal processing would decrease resistant starch
and increase VA bioefficacy. Mongolian gerbils are capable of
metabolizing provitamin A carotenoids in a manner similar to
humans (17) and were therefore used as the model.

Materials and Methods

Banana preparation. In study 1, bananas were from Queensland DPI
South Johnstone Research Station in Australia: Cavendish, Lady Finger,
and Kluai Khai (KK) Bong. In study 2, bananas were from the National
Banana Research Program Germplasm Collection at Kwanda, Uganda:
Butobe, Nakinyika, Hybrid M9, and Sukali Ndizi (SN). An exception
was the banana used as control in study 1, which was procured locally.
None of the bananas were biofortified but were typical cultivars.

Bananas were harvested at the same time and level of ripeness.
Nakinyika, Hybrid M9, and SN were selected because they are
biofortification targets, and Cavendish and Lady Finger were selected
because they are being used for development of biofortification
technology within the Bill and Melinda Gates Foundation!s program
for Uganda. Cultivars Butobe and KK Bong were included, because they
have relatively high carotenoid levels. Bananas were harvested at the full-
green stage, which is ~15 wk after bunch emergence when the fruits
develop round edges. Green bananas are typically used to make
‘‘matooke’’ (steamed in banana leaves) and are used in flour production
(18). Cavendish and Lady Finger were ripened for 1 wk, which is when
they are normally consumed fresh. Ripeness was determined by the peel
turning yellow. Peels were removed by hand and fingers were sliced into
pieces and freeze-dried for 1 wk in a Cuddon 1015 Floral Dryer. Samples
were shipped to the U.S. the day after freeze-drying. Upon arrival,
bananas were further freeze-dried, processed into flour, and stored at
270!C until mixed into feeds.

Bunches for all cooking bananas (i.e., Butobe, Nakinyika, Hybrid
M9) were harvested at the same time in Uganda. Eighteen hours after
harvest, bananas were peeled, divided into 2 samples (steaming and
raw), sliced into diagonal pieces, wrapped in banana leaves, and placed
in stainless-steel pans. After covering with more leaves, they were
steamed for 1 h using firewood (as done traditionally), allowed to cool,
and placed in containers for storage at 220!C. For SN bananas (usually
eaten ripe), the peels were removed and the bananas were sliced into
pieces and stored at 220!C. Samples were frozen for 1 mo, freeze-dried
for 3 d, ground, and sealed in airtight containers at220!C until shipped.

Study design. Male 34- to 40-d-old Mongolian gerbils (n = 97/study;
Charles River Laboratories) were group housed (n = 3/cage) during
depletion and individually housed during treatment. Room temperature
and humidity were held constant (12-h-light/-dark cycle). Gerbils were
acclimated to the procedures by administering 40 mL/d cottonseed oil
with a positive displacement pipette. Gerbils were weighed daily until all
were thriving and were thereafter weighed every other day. All animal
handling procedures were approved by the College of Agriculture and
Life Sciences Animal Care and Use Committee at the University of
Wisconsin-Madison.

Gerbils consumed ad libitum VA- and carotenoid-free, semipurified,
powdered feed. In consultation with a feed nutritionist (Harlan-
Teklad), we designed the feeds to provide isoenergetic and isonitroge-
nous diets. The feeds were stored at 220!C (Supplemental Table 1).
Macronutrients and fiber (USDA Nutrient Database) were equalized
depending on percent banana by adjusting casein, sucrose, oil, and
cellulose. After depletion (study 1, 6 wk; study 2, 4 wk), a baseline group
(n = 7) was killed via exsanguination while under isoflurane anesthesia to
determine the initial serum and liver concentrations. The remaining
gerbils were sorted into weight-matched groups (n = 10/group) and fed

customized diets with 60, 30, or 15% banana. Following a 17-d (study
1A and B) or 13-d (study 2) treatment, the gerbils were killed (Fig. 1).
Blood was centrifuged for 15 min at 2200 3 g in Vacutainer tubes
(Becton Dickinson). Livers were excised and stored at 270!C.

To assess the effect of ripening, study 1A compared the retinol
bioefficacy of green (unripe) and ripe dessert bananas and study 1B
compared unripe dessert bananas with unripe, high-carotenoid bananas
at a lower diet percentage. Study 2 compared the retinol bioefficacy
of raw compared with cooked bananas. Both studies employed positive
(VA+) and negative (VA2) control groups, which were fed VA-free basal
feed. The VA+ group was given a daily dose of retinyl acetate dissolved in
cottonseed oil. Study 1 also included a VA-free customized diet with low-
carotenoid bananas [control banana (CB)] and a daily retinyl acetate
dose that matched the VA+ group. All other treatment groups received
matched oil doses. The daily theoretical retinol intake was calculated
based on mean feed consumption, measured daily, with the assumption
of 100% bioefficacy (i.e., 1 mol b-carotene provides 2 mol retinol and
1 mol a-carotene provides 1 mol retinol). In study 1, one-half of the
previous day!s mean theoretical retinol intake based on the intakes of the
60% Lady Finger [ripe (LR) and green (LG)] and 60% Cavendish [ripe
(CR) and green (CG)] groups was used to determine the retinyl acetate
dose administered to the VA+ and CB groups. In study 2, because of the
large variations in provitamin A content, an intermediate dose was used

FIGURE 1 Experimental timeline for 3 studies that determined VA
bioefficacy of provitamin A carotenoids from bananas. After a retinol
depletion period, treatments included VA2 and carotenoid-free diets
with negative and positive controls (VA2 and VA+); 60% CB with VA
supplement (study 1A); 60% CR (study 1A) and CG (studies 1A and
1B); 60% LR (study 1A) and LG (studies 1A and 1B); and 30% and
15% KG (study 1B). In addition to controls, study 2 included 60% BR
or BC; 60% NR or NC; 60% MR or MC; and 60% SN raw. Retinyl
acetate doses for the VA+ and control banana groups were matched
to one-half of the mean theoretical intake of the banana diets in study
1 and a mid-level in study 2. All treatments included daily doses of
cottonseed oil with the volume matched to the VA+ oil intake. BC,
Butobe cooked; BR, Butobe raw; CB, control banana; CG, Cavendish
green; CR, Cavendish ripe; KG, Kluai Khai Bong green; LG, Lady Finger
green; LR, Lady Finger ripe; MC, M9 cooked; MR, M9 raw; NC,
Nakinyika cooked; NR, Nakinyika raw; SN, Sukali Ndizi; VA, vitamin A.
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based on the intakes of the 60% Butobe [cooked (BC) and raw (BR)],
Nakinyika [cooked (NC) and raw (NR)], andM9 [cooked (MC) and raw
(MR)] groups.

Diet analyses. Diets were analyzed weekly in triplicate for carotenoids
to assess degradation and correct theoretical retinol values (19). Samples
(0.4 g) were ground with a mortar and pestle, saponified with 250 mL
50% KOH in water (wt:v), kept on ice to minimize degradation, and
mixed with a vortex every 5 min for 15 min. Hexane extractions (3 mL)
were repeated 3 times, pooled, dried under nitrogen, and reconstituted in
100 mL 50:50 methanol:dichloroethane (v:v); then 50 mL was injected
into the HPLC (Waters). b-8#-Apo-carotenal, added postsaponification,
was used as an internal standard. HPLC-purified lutein, a-carotene, and
b-carotene were used for quantification. Chromatograms were generated
at 450 nm.

Neutral detergent fiber and resistant starch contents were determined
for all diets in studies 1 and 2 using previously published procedures
(20,21).

Tissue analyses. Samples were analyzed under gold light to prevent
photo-oxidation and isomerization. A modified procedure was used for
analysis of 500 mL serum (22). C-23 apo-carotenol was the internal
standard and 25 mL sample was injected. Chromatograms were
generated at 325 and 450 nm.

Liver (;0.5 g) was ground with ;4 g sodium sulfate, extracted with
dichloromethane, and filtered to 25 mL volume. C-23 apo-carotenol was
the internal standard; 5 mL was dried under nitrogen and reconstituted
in 100 mL 50:50 methanol:dichloroethane and 25 mL was injected. A
Waters photodiode array HPLC system with a guard column and
Resolve C18 column (5 mm, 3.9 3 300 mm) was used. Solvent A was
87.5:12.5 acetonitrile:H2O (v:v) and solvent B was 70:20:10 acetoni-
trile:dichloroethane:methanol; both contained 10 mmol/L ammonium
acetate. Gradient elution was at 1 mL/min: 1) 15-min hold at 100%A; 2)
10-min linear gradient to 100% B; 3) 23-min hold at 100% B; 4) 5-min
reverse gradient to 100% A; and 5) 10-min hold. Chromatograms were
generated at 311, 325, and 450 nm. The quantification of retinol, retinyl
esters, a-retinol, a-retinyl esters, lutein, a-carotene, and b-carotene was
determined using HPLC-purified standards. The liver retinol concentra-
tion and total retinol reflect retinol and esters.

Stool fat analysis. In study 1, feces were randomly collected upon the
observance of abnormal specimens, which occurred when the animals
were switched to the high-percentage banana diets. In study 2, feces were
collected twice weekly from the same gerbils across treatment groups to
account for the natural variance in fat between animals (23). Samples
(;0.2 g) were ground with;1 g sodium sulfate, extracted into a 50-mL,
round-bottom flask, dried using a rotary evaporator, reconstituted in 3
mL dichloromethane, and transferred to a tared test tube. The extract
was dried under nitrogen, placed in a vacuum-sealed desiccator
overnight, and weighed for difference.

Statistical analysis. Values are means6 SD. Data were analyzed using
SAS software (SAS Institute, 8.2). Outcomes of interest were evaluated
using 1-way and 2-way ANOVA or t tests. Differences between groups
were determined using least significant differences at a < 0.05. We
calculated b-Carotene equivalents (bCEs) to retinol bioconversion
factors using differences in total liver retinol equivalents in treatment
groups compared directly with the VA+ group after correction for the
control group. A correction factor was utilized for the difference in
theoretical retinol and feed intakes between groups (22).

Results

Carotenoid, fiber, and resistant starch concentrations. In
study 1, a- and b-carotene concentrations were highest for KK
Bong green (KG) followed by LR, CR, CG, LG, and CB. In
study 2, a- and b-carotene concentrations were highest in BR
followed by NC, BC, NR, MR, MC, and SN (Table 1). The

theoretical retinol based on 100% bioefficacy of all banana
diets, with the exception of CB and SN (Table 2), exceeded
gerbil requirements (2.45 nmol retinol/g diet) (24). The
theoretical retinol intake was calculated as retinol in feed
multiplied by daily intake.

Fiber content did not differ in study 1 (P = 0.89). In study 2,
the 60% MR and SN diets contained lower fiber than the
VA-free diet (P < 0.0068) (Table 2) and cooking increased fiber
(P = 0.0137). Resistant starch concentrations differed in all
studies (P # 0.0007) (Table 2) and none was detected in the
VA-free diet. In study 1A, ripening decreased resistant starch
(P < 0.0001). In study 1B, resistant starch concentrations were
highest in the 60% LG diet followed by the 60% CG and 30%
KG diets. In study 2, the cooked banana diets had lower resistant
starch than the matched raw diets; cultivar, cooking, and an
interaction between these variables affected resistant starch (all
P < 0.0001).

Weights, intakes, and stool fat. Gerbil weights did not differ
among treatments within studies (study 1A, 71.9 6 1.4 g, P =
0.23; study 1B, 72.76 1.6 g, P = 0.36; study 2, 66.16 1.0 g, P =
0.89). Final liver weights differed in study 1A (P = 0.0042) and
study 2 (P = 0.0334). In study 1A, the 60% CB group liver
weight (2.776 0.39 g) was higher than the VA2, 60%CG, 60%
LR, and 60% LG groups (2.25 6 0.31 to 2.40 6 0.22 g). In
study 2, liver weights were higher for the VA2, 60% BC, 60%
SN, and VA+ groups (2.72 6 0.35 to 3.02 6 0.04 g) but did not
differ in study 1B (2.426 0.38 g; P = 0.09). Feed intake differed
among groups within studies (study 1A, P = 0.0003; study 1B,
P = 0.0007; study 2, P < 0.0001) (Table 2). Feed intake was
higher in study 1A in the 60%CR, 60%CG, 60% LG, and 60%
CB groups; in the 60%CG and 60% LG groups in study 1B; and
in the 60% BR, 60%NR, and 60%MR groups in study 2. Daily
theoretical retinol intake differed among treatments (all P <
0.0001) (Table 3). Stool fat concentrations did not differ within

TABLE 1 Carotenoid concentrations in freeze-dried compo-
nents used to prepare Mongolian gerbil feeds in provitamin A
carotenoid bioefficacy studies1

Component Lutein a-Carotene b-Carotene2

nmol/g
Study 1

CR 4.91 6 0.24 5.41 6 0.25 1.66 6 0.11
CG 3.58 6 0.02 5.04 6 0.52 1.68 6 0.19
LR 3.96 6 0.01 7.78 6 0.24 3.60 6 0.12
LG 2.54 6 0.19 3.65 6 0.04 2.13 6 0.08
KG 2.27 6 0.05 21.7 6 0.72 21.3 6 0.67
CB 1.88 6 0.14 1.33 6 0.08 0.68 6 0.03

Study 2
BR 0.0061 6 0.0008 4.55 6 0.10 8.46 6 1.29
BC 0.014 6 0.007 3.17 6 0.14 2.10 6 0.60
NR 0.0030 6 0.0009 3.30 6 0.20 1.58 6 0.32
NC 0.020 6 0.002 3.64 6 0.14 3.38 6 0.31
MR 0.00078 6 0.00004 1.23 6 0.11 2.38 6 0.35
MC 0.022 6 0.003 1.67 6 0.02 1.65 6 0.17
SN 0.029 6 0.004 0.24 6 0.003 0.47 6 0.26

1 Values are means 6 SD, n $ 3 replicates. BC, Butobe cooked; BR, Butobe raw; CB,

control banana; CG, Cavendish green; CR, Cavendish ripe; KG, Kluai Khai Bong green;

LG, Lady Finger green; LR, Lady Finger ripe; MC, M9 cooked; MR, M9 raw; NC,

Nakinyika cooked; NR, Nakinyika raw; SN, Sukali Ndizi.
2 Includes all-trans-, 9-cis-, and 13-cis-b-carotene isomers.
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studies (study 1, 10.9 6 7.6 mg fat/g stool, P = 0.73; study 2,
9.90 6 5.46 mg fat/g stool, P = 0.55).

Tissue concentrations. Serum retinol concentrations did not
differ among groups (study 1, P = 0.35; study 2, P = 0.43). In
study 1, serum retinol ranged from 1.53 6 0.40 mmol/L in the
60% CG group to 2.066 0.40 mmol/L in the 15%KG group. In
study 2, serum retinol ranged from 0.97 6 0.16 mmol/L in the
60% NR group to 1.14 6 0.16 mmol/L in the 60% NC group.
Retinyl esters and carotenoids were not detected.

In study 1A, liver retinol concentrations did not differ from
baseline (0.266 0.07mmol retinol/g liver; P = 0.07) for any group.
For total retinol, the groups that differed from baseline (0.65 6
0.15 mmol retinol/liver; P = 0.0065) were 60% CR (0.52 6
0.13 mmol retinol/liver) and VA2 (0.396 0.16 mmol retinol/liver)
(Fig. 2A). The bioconversion of a-carotene was confirmed by
quantifying a-retinol. a-Retinol concentrations were higher in
the ripe banana groups than green banana groups (P < 0.0001);
ripeness (P < 0.0001) and an interaction between cultivar and
ripeness (P = 0.0281) affected a-retinol concentration (Fig. 2B).
In study 1B, the retinol concentration and total hepatic levels did
not differ among groups (P = 0.06; P = 0.20) (Fig. 3A). Hepatic

a-retinol was higher in the 30% and 15% KG groups (P <
0.0001) (Fig. 3B). a-Retinol was correlated with the a-carotene
content of the diet (r = 0.86).

Liver provitamin A carotenoids reflected those in the diets.
a-Carotene ranged from 1.84 6 1.03 nmol/liver in the 60% CB
group to 10.66 4.6 nmol/liver in the 60% LR group in study 1A
and from 1.846 1.03 nmol/liver in the 60%CB group to 11.96
6.1 nmol/liver in the 30% KG group in study 1B. b-Carotene
was highest in the 60% LG group (0.90 6 0.80 nmol/liver) in
study 1A and in the 30% KG group (10.4 6 9.8 nmol/liver) in
study 1B.

In study 2, all groups maintained a baseline concentration
and total retinol (0.24 6 0.08 mmol retinol/g liver; 0.80 6 0.27
mmol retinol/liver; both P < 0.0001) except the VA2, VA+, and
60% SN groups, which did not differ from each other (0.14 6
0.06 to 0.166 0.06 mmol retinol/g liver) (Fig. 4A). Interestingly,
liver retinol in the VA+ group did not differ from the VA2 group
on a concentration or hepatic level, which indicates differential
utilization rates (25). For both concentration and total retinol,
the 60% BR group (0.20 6 0.05 mmol retinol/g liver; 0.68 6
0.17 mmol retinol/liver) was lower than the 60%BC group (0.266
0.07 mmol retinol/g liver; 0.876 0.24 mmol retinol/liver) (Fig. 4A).

TABLE 2 Provitamin A carotenoid concentrations, fiber and resistant starch content of feeds, feed intake, and theoretical VA intake
for Mongolian gerbils (studies 1 and 2)1

Component a-Carotene b-Carotene Theoretical VA
Neutral

detergent fiber Resistant starch Feed intake
Daily theoretical

VA intake2

nmol/g feed % g/d nmol/d
Study 1A

P value 0.69 ,0.0001 0.0003 ,0.0001
VA2 ND3 ND ND 12.5 6 1.30 ND 6.77 6 0.74c 0
60% CR 2.02 6 0.17 1.22 6 0.31 4.46 6 0.79 11.3 6 0.37 4.65 6 0.84c 8.99 6 1.89a 37.5 6 6.57b

60% CG 1.51 6 0.14 0.90 6 0.36 3.31 6 0.86 11.6 6 1.43 8.05 6 0.20b 9.16 6 2.66a 32.5 6 6.85c

60% LR 2.49 6 0.19 2.00 6 0.41 6.49 6 1.01 11.6 6 0.37 4.88 6 0.80c 7.67 6 1.95bc 48.8 6 8.54a

60% LG 1.09 6 0.08 1.27 6 0.24 3.63 6 0.56 11.6 6 0.32 9.10 6 0.46a 8.28 6 2.48ab 29.7 6 5.84c

60% CB 0.31 6 0.07 0.69 6 0.12 1.69 6 0.31 11.7 6 0.34 1.13 6 0.17d 8.12 6 1.58ab 30.4 6 3.10c

VA+ ND ND ND 12.5 6 1.30 ND 6.64 6 0.94c 19.1 6 2.93d

Study 1B
P value 0.13 0.0007 0.0007 ,0.0001

VA2 ND ND ND 12.5 6 1.30 ND 6.77 6 0.74c 0
60% CG 1.51 6 0.14 0.90 6 0.36 3.31 6 0.86 11.6 6 1.43 8.05 6 0.20b 9.16 6 2.66a 32.5 6 6.85c

60% LG 1.09 6 0.08 1.27 6 0.24 3.63 6 0.56 11.6 6 0.32 9.10 6 0.46a 8.28 6 2.48ab 29.7 6 5.84c

30% KG 2.98 6 0.74 5.40 6 1.29 13.8 6 3.32 12.1 6 0.29 6.11 6 0.66c 7.61 6 2.00bc 104 6 21.0a

15% KG 1.43 6 0.29 2.97 6 0.6 7.37 6 1.49 NM NM 7.55 6 1.84bc 56.2 6 13.3b

VA+ ND ND ND 12.5 6 1.30 ND 6.64 6 0.94c 19.1 6 2.93d

Study 2
P value 0.0068 ,0.0001 ,0.0001 ,0.0001
VA2 ND ND ND 12.5 6 1.30a ND 6.73 6 1.07c 0
60% BR 4.79 6 0.31 3.47 6 0.20 11.7 6 0.72 10.3 6 2.35ab 13.1 6 0.53a 9.60 6 2.83ab 112 6 25.1a

60% BC 2.75 6 0.56 2.31 6 0.48 7.37 6 1.53 11.8 6 1.92a 3.37 6 0.40d 8.18 6 0.88bc 60.2 6 11.1c

60% NR 3.56 6 0.35 2.72 6 0.25 9.00 6 0.85 10.4 6 0.67ab 10.8 6 2.03b 9.71 6 3.04ab 86.7 6 14.9b

60% NC 3.28 6 0.48 2.78 6 0.40 8.83 6 1.29 12.9 6 1.78a 0.57 6 0.21e 6.69 6 1.69c 59.0 6 12.1c

60% MR 1.25 6 0.03 0.86 6 0.01 2.97 6 0.05 7.38 6 0.32b 4.77 6 0.60c 10.5 6 2.98a 31.1 6 6.24d

60% MC 1.40 6 0.35 0.89 6 0.27 3.17 6 0.89 12.0 6 0.16a 3.36 6 0.36d 6.79 6 2.25c 22.1 6 7.66d

60% SN 0.26 6 0.025 0.32 6 0.00 0.90 6 0.03 7.59 6 1.13b 0.19 6 0.10e 8.87 6 3.29c 7.99 6 2.93d

VA+ ND ND ND 12.5 6 1.30a ND 6.41 6 1.63c 11.6 6 1.80d

1 Values are means 6 SD, n $3 replicates (diet analysis) and n = 5 (feed intake and daily theoretical VA intake). Means in a row with superscripts without a common letter differ,

P , 0.05. BC, Butobe cooked; BR, Butobe raw; CB, control banana; CG, Cavendish green; CR, Cavendish ripe; KG, Kluai Khai Bong green; LG, Lady Finger green; LR, Lady Finger

ripe; MC, M9 cooked; MR, M9 raw; NC, Nakinyika cooked; ND, not detected; NM, not measured; NR, Nakinyika raw; SN, Sukali Ndizi; VA, vitamin A; VA2, negative control; VA+,

positive control.
2 Daily theoretical retinol intake assumes 100% bioefficacy (i.e., 1 mol b-carotene provides 2 mol retinol and 1 mol a-carotene provides 1 mol retinol). This calculation accounts for

losses in provitamin A concentrations over time.
3 The limit of detection for carotenoids is ,0.007 nmol and that for resistant starch is 0.08%.
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An effect of cooking was found for concentration and total
retinol (both P = 0.0036). A t test comparing total hepatic retinol
of all cooked compared with raw banana treatments showed
that cooking enhanced retinol stores (P = 0.0027).

Hepatic a-retinol concentrations were higher in the cooked
groups than in their raw compliments (P < 0.0001) (Fig. 4B), and
a-retinol in the cooked banana groups! livers had a strong
correlation with a-carotene content in the feed (r = 0.98). An
effect of cooking (P < 0.0001) and cultivar (P = 0.0383) on
hepatic a-retinol concentrations was observed. a-Carotene
ranged from 0.18 6 0.30 nmol/liver in the 60% SN group to
19.46 12.5 nmol/liver in the 60% BC group; b-carotene ranged
from 3.0 6 2.5 nmol/liver in the 60% NR group to 11.1 6 10.6
nmol/liver in the 60% BC group. No a-retinol or carotenoids
were detected in the baseline, VA2, or VA+ groups.

Bioconversion factors. Due to study design based on the
percentage of banana, the retinol intake of the banana groups
varied from the daily retinol intake administered by the
supplements and therefore adjustments were made based on
intake differences. Bioconversion factors in study 1 varied from
1.3 to 3.0 mg bCE to 1 mg retinol and from 0.5 to 4.1 mg bCE to
1 mg retinol in study 2 (Table 3).

Discussion

Provitamin A biofortification of bananas may provide a
sustainable alternative to periodic retinyl ester supplements in
countries where banana is a staple. In these studies, the retinol
bioefficacy of green and ripe dessert bananas, green high-
provitamin A bananas, and raw and cooked bananas was
directly compared with VA supplements. In the LG, LR, CG, and
KG diets at 2 levels (15 and 30%), the BC, NR, NC, MR, and
MC bananas maintained liver retinol stores. With few excep-
tions, these bananas prevented VAD in gerbils. Additionally, the
conversion factors for all banana types were efficient (i.e., 0.5–
4.1 mg bCE to 1 mg retinol). Theoretically, the lowest conversion
factor is ;0.9 mg bCE to 1 mg retinol based on the addition of

oxygen to the hydrocarbon. Only 1 of the 13 banana prepara-
tions was below this value, which may indicate that these gerbils
were using the a-retinol formed for partial VA activity (26), their
utilization rate had slowed (25), or that they were recycling
retinol at a faster rate (27) than other groups.

The primary retinol storage site is the liver, which is considered
a gold standard (28). Deficiency was recently defined as reserves
<0.1 mmol retinol/g liver, at which point animals begin to store
more retinol as esters and below which apo-retinol binding
protein begins to accumulate (28); the VA2 groups in both studies
were nearing deficiency. In study 1, all groupswere able to prevent
deficiency and in study 2 all groups except SN prevented the
degree of depletion in the VA2 group. In study 1, CR maintained
the baseline retinol concentration but not the hepatic retinol,
suggesting lower bioavailability. Additionally, conversion factors
were numerically higher in ripe banana compared with green,
contradicting the hypothesis that ripening would improve bio-
availability. The ripening process results in the breakdown of
insoluble starches, thought to limit provitamin A bioavailability,
to soluble sugars (3,29–32). Green banana accounts for;80% of
banana intake in Uganda (F.F. De Moura, unpublished results).

Like fiber, raw, uncooked banana starch is resistant to
enzyme-catalyzed degradation during digestion, which limits
micellarization and carotenoid absorption in the small intestines

TABLE 3 Bioconversion factors for provitamin A carotenoid
equivalents (bCE) from banana diets fed to Mongolian gerbils
(studies 1 and 2)1

Conversion factor

mg bCE to mg retinol mmol bCE to mmol retinol
Study 1

60% CR 2.3 1.2
60% CG 1.3 0.7
60% LR 2.1 1.1
60% LG 1.7 0.9
30% KG 3.0 1.6
15% KG 2.3 1.2

Study 2
60% BR 4.1 2.2
60% BC 1.1 0.6
60% NR 2.4 1.3
60% NC 1.1 0.6
60% MR 1.0 0.5
60% MC 0.5 0.2
60% SN 0.9 0.5

1 bCE is equivalent to 1 mg b-carotene and 2 mg a-carotene. BC, Butobe cooked; bCE,

b-carotene equivalent; BR, Butobe raw; CG, Cavendish green; CR, Cavendish ripe; KG,

Kluai Khai Bong green; LG, Lady Finger green; LR, Lady Finger ripe; MC, M9 cooked;

MR, M9 raw; NC, Nakinyika cooked; NR, Nakinyika raw; SN, Sukali Ndizi.

FIGURE 2 Total liver VA (A) and a-retinol (B) in Mongolian gerbils at
baseline after 6 wk of being fed a VA-depleted diet (Base, n = 7); fed
VA and carotenoid-free control diet (VA2); fed VA and carotenoid-free
diet containing 60% CR or CG, or LR or LG; fed 60% CB and
supplemented with VA as retinyl acetate in oil; or fed a VA and
carotenoid-free diet supplemented with VA as retinyl acetate in oil
(VA+) for 17 additional days (study 1A). VA intake in the VA group was
matched to one-half of the mean theoretical intake of the CR and CG
groups and the LR and LG groups. Values are means 6 SD, n = 10.
Means without a common letter differ, P , 0.05. The detection limits
for retinol and a-retinol were 0.0012 and 0.0007 mg, respectively. CB,
control banana; CG, Cavendish green; CR, Cavendish ripe; LG, Lady
Finger green; LR, Lady Finger ripe; ND, not detected; VA, vitamin A;
VA2, negative control; VA+, positive control.
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through the binding of bile acids and lipids (33–35). Little
information is available on the effects of freeze-drying on the
banana matrix. However, freeze-drying increases resistant starch
concentrations in potato (36). Dehydration is a commonmethod
to preserve bananas in Africa, Latin American, and Asia, where
banana flour is used in a variety of foods (18). When preserva-
tion of provitamin A carotenoids is paramount, freeze-drying is
preferential to heat-drying to prevent degradation (37). The
resistant starch concentration of the CR treatment was lower
than that of CG, but the hepatic retinol concentration of the CG
treatment did not differ from baseline. The LG and LR
treatments did not differ at the retinol hepatic or concentration
level, but the ripe treatment had a lower resistant starch
concentration. This is particularly of interest, because both the
CR and LR treatments provided a greater daily theoretical
retinol intake compared with the green treatments. Fiber
concentrations did not differ between treatments and the
resistant starch reduction in ripe bananas did not appear to
improve provitamin A bioavailability. Longer term studies to
elucidate resistant starch effects might include unripe and ripe
banana paired-feeding with equalized resistant starch.

In study 1B, all treatments maintained baseline retinol.
Gerbils receiving the 15 and 30%KG treatments consumed;2–
3 times higher daily theoretical retinol compared with those fed
the CG and LG treatments, which were fed at 60%. Thus, a
lower dietary intake from a higher provitamin A-containing
banana can maintain VA stores and complementary consump-
tion of biofortified banana may be effective.

In study 2, the bioconversion factors for cooked bananas
were at least twice as efficient as raw bananas. The BC treatment
was more effective than BR; thus, cooking positively affected

provitamin A bioavailability, suggesting thermal processing
improves bioavailability from bananas. The lack of difference
observed between the VA2 and VA+ groups suggests that the
VA+ group had a higher retinol utilization rate compared with
the VA2 and baseline groups as noted previously when VA
supplements were administered (25).

Thermal processing increases starch solubility at tempera-
tures >60!C; however, thermal processing can also result in the
generation of thermal-resistant starch in bananas (15,38). The
impact of specific types of resistant starch on provitamin A
bioavailability has yet to be determined. Muranga et al. (39)
found that mice fed cooked starch consumed less and were better
able to maintain body mass than mice fed raw banana starch,
suggesting that the raw starch contained a greater indigestible
fraction. A similar intake pattern was observed in studies 1A and
2, when gerbils fed the green or raw banana feeds had higher
intakes than gerbils fed the ripe or cooked feeds but equal body
weights. This suggests that the green and raw banana feeds had a
greater indigestible component compared with the ripe and
cooked feeds, which increased intake to compensate for the
reduced energy availability. The observation of indigestible
components in the banana matrix is also supported by the intake
patterns in study 1B, because diets with greater proportions of
banana also had higher feed intakes. Stool fat content was used
to investigate matrix effects on fat absorption as a possible

FIGURE 3 Total liver VA (A) and a-retinol (B) in Mongolian gerbils at
baseline after 6 wk of being fed a VA-depleted diet (Base, n = 7); fed
VA and carotenoid-free control diet (VA2); fed VA and carotenoid-free
diet containing 60% CG, 60% LG, or 30 or 15% KG; or fed a VA and
carotenoid-free diet supplemented with VA as retinyl acetate in oil
(VA+) for 17 additional days (study 1B). Values are means 6 SD, n =
10. Means without a common letter differ, P , 0.05. The detection
limits for retinol and a-retinol were 0.0012 and 0.0007 mg, respec-
tively. CG, Cavendish green; KG, Kluai Khai Bong green; LG, Lady
Finger green; ND, not detected; VA, vitamin A; VA2, negative control;
VA+, positive control.

FIGURE 4 Total liver VA (A) and a-retinol (B) in Mongolian gerbils at
baseline after 4 wk of being fed a VA-depleted diet (Base, n = 7); fed
VA and carotenoid-free control diet (VA2); fed VA and carotenoid-free
diet containing 60% BR or BC, NR or NC, MR or MC, or SN raw
banana; or fed VA and carotenoid-free diet supplemented with vitamin
A as retinyl acetate in oil (VA+) for 13 additional days (study 2). Diets
were equalized to contain 60% banana. VA intake in the VA group was
an intermediate-dose amount, because there was variance among the
cultivars and processing methods. Values are means 6 SD, n = 10.
Means without a common letter differ, P , 0.05. The detection limits
for retinol and a-retinol were 0.0012 and 0.0007 mg, respectively. BC,
Butobe cooked; BR, Butobe raw; MC, M9 cooked; MR, M9 raw; NC,
Nakinyika cooked; ND, not detected; NR, Nakinyika raw; SN, Sukali
Ndizi; VA2, negative control; VA+, positive control.
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explanation for feed intake differences. Fiber and resistant
starch have previously demonstrated increased fecal content of
bile acids and lipids in rats (40,41), but fecal fat did not differ
within these studies. Due to the high variability of fecal fat
content, more precise methodology may be required to deter-
mine differences.

High-provitamin A bananas contain a-carotene ranging from
0.20 to 28 nmol/g banana (6,7,42,43). a-Carotene concentra-
tions in this experiment ranged from 0.26 to 4.79 nmol/g feed
and bioconversion was demonstrated with hepatic a-retinol
concentrations ranging from 15 to 55 nmol/liver. This finding
supports previous work that demonstrated twice the amount of
a-carotene was as effective as b-carotene in maintaining the VA
status of gerbils (22), proving a-carotene to be an important
contributor to retinol stores.

In summary, all bananas prevented retinol depletion, with the
exception of SN. This study demonstrated the bioavailability of
a- and b-carotene from bananas; however, limiting matrix
effects were observed that were decreased through cooking.
Thus, banana, particularly cooked, can be an effective provita-
min A biofortification target used as part of a food-based
intervention to alleviate VAD. The selection of appropriate
banana cultivars and education on preparation techniques may
support the success of biofortification efforts, because carote-
noid concentrations, matrix effects, and thermal processing
affect bioavailability. More research is warranted to fully
understand the impact of resistant starch and other matrix
effects on provitamin A carotenoid bioavailability from foods.
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Abstract
Vitamin A supplementation improves status, which may protect against malarial infection. Provitamin A carotenoid biofortified

staple crops may provide a more sustainable approach to alleviate vitamin A deficiency than supplementation, but the impact of

febrile illness on food intake must be considered in malaria endemic regions. Morbidity data and food logs from a three-month

efficacy trial on provitamin A biofortified (orange) maize in preschool Zambian children (n¼ 181, age 3–5 years) were systematically

analyzed over time to determine the impact of malaria on food intake. Nutrients examined included macronutrients, iron, zinc, and

vitamin A. Comparisons based on individual intakes in healthy and malarial states over three-day intervals were made including

children from both the orange and white maize groups (n¼ 100). Malaria prevalence did not differ overall or between treatment

groups over time (all P> 0.05). Lower nutrient intakes were observed for all variables during malaria outbreaks (food 289" 412 g;

energy 248" 346 kcal; carbohydrate 42" 62 g; protein 8" 12 g; fat 5" 7 g; iron 1" 2 mg; zinc 1" 1 mg; vitamin A 58" 100 retinol

activity equivalents; all P< 0.05). No differences were observed between nutrient decreases in orange and white maize groups

(P> 0.05). Considering the impact of malaria on food and nutrient intakes and increased vitamin A utilization and excretion due to

the acute phase response, biofortification targets for provitamin A carotenoids may need to be elevated in malaria endemic

regions.

Keywords: Biofortification, carotenoids, maize, malaria, vitamin A

Experimental Biology and Medicine 2014; 239: 45–51. DOI: 10.1177/1535370213510661

Introduction

Malaria and micronutrient deficiencies are widespread
health issues in Africa and are of particular concern in
children.1,2 Malaria is the most common reason for hospi-
talization in African children under five years of age,3 and
increased malaria morbidity and mortality are associated
with micronutrient deficiency in this population.4 In fact,
certain micronutrient deficiencies appear to exacerbate mal-
arial illness4,5 epitomizing the importance of nutrition inter-
ventions in initiatives aimed at malaria prevention and
treatment.

Vitamin A is essential for healthy growth, immune func-
tion, vision, and reproduction. Vitamin A deficiency com-
promises the immune function in 40% of children under five
years of age, resulting in 1 million deaths annually.6

Stürchler et al.7 found low serum retinol concentrations to
be associated with increased risk of malarial illness, and an
inverse association between serum retinol and malarial
parasitemia has been documented in subsequent studies.8–12

Vitamin A supplementation reduced the frequency of mal-
arial episodes by 30% in young children in Papua New
Guinea13 and promoted ponderal growth and protection
against malaria-related death in Tanzanian children.14

The efficiency of vitamin A supplement distribution has
doubled since 2000 with at least 80% of preschool-aged chil-
dren in least developed countries receiving coverage with
two vitamin A doses in 2011.15 However, the introduction of
provitamin A biofortified crops provides a potentially
effective method for alleviating vitamin A deficiency in
the rural poor, who are disproportionally missed by supple-
mentation interventions.16 Additionally, provitamin A
carotenoid biofortified staple crops may provide a more
feasible and long-term approach to alleviate vitamin A defi-
ciency without the risk of hypervitaminosis A attributed to
fortification with preformed vitamin A.17,18 Plant sources of
provitamin A carotenoids maintained total body vitamin A
stores in Chinese and Filipino children,19,20 demonstrating
that dietary approaches to ameliorate vitamin A deficiency

ISSN: 1535-3702 Experimental Biology and Medicine 2014; 239: 45–51
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are efficacious. However, malaria suppresses appetite and
growth,21–23 and therefore it is important to consider its
potential impact on the effectiveness of biofortified crops
in malaria endemic regions.

A recent study assessing the adaptation of children to
biofortified maize was conducted in the Eastern Province
of Zambia,24 a region where malaria is >75% endemic.25,26

In order to determine the impact of malaria on food and
micronutrient intake in Zambian children during a three-
month intervention, we systematically analyzed food intake
and morbidity data as a function of time and then compared
food and micronutrient intakes between healthy and mal-
arial states from children receiving either biofortified
orange or white maize.

Materials and methods
Subjects and maize

The feeding protocol used in this trial was previously pub-
lished by Nuss et al.24 and is briefly summarized below. All
procedures involving human subjects were approved by the
Tropical Diseases Research Center (TDRC) Ethics Review
Committee in Zambia and by the Health Sciences Human
Subjects Institutional Review Board at the University of
Wisconsin-Madison. Written informed consent was
obtained from parents or guardians of all participating
children. The feeding trial was conducted from March to
June of 2010 in the Nyimba District of the Eastern Province
of Zambia with children 3–5 years of age (n¼ 189 initial par-
ticipatory enrollment, Table 1). The target for study size was
set to conservatively accommodate a 10% dropout rate and
provided enough feeding observations for greater than 90%
power to detect a difference between groups in the adapta-
tion to orange maize.24 Six study sites were chosen based on
interest expressed by local communities during

sensitization programs related to orange maize conducted
by the National Food and Nutrition Commission of Zambia
(Lusaka, Zambia) in 2009. Enrollment at each site was
approximately 30 participants, who were randomly
assigned to either orange or white maize treatments.
Participants were screened and excluded from the study
for severe anemia (hemoglobin<7.0 g/dL) and malnutrition
(<"3 SD weight-for-age or height-for-age).27

Participating children were fed breakfast, lunch, and
snack six days per week for a total of 70 days of feeding,
excluding Sundays. Orange maize used in the trial was
developed from conventional breeding programs that
selected for high provitamin A kernel content; typically
consumed white maize was sourced locally.

Project menu, food intake measurement, and
environment

The project menu was designed to contain common
Zambian foods and cooking methods as outlined by a
national food intake survey.28 A six-day rotation of trad-
itional menu items with standardized serving quantities
supplied similar energy and nutrient amounts to the
orange and white maize treatment groups, with the excep-
tion of vitamin A, which was of primary interest. Caloric
content and nutrient quantities, including carbohydrate,
protein, fat, vitamin A, iron, and zinc were determined
using food labels of locally procured ingredients and
Nutritionist ProTM (version 4.6.0). Vitamin A content of
maize was determined using published methods.29,30

Food intake was determined by subtracting uneaten food
at the end of the meal from the initial serving using digital
kitchen scales (My-weigh KD7000, China). Mealtime
attendance was recorded so that zero food waste was not
mistaken as complete consumption of the meal.

Table 1 Baseline and final anthropometric and biochemical measurements by treatment group (mean#SD)

Measurement
Orange maize
(n¼95)

White maize
(n¼ 86) Total (n¼181)

Baseline age (months) 52.9# 10.2 55.1#11.3 54.0#10.7

Weight (kg)*

Baseline 14.8# 1.9 14.7#2.1 14.8#2.0

Final 15.8# 1.9 15.6#2.0 15.7#2.0

Height (cm)*

Baseline 98.3# 7.0 98.5#7.2 98.4#7.0

Final 100.5# 6.9 100.9#6.5 100.7#6.7

Weight-for-height z-scorey

Baseline 0.11# 0.84 "0.10#0.88 0.008#0.86

Final 0.11# 0.84 "0.10#0.88 0.010#0.87

Baseline malaria prevalence 17.6% 24.1% 20.8%

Parasite load >0 14.3% 20.7% 17.4%

Parasite load >1000 3.3% 3.4% 3.4%

Final malaria prevalence 8.8% 16.1% 12.4%

Parasite load >0 8.8% 13.8% 11.2%

Parasite load >1000 0.0% 2.3% 1.2%

*Weight and height increases were seen in orange and white maize treatment groups and total study population (P<0.05).
yWorld Health Organization Child Growth Standards, ages 2–5 years.35
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Feeding practices were standardized across all six feed-
ing sites. The orange and white maize groups were fed in
separate rooms to avoid between-group influences that may
have impaired acceptance of the orange maize. Each par-
ticipant’s identification number was confirmed at every
meal to ensure accurate data collection. Mealtimes were
monitored to prevent food sharing and all subjects were
equally encouraged to finish their meals. All ingredients
for the meals were measured and prepared on-site by
Zambian nutritionists and locally recruited women.

Weekly intake

For weekly food and nutrient intake, days of feeding were
converted into weeks of feeding to account for the six-day
rotating menu. A ‘‘week’’ in this analysis includes six days
of project feeding, excluding Sunday. Food and nutrient
intakes were calculated for both orange and white maize
groups. Due to staggered initial and final feeding days,
weeks 1 and 12 were not matched in terms of feed intake
across all study sites and were excluded from all analyses.

Malaria diagnosis

All blood collection and analysis were conducted by TDRC
in Zambia. Blood was collected for malaria parasite identi-
fication and quantification at baseline and final measure-
ments. Thick blood smear slides were prepared on-site,
air-dried, and transported in slide boxes for analysis.
Blood slides for malaria parasites were prepared in accord-
ance with standard protocols using a Giemsa stain and
compared under oil immersion by microscope against 200
white blood cells (Olympus CX31 IRBSFA).31,32 A slide was
termed positive for malaria if parasites were observed and
negative if no parasites were observed in 100 fields. Quality
control procedures included the re-examination of approxi-
mately 10% of the slides by a second laboratory technologist
and the use of a third technologist if disparities existed
between the first and second reading.

Malaria was diagnosed throughout the study on a
weekly basis by local clinicians who were trained by
TDRC to diagnose malaria based on symptoms of fever
and general malaise. A standardized morbidity question-
naire was used to diagnose malaria during the previous
week by day and was completed by clinicians based on
reports from the participants’ parents or guardians.
Malaria treatment was provided to participants according
to WHO recommendations and guidelines from the
Ministry of Health in Zambia.

Malaria prevalence and association with food intake

Baseline and final malaria prevalence and parasite load
quantification were determined from biochemical analysis
of blood smears. To determine weekly malaria prevalence,
morbidity records were analyzed and participants diag-
nosed with malaria for at least one day of the week were
included in calculations. Prevalence calculations for weeks
4 and 5 were adjusted to account for missing morbidity logs
from one of the study sites.

A total of 100 participants, 50 each from the orange and
white maize groups, were randomly selected in order to
establish an association between malaria and food intake.
In order to account for increasing food intake over time,22

10 participants with malaria from the orange and white
treatments (n¼ 5/group) were selected from each week
and each participant was selected only once during the
intervention phase of the study. The duration of malaria
symptoms during an attack in young children is approxi-
mately 3–4 days.33 In order to elucidate the relationship
between malaria and food intake, the same three-day time
intervals were compared from a week when the participant
was experiencing a malaria episode and the preceding
week when the participant was in a healthy, non-febrile
state. For week 2 or if a participant was absent during one
of the healthy state comparison days, food and nutrient
intake values from the week following the malaria episode
were used for comparison. Dietary intakes were compared
between a malarial state to a previous healthy state for the
following reasons: (1) the incubation period for malaria,
during which Plasmodium reproduces in the liver, can
vary with the earliest onset of symptoms occurring between
5 and 12 days,34 so it is unlikely that participants displayed
symptoms the week before the outbreak was identified by
clinicians; (2) malaria attacks reoccur every 2–3 days, when
the parasites reproduce in blood cells,34 so participants may
have experienced symptoms the week following the initial
outbreak; and (3) participants were provided a course of
antimalarial medication once diagnosed with fever, which
may produce side effects the following week.34

Statistical analysis

SAS statistical package (version 9.2) was used to analyze
data. To investigate differences between treatments and
malaria prevalence across weeks, repeated measures
ANOVA followed by least square difference of variance
testing was used to account for autocorrelated errors due
to repeated measures on each participant with a first-order
autoregressive structure. For malaria prevalence, an arcsine
square root transformation was used to homogenize vari-
ance. Paired t-test was used for comparison of baseline and
final anthropometric measurements and for in-group com-
parisons of food and nutrient intake between a malarial and
healthy state. Independent t-test was implemented for
between-group comparison of intake differences. All tests
were two-sided, and P" 0.05 was considered significant.
Values for food and nutrient intake are rounded to the near-
est unit to reflect the precision of the field scales.

Results
Subject data

Baseline and final anthropometric data and malaria preva-
lence based on blood smear are given individually for
orange and white maize groups and all study subjects in
Table 1. Although no differences were observed in weight-
for-height z-score (P> 0.05), increases were observed in
weight and height for each treatment and overall
(P< 0.05). No differences were observed in these
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measurements between treatments (P> 0.05). Malaria
prevalence in the white maize group was approximately
5% higher than the orange maize group at the beginning
and end of the study; prevalence decreased in both treat-
ments by approximately 9%. Eight children dropped out of
the study (4%). Primary reasons for discontinuing study
participation included non-compliance with study require-
ments and severe illness.

Comparison of weekly intakes

No differences were observed in food or energy intake
reflecting equal acceptance of the project menu; participants
consumed 90% of the food and the total kcal served each
week. Of the total amount served each week, participants
consumed 91% of carbohydrates, 89% of protein, 92% of fat,
92% of vitamin A, 90% of iron, and 75% of zinc. As
expected, weekly vitamin A intake was higher in the
orange maize group (P< 0.05). Intakes of food and all nutri-
ents, except vitamin A, increased by week (P< 0.05), sup-
porting previous findings by Nuss et al.,24 which reported
increasing intakes of menu items by week and similar
intakes of all menu items after week 2 of the study.

Comparison of weekly malaria prevalence

During weeks 2 through 11 of the study, 94.5% of all study
participants were diagnosed with at least one case of
malaria. Malaria prevalence did not differ by maize treat-
ment or week, and no interactions were observed between
these variables (Figure 1, P> 0.05). The mean weekly mal-
aria prevalence was 25.6%. Comparison of malaria preva-
lence at weeks 2–11 demonstrated a significant decrease
from the beginning to the end of the examined study
period (P< 0.05), which corresponded to the end of the
rainy season.

Intake patterns associated with malarial status

Malarial status was associated with decreased intake of
food, energy, and all nutrients (P< 0.05), which did not
differ between treatments (Table 2). Food and kcal intake
decreased during a malaria episode by 11%. Carbohydrate,
protein, and fat intake decreased by 10%, 11%, and 10%,
respectively, in children with malaria. During a three-day
period with malaria, vitamin A intake decreased by
58! 100 retinol activity equivalents (9% decrease), iron
intake decreased by 1! 2 mg (13% decrease), and zinc
intake decreased by 1!1 mg (14% decrease).

Discussion

Appetite suppression is a common symptom of malaria,
which may impact the deliverance of micronutrients
using biofortified staple crops to target populations where
the infection is endemic. The findings presented in this
study are important, as little work has been done to esti-
mate the impact of malarial infection on dietary intake. In
this study, the impact of malarial infection on food, energy,
and nutrient intake was examined in rural Zambian chil-
dren during a three-month feeding trial with provitamin A
carotenoid biofortified maize. Intakes of food and all

examined nutrients were suppressed during malarial infec-
tion in these children. The amount of decrease in food,
energy, and nutrient intake was similar in the orange and
white maize groups, which is expected because overall diet-
ary intakes were similar and malaria prevalence did not
differ between groups. Vitamin A intake was suppressed
by 9.5% during the three-day malarial intervals assessed.
This equates to a vitamin A loss of 19! 33 retinol activity
equivalents/day or a 5–6% of the Recommended Dietary
Allowance (RDA) in the study population due to malaria-
related appetite suppression.

Ninety percent of the maize crop produced in Africa is
white carotenoid-poor maize, which accounts for >70% of
daily calories consumed in the Eastern Province of
Zambia.36–39 Poorly diversified diets can lead to subclinical
micronutrient deficiencies, wasting, and stunting,40,41

which can increase risk of infection and weaken immune
response. Micronutrient deficiencies are associated with
increased malaria morbidity and mortality in children.4

Additionally, energy and protein intakes and weight gain
are inversely proportional to febrile infections in
Guatemalan and Bangladeshi children.42,43 Stunting, a
reflection of protein energy malnutrition, can be predicted
by malaria in rural African settings and is associated with
more frequent malarial infection and greater related mor-
bidity.43 Because of this, integration of nutrition and malaria
initiatives may prove effective in malaria endemic regions.
According to WHO criteria, the children in this study were
in the healthy weight-for-height range and not malnour-
ished (>"2 SD weight-for-height z-score)27; however,
significant increases in weight and height during the
three-month study period confirm that the nutritious
study menu was beneficial to the children despite a
weekly malaria prevalence #14%.

Malaria is endemic in the Eastern Province of Zambia
with seasonal effects from December to April.25,26,45–47

This study took place from March to June of 2010, during
the transition out of ‘‘malaria season.’’ Although no overall

10%

15%

20%

25%

30%

35%

40%

2 3 4 5 6 7 8 9 10 11

M
al

ar
ia

 P
re

va
le

nc
e

Week

Orange Maize 

White Maize

Figure 1 Weekly malaria prevalence by treatment group in rural Zambian
children. No overall differences were observed in malaria prevalence by treat-
ment group or week and no interactions were observed (all P>0.05). A decrease
in total malaria prevalence was found when comparing week 2 to week 11,
reflecting seasonal effects (P< 0.05)

48 Experimental Biology and Medicine Volume 239 January 2014. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .

 at UNIV OF WISCONSIN on April 18, 2014ebm.sagepub.comDownloaded from 



!
!

!

57!

differences were observed in weekly malaria prevalence
throughout the study, a comparison of the extremes revealed
a decrease in malaria prevalence from weeks 2 to 11 due to
the seasonal effect. With the exception of baseline and final
biochemical analysis to determine malaria parasitemia, clin-
icians diagnosed malaria symptomatically throughout the
study. Without confirmation of parasitemia, it is possible
that misdiagnosis of malaria occurred, inflating or under-
estimating weekly malaria prevalence. In fact, malaria is
commonly misdiagnosed in resource-poor clinics for other
febrile illnesses, such as pneumonia.48,49 The implementa-
tion of malaria-specific rapid diagnostic tests can improve
the proper diagnosis of malaria where microscopy is not
available; however, these tests are costly and do not pro-
vide information on parasite density.48,50 Nonetheless, the
children were ill with fever, which does not negate our
findings.

Malaria exacerbates vitamin A deficiency in at-risk
populations.51 The acute phase response to infections
leads to a drop in serum retinol that is typically restored
after the infection resolves.52,53 This results in serum retinol
measurements that do not accurately reflect vitamin A
status during infection. For example, Thurnham and
Singkamani54 found Thai patients suffering from malarial
infection to have serum retinol values indicating deficiency,
although the patients had no clinical signs and a diet high in
provitamin A carotenoids. It is paramount to measure and
adjust for elevated positive acute phase proteins in the
serum to avoid misclassification of vitamin A deficiency
during infection when more reliable measurements, such
as the modified relative dose response test or retinol isotope
dilution, are not possible.55,56

The decrease in serum retinol during the acute phase
response results from the suppression of retinol binding
protein and transthyretin (prealbumin) in order to increase
vitamin A availability to tissues.9,57 Increased vitamin A
utilization during malarial infection is also supported by
reductions in serum provitamin A carotenoids.54,58,59

Furthermore, significant urinary retinol losses occur
during infection.60,61 This increase in vitamin A utilization
coupled with appetite suppression and urinary loss may
result in increased vitamin A requirements in malaria ende-
mic regions. Based on other febrile disease states and ill-
nesses, we quantified the projected loses of vitamin A in the
urine during a malaria episode. In children with infections
that cause fever, up to 500mg retinol can be lost per day,60 for
a total of 1.5 mg for a three-day malarial attack. Up to 1.7 mg

has been estimated to be lost in children with a severe infec-
tion that lasts for 10 days.61 Therefore, a single malarial
episode could result in urinary losses that are greater
than the weekly intake of vitamin A from foods as quanti-
fied in this controlled study. This implies that vitamin A
requirements may be higher in areas with endemic febrile
illness.

In conclusion, provitamin A biofortified staple crops can
increase vitamin A intake in regions where deficiency is
prevalent. However, as malarial infection negatively
impacts vitamin A status through decreased food intake,
urinary loss, and increased utilization, biofortification tar-
gets may need to be elevated to meet vitamin A require-
ments in endemic regions. The provitamin A biofortified
maize target level is currently set at 15–17 mg b-carotene
equivalents/g dry weight, which is projected to meet 50%
of the estimated average requirement for vitamin A or
140mg/day for a child.62 Raising the target level by
3–5mg/g in countries with endemic malaria and high
maize intakes could act as a buffer to assist in maintaining
adequate vitamin A stores during febrile episodes. This
target level, which has already been surpassed in some
experimental maize genotypes, is achievable with trad-
itional breeding techniques (SAT personal observations).
Considering that maize intakes of preschool children in
Zambia are 150–200 g dry weight/day, a 3-mg/g increase
in target level would provide approximately 100 extra ret-
inol activity equivalents during a three-day malaria epi-
sode, which would cover the loss from appetite
suppression found in this study. The introduction of pro-
vitamin A biofortified staple crops in coordination with
supplementation programs may be particularly beneficial
to children in malaria endemic regions.
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Abstract

The acute phase response (APR) to infection can alter blood-based indicators of micronutrient status. Data from a 3-mo

randomized, controlled feeding trial in rural Zambian children (n = 181, aged 3–5 y) were used to determine the impact of

the APR on indicators of vitamin A and iron status using baseline and final blood samples. Concentrations of acute phase

proteins were categorized as raised C-reactive protein (CRP; >5 and >10 mg/L) only, both raised CRP and a1–acid

glycoprotein (AGP; >1.2 g/L), raised AGP only, and neither CRP nor AGP raised to identify the respective stages of

infection: incubation, early convalescence, convalescence, and healthy state. Data were insufficient to examine the

incubation stage of infection. A CRP concentration of >5 mg/L was an effective elevation cutoff point in this population to

show impact on micronutrient markers. Time did not affect hemoglobin, serum ferritin, or serum retinol concentrations

(P > 0.05). During early convalescence, hemoglobin decreased (14–16%; P# 0.05), serum ferritin increased (279–356%;

P # 0.05), and serum retinol decreased (20–30%; P # 0.05). Serum retinol concentrations did not change during

convalescence; however, hemoglobin remained depressed (4–9%) and serum ferritin was elevated (67–132%) (both

P # 0.05). Modified relative dose response values were unaffected by the APR (P > 0.05) but increased between time

points (16%; P # 0.05), indicating a decrease in liver vitamin A reserves on the background of a semiannual vitamin A

supplementation program. The observed prevalence of anemia and vitamin A deficiency assessed by serum retinol

concentration was higher during the APR (P # 0.05). It is important to consider the impact of infection on dietary

interventions and to adjust for acute phase proteins when assessing iron status or vitamin A status by serum retinol

concentration alone in children. J. Nutr. doi: 10.3945/jn.114.192245.

Introduction

In public health assessments, micronutrient status is commonly
determined using concentrations in blood as a surrogate for
total body status. Blood concentrations of micronutrients can
be altered by the acute phase response (APR)7 to infection

(1,2). Whether this change is reflective of a redistribution of the
micronutrient within the body, a negative shift in total stores,
or a combination of both factors is a complex issue. Micro-
nutrient demands tend to be increased during infection, and
deficiency can increase susceptibility to, and be exacerbated by,
chronic or recurrent episodes of febrile illness (3–6). However,
substantial changes in micronutrient status do not likely occur
as early as decreases in blood concentrations suggest during the
APR. Additionally, blood concentrations are typically restored
when the infection resolves (7–10), supporting measurements
taken during the APR as inadequate reflections of micronutrient
status. Therefore, it is paramount to consider the impact of the
APR on blood-based micronutrient status indicators in popula-
tions with a high or unknown prevalence of febrile infection.

7 Abbreviations used: AGP, a1–acid glycoprotein; APR, acute phase response;
C2A2, neither CRP nor AGP raised; C2A+, AGP raised only; C+A2, CRP raised
only; C+A+, both CRP and AGP raised; CRP, C-reactive protein; MRDR, modified
relative dose response.
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The APR is a systemic reaction to disruptions in the body!s
homeostasis that is characterized by inflammatory mechanisms
aimed at mitigating infection or trauma (11). Positive acute
phase proteins that increase in the blood during infection can be
used to assess the stage and severity of the response; C-reactive
protein (CRP) and a1–acid glycoprotein (AGP) are commonly
measured in nutrition interventions. CRP concentrations rise
within 6 to 8 h of infection, reach maximal 10- to 1000-fold
increases in concentration around 48 h, and normalize rapidly as
infection resolves (12,13). AGP concentrations become elevated
24 to 48 h after initial infection with a maximum 4-fold increase
in concentration around 5 to 6 d and can remain raised weeks
after the infection convalesces (11,14). Both of these acute phase
proteins are also raised during low-grade chronic inflammation,
such as heart disease (15,16). Using these proteins, it is possible
to identify different stages of infection including incubation
(CRP only raised), early convalescence (both CRP and AGP
raised), convalescence (AGP only raised), and return to a healthy
state (neither CRP nor AGP raised) (17).

We investigated the impact of the APR on blood-based
indicators of vitamin A and iron status using data from baseline
and final assessments of a 70-d maize feeding trial in rural
Zambian children. Treatment arms included high provitamin
A–biofortified (orange) and white maize. The effect of the APR
was estimated for each micronutrient indicator investigated, and
the consequence of infection on deficiency prevalence was deter-
mined. Prevalence of CRP elevation cutoffs of 5 and 10 mg/L are
commonly reported in the literature (15,17–23); therefore, both
values were examined. For AGP, 1.2 g/L was used as the raised
cutoff point (21,24).

Participants and Methods

Study design and location. The feeding protocol used in this trial was
previously published (25,26) and is summarized herein. All procedures
involving human participants were approved by the Tropical Diseases
Research Center Ethics Review Committee in Zambia and by the Health
Sciences Human Subjects Institutional Review Board at the University
of Wisconsin-Madison. Children 3–5 y of age (n = 181 at final
enrollment) were recruited to participate in a randomized, controlled
feeding trial with traditional white and high provitamin A carotenoid–
biofortified (orange) maize. The mean participant age was 4.56 0.9 y.
Written informed consent was obtained from guardians of all partici-
pating children. Participants were screened and excluded from the study
for severe anemia (hemoglobin <70 g/L) and malnutrition (<23 SD
weight-for-age or height-for-age Z-scores) (27). The feeding trial was
carried out in 6 villages in the Eastern Province of Zambia from March
to June of 2010.

After being randomly assigned to the treatment groups, participating
children were fed a standardized menu including breakfast, lunch, and
snack 6 d/wk for a total of 70 d of feeding, excluding Sundays. The only
difference between the treatment groups was the type of maize used in the
standardized menu. The orange maize contained 3.0 to 6.3 mg of
theoretical vitamin A/g during the 70-d study (25). Overall, dietary intakes
of macro- and micronutrients were similar between the white and orange
maize groups (26). Data on the adaptation of children to orangemaize (25)
and on the impact of malaria on dietary intake are published (26).

Blood samples were collected at baseline and final time points. Zambia
has an active, high-dose vitamin A supplementation program for children
<5 y of age as recommended by the WHO (28). Therefore, the entire trial
occurred after a high-dose supplement was consumed and finished a few
days before administration of the next semiannual supplement. Children
were only enrolled if they had consumed a supplement.

Modified relative dose response test and serum retinol
concentrations. For the modified relative dose response (MRDR) test, a

single oral dose of 5.3-mmol 3,4-didehydroretinyl acetate in corn oil was
administered via positive displacement pipet to participants followed by
consumption of peanut butter and bread to ensure adequate fat for efficient
dose absorption. Blood samples were drawn 4 to 6 h after dosing using
5-mL Vacutainer tubes (Becton Dickinson). Samples were placed on ice
until serum could be separated by centrifugation; serumwas transported in
nitrogen vapor in a dry shipper and then stored at 270!C until analysis.
Samples were analyzed simultaneously for MRDR value and serum retinol
concentration using a standardized method (29). Serum (200 mL) was
treated with 250-mL ethanol and extracted twice with hexane; retinyl
acetate served as the internal standard. Pooled hexanes were dried under
nitrogen and reconstituted in 40-mL 75:25 methanol:dichloroethane
for injection (35 mL) onto an HPLC system equipped with a Waters
Resolve C18 column (3.9 3 150 mm, 5 mm). The mobile phase of 89:11
methanol:water (0.73-g/L triethylamine) was run at a flow rate of
1 mL/min. The definition for vitamin A deficiency using the MRDR
test was considered a serum molar ratio of 3,4-didehydroretinol:
retinol $0.060 (29,30).

Hemoglobin, serum ferritin, and markers of infection. At the time of
blood draw, hemoglobin concentrations of whole blood were determined
using a portable hemoglobinometer (Hemocue). Serum ferritin concentra-
tions were measured using a commercially available ELISA kit (Ramco).
The absorbance of all samples was verified at 510 and 630 nm on a Tecan
Sunrise ELISA reader (Model A 5080; Tecan Group). Calibration graphs
for serum ferritin were created using supplied standards.

CRP and AGP concentrations were measured using radial immuno-
diffusion kits (Kent Laboratory). The assays quantified the concentration
of the acute phase proteins using agar plates containing either CRP- or
AGP-specific antibodies. The diameters of the resultant precipitin
complexes were determined to the nearest 0.1 mm using a plate reader
(Nidek 2743 Calibration Viewer; Transdyne General Corporation). CRP
and AGP standards were used to create calibration curves for the
conversion of precipitin complex diameters to serum concentrations.
Methods for the determination of malaria parasitemia are published (26).

Statistical analysis. Values are means6 SDs. Data were analyzed using
SAS software (SAS Institute). Serum ferritin concentrations were trans-
formed via logarithm before statistical analysis. Baseline and final
anthropometric and biochemical data were compared within and between
white and orange maize groups using paired and independent t tests,
respectively. Correlations between markers of micronutrient status con-
centrations and acute phase proteins were assessed with Pearson!s
correlation. Separately investigating elevation cutoffs for CRP of >5 and
>10 mg/L, differences in micronutrient status among participants with
neither CRP nor AGP raised (C2A2), CRP raised only (C+A2), both
CRP and AGP raised (C+A+), and AGP raised only (C2A+)were analyzed
by time using 2-factor ANOVA tests. Differences between groups were
determined using least-square differences at a = 0.05. The effect of gender
on hemoglobin and serum ferritin values was investigated and excluded
because it was not significant (both P > 0.05). The C+A2 group was
excluded because the sample size (n# 4) did not yield enough observations
to justify analysis. Therefore, the total population included in the overall
and 2-factor ANOVA tests was decreased by a total of 5 and 1 observa-
tions, respectively, for CRP elevation cutoffs of >5 and >10 mg/L,
respectively. Differences in the prevalence of micronutrient deficiency were
determinedwithin a time point by directly comparing groupswith elevated
acute phase proteins to the groupwithout raised acute phase proteins using
Fisher!s exact test. Only participants with a complete data set for markers
of infection (n = 178) at initial and final time points were included in
ANOVA and Fisher!s exact tests.

Sample size calculations were based upon a projected change in the
most sensitive marker of vitamin A status used, the MRDR test. A
sample size of 80 was needed to measure a difference of 0.02 in the
MRDR value, assuming a SD of 0.04 in each group at a 5% significance
level and 90% power. This sample size was used in a trial in South
African children for a sweet potato intervention, and theMRDR showed
an intervention effect (30). To account for dropouts during the trial, we
aimed to recruit 100 children in each group.
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Results

Participant data. Overall, 14 children dropped out of the study
(7%; Fig. 1). Primary reasons for discontinuing study participa-
tion included noncompliance with study requirements and
severe illness. Data were pooled by time point for white and
orange maize groups because no differences were observed
between groups with the exception of initial serum ferritin,
which was higher in the orange maize group (198 6 232 mg/L)
than the white maize group (128 6 131 mg/L) (Table 1). No
change was seen in the weight-for-height Z-score; however,
weight and height increased by 6.1% and 2.3%, respectively,
during the study. Malaria prevalence decreased by 8.4%, likely
because of the transition out of malaria season that occurred
during the trial (26). Serum CRP concentration did not change;
the prevalence of elevated CRP decreased by 2.8% and 0.5%
using the >5 and >10 mg/L cutoffs, respectively. Serum AGP
concentration decreased by 17.6%, which corresponded to a
27.0% decrease in the prevalence of elevated AGP at the final
assessment. Of participants with malaria (n = 37 at baseline;
n = 22 at final), 78.4% and 59.1% had raised acute phase
proteins using a CRP cutoff of 5 mg/L, and 78.4% and 54.6%
using a CRP cutoff of 10 mg/L at initial and final time points,
respectively.

Comparison of micronutrient status concentrations or
values across infection stage. Similar correlations between
markers of interest were found at initial and final time points
(Table 2). Both hemoglobin and serum retinol concentrations

correlated negatively with CRP and AGP concentrations. A
positive correlation was found between serum ferritin and acute
phase protein concentration. No correlational relation was
found between MRDR value and acute phase protein concen-
tration. CRP and AGP were positively correlated. Hemoglobin
and serum ferritin shared a negative association, suggesting a
shift in iron distribution during infection.

The overall test revealed differences among infection groups
in all investigated micronutrient indicators (all P# 0.05) (Table 3).
The 2-factor ANOVA analysis revealed a significant effect of
infection stage, but not a time effect or an interaction between
infection stage and time for hemoglobin, serum ferritin, and serum
retinol concentrations. Similar patterns of significance were also
discovered using both CRP elevation cutoffs of >5 and >10 mg/L
for all micronutrient indicators investigated. Compared with the
C2A2 group, hemoglobin measures were suppressed in both the
C+A+ and C2A+ groups. Serum ferritin concentrations were
markedly higher in groups with elevated acute phase proteins; the
C+A+ group was 349% and 353% elevated, and the C2A+ group
was 67% and 132% elevated at initial and final time points,
respectively, when compared with the C2A2 group for the CRP
cutoff of 5 mg/L. Serum retinol concentration was lower in the
C+A+ group, but the C2A+ group did not differ from the C2A2
group. For the MRDR value, a significant effect of time was
observed but no effect of infection stage or an interaction. MRDR
values were higher at the final assessment point when compared
with the initial assessment, which indicates a decrease in vitamin A
liver reserves over time on the background of semiannual high-dose
vitamin A supplementation. The mean MRDR value indicated

FIGURE 1 Enrollment and participant retention
during a 3-mo randomized, controlled feeding trial
with high provitamin A–biofortified (orange) maize in
rural Zambian children aged 4.5 6 0.9 y. Initial
enrollment included 195 participants, 181 of whom
completed all 3 assessment points in the study.
Primary reasons for discontinuing study participation
included noncompliance with study requirements
and severe illness.

Acute phase response in rural Zambian children 3 of 7

 at UNIVERSITY O
F W

ISCO
NSIN M

ADISO
N on April 18, 2014

jn.nutrition.org
Downloaded from

 



!

!

64!

adequate concentrations of liver vitamin A at both initial and final
time points (<0.060; P < 0.0001), but the prevalence of children
above this cutoff increased at the end of the intervention (Table 4).

Comparison of deficiency prevalence across infection
stage. Similar patterns of significance were discovered for
both CRP cutoffs of 5 and 10 mg/L. Anemia prevalence at the
initial time point was elevated in the C+A+ group. At the final
measurement, the C+A+ and C2A+ groups were found to have
inflated estimations of anemia. The prevalence of iron deficiency
anemia was low, and no difference was found among groups

when using either CRP cutoff. Vitamin A deficiency, as deter-
mined by serum retinol concentration, was inflated in the C+A+
group and C2A+ group at the initial assessment. At the final
time point, only the group with both acute phase proteins
elevated, i.e., C+A+, was found to have an increased estimation
of vitamin A deficiency by serum retinol concentrations. Estima-
tions of insufficient vitamin A liver stores by the MRDR test were
lower in the C2A+ group at initial assessment and higher in the
C+A+ group at final assessment.

Discussion

The APR alters blood-based micronutrient status indicators,
making it crucial to consider the impact of infection on the
outcomes of nutrition interventions. This phenomenon was
described in previous studies; however, a limited body of work
focuses on the quantification of infection!s impact on micro-
nutrient status indicators, especially in areas with endemic
malaria. The current study adds to the pool of data available for
the development of standardized methods for the adjustment of
micronutrient status indicators during the APR. In this study, the
effect of the APR on hemoglobin, serum ferritin, serum retinol,
and MRDR value was quantified in rural Zambian children at
baseline and final time points of a 70-d feeding trial. Data were
insufficient to investigate the impact of the incubation stage of
infection (C+A2) because most children had elevated AGP
living in this rural environment. The observed prevalence of
anemia and vitamin A deficiency assessed by serum retinol
concentration was significantly higher during the APR. Iron
deficiency anemia prevalence was very low (1.0–4.1%), likely
due in part to the marked inflation of 67 to 353% in serum
ferritin values during infection. The MRDR value was unaf-
fected by the APR, which is in agreement with one former report
of this observation (21). The APR should be considered when
measuring micronutrient status indicators that are reactive to it.

Blood-based micronutrient indicators are affected during the
APR through the hepatic suppression of transport proteins (e.g.,
retinol-binding protein and transthyretin) and an increase in
serum ferritin, itself a positive acute phase protein that assists
iron sequestration (2,35,36). The magnitude of the APR varies
by time stage and severity of infection. As reported in this study
and by others, serum retinol and hemoglobin concentrations are
negatively, and serum ferritin is positively, correlated with CRP
and AGP concentration in children (10,18,24,37,38). Addition-
ally, Duncan et al. (39) recently demonstrated that for serum
retinol, and several other micronutrients assessed in the blood,
the extent of alteration corresponded to the magnitude of the
APR when assessed by CRP concentration in adults.

Serum retinol and ferritin concentrations typically return to
preinfection values as the APR resolves (7–10) but are affected
differently by the time stage of infection. Louw et al. (8) found
changes in serum retinol concentrations to correspond to CRP
concentration in patients who underwent orthopedic surgery.
Serum ferritin concentrations remain elevated after CRP values
normalized and AGP was still raised (9,21,40). Similar patterns
of alteration during the APR were found for serum retinol and
ferritin concentrations in the present study. Hemoglobin was
suppressed in the current study and was also discovered to be so
in rural British and Zanzibari children during the APR (38,41).
Additionally, hemoglobin was previously, and in this work,
found to be inversely related to serum ferritin (38), supporting
its role as a reactive iron status indicator. However, Wieringa
et al. (21) reported no effect of the APR on hemoglobin, and Das

TABLE 2 Correlations between markers of micronutrient status
and acute phase proteins in Zambian children at initial and final
time points of a 70-d randomized, controlled feeding trial1

Serum
ferritin

Serum
retinol MRDR CRP AGP

Initial
Hemoglobin 20.298* 0.0210 0.124 20.346* 20.355*
Serum ferritin ** 20.158y 20.0510 0.465* 0.438*
Serum retinol ** ** 20.148y 20.225y 20.149y

MRDR ** ** ** 20.0270 20.0932
CRP ** ** ** ** 0.478*

Final
Hemoglobin 20.353* 0.116 20.189y 20.264** 20.436*
Serum ferritin ** 20.156y 0.0584 0.392* 0.370*
Serum retinol ** ** 20.334* 20.292* 20.169y

MRDR ** ** ** 0.133 0.114
CRP ** ** ** ** 0.446*

1 Pearson!s correlations were used to assess significant correlations between

variables: *P , 0.0001, **P , 0.001, and yP # 0.05. AGP, a1–acid glycoprotein;

CRP, C-reactive protein; MRDR, modified relative dose response.

TABLE 1 Baseline and final anthropometric and biochemical
measurements in Zambian children during a 70-d randomized,
controlled feeding trial1

Measurements Initial Final P

Weight, kg 14.8 6 1.9 15.7 6 2.0 ,0.0001
Height, cm 98.4 6 6.9 100.7 6 6.7 ,0.0001
Weight-for-height Z-score2 0.008 6 0.86 0.010 6 0.87 0.98
Markers of infection

Malaria prevalence,3 % 20.8 12.4 —
Parasite load .04 17.4 11.2 —
Parasite load .1000 3.4 1.2 —

CRP,5 mg/L 2.88 6 3.47 3.04 6 4.30 0.67
Elevated .5, % 15.7 12.9 —
Elevated .10, % 6.7 6.2 —

AGP,5 g/L 1.42 6 0.53 1.17 6 0.50 ,0.0001
Elevated .1.2, % 65.2 38.2 —

1 Values are means 6 SDs or percentages; n = 181. The data for orange and white

maize groups were combined because no differences were observed (all P . 0.05),

with the exception of initial serum ferritin, which was higher in the orange maize group

(198 6 232 mg/L) than the white group (128 6 131 mg/L) (P = 0.015). Zambian children

were aged 53.7 6 10.2 mo at baseline. AGP, a1–acid glycoprotein; CRP, C-reactive

protein.
2 WHO Child Growth Standards, ages 2–5 y (31).
3 Overall malaria prevalence did not differ by treatment group or study week (P . 0.05);

a decrease in total malaria prevalence was found when comparing the extremes

(P , 0.041) (26).
4 Parasite counts per 200 white blood cells.
5 Raised serum concentrations of acute phase proteinswere defined as CRP.5 or.10mg/L

and AGP .1.2 g/L (15,18–24).
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et al. (42) found no correlation between hemoglobin and serum
ferritin. Because the impact of the APR on hemoglobin is
unclear, more work is needed to elucidate this relation.

CRP cutoffs of 5 or 10 mg/L are typically used to detect
clinically relevant infections for a wide variety of micronutrients
and populations (15,17–23); however, cutoffs relevant to shifts
in micronutrient status indicators may be nutrient and age

specific. Duncan et al. (39) found CRP cutoffs between 5 and 20
mg/L to be necessary to detect changes in blood concentration
for various vitamins and minerals in adults, whereas Abraham
et al. (43) found significant changes in blood nutrients, including
serum ferritin and retinol, occurring at CRP concentrations of
merely 0.26 mg/L in infants. CRP concentrations increase with
age and tend to be higher in women than men (44). This increase

TABLE 3 Initial and final markers of micronutrient status in Zambian children with various stages of infection as determined by the
acute phase proteins during a 70-d randomized, controlled trial1

Markers of infection

CRP .5 mg/L CRP .10 mg/L

n Hemoglobin Serum ferritin Serum retinol MRDR value n Hemoglobin Serum ferritin Serum retinol MRDR value

g/L mg/L mmol/L g/L mg/L mmol/L
Initial

Total 178 102 6 14 164 6 193 0.96 6 0.34 0.036 6 0.038 178 102 6 14 163 6 193 0.96 6 0.34 0.036 6 0.038
C2A2 61 106 6 13ab 86.2 6 79.0c 1.01 6 0.27a 0.038 6 0.025b 62 106 6 13ab 94.4 6 102c 1.01 6 0.26a 0.038 6 0.025b

C+A22 1 95 600 0.97 0.020 0 — — — —
C+A+2 27 91 6 14d 387 6 302a 0.80 6 0.30b 0.034 6 0.23b 12 90 6 15d 431 6 272a 0.75 6 0.31bc 0.042 6 0.027ab

C2A+2 89 102 6 13bc 144 6 148b 0.98 6 0.39a 0.036 6 0.047b 104 101 6 14bc 174 6 197b 0.96 6 0.38a 0.035 6 0.044b

Final
Total 178 105 6 15 155 6 277 0.96 6 0.34 0.050 6 0.028 178 105 6 15 155 6 277 0.96 6 0.34 0.050 6 0.028
C2A2 106 110 6 12a 86.7 6 127c 1.02 6 0.31a 0.045 6 0.015ab 109 110 6 12a 92.6 6 139c 1.02 6 0.32a 0.045 6 0.015ab

C+A22 4 112 6 16 266 6 309 0.73 6 0.15 0.050 6 0.014a 1 101 160 0.72 0.071
C+A+2 19 92 6 18d 392 6 463a 0.71 6 0.32b 0.055 6 0.018a 10 98 6 16dc 351 6 327a 0.68 6 0.29c 0.057 6 0.013a

C2A+2 49 100 6 14c 201 6 355b 0.95 6 0.36a 0.058 6 0.046a 58 98 6 16c 238 6 405b 0.92 6 0.37ab 0.057 6 0.043a

P values
Overall — ,0.0001 ,0.0001 0.0008 0.0016 — ,0.0001 ,0.0001 0.0052 0.0012
Infection effect — ,0.0001 ,0.0001 ,0.0001 0.39 — ,0.0001 ,0.0001 ,0.0001 0.33
Time effect — 0.61 0.49 0.37 ,0.0001 — 0.20 0.23 0.62 0.0057
Interaction — 0.22 0.60 0.69 0.17 — 0.078 0.47 0.90 0.17

1 Values for micronutrient status are means 6 SDs. Groups with n # 4 were excluded from the ANOVA. Serum ferritin was analyzed using logarithmic transformation. Letters

within a column, excluding values for total population, indicate significant differences determined by least square difference. AGP, a1–acid glycoprotein; C2A2, neither CRP nor

AGP raised; C2A+, AGP raised only; C+A2, CRP raised only; C+A+, both CRP and AGP raised; CRP, C-reactive protein; MRDR, modified relative dose response.
2 Raised serum concentrations of acute phase proteins were defined as CRP .5 or .10 mg/L and AGP .1.2 g/L (15,18–24).

TABLE 4 Initial and final prevalence of micronutrient deficiencies by infection state as determined by acute phase proteins in Zambian
children during a 70-d randomized, controlled trial1

Markers
of infection

CRP .5 mg/L2 CRP .10 mg/L2

n Anemia
Iron deficiency

anemia
Vitamin A
deficiency

Insufficient vitamin A
liver stores n Anemia

Iron deficiency
anemia

Vitamin A
deficiency

Insufficient vitamin A
liver stores

% % % % % % % %
Initial

Total 178 70.2 1.1 21.9 11.8 178 70.2 1.1 21.9 11.8
C2A2 61 59.0 1.6 9.8 21.3 62 59.7 1.6 9.7 26.5
C+A2 1 0 100 100 100 0 — — — —
C+A+3 27 88.9* 3.7 40.7* 7.4 12 91.7* 0 66.7** 16.7
C2A+3 89 71.9 0 24.7* 5.9* 104 74.0 1.0 24.0* 4.8*

Final
Total 178 60.1 2.8 21.9 19.1 178 60.1 2.8 21.9 19.1
C2A2 106 46.2 2.8 14.2 13.2 109 45.9 2.8 14.7 12.8
C+A2 4 50.0 0 25.0 25.0 1 0 0 100 0
C+A+3 19 94.7** 0 57.9y 36.8* 10 90.0* 0 70.0y 40.0*
C2A+3 49 77.6y 4.1 24.5 24.5 58 81.0** 3.5 27.6 25.9

1 Fisher!s exact test was used to compare groups with elevated acute phase proteins with the group with no raised proteins: *P # 0.05, **P , 0.0001, and yP , 0.001. AGP,

a1–acid glycoprotein; C2A2, neither CRP nor AGP raised; C2A+, AGP raised only; C+A2, CRP raised only; C+A+, both CRP and AGP raised; CRP, C-reactive protein; MRDR,

modified relative dose response.
2 Micronutrient deficiencies were defined as follows: hemoglobin concentration of ,110 g/L for anemia; anemia combined with serum ferritin concentration of ,12 mg/L for iron

deficiency anemia; serum retinol concentration of ,0.70 mmol/L for vitamin A deficiency; and MRDR ratio of $0.060 for insufficient vitamin A liver stores (23,29,30,32–34).
3 Raised serum concentrations of acute phase proteins were defined as CRP .5 or .10 mg/L and AGP .1.2 g/L (15,18–24).
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is in part related to chronic inflammatory conditions (15,16),
suggesting that a higher CRP cutoff may be necessary to assess
acute infections in adults. In the current study, no differences
were discovered in sensitivity between 5- and 10-mg/L CRP
cutoffs, supporting the usefulness of the 5-mg/L cutoff for
vitamin A and iron status assessments in children when AGP is
also elevated. More research aimed at investigating CRP cutoffs
of #5 mg/L on micronutrient status indicators in children is
needed and should include a variety of kits and tests available.
Additionally, AGP identified more cases of infection than CRP
(74.7–91.3% vs. 8.7–25.3%) in this study because AGP typically
remains elevated for a longer period of time, and children have
recurrent infections in many developing countries. The decrease in
the prevalence of elevated AGP concentration between baseline
and final time points is likely reflective of the decrease in malaria
prevalence caused by seasonal effects (26). Assessment of both
early- and late-stage acute phase proteins is essential to gain a
true understanding of infection within a population when using
traditional measures of status.

The MRDR test relies on the principle that retinol binding
protein accumulates when vitamin A liver reserves are low and is
measured by the ratio of 3,4-didehydroretinol:retinol in serum
(29,30,32). The present finding that the MRDR value is
unaffected by the APR is supported by Wieringa et al. (21),
who similarly reported no change through APR time stages
measured by CRP and AGP in Indonesian children. The lack of
difference in MRDR value across infection stage implies that
retinol binding protein continues to accumulate during defi-
ciency despite infection stage and is present in the liver to bind
with 3,4-didehydroretinol during a short-term challenge test.
Furthermore, this finding suggests that 3,4-didehydroretinol
release is somewhat suppressed proportionally to retinol, such
that the ratio between the two remains the same.

Serum retinol concentration is a widely used indicator for
vitamin A status and is recommended for population assessment
by the WHO (33). However, serum retinol provides an inferior
status assessment when compared with the MRDR test because
serum retinol is homeostatically regulated over a wide range of
liver reserves (32) and suppressed during infection by ;25%,
according to the current study and previous reports (17,45). No
effect of time was observed for hemoglobin, serum ferritin, or
serum retinol; however, MRDR values were significantly
affected, reflecting a decrease in liver vitamin A reserves between
the baseline and final assessment points of the feeding trial.
Demonstrating the difference in sensitivity between these 2
indicators, the MRDR test, but not serum retinol concentra-
tions, was able to detect a decrease in vitamin A status from the
metabolism of a vitamin A supplement that was administered
during Child Health Week in Zambia before the trial began.
The MRDR test offers more information than serum retinol
concentrations alone for vitamin A status assessments. The
finding of a decrease in liver stores after consuming a high-dose
supplement is in agreement with studies in Indonesian children
where MRDR values were low after consuming high-dose
supplements but became elevated before the next scheduled
supplement (46–49). Biofortified maize with modest concentra-
tions of provitamin A carotenoids did not maintain the high liver
stores after supplement intake and no difference was found
between treatment groups. Biofortified maize is now available
with 3 times the amount of provitamin A carotenoids (50).
Future trials with biofortified maize should consider isotope
dilution methods, which are more sensitive to changes in total
body stores than dose response tests. Considering that the mean
MRDR value in this group of children indicated adequate liver

stores and that provitamin A carotenoids from staple crops will
slowly increase total body retinol stores over time, isotope dilution
techniques may be the only method to measure the influence of
biofortified crops on vitamin A status under controlled condi-
tions (51).

In conclusion, this study!s findings demonstrate that the APR
significantly alters blood-based indicators of population-based
iron and vitamin A status indicators in children, resulting in over-
and possibly underestimations of nutrient deficiency prevalence.
Early- and late-stage acute phase proteins, such as CRP and AGP,
can be effectively employed to assess infection stages; a CRP
elevation cutoff of 5mg/Lwas sufficient in this population to affect
serum-based indicators. Incorporating blood measurements of
acute phase proteins will improve micronutrient status assessment.
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Vitamin A deficiency is a major global health problem with high prevalence in 

sub-Saharan Africa, South Asia, and regions of Latin America.  The introduction of 

provitamin A biofortified staple crops may provide a cost-effective and sustainable 

method to alleviate vitamin A deficiency that prevents the cyclic liver reserves and 

toxicity risk associated with preformed vitamin A supplementation and fortification.  

However, the effects of a variety of factors can impact provitamin A carotenoid 

bioefficacy from plant foods.  The research presented in this dissertation investigated 

several of these factors with a concentration on species of carotenoid, plant matrix 

effects, and host infection.  Of paramount importance to nutrition-focused public health 

interventions, the impact of the acute phase response to infection on indicators of 

micronutrient status and estimates of deficiency prevalence is also examined in Zambian 

children.  

 The primary focus of Chapter 2 was the relative vitamin A values of 9-cis- and 

13-cis-β-carotene compared with the all-trans-isomer.  The bioefficacies of these cis-

isomers is of interest because thermal processing of plant foods can considerably increase 

their concentration.  Using Mongolian gerbils and moderate (30 nmol) oil doses, the 9-

cis- and 13-cis-isomers showed relative vitamin A values of 63 and 70%, respectively, 

when compared with all-trans-β-carotene, which are greater than the value currently 

accepted by the Institute of Medicine.  This work is of merit because it is the only 

investigation of cis-isomer bioefficacy using doses reflective of dietary intake in an 

animal model that metabolizes carotenoids similarly to humans.  Moreover, this work 

suggests that cis-isomer generation due to thermal processing may not significantly 

decrease the vitamin A value of plant foods.  A previous study, implementing much 
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larger oil doses, reported lower bioefficacies of the cis-isomers, suggesting more work is 

needed to determine the effect of dose size and vitamin A status on the bioavailability of 

β-carotene supplements.  In vivo isomerization of all isomers was apparent, with 9-cis-β-

carotene appearing to preferentially accumulate in the liver and all-trans-retinol in the 

serum.  The mechanisms of isomerization remain to be fully elucidated. 

 Chapter 3 examined the impact of matrix effects and thermal processing on the 

bioavailability of provitamin A carotenoids in various cultivars of staple crop banana in 

Mongolian gerbils.  The results presented in this manuscript assisted plant breeders in the 

selection of banana cultivars for continued advancement in biofortification initiatives in 

Uganda and Australia.  Thermal processing was found to decrease resistant starch 

concentration in banana diets and increase provitamin A carotenoid bioavailability.  No 

differences were observed in resistance starch concentration or provitamin A carotenoid 

bioavailability of ripe versus unripe banana diets.  Interestingly, resistant starch 

concentration corresponded to changes in dietary intake, but final gerbil body weights did 

not differ, suggesting a greater indigestible component in uncooked banana diets.  More 

work is needed to establish a causal relationship between matrix effects in plant foods 

and provitamin A carotenoid bioavailability.  Studies examining the influence of thermal 

processing on this relationship would also be beneficial. 

 Chapters 4 and 5 consider the impact of infection on dietary intake and blood-

based indicators of micronutrient status in preschool-age, rural Zambian children during a 

70-day, controlled feeding trial with high provitamin A carotenoid biofortified (orange) 

maize.  The feeding trial was a collaborative initiative between the Tanumihardjo 

Laboratory, HarvestPlus, and Zambian governmental organizations.  Dietary intakes were 
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similar overall between orange and white maize groups and no differences were found 

between groups in regards to malaria prevalence or decreases in intake during infection.  

A common 3-day malaria episode was associated with a decreased intake of 11% for food 

and calories, 10% for macronutrients, 9% for vitamin A, 13% for iron, and 14% for zinc.  

The loss in vitamin A intake is equivalent to 5-6% of the RDA.  Given the deficits due to 

appetite suppression and increased urinary retinol excretion during infection, vitamin A 

requirements are likely higher in regions with endemic infection.  Provitamin A 

carotenoid biofortification targets, which are currently set to meet 50% of the EAR based 

on food intake, may need to be increased to meet the needs of target populations. 

 The acute phase response to infection alters plasma protein concentrations, thus 

impacting micronutrient status indicators.  Using biochemical data from baseline and 

final assessment points, common markers of vitamin A (serum retinol and the modified 

relative dose response test [MRDR]) and iron (hemoglobin and serum ferritin) status 

were assessed across infection stages identified by early and late stage acute phase 

proteins.  Serum retinol and hemoglobin concentration were decreased during infection, 

leading to inflated estimations of vitamin A deficiency and anemia, respectively.  Serum 

ferritin increased drastically by 67-132%, likely decreasing estimations of iron deficiency 

anemia.  The MRDR was unaffected by infection, but increased by timepoint, 

demonstrating a decrease in vitamin A liver reserves with orange maize on the 

background of semiannual vitamin A supplementation.  These results support MRDR as a 

superior and more sensitive vitamin A status indicator than serum retinol concentrations.  

More research is needed to determine the impact of the acute phase response to infection 

on the vitamin A stable isotope dilution test, which is considered the gold standard for 
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status assessment next to direct liver measurement.  Currently, a standardized method for 

adjusting micronutrient status indicators during infection does not exist.  It is essential to 

establish universal cutoff points for acute phase proteins as indicators of infection, which 

may need to be nutrient and population specific.  The acute phase response should be 

assessed and micronutrient status indicators adjusted when using micronutrients that are 

sensitive to it in populations with high or unknown prevalence of infection.     

 The chapters presented in this thesis have important implications for provitamin A 

carotenoid biofortification efforts and emphasize the value of multidisciplinary 

collaboration in the successful application of scientific findings to human problems.  In 

order to be successful, biofortified crops must possess desirable agronomic characteristics 

so as to be economically viable, demonstrate efficacy as a vehicle for the delivery of 

vitamin A, and be partnered with ongoing educational initiatives to promote acceptance 

by the target population.  The role of nutritionists in this process is crucial to the 

development of superior provitamin A biofortified staple crops.  The results presented 

here are valuable to biofortification initiatives because they expose factors impacting the 

vitamin A value of staple crops as well as the assessment of nutritional status of target 

populations. 
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Comparative intake of white- versus orange-colored 
maize by Zambian children in the context of promotion 
of biofortified maize

Abstract

Background. Vitamin A deficiency is associated with 
poor health outcomes related to reproduction, growth, 
vision, and immunity. Biofortification of staple crops is 
a novel strategy for combating vitamin A deficiency in 
high-risk populations where staple food intakes are high. 
African populations are proposed beneficiaries of maize 
(Zea mays) biofortified with provitamin A carotenoids, 
often called “orange maize” because of its distinctive 
deep yellow-orange kernels. The color facilitates ready 
recognition but presents a cultural challenge to maize-
consuming populations, including those in much of 
Africa, who traditionally eat white varieties. 

Objective. This study explores the intake patterns of, 
as well as adaptation to, traditional foods made with 
provitamin A–biofortified maize compared with white 
maize in rural Zambian children 3 to 5 years of age (n = 
189) during a 3-month feeding trial. 

Methods. The subjects were fed a breakfast of maize 
porridge (sweet mush), a lunch of maize nshima (stiff 
mush) with various side dishes, and an afternoon snack 
based on a 6-day rotating menu. The trial was conducted 
in 2010. The orange maize used in the trial came from 
three different sources. O1 maize was from the 2009 
harvest and was stored in a freezer until use in 2010. O2 

maize was also from the 2009 harvest and was stored 
in a cold room until 2010. O3 (“fresh”) maize was from 
the 2010 harvest and was fed immediately after harvest 
in week 9 of the study and then stored in a freezer until 
milling for the final four weeks.

Results. Consumption of menu items, except snacks, 
was influenced by week (p < .0084). The intakes of por-
ridge and nshima made with orange maize equaled those 
of porridge and nshima made with white maize from 
week 2 onward. The intakes of porridge and nshima 
prepared from O1 and O2 did not differ, but intakes 
became significantly higher when meals made from O3 
were introduced (p < .014 for porridge and p ≤ .013 for 
nshima).

Conclusions. These results demonstrate quick adapta-
tion to orange maize, a preference for recently harvested 
maize, and an optimistic outlook for similar adaptation 
patterns in other biofortified-maize target countries. 

Key words: Africa, β-carotene, food intake, maize 
(Zea mays)

Introduction

More than 2 billion people are affected by deficiencies 
of micronutrients, particularly iron, zinc, and vitamin 
A, with the highest rates in regions of sub-Saharan 
Africa, parts of Asia, and Latin America [1]. Chronic 
undernutrition related to micronutrient deficiencies 
not only has a negative impact on human health but 
also can hinder community mobilization through 
reduced physical productivity, increased morbidity 
and mortality, and impaired cognitive development [2]. 
Vitamin A is needed for reproduction, growth, vision, 
and immunity. Vitamin A deficiency is the leading 
preventable cause of blindness and continues to be a 
major problem in more than half of the world’s coun-
tries. An estimated 250,000 to 500,000 children become 
blind each year due to vitamin A deficiency, and half of 
them die within 12 months after losing their sight [3]. 
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Current strategies for alleviating vitamin A defi-
ciency are expansive and progressive. For decades, 
supplementation programs have been distributing 
high-dose vitamin A capsules to high-risk women 
and children [4]. In addition, extrinsic vitamin A 
fortification of commonly consumed foods, such 
as flour, oil, and sugar, has been widely encouraged 
[5, 6]. Supplementation and fortification, nonetheless, 
have limitations related to sustainability and coverage. 
“Biofortification,” an umbrella term describing intrin-
sic enhancement of nutrient synthesis, accumulation 
in staple crops, or both, is receiving increased global 
attention [7, 8]. Biofortification has been achieved 
through the use of fertilizer, conventional breeding 
techniques, mutagenesis, and transgenic methods [9, 
10]. A major difference among nutrition strategies is 
that supplementation and extrinsic fortification supply 
vitamin A as preformed retinol, whereas biofortifica-
tion provides provitamin A carotenoids. Biofortifica-
tion of staple crops to alleviate vitamin A deficiency 
would provide consistent dietary intakes of small 
amounts of provitamin A carotenoids, which over time 
can facilitate vitamin A adequacy [11, 12]. Biofortifica-
tion programs may also provide an alternative to high-
dose vitamin A supplements, in consideration of recent 
concern about their effectiveness [13]. Biofortified 
crops may also decrease dependence on food aid by 
creating sustainable opportunities for domestic farmers 
to expand their agricultural capacities [14].

Maize is a staple food for more than 200 million 
people. With nearly 750 million MT harvested annu-
ally [15], maize provides the world with an estimated 
15% of total protein and 20% of total calories [16]. 
Maize kernels supply many macronutrients and micro-
nutrients; however, concentrations of provitamin A 
carotenoids are extremely low in white cultivars [17]. 
The importance of maize as a traditional staple food in 
Zambia is paramount. Maize was introduced to African 
agriculture in the 16th century, and today Zambians 
derive more than half of their calories from this source 
[18]. Maize is eaten as milled flour and whole kernels, 
which are cooked into sweet or savory dishes. Fresh, 
“green” maize is eaten roasted or boiled. Most maize is 
consumed in either of two forms: as flour, locally called 
“mealie meal,” which is most often cooked with water 
into a thick sweet porridge; or as a stiff mush called 
nshima, which is consumed in large quantities in at 
least two meals a day by most Zambians. Maize meal 
is also used for breakfast porridges, fermented drinks, 
and sweet breads [19]. 

Most people in Africa consume white maize; there-
fore, replacement of white maize with provitamin 
A–biofortified varieties might have a significant and 
positive impact on vitamin A status for populations 
who subsist on maize. Biofortified maize, which is char-
acterized by a deep yellow to orange phenotype, has 

been tested using in vitro and animal models [20–23] 
and in small studies in humans [24, 25]. The target level 
for biofortification of maize grain is 15 μg of provita-
min A per gram dry weight [8], which would provide 
the estimated average requirement of vitamin A to 
children who consume 200 g of dry maize a day. Unfor-
tunately, although recent studies in Zambia, Zimbabwe, 
Kenya, and Mozambique suggest that acceptance is 
likely [26–28], the obvious yellow-orange color of the 
biofortified kernels represents an obstacle to acceptance 
by consumers accustomed to eating almost exclusively 
white maize. This study tested the intake patterns 
of, and adaptation to, biofortified maize in Zambian 
children during a 3-month intervention by compre-
hensively assessing food intake patterns, between and 
within feeding groups, as a function of time. 

Materials and methods

Subjects and maize

All procedures involving human subjects were approved 
by the Tropical Diseases Research Centre Ethics Review 
Committee in Zambia and the University of Wiscon-
sin’s Health Sciences Human Subjects Institutional 
Review Board. Written informed consent was obtained 
from the parents or caregivers. The trial was conducted 
in 2010 in Nyimba District of the Eastern Province of 
Zambia on children 3 to 5 years of age (n = 189 initial 
enrollment). The anticipated dropout rate was 10% of 
initial enrollment, and the target number was set higher 
than what was actually needed to accommodate drop-
outs. The number of observations during the feeding 
gave us greater than 90% power to detect a difference 
between groups during the transition to orange maize. 
Nyimba District was selected because local communi-
ties had expressed high interest in participating in the 
study following community sensitization programs 
related to orange maize performed by the National 
Food and Nutrition Commission (Lusaka, Zambia) in 
2009. Using white and orange dots placed in opaque 
envelopes, we randomly assigned 27 to 35 children in 
each of six rural villages to receive white maize or bio-
fortified orange maize. The subjects were screened for 
absence of severe anemia (hemoglobin < 7.0 g/dL) and 
malnutrition (< –3 SD weight-for-age or height-for-
age) [30]. All subjects and their families were educated 
and encouraged to participate in open discussions 
about the health benefits of orange maize in their local 
languages before recruitment, during enrollment, and 
at various community meetings throughout the trial 
to extinguish rumors and facilitate cooperation. Field 
notebooks were kept by researchers to record successes 
and problems. 

The children were fed three times per day (breakfast, 
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lunch, and snack), 6 days per week, for a total of 70 days 
of feeding, excluding Sundays. All biofortified maize 
used in this study was from conventional breeding 
programs that select for increased provitamin A kernel 
content. Because of the length of the feeding trial and 
the limited scale of biofortified maize production, 
orange maize from two harvest cycles was used over 
the course of the trial. O1 maize was from the 2009 
harvest and was stored in a freezer until use in 2010. O2 
maize was also from the 2009 harvest and was stored 
in a cold room until 2010. O3 (“fresh”) maize was har-
vested in 2010 and was fed immediately after harvest 
in week 9 of the study and then stored in a freezer and 
milled weekly for the final four weeks (fig. 1). O1 and 
O2 were the same genotype (CI7XDexp3), and O3 was 
a bulk mixture of grain from yield trials of advanced 
experimental provitamin A–biofortified hybrids. White 
maize was typical maize purchased from a local mill. 
The progression of orange maize feeding occurred due 
to limited freezer capacity to store all of the 2009 har-
vested orange maize. Within the orange-maize group, 
we had greater than 90% power to detect a difference 
in intake between dishes made from O1 and O3 and 
a 70% power to detect a difference in intake between 
dishes made from O2 and O3. 

Project menu

The project menu was established based on commonly 
consumed foods and cooking methods outlined by a 
recent national food intake survey (U. Palaniappan and 
C. Hotz, personal communication). A 6-day rotation 
of traditional recipes provided dietary variety (fig. 2). 
Before the start of the trial, all food recipes were tested 
for general acceptance by a team of Zambian nutri-
tionists who were also responsible for overseeing 
the study’s six feeding sites. Whole-grain roller meal 
flour was chosen for use in the porridge and nshima. 
Although side dishes (“relishes”) at lunch and a snack 
were provided each day, maize consumption was of 
primary interest. Serving sizes of maize dishes, based 
on the national food intake survey and discussion with 
Zambian nutritionists, provided children with a total of 
158 g of dry maize per day (41 g in breakfast porridge 
and 117 g in lunch nshima). An evening meal was not 
provided, to reduce the burden on families and care-
givers and based on the assumption that the subjects 
would not consume much at home because they were 
fed well while at the feeding centers. Consumption of 
any foods other than those provided by the project was 
strongly discouraged while the subjects were at the 

Orange maize 1 
(2009)

33–35 days

Orange maize 2 
(2009)

11–13 days

Orange maize 3 
(2010)
24 days

White maize (from local mill)
70 days

FIG. 1. Maize progression timeline. The commencement of feeding occurred over 3 
days, with two feeding sites beginning at a time. This “rollout” start caused the range of 
feeding days for orange maize feeding for O1 and O2 seen above

  Monday Tuesday Wednesday Thursday Friday Saturday

Br
ea

k-
fa

st Porridge with 
groundnuts

(270 g)

Porridge with 
milk

(270 g)

Porridge with 
groundnuts

(270 g)

Porridge with 
milk

(270 g)

Porridge with 
groundnuts

(270 g)

Porridge with 
milk

(270 g)

Lu
nc

h 

Nshima
(350 g)

Nshima
(350 g)

Nshima
(350 g)

Nshima
(350 g)

Nshima
(350 g)

Nshima
(350 g)

Kapenta + 
cowpea relish

(150 g)

Chicken + cab-
bage with ground-

nuts relish
(200 g)

Beans + cabbage 
relish

(200 g)

Kapenta + 
pumpkin leaf 

relish
(150 g)

Chicken + 
pounded cowpea 

relish
(200 g)

Pumpkin leaf 
with groundnuts 

relish
(175 g)

Sn
ac

k Tea + bread
(250 g)

Guavas or 
bananas
(100 g)

Bananas 
+ roasted 

groundnuts
(125 g)

Tea + biscuits
(230 g)

Bananas
(100 g)

Guavas or 
bananas 

+ roasted 
groundnuts

(125 g)
FIG. 2. Weekly rotating menu items and serving sizes for a 3-month intervention in rural Zambian children. Kapenta are small 
dried fish, and groundnuts are Zambian peanuts. Values listed in parentheses are the standardized serving sizes measured 
for each subject at that given feeding time. The serving size for porridge refers to a sweet maize meal mush mixed well with 
either milk or groundnut flour



!
!

!

77!

Delivered by Publishing Technology to: University of Wisconsin-Madison IP: 72.33.195.79 on: Wed, 23 Apr 2014 15:01:44
Copyright (c) Nevin Scrimshaw International Nutrition Foundation. All rights reserved.

66 E. T. Nuss et al.

feeding centers, and taking any project food from the 
feeding center was strictly prohibited. 

Food waste records and equipment

Menu items were served to the children in stand-
ardized serving quantities (fig. 2) with tared dishes. 
The subjects were monitored by nutritionists for 
uneaten food, termed “food waste,” which was quanti-
fied in grams as the difference between the weight of 
food waste in the serving dish and the weight of the 
dish. Menu items (porridge, nshima, relishes, and 
snack) were served in separate dishes so that records 
reflected food-specific intakes. Meal attendance was 
also recorded so that zero food waste resulting from 
absence of the child would not be mistaken for zero 
food waste resulting from complete meal consumption. 
Food waste records were facilitated by writing subject 
identification numbers on the children’s bracelets or 
name tags and eating placemats. Food waste values 
were translated into “food consumed” by taking the 
difference between the standard serving size and 
food waste.

Digital kitchen scales (My-weigh KD7000, China) 
with a maximum capacity of 7,000 g were used to meas-
ure recipe ingredients, food portions, and food waste. 
The scales were automatically calibrated at the begin-
ning of the study. The field staff checked that all scales 
were accurate within 2 g before and during the study. 

Feeding environment

Feeding activities were standardized across all six vil-
lages in designated areas on site. The children sat at 
their placemats separated by treatment group (orange 
vs. white maize eaters) at each feeding time. Because 
children tend to want to be like their peers, the dif-
ferent color groups were separated so that they were 
not influenced by the children eating the other color 
of maize. Acceptability of the orange maize therefore 
was based more on taste than on peer influence. All 
food ingredients were measured by on-site Zambian 
nutritionists and prepared by locally recruited women 
using standardized recipes. Supervisors monitored the 
mealtimes to prevent food sharing and to ensure that 
each child remained at his or her placemat until feeding 
was completed. All subjects were equally encouraged 
to finish their food but were never forced, and most ate 
their food voluntarily. Family members and friends ate 
meals separately from the subjects but were allowed to 
assist their children if they desired. 

Weekly intake patterns

For weekly intake patterns of menu items, days of feed-
ing were translated into weeks of feeding to account 
for the 6-day rotating snack and relish combinations. 

A “week” in this analysis includes 6 days of project 
feeding, excluding the “rest day,” translating to a com-
plete cycle of the rotating project menu. Food intakes 
were calculated for each maize feeding group (orange 
and white) and categorized according to menu item 
(porridge, nshima, relish, and snack) for each week of 
feeding (weeks 1 to 12). The beginning and ending of 
feeding were staggered so that two sites began or ended 
per day during weeks 1 and 12 of the study (fig. 1). 
Since the rotating menu for all sites was identical by 
“weekday” and not “study day”, comparison of “weeks” 
of feeding was done by aligning the weekdays instead 
of the study days. 

Statistical analysis

The data were analyzed by ANOVA followed by least 
squares difference (LSD) of variance testing and linear 
regression of slopes using the SAS statistical pack-
age (version 9.2). Power analysis was done using the 
degrees of freedom and F values from our observations 
at α < .05. For all comparisons, individual intakes were 
averaged per menu item according to the time period 
being considered (weekly intakes or orange maize feed-
ing period). Individual means were then used to cal-
culate feeding group means for the time period being 
considered. Two-way ANOVA was used to calculate 
significant differences between group means for each 
time period considered. All tests were two-sided, and p 
< .05 was considered to indicate a significant difference. 
Meal absences were excluded from the data analysis 
and were not related to treatment group. Values were 
rounded to the nearest gram to reflect the precision of 
the field scales. 

Results

Subject data

Anthropometric data are given in table 1. Eight chil-
dren (4%) dropped out, including two who left before 
the first day of feeding. The reasons for discontinuing 
participation in the study included persistent, severe 
illnesses and noncompliance with study requirements. 

Between-group comparison of weekly intakes

The unique daily recording of each subject’s food con-
sumption allowed comparisons of maize and nonmaize 
item intakes over time, between feeding groups, and 
within the orange-maize group during the progression 
of meals made with O1, O2, and O3 maize. The mean 
weekly intakes of menu items generally did not differ 
between groups (fig. 3), with decreasing variance in 
intake over time. However, at weeks 1 and 4, the intake 
of porridge was greater in the white-maize group than 
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in the orange-maize group by 17 and 10 g, respectively 
(p < .05). By week 2, the intake of porridge was equal 
in both groups, suggesting that the initial aversion 
to orange maize was only temporary. The intakes of 
nshima, relishes, and snacks did not differ between 
groups. 

The total changes in intake between the first and 
final weeks were highly significant for all dishes made 
from orange or white maize except for porridge made 
from white maize. Consumption of porridge made 

from orange maize, nshima made from orange maize, 
and nshima made from white maize increased by 6.2%, 
8.3%, and 5.4%, respectively (fig. 3). The intake of 
relishes increased by 12.2% in the orange-maize group 
and 16.0% in the white-maize group. These changes 
indicate that eating capacity increased during the trial.

Within-group changes in weekly intakes

In the orange-maize group, the mean porridge intake 

TABLE 1. Baseline anthropometric measurements by treatment group (mean + SD)

Measurement
Orange maize

(n = 96 
White maize 

(n = 93)
All subjects

(n = 189)
Weight (kg) 14.8 + 1.9 14.7 + 2.1 14.8 + 2.0
Height (cm) 98.3 + 6.9 98.5 + 7.2 98.4 + 7.0
Age (mo) 53.0 + 10.0 55.1 + 11.3 54.0 + 10.7
Weight-for-height z scorea –0.22 + 0.87 –0.18 + 0.92 –0.20 + 0.90

a. World Health Organization Child Growth Standards, ages 2–5 years [29].

FIG. 3. Weekly intakes (mean + SE) of maize-based (A and B), relish (C), and snack (D) items by treatment 
group in rural Zambian children. Arrows represent the periods when different types of orange maize (O1, O2, 
O3) were served. Overall, maize intake increased with time (p < .0084), and an interaction between group and 
week occurred for porridge intake (p < .0001). Differences between groups that were influenced by both group 
and week are denoted by an asterisk, where white porridge intakes were slightly higher than orange porridge 
intakes (p < .05). Relish intake consistently increased over time in both groups (p < .0001), and snack intake 
varied significantly by week (+ 2 g, p < .0001)
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was 251 g/day in the first 8 weeks of feeding and 
increased significantly by 3.0% at week 9, where it 
remained higher at 259 g/day for the final weeks. Inter-
estingly, orange nshima intakes followed a very similar 
trend, i.e., a sharp, significant increase of 20 g (6.5%) 
from weeks 1 to 2, followed by another increase of 12 g 
(3.8%) at week 9 (fig. 3). 

In the orange-maize group, the intakes of both por-
ridge and nshima decreased nonsignificantly in week 4 
by 1.6% and 3.0%, respectively, followed by significant 
increases of 4.3% and 2.3%, respectively, in week 5 
(fig. 3). The intakes of both porridge and nshima also 
decreased in week 4 in the white-maize group. Despite 
these temporary decreases in intake, a consistent 
increasing trend was restored for the remainder of the 
feeding trial. 

The pattern of relish intake was similar to that of 
maize-based dishes. Intake rapidly increased between 
weeks 1 and 2 in both feeding groups, by 8.5% in the 
orange maize group and 5.8% in the white-maize 
group. The overall intake of relishes increased through 
week 8, whereas the intake of snacks did not appreci-
ably change. Snacks were well received, and intakes 
for both groups were 92 g/day (range, 89 to 94 g/day). 

Intake patterns related to orange maize progression

The provitamin A contents of the maize varieties 
used in this trial are shown in table 2. Mean intakes 
of orange-maize meals prepared from O1, O2, and 
O3 were compared by LSD. The mean intakes were 
calculated for each individual subject and then aver-
aged according to each feeding period for O1, O2, 
and O3 (fig. 1). The intakes of porridge and nshima 
prepared from O1 and O2 did not differ, but intakes 
became significantly higher when meals made from 
O3 were introduced (p < .014 for porridge and p ≤ .013 
for nshima) (table 3). This pattern complements the 
findings related to the increase by time analysis which 
found an increase at week 9 when recently harvested 
maize (O3) was introduced and fed until the end of 
the study. 

Discussion

Maize has a distinct imprint across African landscapes, 
and 90% of cereal produced for human consumption in 
Africa is white maize [18]. The current preference for 
white maize among Africans is largely shaped by his-
torical, political, and social influences. The aversion to 
yellow maize stems from prejudice and negative asso-
ciations, such as associations with food aid and animal 
feed, rather than from its consumer characteristics 
[31]. Historically, production of yellow maize has been 
limited to large-scale commercial farmers for stock 

feed, and yellow maize has been considered for human 
consumption only when domestic production of white 
maize has been inadequate. For example, the drought of 
1991/92 in Zambia required the government to import 
large quantities of maize for human consumption; this 
maize was mostly yellow and was sold at prices 10% to 
35% lower than that of white maize [32]. In addition, 
greater allocation of research funds for white maize 
breeding programs has increased the yield of white 
maize more than that of yellow varieties [18, 31]. 

Despite any pre-existing cultural aversions toward 
yellow maize, the children in this feeding trial adapted 
to the biofortified orange maize dishes within the first 
week. After week 1, dietary intakes of maize-based 
dishes in the orange-maize group were essentially not 
different from those in the white maize group across 
the 70-day intervention. The field notes state that the 
children were reluctant to come fasted for the first few 
days of the feeding study, so the lower intake of por-
ridge may have been caused, in part, by poor appetite 
resulting from off-site morning snacking. Although the 
study included a “pilot day,” a run-in feeding period 
may be considered, depending on the objectives of 
future studies, if the subjects are unfamiliar with bio-
fortified maize. The intake of orange maize was signifi-
cantly lower than that of white maize at week 4 for both 
porridge and nshima; the difference may have been 
due to appetite changes related to seasonal morbidity 
or may have been a random effect. This observation is 
further supported by mean relish intakes, which also 
decreased that week. Changes in nutritional status may 
also have occurred during the intervention. The field 
notes record conversations with caretakers indicat-
ing that the children typically received one meal and 

TABLE 2. Characteristics of orange maize meal types (mean 
+ SD)

Type Color 
β-Carotene

(nmol/g)

Theoretical 
vitamin Aa

(μg/g)
O1 Orange 10.4 + 0.14 6.21 + 0.09
O2 Orange-yellow 4.90 + 0.85 2.95 + 0.51
O3 Bright orange 7.54 + 0.49 6.29 + 0.39

a. Theoretical vitamin A includes all provitamin A carotenoids and 
not just β-carotene.

TABLE 3. Differences in intakes of Zambian dishes made 
from different types of orange maizea

Types
Intake (g)

Porridge Nshima
O1 vs. O2 1.0 (p = .739) 4.2 (p = .355)
O2 vs. O3 7.0 (p = .014) 8.9 (p = .013)
O1 vs. O3 7.8 (p = .001) 14 (p = .001)

a. Differences are considered significant if p < .05.
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various small snacks over the course of the day instead 
of two full meals and a snack. Hunger does not always 
equate to food intake, because stomach capacity can 
be limited [33]. Perhaps underlying improvements in 
overall health, in addition to an expected increase in 
body size, in part supported by the nutritious feeding 
regimen that the rotating menu provided, resulted 
in increased food intake over the 3-month trial in 
all groups. 

The field notes provide another perspective for 
intake patterns of relishes. For example, children were 
previously educated by society not to overindulge in 
relishes because their contents are “expensive” and 
“precious,” and they are often shared among family 
members. The intake of relish increased more than that 
of any other menu item, perhaps because the children 
became accustomed to eating from a single, nonshared 
bowl. Similar trends in psychobehavioral feeding stud-
ies in children suggest that children require multiple 
encounters with a new food before they will taste or eat 
it [34–37]. Additional field notes suggest that children 
were particularly fond of the snack foods provided by 
the feeding study, especially tea and bread or biscuits. 

Future efforts will target increased acceptance of 
orange maize in the developing world. Many factors 
must be considered for maize-eating populations, such 
as Zambians, to shift their preferences from white to 
orange provitamin A–biofortified maize varieties. 
Socioeconomic factors, such as education, income, 
and family and community traditions and customs, 
influence food choices, which include maize color 
preference. For example, consumer preference for 
white over yellow maize meal in Kenya is strongest 
among wealthier and more highly educated consumers 
[26], perhaps reflecting a societal perception of status 
because yellow maize has been associated with food aid. 
The cost of a maize meal greatly influences consumer 
acceptability or willingness to procure a certain type; 
experimental auctions in Kenya, for example, con-
firmed that consumers generally prefer white maize 
but would buy yellow maize at a price discount of 11% 
[38]. A similar observation was made using a simulated 
multimarket model based on supply and demand in 
Mozambique [39]. Aside from purchasing prices, con-
sumer aversion to yellow maize decreases when people 
have had opportunities to become familiar with it, taste 
cooked products, or become educated about vitamin 
A [38]. Ninety-four percent of surveyed households in 
Zimbabwe reported that they would consume yellow 
maize meal if they were educated about its superior 
nutritional qualities compared with white maize [27]. 
A study in Mozambique concluded that existing prefer-
ences for white maize did not preclude the acceptance 
of biofortified varieties [28], demonstrating that maize 
meal preferences are malleable beyond preexisting 
biases. 

The preference for O3 by the children in the orange 
maize group suggests that maize meal characteristics 
have a significant impact on acceptance of biofortified 
maize products. O3 maize was fed shortly after harvest 
in 2010 and did not go through the same long storage 
period as O1 and O2. Although the significant, positive 
intake trend at week 9 might have been influenced by 
an underlying appetite change in the later stages of the 
feeding trial, the mothers and field staff also preferred 
the newer orange maize to the older maize when sam-
pling the leftovers. The patterns of intake most likely 
reflect rapid adaptation to nontraditional orange maize 
products, as shown by the initial increase between 
week 1 and 2, as well as a possible preference for O3 
maize meal, which was introduced in week 9 and did 
not go through the long storage times like O1 and O2. 
This finding was strengthened by the significant 10-g 
(3.8%) decrease in consumption of white-maize por-
ridge and the nonsignificant 9-g (2.9%) increase in 
consumption of white-maize nshima between weeks 
1 and 2. Furthermore, the intake of relishes did not 
increase at week 9, suggesting that increases in intake 
of orange maize at and after that time were related to 
the favored O3 maize. 

As mentioned above, the target level for biofortifica-
tion of maize grain is 15 μg of β-carotene equivalents 
per gram dry weight, which would provide the esti-
mated average requirement of vitamin A to children 
who consumed 200 g of dry maize per day [8]. The 
study menu provided a daily quantity that was 42 
g below that estimated intake, which was based on 
survey data collected prior to study commencement in 
the same age group. A third daily meal or snack could 
increase this amount to 200 g. Orange maize used in 
this study had not reached the target provitamin A 
carotenoid concentrations. A few prospective cultivars 
included in ongoing field testing have met this target 
concentration.

Agricultural aspects must also be considered. A 
survey in Zimbabwe found that although only 6% of 
farmers grow yellow maize varieties, more than 90% 
of them would be willing to grow it if it had similar 
qualities to traditional white varieties (e.g., drought 
tolerance, early maturation, and pest resistance) [27]. 
Much of Africa is still skeptical of genetically modified 
organisms (GMOs), such as transgenic high-provita-
min A maize [40, 41]. For this reason, selective plant 
husbandry programs, such as those used in this study, 
may be better received, because conventional breeding 
techniques are believed to maintain functionality of the 
plant in a more “natural” way than the techniques used 
with GMOs [42]. Furthermore, biofortified orange 
maize is likely to be embraced in regions where yellow 
maize is currently grown if the orange maize has simi-
lar agronomic, culinary, and sensory characteristics 
[38]. The Zambian Agricultural Research Institute, the 
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International Institute of Tropical Agriculture, and the 
International Maize and Wheat Improvement Center 
have specific research programs for breeding and test-
ing provitamin A–biofortified maize in Zambia and 
elsewhere. Within the next decade, Zambian-grown 
orange maize is projected to be agronomically com-
petitive with most popular white varieties. The results 
of this study, in coordination with plans to initiate the 
release of this orange maize to rural farmers, show 
promise of acceptance and sustained use of biofortified 
orange maize in communities most at risk for vitamin 
A deficiency. 

Food intake can be influenced by many factors, 
including morbidity, climate, and social pressures. The 
findings from this intervention demonstrate modifiable 
preferences for maize meal color among individuals 
at young ages, which is of great importance for those 
interested in the future use of biofortified maize. In 
summary, preschool-aged children in rural Zambia 
were highly receptive to biofortified orange maize 
meals substituted for traditional white maize dishes. 
Future investigations may provide deeper insight into 
appetite and consumption patterns related to accept-
ance of orange maize meals. 
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