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Abstract

:

Measurement error in self-reported sugars intake may explain the lack of consistency in the epidemiologic evidence on the association between sugars and disease risk. This review describes the development and applications of a biomarker of sugars intake, informs its future use and recommends directions for future research. Recently, 24 h urinary sucrose and fructose were suggested as a predictive biomarker for total sugars intake, based on findings from three highly controlled feeding studies conducted in the United Kingdom. From this work, a calibration equation for the biomarker that provides an unbiased measure of sugars intake was generated that has since been used in two US-based studies with free-living individuals to assess measurement error in dietary self-reports and to develop regression calibration equations that could be used in future diet-disease analyses. Further applications of the biomarker include its use as a surrogate measure of intake in diet-disease association studies. Although this biomarker has great potential and exhibits favorable characteristics, available data come from a few controlled studies with limited sample sizes conducted in the UK. Larger feeding studies conducted in different populations are needed to further explore biomarker characteristics and stability of its biases, compare its performance, and generate a unique, or population-specific biomarker calibration equations to be applied in future studies. A validated sugars biomarker is critical for informed interpretation of sugars-disease association studies.
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1. Introduction


Measurement error (ME) in self-reported diet has been a long-standing obstacle for determining the true association between sugars and chronic disease risk. While the evidence for sugars’ association with dental caries [1] and weight gain [2,3,4] has been rather consistent, the link to cardiovascular disease (CVD) [5,6,7,8], type 2 diabetes [9,10] and cancer [6,11,12,13,14,15] has been ambiguous and inconclusive. Although added sugars consumption in the United States (US) has declined over the last ten years, it still remains high, particularly among children (17% of energy intake [EI]) and young adults (16% EI) [16,17]. However, despite the high prevalence of this behavior and its implicated adverse effects on health, the inconsistency in evidence obtained from large prospective studies and randomized controlled trials has hindered the setting of a specific and unique recommendation on sugars intake in the US [18,19,20]. Sugars comprise monosaccharides (glucose, fructose, galactose) and disaccharides (sucrose, maltose, lactose), and their sum is known as “total sugars.” Sugars that are naturally occurring in fruits, vegetables, and dairy products only partly account for total sugars intake, whereas sugars from highly processed food and drinks, added during food processing and preparation or at the table, have become more significant contributors of total sugars intake [21]. As a source of empty calories and a common ingredient of unhealthy foods, sugars are among the nutrients that are frequently misreported [22,23]. It is highly plausible that ME in self-reported sugars may be obscuring the true relationship between sugars and disease risk and may explain the lack of consistency in the epidemiologic evidence. Development of novel approaches for obtaining more accurate estimates of intake, independent of self-reported diet, is crucial for attaining more valid and reliable risk estimates for sugars in relation to chronic disease risk. Until then, it is uncertain whether the lack of association is due to our inability to measure sugars accurately or to a genuine lack of an association between sugars and disease risk.



Dietary biomarkers hold a lot of promise as objective measures of intake in diet-related studies. Thus far, four categories have been described based on biomarkers’ characteristics: recovery, predictive, concentration, and replacement biomarkers [24]. They have multiple applications, including (1) in dietary validation studies, to characterize ME in dietary self-reports [25,26]; (2) in calibration studies nested within prospective cohorts, to develop calibration equations for “correcting” self-reported intake in the main studies [27,28,29]; (3) in population studies with available biological samples, as measures of dietary exposure, either alone [30,31,32,33] or in combination with self-reports [34,35]; and (4) in dietary intervention studies as measures of compliance [36].




2. Development of the 24 h Urinary Sucrose and Fructose Biomarker


2.1. Preliminary Work


Early work has shown that under physiological conditions, small amounts of dietary sucrose [37] and fructose [38] are excreted in the urine. During digestion, sucrase hydrolyzes sucrose into glucose and fructose in the brush border of the duodenum. Although healthy gastrointestinal mucosa is relatively impermeable to disaccharides, under physiological conditions, very small amounts of unhydrolyzed dietary sucrose may pass the intact intestinal wall, probably by a process of non-mediated diffusion [37], and once in the circulation, sucrose is readily excreted in urine [39]. Fructose is absorbed unchanged in the lower part of duodenum and jejunum; it is passively transported by a fructose-specific facilitative transporter (GLUT5) across the apical membrane of the intestinal epithelial cells and by a facilitative transporter for glucose and fructose (GLUT2) across the basolateral membrane into the circulation [40,41]. The amount of fructose occurring in urine is probably a fraction of the dietary fructose or fructose derived from sucrose that escapes the uptake by the liver, as the main site of fructose metabolism, and by other tissues, such as kidneys, adipose tissue and skeletal muscle [42,43], and that escapes the reabsorption in the renal tubules [41]. Considerable amounts of fructose were detected in urine after ingesting sucrose in a bolus [38]. Although some amount of glucose can be measured in urine, it appears to be person-specific and is not reflective of dietary intake due to insulin-controlled glucose reabsorption occurring in the kidneys.



The preliminary work on sucrose and fructose as potential biomarkers of sucrose intake was conducted by Luceri et al. [44], based on data from nine participants consuming a “regular Italian” diet for a week and a low-sucrose diet for three days. Sucrose and fructose were measured in spot urine samples collected within 2 h of breakfast, lunch, and dinner on the last day of each study diet. Sucrose and fructose excretion during the low-sucrose diet was significantly lower compared than the excretion during the regular diet. Furthermore, the sucrose content of both the low-sucrose and regular diet, as assessed by a food diary, was significantly associated with the post-meal urinary excretion of sucrose and fructose. As the slopes of the regression lines calculated from the regression models for the low-sucrose and regular diet were similar, a common slope for the association between sucrose intake from low-sucrose or regular diet and sucrose excretion was calculated (β = 0.26; SE = 0.08). Similarly, a common slope for the association between sucrose intake from low-sucrose or regular diet and fructose excretion was reported (β = 0.15; SE = 0.05). No correlation was found between the urinary excretion of glucose and intake of sucrose. The findings from this study implied that sucrose and fructose may have the potential to be used as biomarkers of sugars consumption, however further work was needed to study the characteristics of the biomarker and to develop prediction equations based on a daily diet and against true intake.




2.2. Development of the Urinary Sugars Biomarker under Controlled Conditions


Urinary sugars as potential sugars biomarkers were then rigorously investigated under highly controlled conditions in two feeding studies conducted in the United Kingdom [45]. All dietary intake in these studies was known, and multiple 24 h urine samples were collected and verified for completeness using the para-amino benzoic acid (PABA) test [46]. The first study was a 30-day randomized cross-over design study involving 12 healthy males aged 25–77 years. In randomized order, all participants consumed low (63 g), medium (143 g), and high (264 g) total sugars diet over three 10 day dietary periods, respectively; this level of intake corresponded to the lower and upper 2.5 percentiles and median total sugars intake for the adult UK population [47]. All foods consumed by the participants were prepared in a metabolic kitchen, and no foods or drinks obtained outside the metabolic suite were allowed to be consumed. On Days 4–7 during each 10-d dietary period, participants collected 24 h urine samples, which were analyzed for sucrose and fructose. Although the within-subject variability of sucrose and fructose excretion was rather high in these 12 participants at the same level of total sugars intake, the mean urinary sucrose and fructose increased across the increasing levels of sugars consumption over the three dietary periods, and there was a significant difference in the mean excretion of both sucrose (p < 0.001) and fructose (p < 0.001) between the three diets. Given that the dose-response association between the diet and sugars excretion improved after combining urinary sucrose and fructose, their sum was further investigated as a potential biomarker.



The 2nd feeding study assessed the performance of the biomarker in subjects consuming their usual diets over an extended period of time, i.e., simulating normal dietary behavior under controlled conditions [45]. Seven male and six female participants aged 23–66 years consumed their habitual diet (previously assessed by four consecutive 7-day diet records), and collected 24 h urine samples daily over 30 days while residing in a metabolic suite. All the foods consumed by the participants were prepared in the metabolic kitchen, where the foods were weighed to the nearest gram and left-overs weighed out upon return. The group 30 day mean sum of the 24 h urinary sucrose and fructose (24uSF) was 98 mg/day (range 25.4–267.5 mg/day), which represented a very low proportion of their 30 day mean total sugars intake (approximately 0.05%), yet, the two were highly correlated (r = 0.84; p < 0.001). The 24uSF was also highly correlated to sucrose intake (r = 0.77; p = 0.002). In the linear regression of urinary to dietary sugars, true total sugars intake explained 72% of the variability in the sucrose and fructose excretion, revealing sugars intake as a strong determinant of sucrose and fructose excretion [45]. The mean correlation between 24uSF measured from single 24 h urine and the “usual” total sugars intake was 0.71 [48]. In this study, the 30 day mean 24uSF was significantly correlated to the 30 day mean intake of extrinsic sugars (i.e., any sugars or syrups added during processing and preparation of foods and drinks or added at the table, including sugars from fruit juices and honey.) (r = 0.84; p < 0.001) but not intrinsic sugars (i.e., any sugars from fruits and vegetables (excluding fruit juices) and cereal and cereal products (excluding breakfast cereals, biscuits, cakes, sweet buns, pies, flans, pastries, scones, and cereal-based puddings)) (r = 0.43; p = 0.144) [49]. Nonetheless, this study was not designed to investigate the performance of urinary sugars as dietary biomarkers of extrinsic vs. intrinsic sugars. The stronger correlation observed with extrinsic sugars may have been due to the fact that the intake of intrinsic sugars in these 13 subjects was lower and narrower in range (68 ± 23 (SD) g/day) than was their extrinsic sugars intake (123 ± 41 (SD) g/day).



To investigate the effect of body mass index (BMI) on the performance and validity of the biomarker, Joosen et al. [50] compared the biomarker’s response to diets providing 13%, 30%, and 50% energy from total sugars, in a randomized cross-over design under controlled conditions, in 10 normal-weight and nine obese participants living in a metabolic suite over 12 days. The excretion of both sucrose and fructose in urine increased to a similar degree in both the normal-weight and obese participants with the increase in total sugars intake; no significant interaction effect of BMI on urinary sucrose (p = 0.65) or fructose (p = 0.55) was observed. These findings have lent support to the application of this biomarker as a valid measure of intake in participants regardless of their BMI, as well as to investigations of the relationship between the consumption of sugars and the risk of obesity.



Given that the sugars biomarker exhibited a high correlation to “true” intake and was related to intake in a dose-response and time-sensitive manner, yet was recovered in a very low proportion in urine, 24uSF was categorized into a new class called “predictive” biomarkers [45]. Unlike recovery biomarkers, which are gold standard reference instruments, free of bias [51], predictive biomarkers contain a certain level of person-specific, intake-related, and covariate-related bias [52]. However, for these measures to qualify as predictive biomarkers, their biases should not explain a significant proportion of the variability in the biomarker, should be stable between individuals and across populations, and be estimable from a feeding study. Once those biases have been estimated, they can be applied to “correct” or “calibrate” the biomarker that can then serve as a reference instrument [52]. Such an equation for “calibrating” the 24uSF biomarker was generated from the 2nd UK feeding study [45,52]. The equation describes the association between the 24uSF and “true” total sugars intake, quantifies the biases associated with the 24uSF biomarker, and “calibrates” the biomarker to provide an unbiased measure of intake:


      M  i j  *  =  M  i j   − 1.67 − 0.02 ×  S i  + 0.71 ×  A i     (  E q u a t i o n    ( 1 )   )  ;   



(1)




where       M  i j  *     is the log-transformed calibrated sugars biomarker,     M  i j      is the log-transformed biomarker,     S i     is an indicator variable that equals 0 for men and 1 for women, and     A i     is the log-transformed age in years. The calibrated biomarker     M  i j  *     satisfies the following ME model for predictive biomarkers:     M  i j  *  =  T i  +  u   M i    +  ε   M  i j       , where Ti is the log-transformed true usual intake of total sugars,     u   M i         is a person-specific bias, and     ε   M  i j        is a within-person random error [52]. Assuming that these biases are similar between individuals and across populations, this biomarker calibration equation can be applied in other studies with available 24 h urine collections to “calibrate” the sugars biomarker to be used as a reference instrument for total sugars intake. If spot urines, rather than 24 h urine collections, are available in population studies, the biomarker “calibration” equation cannot be applied to provide an unbiased measure of intake, however, the biomarker can be used as a correlate to intake, i.e., concentration biomarker.




2.3. Investigation of Urinary Fructose as a Biomarker against Self-Report in Children


Johner et al. [53] investigated the use of urinary fructose as a biomarker of sugars intake among children in a subsample from the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) study. The analysis included 58 boys and 56 girls with mean age of 9.3 ± 0.8 and 7.9 ± 0.7 years, respectively, with available 24 h urinary fructose and self-reported diet data. Total sugars intake assessed by a three day weighed food record was significantly associated with fructose excretion from a single 24 h urine (r = 0.43; p < 0.001); each gram of total sugars intake was associated with a 0.9% increase in the amount of 24 h urinary fructose. The R2 for the observed association was low (R2 = 0.18), most probably due to the availability of a single-day urinary measurement, which would have introduced considerable random error in the biomarker, and to the use of a self-reported diet. Based on the authors’ preliminary data, in which a less consistent dose-response relationship between sucrose intake and excretion was found, urinary sucrose was omitted from the analysis [53]. In contrast to previous studies [44,45], no preservative was used to preserve the 24 h urine collection but the urine was only refrigerated, which may have led to sucrose hydrolysis and thus to unreliability of the sucrose data. The lower correlation for fructose excretion observed by Johner et al. [53] may also have been partly due to fructose degradation or uptake by bacteria in preservative-free urine, in case of noncompliance with the storage instructions of their 24 h urine collection protocol.





3. Application of the Urinary Sugars Biomarker in Validation and Calibration Studies with Free-Living Individuals


Acknowledging the impact of ME, researchers have started conducting dietary validation studies with available biomarkers to assess ME in dietary self-reports [25,54]. They have also begun incorporating calibration substudies within their cohorts to develop regression calibration equations [27,28,29] that could then be applied to calibrate self-reported intake, i.e., predict unbiased intake in all cohort participants to obtain more reliable risk estimates in diet-disease analyses [55,56,57,58,59,60].



The urinary sugars biomarker has recently been applied in two US biomarker-based studies, the Observing Protein and Energy Nutrition (OPEN) study [52] and the Nutrition and Physical Activity Assessment Study (NPAAS) [61]. The OPEN study involved 484 participants aged 40–69 years recruited from Montgomery County, MD, in 1999 and 2000 [62]. The NPAAS is a biomarker study embedded in the Women’s Health Initiative (WHI) Observational Study (n = 93,676), involving 450 postmenopausal women aged 50–79 years at baseline, recruited from nine WHI centers between 2007 and 2009 [27]. Participants from both studies completed a food frequency questionnaire (FFQ) and at least two 24 h dietary recalls (24HR), and the NPAAS participants additionally completed a four-day food record (4DFR). The 24uSF biomarker and doubly-labeled water, a biomarker for energy intake, were measured in both studies, with an aim to investigate ME in self-reported total sugars (g/day) and total sugars density (g/1000 kcal). Given that the 24uSF biomarker has been found to contain a certain amount of bias that has been estimated in a feeding study, the biomarker was first “calibrated,” using the biomarker “calibration” equation (Equation(1)) previously described [52], to provide an unbiased measure of total sugars intake. These applications assume that the biases in the biomarker are stable across different populations. Once “calibrated,” the biomarker was applied to the OPEN and the NPAAS data as a reference instrument to assess the ME in self-report instruments by estimating the Attenuation Factor (AF) and the correlation between true and self-reported intake. AF represents the slope in the regression of true on reported intake and measures the attenuation (underestimation) of the disease risk due to ME in self-reported intake, where observed relative risk (RR) = true RRAF [63]. AF can have values between 0 and 1; AF = 1 would indicate no attenuation, whereas as AF gets closer to 0, the extent of attenuation increases. Table 1 reports the AFs for the instruments used in the OPEN and NPAAS, and the observed disease RR associated with self-reported sugars measured with error when true RR = 2. For absolute sugars, the AF for the FFQ was lower (less favorable) than the AFs for the average of two or three 24HRs, and, in the OPEN study, for both the 24HR and FFQ, the AFs were lower in women than in men. For sugars density, the AF for the FFQ was somewhat lower than for the 24HR and was lowest (least favorable) for the 4DFR.



Another estimate of ME in dietary self-report is the correlation between true and self-reported intake, calculated based on the ME model parameters of the biomarker and self-reports [63]. The correlation between the true and self-reported total sugars density in the OPEN participants was 0.5 for the FFQ and a single 24HR, and 0.6 for the average of two 24HRs in men, and 0.2 and 0.3 in women respectively [52]. The correlation between the true and self-reported total sugars density in the NPAAS women was of a similar magnitude to the correlation observed in the OPEN women, and was 0.3 for the FFQ, a single 24HR, and the average of two 24HRs, 0.4 for average of three 24HRs, and 0.2 for the 4DFR [61]. Based on the ME estimates from these two studies, women misreported sugars consumption more than men, and even though all investigated self-reporting instruments were associated with substantial ME, the average of multiple 24HRs was found to perform the best [52,61].





[image: Table] 





Table 1. Attenuation factors (AF) for self-reported total sugars in the OPEN and NPAAS studies from a measurement error model with urinary sugars biomarker as a reference instrument and observed relative risk (RR) for true RR = 2 [52,61].







Table 1. Attenuation factors (AF) for self-reported total sugars in the OPEN and NPAAS studies from a measurement error model with urinary sugars biomarker as a reference instrument and observed relative risk (RR) for true RR = 2 [52,61].







	

	
OPEN

	
NPAAS




	
Men

	
Women

	
Women




	
FFQ

	
24HR †

	
FFQ

	
24HR †

	
FFQ

	
24HR ‡

	
4DFR






	
Total sugars (g/day)

	
AF

	
0.28

	
0.41

	
0.17

	
0.29

	
0.22

	
0.34

	
0.33




	
Obs RR (true RR = 2)

	
1.21

	
1.33

	
1.13

	
1.22

	
1.16

	
1.27

	
1.26




	
Total sugars density (g/1000 kcal)

	
AF

	
0.39

	
0.41

	
0.33

	
0.35

	
0.48

	
0.57

	
0.32




	
Obs RR (true RR = 2)

	
1.31

	
1.33

	
1.26

	
1.27

	
1.39

	
1.48

	
1.25








Obs—Observed; FFQ—Food frequency questionnaire; 24HR—24 h dietary recall; 4DFR—4 day food record; †: The average of two 24HRs; ‡: The average of three 24HRs.







Next, using the 24uSF biomarker in the NPAAS, regression calibration equations for total sugars (g/day) and total sugars density (g/1000 kcal) were derived by regressing the “calibrated” 24uSF biomarker, i.e., unbiased intake, on the FFQ-reported total sugars intake and the baseline characteristics, which were found to be significant predictors of unbiased intake [61]. These calibration equations also allow an investigation of various baseline characteristics, known to be associated with dietary misreporting, as potential predictors of true intake, given the ME in the self-report [27,28]. These regression calibration equations can be used to “correct” the FFQ sugars and sugars density intake for ME in all WHI participants in future WHI association studies of sugars and disease risk to obtain more reliable risk estimates. The derived equations are as follows: regression calibration equation for total sugars, g/day: log-true intake = 3.51 + 0.23 × log FFQ + 0.17 × log Age − 0.11 × log BMI − 0.64 × current smoker + 0.55 × < high school (HS) graduate + 0.30 × HS graduate + 0.16 × some college + 0.04 × square-root metabolic equivalents/week; regression calibration equation for total sugars density, g/1000 kcal: log-true density = 0.49 + 0.44 × log FFQ + 0.77 × log Age − 0.37 × log BMI − 0.56 × current smoker + 0.64 × < HS graduate + 0.43 × HS graduate + 0.18 × some college.




4. Application of the Urinary Sugars Biomarker as a Measure of Dietary Exposure in Diet-Disease Association Studies


The urinary sugars biomarker has so far been used as a surrogate measure of intake in two analyses of the Norfolk arm of the European Prospective Investigation into Cancer (EPIC) investigating the effect of sugars consumption on obesity risk [32,33]. Given only spot urine samples were collected in this study population, the biomarker calibration equation could not be applied to obtain unbiased estimates of total sugars intake. Therefore, the biomarker was used as a concentration biomarker.



The first analysis was a cross-sectional investigation involving 404 obese (BMI > 30 kg/m2) and 471 normal-weight (BMI < 25 kg/m2) participants from the EPIC-Norfolk aged 45–75 years [32]. Participants in the highest vs. lowest quintile for the biomarker (i.e., the ratio of urinary sucrose to fructose measured in spot urine) were at 2.4 times higher risk of being obese (age- and gender-adjusted OR = 2.44, 95% CI = 1.54–3.86; ptrend < 0.001). The risk of obesity was also positively associated with sucrose measured in spot urine (ORQ5 vs. Q1 = 1.82, 95% CI = 1.26–2.85; ptrend = 0.02). A non-significant inverse association between sugars intake and obesity risk was observed when FFQ-measured total sugars (ORQ5 vs. Q1 = 0.89, 95% CI = 0.54–1.43; ptrend = 0.4) or the ratio of FFQ-measured sucrose to fructose (ORQ5 vs. Q1 = 0.77, 95% CI = 0.48–1.25; ptrend = 0.3) were used as measures of sugars intake. Given that creatinine was highly correlated with BMI, and could not be used to adjust for urine concentration, the authors used the ratio of sucrose to fructose in urine as a measure of intake.



In the second more recent analysis involving 1734 participants from the EPIC-Norfolk aged 39–77 years, the BMI measured at baseline and after 3 years of follow-up was positively associated with urinary sucrose from spot urine, and inversely associated with self-reported sucrose intake assessed by a seven day diet record (7DR), FFQ or 24HR collected at baseline [33]. Participants in the highest vs. lowest quintile of urinary sucrose were 1.54 times more likely to become overweight or obese (ORQ5 vs. Q1 = 1.54, 95% CI = 1.12–2.12; ptrend = 0.008), whereas those in the highest vs. lowest quintile of 7DR-based sucrose intake were at 44% lower risk of becoming overweight or obese (ORQ5 vs. Q1 = 0.56, 95% CI = 0.40–0.77; ptrend < 0.0001) after three years of follow-up. The authors used urinary sucrose per specific gravity to control for urine concentration, rather than the ratio of urinary sucrose to fructose, due to their having fewer available samples with both sucrose and fructose values within the acceptable analytical range. However, in sensitivity analyses in a reduced sample that used the sucrose to fructose ratio as a biomarker, all risk estimates remained virtually unchanged. Available evidence has consistently linked increased sugars consumption with an increase in obesity risk [2,3,4]. In this population, such an association was detected when using urinary sugars from spot urine as a concentration biomarker but not when using self-reported intake.




5. Summary and Future Research


Applying a sugars biomarker in future diet-disease association studies is crucial for detecting unbiased disease-risk estimates for sugars consumption. Biomarkers have been successful in revealing diet and disease associations that otherwise have been difficult to ascertain. Energy intake has been found to be associated with increased risk of breast cancer [58], all-cancer [56], CVD [57] and type 2 diabetes [60]; and protein intake with risk of type 2 diabetes [60] and frailty [64]; using biomarker-calibrated self-report estimates but not using un-calibrated instruments. When biomarkers are collected for all participants, they can also be used as surrogate measures of intake in relation to disease, either alone [30,31,32] or in combination with self-reports [34,35]. High sugars consumption was associated with statistically significant increased risk of obesity when the urinary sugars biomarker was used as a measure of dietary exposure [32,33], whereas no association [32] or inverse association [33] was found when using self-reported intake.



Although the 24uSF biomarker has been developed under highly controlled conditions, has great potential, and exhibits considerably favorable characteristics for a biomarker, available data come from only a few controlled studies with limited sample sizes (n = 12, n = 13, n = 19) [45,50]. Data from these feeding studies showed that the biomarker contains bias, which may originate from the between-subject variability in sucrose and fructose absorption, fructose uptake by individual tissues or reabsorption in the kidneys, and may be determined by genetic, dietary or lifestyle factors, or physiological or medical conditions. Some variability may be due to the analytical methods or issues related to urine collection, processing or storage. Increased sucrose excretion has long been used as a marker of altered gastrointestinal permeability [65,66], attributed to either structurally damaged or inflamed mucosa occurring in gastroduodenal, celiac [67] or inflammatory bowel disease [68], or the presence of congenital sucrose-isomaltose deficiency, which is considered to be particularly rare [69,70]. The intake of certain medications (e.g., non-steroid anti-inflammatory drugs [NSAID] [71], proton pump inhibitors [72]) and alcohol have also been associated with increased gastrointestinal permeability [73], while smoking has been found to decrease permeability, and to reduce the adverse effect of NSAID and alcohol on the gastrointestinal mucosa during simultaneous exposure, possibly by protecting the intercellular tight junctions of the epithelium [73,74]. Intestinal inflammation and infection leads to decreased expression of GLUT5, a fructose-specific transporter in the brush border membrane, and thus may impair fructose absorption [41]. Although, GLUT5 is acutely and efficiently upregulated by fructose concentration in the intestinal lumen and facilitates absorption, fructose malabsorption has been shown to occur among healthy individuals at fructose doses higher than 15 g, particularly in presence of low luminal glucose concentration, as glucose significantly improves fructose transport through enterocyte [41,75].



In the applications of the biomarker “calibration” equation in the US-based studies [52,61], an assumption was made that the biomarker’s biases are stable across participants and across different populations, which may not hold and needs to be further investigated. The original feeding study, the source of the urinary sugars “calibration” equation, was conducted in the UK [45]. Total sugars composition in the UK diet differs from sugars composition in the diet in the US and other countries. In the UK, table sugar or disaccharide sucrose is the main caloric sweetener, while in the US, monosaccharide sweeteners (e.g., fructose, glucose, dextrose) derived primarily from corn represent more than half of the caloric sweeteners used in the food supply [76,77]. A significantly different sucrose to fructose ratio in the US diet may result in different levels of sucrose and fructose measured in urine. The presence of glucose in the intestinal lumen enhances fructose absorption [75]. Hence, consuming fructose as part of sucrose or from a diet with a similar content of glucose may result in higher fructose absorption and thus excretion. Therefore, the performance and applicability of the calibration equation for the 24uSF developed with the UK diet requires further investigation and validation among US participants. We need further highly-controlled studies conducted in different populations across geographical regions to further explore biomarker characteristics and the stability of its biases, compare its performance, and validate the existing calibration equation for the 24uSF, or, if more applicable, generate population-specific biomarker calibration equations to be applied in future studies. Obtaining large sample sizes (n > 100) in future controlled studies will be crucial for achieving precision in estimating the biases arising from between-subject variability and for reliably investigating their effect on biomarker performance (personal communications, L. Freedman). Preparing and analyzing duplicate diets in such studies will avoid introducing ME from food composition tables in the estimate of “true intake” and will further increase the precision of the biomarker calibration equations. Although ensuring completeness of urine collections may not be necessary in population-based biomarker studies [78], it is essential in controlled feeding studies. Misestimation of the 24 h urinary biomarker excretion due to incomplete urine collections may affect the biomarker calibration equation and thus may lead to errors in the estimation of unbiased sugars intake in future biomarker studies. Preserving 24 h urine during collection is required for maintaining the stability of the sucrose and fructose [48], and boric acid in a concentration of ≤2 g/L has so far been used [45]. Among the analytical methods applied to measure sucrose and fructose in urine, liquid chromatography and gas chromatography with mass spectrometry (LC/MS and GC/MS) techniques use low-cost consumables, however, require expensive instrumentation and technical expertise [79]. In addition, for the GC and GC/MS analytical approaches, the sample-preparation step is labor intensive and time consuming [79,80], whereas the colorimetric method can be easily set up in most laboratories and is compatible with boric acid as a preservative [45].



Due to large participant burden, complex logistics, and high costs, collection of 24 h urine samples is not always feasible in large population studies. Investigation of the utility of spot urines in assessment of sugars intake is much needed and would undoubtedly lead to findings that could have major practical implications for epidemiologic studies. The urinary sucrose and fructose biomarker is a short-term measure of intake excreted 2–6 h after ingestion [44], and so when measured in spot urine, the biomarker (besides its inherent biases) will also contain a certain amount of ME, depending on the timing of the spot urine collection relative to intake. In the scenario of a population study, these errors will be expected to attenuate the association between true intake and the biomarker and to make it unstable. Hence, when measured in spot urine, this biomarker may possibly be used as a concentration, rather than as a predictive biomarker. Further investigation under controlled conditions, and identification of determinants of errors associated with the sugars biomarker measured in spot urine, will inform its future applications as an unbiased instrument. The concentration of sucrose and fructose in partial collections has been shown to correlate well with total sugars intake [44] and has been used previously as surrogate measures of intake, showing a positive association with obesity risk in a population study [32,33], consistent with the current evidence [2,3,4].



Recently, the carbon stable isotope ratio (13C/12C, expressed as δ13C) was proposed as a biomarker of sugars intake in populations consuming sugars abundant with 13C, such as corn-based sugars and sugar cane [81,82,83]. Although measuring component-specific δ13C, such as δ13C in red blood cell alanine, has shown much promise [84], this biomarker has never been investigated under highly-controlled conditions of a feeding study. Investigating the comparative performance of the urinary sugars biomarker and δ13C in relevant populations under controlled conditions would be particularly useful. Furthermore, a panel of four urinary biomarkers (formate, citrulline, taurine and isocitrate) indicative of sugar-sweetened beverage consumption has been identified using a metabolomics-based approach, and further work needs to be conducted to define their use in population-based research [85].



The urinary sugars biomarker has so far been used in observational studies only. One of the critical limitations of intervention studies investigating the effect of sugars consumption has been the reliance on self-reported measures [5], thus application of the sugars biomarker as a measure of intervention compliance will inform the interpretation of findings and help obtain valid estimates of the intervention effect.



Methodologically rigorous development of the urinary sugars biomarker and its applications in population-based studies has shown that this biomarker exhibits favorable characteristics for a biomarker and has great potential, yet further investigation is needed to better characterize and inform its application in different populations. A validated sugars biomarker that can be applied in available and future observational and intervention studies with biological samples will serve as an instrumental resource that would allow correction for ME in self-reported sugars and detection of unbiased sugars-disease associations. Until strong and consistent evidence for adverse health effects of sugars is found, no firm advice can be given to the general public.







Acknowledgments


The author would like to thank the late Sheila A. Bingham (Dunn Human Nutrition Unit, Medical Research Council, Cambridge, UK), Victor Kipnis (National Cancer Institute (NCI)), Nancy Potischman (NCI), Douglas Midthune (NCI), Gunter G. Kuhnle (University of Reading, UK) and Shirley A. Runswick (Dunn Human Nutrition Unit, Medical Research Council, Cambridge, UK) for their contribution, valuable discussions, and expert advice on this work, and Dr. Laurence Freedman for sharing unpublished analysis.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Moynihan, P.J.; Kelly, S.A. Effect on caries of restricting sugars intake: Systematic review to inform WHO guidelines. J. Dent. Res. 2014, 93, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Te Morenga, L.; Mallard, S.; Mann, J. Dietary sugars and body weight: Systematic review and meta-analyses of randomised controlled trials and cohort studies. BMJ 2013, 346, e7492. [Google Scholar] [CrossRef] [PubMed]

	



Malik, V.S.; Pan, A.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and weight gain in children and adults: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2013, 98, 1084–1102. [Google Scholar] [CrossRef] [PubMed]

	



Hu, F.B. Resolved: There is sufficient scientific evidence that decreasing sugar-sweetened beverage consumption will reduce the prevalence of obesity and obesity-related diseases. Obes. Rev. 2013, 14, 606–619. [Google Scholar] [CrossRef] [PubMed]

	



Sonestedt, E.; Overby, N.C.; Laaksonen, D.E.; Birgisdottir, B.E. Does high sugar consumption exacerbate cardiometabolic risk factors and increase the risk of type 2 diabetes and cardiovascular disease? Food Nutr. Res. 2012, 56. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Tasevska, N.; Park, Y.; Jiao, L.; Hollenbeck, A.; Subar, A.F.; Potischman, N. Sugars and risk of mortality in the NIH-AARP Diet and Health Study. Am. J. Clin. Nutr. 2014, 99, 1077–1088. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Zhang, Z.; Gregg, E.W.; Flanders, W.D.; Merritt, R.; Hu, F.B. Added sugar intake and cardiovascular diseases mortality among US adults. JAMA Intern. Med. 2014, 174, 516–524. [Google Scholar] [CrossRef] [PubMed]

	



Te Morenga, L.A.; Howatson, A.J.; Jones, R.M.; Mann, J. Dietary sugars and cardiometabolic risk: Systematic review and meta-analyses of randomized controlled trials of the effects on blood pressure and lipids. Am. J. Clin. Nutr. 2014, 100, 65–79. [Google Scholar] [CrossRef] [PubMed]

	



Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Hu, F.B. Sugar-sweetened beverages, obesity, type 2 diabetes mellitus, and cardiovascular disease risk. Circulation 2010, 121, 1356–1364. [Google Scholar] [CrossRef] [PubMed]

	



Malik, V.S.; Hu, F.B. Sweeteners and Risk of Obesity and Type 2 Diabetes: The Role of Sugar-Sweetened Beverages. Curr. Diabetes Rep. 2012, 12, 195–203. [Google Scholar] [CrossRef] [PubMed]

	



World Cancer Research Fund; American Institute for Cancer Research. Food, Nutrition and the Prevention of Cancer: A Global Perspective; American Institute for Cancer Research: Washington, DC, USA, 1997. [Google Scholar]

	



Tasevska, N.; Jiao, L.; Cross, A.J.; Kipnis, V.; Subar, A.F.; Hollenbeck, A.; Schatzkin, A.; Potischman, N. Sugars in diet and risk of cancer in the NIH-AARP Diet and Health Study. Int. J. Cancer 2012, 130, 159–169. [Google Scholar] [CrossRef] [PubMed]

	



World Cancer Research Fund; American Institute for Cancer Research. Food, Nutrition, Physical Activity, and the Prevention of Colorectal Cancer. Available online: http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/Colorectal-Cancer-2011-Report.pdf (accessed on 1 April 2015).

	



World Cancer Research Fund; American Institute for Cancer Research. Food, Nutrition, Physical Activity, and the Prevention of Endometrial Cancer. Available online: http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/Endometrial-Cancer-2013-Report.pdf (accessed on 1 April 2015).

	



World Cancer Research Fund; American Institute for Cancer Research. Food, Nutrition, Physical Activity, and the Prevention of Pancreatic Cancer. Available online: http://www.dietandcancerreport.org/cancer_resource_center/downloads/cu/Pancreatic-Cancer-2012-Report.pdf (accessed on 1 April 2015).

	



Welsh, J.A.; Sharma, A.J.; Grellinger, L.; Vos, M.B. Consumption of added sugars is decreasing in the United States. Am. J. Clin. Nutr. 2011, 94, 726–734. [Google Scholar] [CrossRef] [PubMed]

	



McGuire, S.; Ervin, R.B.; Kit, B.K.; Carroll, M.D.; Ogden, C.L. Consumption of Added Sugar among U.S. Children and Adolescents, 2005–2008; NCHS Data Brief No. 87; National Center for Health Statistics: Hyattsville, MD, USA, 2012. [Google Scholar]

	



Johnson, R.K.; Appel, L.J.; Brands, M.; Howard, B.V.; Lefevre, M.; Lustig, R.H.; Sacks, F.; Steffen, L.M.; Wylie-Rosett, J. Dietary sugars intake and cardiovascular health: A scientific statement from the American Heart Association. Circulation 2009, 120, 1011–1020. [Google Scholar] [CrossRef] [PubMed]

	



Institute of Medicine; Food and Nutrition Board. Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholsterol, Protein, and Amino Acids; The National Academies Press: Washington, DC, USA, 2005. [Google Scholar]

	



U.S. Department of Agriculture; U.S. Department of Health and Human Services. Dietary Guidelines for Americans, 2010, 7th ed.U.S. Government Printing Office: Washington, DC, USA, 2010.

	



Popkin, B.M.; Nielsen, S.J. The sweetening of the world’s diet. Obes. Res. 2003, 11, 1325–1332. [Google Scholar] [CrossRef] [PubMed]

	



Price, G.M.; Paul, A.A.; Cole, T.J.; Wadsworth, M.E. Characteristics of the low-energy reporters in a longitudinal national dietary survey. Br. J. Nutr. 1997, 77, 833–851. [Google Scholar] [CrossRef] [PubMed]

	



Krebs-Smith, S.M.; Graubard, B.I.; Kahle, L.L.; Subar, A.F.; Cleveland, L.E.; Ballard-Barbash, R. Low energy reporters vs others: A comparison of reported food intakes. Eur. J. Clin. Nutr. 2000, 54, 281–287. [Google Scholar] [CrossRef] [PubMed]

	



Jenab, M.; Slimani, N.; Bictash, M.; Ferrari, P.; Bingham, S.A. Biomarkers in nutritional epidemiology: Applications, needs and new horizons. Hum. Genet. 2009, 125, 507–525. [Google Scholar] [CrossRef] [PubMed]

	



Schatzkin, A.; Kipnis, V.; Carroll, R.J.; Midthune, D.; Subar, A.F.; Bingham, S.; Schoeller, D.A.; Troiano, R.P.; Freedman, L.S. A comparison of a food frequency questionnaire with a 24 hour recall for use in an epidemiological cohort study: Results from the biomarker-based Observing Protein and Energy Nutrition (OPEN) study. Int. J. Epidemiol. 2003, 32, 1054–1062. [Google Scholar] [CrossRef] [PubMed]

	



Bingham, S.A.; Gill, C.; Welch, A.; Cassidy, A.; Runswick, S.A.; Oakes, S.; Lubin, R.; Thurnham, D.I.; Key, T.J.; Roe, L.; et al. Validation of dietary assessment methods in the UK arm of EPIC using weighed records, and 24-hour urinary nitrogen and potassium and serum vitamin C and carotenoids as biomarkers. Int. J. Epidemiol. 1997, 26 (Suppl. 1), S137–S151. [Google Scholar] [CrossRef] [PubMed]

	



Prentice, R.L.; Mossavar-Rahmani, Y.; Huang, Y.; van Horn, L.; Beresford, S.A.; Caan, B.; Tinker, L.; Schoeller, D.; Bingham, S.; Eaton, C.B.; et al. Evaluation and comparison of food records, recalls, and frequencies for energy and protein assessment by using recovery biomarkers. Am. J. Epidemiol. 2011, 174, 591–603. [Google Scholar] [CrossRef] [PubMed]

	



Neuhouser, M.L.; Tinker, L.; Shaw, P.A.; Schoeller, D.; Bingham, S.A.; Horn, L.V.; Beresford, S.A.; Caan, B.; Thomson, C.; Satterfield, S.; et al. Use of recovery biomarkers to calibrate nutrient consumption self-reports in the Women’s Health Initiative. Am. J. Epidemiol. 2008, 167, 1247–1259. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; van Horn, L.; Tinker, L.F.; Neuhouser, M.L.; Carbone, L.; Mossavar-Rahmani, Y.; Thomas, F.; Prentice, R.L. Measurement error corrected sodium and potassium intake estimation using 24-hour urinary excretion. Hypertension 2014, 63, 238–244. [Google Scholar] [CrossRef] [PubMed]

	



Kyrø, C.; Olsen, A.; Landberg, R.; Skeie, G.; Loft, S.; Åman, P.; Leenders, M.; Dik, V.K.; Siersema, P.D.; Pischon, T.; et al. Plasma alkylresorcinols, biomarkers of whole-grain wheat and rye intake, and incidence of colorectal cancer. J. Natl. Cancer Inst. 2014, 106, djt352. [Google Scholar] [CrossRef] [PubMed]

	



Cottet, V.; Collin, M.; Gross, A.S.; Boutron-Ruault, M.C.; Morois, S.; Clavel-Chapelon, F.; Chajès, V. Erythrocyte membrane phospholipid fatty acid concentrations and risk of colorectal adenomas: A case-control nested in the French E3N-EPIC cohort study. Cancer Epidemiol. Biomark. Prev. 2013, 22, 1417–1427. [Google Scholar] [CrossRef] [PubMed]

	



Bingham, S.; Luben, R.; Welch, A.; Tasevska, N.; Wareham, N.; Khaw, K.T. Epidemiologic assessment of sugars consumption using biomarkers: Comparisons of obese and nonobese individuals in the European Prospective Investigation of Cancer Norfolk. Cancer Epidemiol. Biomark. Prev. 2007, 16, 1651–1654. [Google Scholar] [CrossRef] [PubMed]

	



Kuhnle, G.G.; Tasevska, N.; Lentjes, M.A.; Griffin, J.L.; Sims, M.A.; Richardson, L.; Aspinall, S.M.; Mulligan, A.A.; Luben, R.N.; Khaw, K.T. Association between sucrose intake and risk of overweight and obesity in a prospective sub-cohort of the European Prospective Investigation into Cancer in Norfolk (EPIC-Norfolk). Public Health Nutr. 2015, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Knudsen, M.D.; Kyrø, C.; Olsen, A.; Dragsted, L.O.; Skeie, G.; Lund, E.; Aman, P.; Nilsson, L.M.; Bueno-de-Mesquita, H.B.; Tjønneland, A.; et al. Self-reported whole-grain intake and plasma alkylresorcinol concentrations in combination in relation to the incidence of colorectal cancer. Am. J. Epidemiol. 2014, 179, 1188–1196. [Google Scholar] [CrossRef] [PubMed]

	



Freedman, L.S.; Tasevska, N.; Kipnis, V.; Schatzkin, A.; Mares, J.; Tinker, L.; Potischman, N. Gains in statistical power from using a dietary biomarker in combination with self-reported intake to strengthen the analysis of a diet-disease association: An example from CAREDS. Am. J. Epidemiol. 2010, 172, 836–842. [Google Scholar] [CrossRef] [PubMed]

	



Marklund, M.; Magnusdottir, O.K.; Rosqvist, F.; Cloetens, L.; Landberg, R.; Kolehmainen, M.; Brader, L.; Hermansen, K.; Poutanen, K.S.; Herzig, K.H.; et al. A dietary biomarker approach captures compliance and cardiometabolic effects of a healthy Nordic diet in individuals with metabolic syndrome. J. Nutr. 2014, 144, 1642–1649. [Google Scholar] [CrossRef] [PubMed]

	



Menzies, I.S. Absorption of intact oligosaccharide in health and disease. Biochem. Soc. Trans. 1974, 2, 1042–1047. [Google Scholar]

	



Nakamura, H.; Tamura, Z. Gas chromatographic analysis of mono- and disaccharides in human blood and urine after oral administration of disaccharides. Clin. Chim. Acta 1972, 39, 367–381. [Google Scholar] [CrossRef]

	



Deane, N.; Smith, H.W. Fate of inulin and sucrose in normal subjects as determined by a urine reinfusion technique. J. Clin. Investig. 1955, 34, 681–684. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.Z.; Empie, M.W. Fructose metabolism in humans—What isotopic tracer studies tell us. Nutr. Metab. Lond. 2012, 9, 89. [Google Scholar] [CrossRef] [PubMed]

	



Douard, V.; Ferraris, R.P. Regulation of the fructose transporter GLUT5 in health and disease. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E227–E237. [Google Scholar] [CrossRef] [PubMed]

	



Mayes, P.A. Intermediary metabolism of fructose. Am. J. Clin. Nutr. 1993, 58 (Suppl. 5), 754S–765S. [Google Scholar] [PubMed]

	



Björkman, O.; Felig, P. Role of the kidney in the metabolism of fructose in 60-hour fasted humans. Diabetes 1982, 31, 516–520. [Google Scholar] [CrossRef] [PubMed]

	



Luceri, C.; Caderni, G.; Lodovici, M.; Spagnesi, M.T.; Monserrat, C.; Lancioni, L.; Dolara, P. Urinary excretion of sucrose and fructose as a predictor of sucrose intake in dietary intervention studies. Cancer Epidemiol. Biomark. Prev. 1996, 5, 167–171. [Google Scholar]

	



Tasevska, N.; Runswick, S.A.; McTaggart, A.; Bingham, S.A. Urinary sucrose and fructose as biomarkers for sugar consumption. Cancer Epidemiol. Biomark. Prev. 2005, 14, 1287–1294. [Google Scholar] [CrossRef] [PubMed]

	



Bingham, S.A.; Cummings, J.H. Creatinine and PABA as markers for completeness of collection of 24-hour urine samples. Hum. Nutr. Clin. Nutr. 1986, 40, 473–476. [Google Scholar] [PubMed]

	



Gregory, J.; Foster, K.; Tyler, H.; Wiseman, M. The Dietary and Nutritional Survey of British Adults—A Survey Carried Out by the Social Survey Division of OPCS with Dietary and Nutritional Evaluations by the Ministry of Agriculture, Fisheries and Food and the Department of Health; HMSO: London, UK, 1990; p. 75. [Google Scholar]

	



Tasevska, N. Biomarkers for Validation of Dietary Exposure Assessments in Nutritional Epidemiology (Doctoral disseration); University of Cambridge: Cambridge, UK, 2005. [Google Scholar]

	



Tasevska, N.; Runswick, S.A.; Welch, A.A.; McTaggart, A.; Bingham, S.A. Urinary sugars biomarker relates better to extrinsic than to intrinsic sugars intake in a metabolic study with volunteers consuming their normal diet. Eur. J. Clin. Nutr. 2008, 63, 653–659. [Google Scholar] [CrossRef] [PubMed]

	



Joosen, A.M.; Kuhnle, G.G.; Runswick, S.A.; Bingham, S.A. Urinary sucrose and fructose as biomarkers of sugar consumption: Comparison of normal weight and obese volunteers. Int. J. Obes. Lond. 2008, 32, 1736–1740. [Google Scholar] [CrossRef] [PubMed]

	



Kaaks, R.; Riboli, E.; Sinha, R. Biochemical markers of dietary intake. IARC Sci. Publ. 1997, 142, 103–126. [Google Scholar] [PubMed]

	



Tasevska, N.; Midthune, D.; Potischman, N.; Subar, A.F.; Cross, A.J.; Bingham, S.A.; Schatzkin, A.; Kipnis, V. Use of the predictive sugars biomarker to evaluate self-reported total sugars intake in the Observing Protein and Energy Nutrition (OPEN) study. Cancer Epidemiol. Biomark. Prev. 2011, 20, 490–500. [Google Scholar] [CrossRef] [PubMed]

	



Johner, S.A.; Libuda, L.; Shi, L.; Retzlaff, A.; Joslowski, G.; Remer, T. Urinary fructose: A potential biomarker for dietary fructose intake in children. Eur. J. Clin. Nutr. 2010, 64, 1365–1370. [Google Scholar] [CrossRef] [PubMed]

	



Day, N.; McKeown, N.; Wong, M.; Welch, A.; Bingham, S. Epidemiological assessment of diet: A comparison of a 7-day diary with a food frequency questionnaire using urinary markers of nitrogen, potassium and sodium. Int. J. Epidemiol. 2001, 30, 309–317. [Google Scholar] [CrossRef] [PubMed]

	



Prentice, R.L.; Tinker, L.F.; Huang, Y.; Neuhouser, M.L. Calibration of self-reported dietary measures using biomarkers: An approach to enhancing nutritional epidemiology reliability. Curr. Atheroscler. Rep. 2013, 15, 353. [Google Scholar] [CrossRef] [PubMed]

	



Prentice, R.L.; Shaw, P.A.; Bingham, S.A.; Beresford, S.A.; Caan, B.; Neuhouser, M.L.; Patterson, R.E.; Stefanick, M.L.; Satterfield, S.; Thomson, C.A.; et al. Biomarker-calibrated energy and protein consumption and increased cancer risk among postmenopausal women. Am. J. Epidemiol. 2009, 169, 977–989. [Google Scholar] [CrossRef] [PubMed]

	



Prentice, R.L.; Huang, Y.; Kuller, L.H.; Tinker, L.F.; Horn, L.V.; Stefanick, M.L.; Sarto, G.; Ockene, J.; Johnson, K.C. Biomarker-calibrated energy and protein consumption and cardiovascular disease risk among postmenopausal women. Epidemiology 2011, 22, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Prentice, R.L.; Pettinger, M.; Tinker, L.F.; Huang, Y.; Thomson, C.A.; Johnson, K.C.; Beasley, J.; Anderson, G.; Shikany, J.M.; Chlebowski, R.T.; et al. Regression calibration in nutritional epidemiology: Example of fat density and total energy in relationship to postmenopausal breast cancer. Am. J. Epidemiol. 2013, 178, 1663–1672. [Google Scholar] [CrossRef] [PubMed]

	



Beasley, J.M.; Lacroix, A.Z.; Larson, J.C.; Huang, Y.; Neuhouser, M.L.; Tinker, L.F.; Jackson, R.; Snetselaar, L.; Johnson, K.C.; Eaton, C.B.; et al. Biomarker-calibrated protein intake and bone health in the Women’s Health Initiative clinical trials and observational study. Am. J. Clin. Nutr. 2014, 99, 934–940. [Google Scholar] [CrossRef] [PubMed]

	



Tinker, L.F.; Sarto, G.E.; Howard, B.V.; Huang, Y.; Neuhouser, M.L.; Mossavar-Rahmani, Y.; Beasley, J.M.; Margolis, K.L.; Eaton, C.B.; Phillips, L.S.; et al. Biomarker-calibrated dietary energy and protein intake associations with diabetes risk among postmenopausal women from the Women’s Health Initiative. Am. J. Clin. Nutr. 2011, 94, 1600–1606. [Google Scholar] [CrossRef] [PubMed]

	



Tasevska, N.; Midthune, D.; Tinker, L.F.; Potischman, N.; Lampe, J.W.; Neuhouser, M.L.; Beasley, J.M.; van Horn, L.; Prentice, R.; Kipnis, V. Use of a urinary sugars biomarker to assess measurement error in self-reported sugars intake in the Nutrition and Physical Activity Assessment Study (NPAAS). Cancer Epidemiol. Biomark. Prev. 2014, 23, 2874–2883. [Google Scholar] [CrossRef] [PubMed]

	



Subar, A.F.; Kipnis, V.; Troiano, R.P.; Midthune, D.; Schoeller, D.A.; Bingham, S.; Sharbaugh, C.O.; Trabulsi, J.; Runswick, S.; Ballard-Barbash, R.; et al. Using intake biomarkers to evaluate the extent of dietary misreporting in a large sample of adults: The OPEN study. Am. J. Epidemiol. 2003, 158, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Kipnis, V.; Subar, A.F.; Midthune, D.; Freedman, L.S.; Ballard-Barbash, R.; Troiano, R.P.; Bingham, S.; Schoeller, D.A.; Schatzkin, A.; Carroll, R.J. Structure of dietary measurement error: Results of the OPEN biomarker study. Am. J. Epidemio. 2003, 158, 14–21. [Google Scholar] [CrossRef]

	



Beasley, J.M.; LaCroix, A.Z.; Neuhouser, M.L.; Huang, Y.; Tinker, L.; Woods, N.; Michael, Y.; Curb, J.D.; Prentice, R.L. Protein intake and incident frailty in the Women’s Health Initiative observational study. J. Am. Geriatr. Soc. 2010, 58, 1063–1071. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, L.R.; Verhoef, M.; Wallace, J.L.; van Rosendaal, G.; Crutcher, R.; Meddings, J.B. A simple, non-invasive marker of gastric damage: Sucrose permeability. Lancet 1994, 343, 998–1000. [Google Scholar] [CrossRef]

	



Van Wijck, K.; Verlinden, T.J.; van Eijk, H.M.; Dekker, J.; Buurman, W.A.; Dejong, C.H.; Lenaerts, K. Novel multi-sugar assay for site-specific gastrointestinal permeability analysis: A randomized controlled crossover trial. Clin. Nutr. 2013, 32, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Cobden, I.; Rothwell, J.; Axon, A.T. Intestinal permeability and screening tests for coeliac disease. Gut 1980, 21, 512–518. [Google Scholar] [CrossRef] [PubMed]

	



Dastych, M.; Novotná, H.; Cíhalová, J. Lactulose/mannitol test and specificity, sensitivity, and area under curve of intestinal permeability parameters in patients with liver cirrhosis and Crohn’s disease. Dig. Dis. Sci. 2008, 53, 2789–2792. [Google Scholar] [CrossRef] [PubMed]

	



Sander, P.; Alfalah, M.; Keiser, M.; Korponay-Szabo, I.; Kovács, J.B.; Leeb, T.; Naim, H.Y. Novel mutations in the human sucrase-isomaltase gene (SI) that cause congenital carbohydrate malabsorption. Hum. Mutat. 2006, 27. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, B.L.; Adams, B.; Roach, C.M.; Ma, C.X.; Baker, S.S. Frequency of sucrase deficiency in mucosal biopsies. J. Pediatr. Gastroenterol. Nutr. 2012, 55 (Suppl. 2), S28–S30. [Google Scholar] [CrossRef] [PubMed]

	



Kerckhoffs, A.P.; Akkermans, L.M.; de Smet, M.B.; Besselink, M.G.; Hietbrink, F.; Bartelink, I.H.; Busschers, W.B.; Samsom, M.; Renooij, W. Intestinal permeability in irritable bowel syndrome patients: Effects of NSAIDs. Dig. Dis. Sci. 2010, 55, 716–723. [Google Scholar] [CrossRef] [PubMed]

	



Mullin, J.M.; Valenzano, M.C.; Whitby, M.; Lurie, D.; Schmidt, J.D.; Jain, V.; Tully, O.; Kearney, K.; Lazowick, D.; Mercogliano, G.; et al. Esomeprazole induces upper gastrointestinal tract transmucosal permeability increase. Aliment. Pharmacol. Ther. 2008, 28, 1317–1325. [Google Scholar] [CrossRef] [PubMed]

	



Gotteland, M.; Cruchet, S.; Frau, V.; Wegner, M.E.; Lopez, R.; Herrera, T.; Sanchez, A.; Urrutia, C.; Brunser, O. Effect of acute cigarette smoking, alone or with alcohol, on gastric barrier function in healthy volunteers. Dig. Liver Dis. 2002, 34, 702–706. [Google Scholar] [CrossRef]

	



Suenaert, P.; Bulteel, V.; den Hond, E.; Hiele, M.; Peeters, M.; Monsuur, F.; Ghoos, Y.; Rutgeerts, P. The effects of smoking and indomethacin on small intestinal permeability. Aliment. Pharmacol. Ther. 2000, 14, 819–822. [Google Scholar] [CrossRef] [PubMed]

	



Jones, H.F.; Butler, R.N.; Brooks, D.A. Intestinal fructose transport and malabsorption in humans. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, G202–G206. [Google Scholar] [CrossRef] [PubMed]

	



Haley, S.; Reed, J.; Lin, B.-H.; Cook, A. Sweetener Consumption in the United States: Distribution by Demographic and Product Characteristics; Electronic Outlook Report from the Economic Research Service, SSS-243–01; U.S. Department of Agriculture, Economic Research Service: Washington, DC, USA, 2005.

	



Ng, S.W.; Slining, M.M.; Popkin, B.M. Use of caloric and noncaloric sweeteners in US consumer packaged foods, 2005–2009. J. Acad. Nutr. Diet. 2012, 112, 1828–1834. [Google Scholar] [CrossRef] [PubMed]

	



Subar, A.F.; Midthune, D.; Tasevska, N.; Kipnis, V.; Freedman, L.S. Checking for completeness of 24-h urine collection using para-amino benzoic acid not necessary in the Observing Protein and Energy Nutrition study. Eur. J. Clin. Nutr. 2013, 67, 863–867. [Google Scholar] [CrossRef] [PubMed]

	



Kuhnle, G.G.; Joosen, A.M.; Wood, T.R.; Runswick, S.A.; Griffin, J.L.; Bingham, S.A. Detection and quantification of sucrose as dietary biomarker using gas chromatography and liquid chromatography with mass spectrometry. Rapid Commun. Mass Spectrom. 2008, 22, 279–282. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.; Navarro, S.L.; Diep, P.; Thomas, W.K.; Razmpoosh, E.C.; Schwarz, Y.; Wang, C.Y.; Kratz, M.; Neuhouser, M.L.; Lampe, J.W. Comparison and validation of 2 analytical methods for measurement of urinary sucrose and fructose excretion. Nutr. Res. 2013, 33, 696–703. [Google Scholar] [CrossRef] [PubMed]

	



Yeung, E.H.; Saudek, C.D.; Jahren, A.H.; Kao, W.H.; Islas, M.; Kraft, R.; Coresh, J.; Anderson, C.A. Evaluation of a novel isotope biomarker for dietary consumption of sweets. Am. J. Epidemiol. 2010, 172, 1045–1052. [Google Scholar] [CrossRef] [PubMed]

	



Cook, C.M.; Alvig, A.L.; Liu, Y.Q.; Schoeller, D.A. The natural 13C abundance of plasma glucose is a useful biomarker of recent dietary caloric sweetener intake. J. Nutr. 2010, 140, 333–337. [Google Scholar] [CrossRef] [PubMed]

	



Nash, S.H.; Kristal, A.R.; Bersamin, A.; Hopkins, S.E.; Boyer, B.B.; O’Brien, D.M. Carbon and nitrogen stable isotope ratios predict intake of sweeteners in a Yup’ik study population. J. Nutr. 2013, 143, 161–165. [Google Scholar] [CrossRef] [PubMed]

	



Choy, K.; Nash, S.H.; Kristal, A.R.; Hopkins, S.; Boyer, B.B.; O’Brien, D.M. The carbon isotope ratio of alanine in red blood cells is a new candidate biomarker of sugar-sweetened beverage intake. J. Nutr. 2013, 143, 878–884. [Google Scholar] [CrossRef] [PubMed]

	



Gibbons, H.; McNulty, B.A.; Nugent, A.P.; Walton, J.; Flynn, A.; Gibney, M.J.; Brennan, L. A metabolomics approach to the identification of biomarkers of sugar-sweetened beverage intake. Am. J. Clin. Nutr. 2015, 101, 471–477. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  nutrients-07-05255


  
    		
      nutrients-07-05255
    


  




  





