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Abstract

:

It has been suggested that high intake of added sugar and sugar-sweetened beverages (SSBs) increase the level of circulating inflammatory proteins and that chronic inflammation plays a role in type 2 diabetes (T2D) development. We aim to examine how added sugar and SSB intake associate with 136 measured plasma proteins and C-reactive protein (CRP) in the Malmö Diet and Cancer–Cardiovascular Cohort (n = 4382), and examine if the identified added sugar- and SSB-associated proteins associate with T2D incidence. A two-step iterative resampling approach was used to internally replicate proteins that associated with added sugar and SSB intake. Nine proteins were identified to associate with added sugar intake, of which only two associated with T2D incidence (p < 0.00045). Seven proteins were identified to associate with SSB intake, of which six associated strongly with T2D incidence (p < 6.9 × 10−8). No significant associations were observed between added sugar and SSB intake and CRP concentrations. In summary, our elucidation of the relationship between plasma proteome and added sugar and SSB intake, in relation to future T2D risk, demonstrated that SSB intake, rather than the total intake of added sugar, was related to a T2D-pathological proteomic signature. However, external replication is needed to verify the findings.
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1. Introduction


Different dietary components or food items could serve either as pro-inflammatory or anti-inflammatory, and the link between diet and chronic low-grade inflammation could be either direct or mediated through other factors, such as the gut microbiota [1]. The main direct pro-inflammatory effects of diet are induced by positive energy balance and accumulating adiposity [2]. Further, epigenetic changes or excess formulation of reactive oxygen species are examples of mechanisms in which the nutrients and foods we consume may promote inflammation [2].



High intake of added sugars and sugar-sweetened beverages (SSBs) has been hypothesized to promote chronic inflammation. Increased levels of inflammatory markers after high sugar interventions have been observed in a few randomized trials [3,4], while not in other trials [5,6,7]. The stress of a high postprandial plasma glucose is suggested as an additional potential reason [1]. Glycemic index and load have by some been observed to associate with inflammatory markers, but the overall evidence is inconclusive [8]. However, this is highly dependent on which inflammatory biomarkers are assessed [1]. Therefore, it is of great importance to investigate a wide range of inflammatory and disease-associated plasma proteins. Among the typical inflammatory markers, C-reactive protein (CRP) is best studied in relation to intake of added sugar and SSBs, and there is a lack of studies investigating other disease-associated plasma proteins.



SSB intake has in meta-analyses been shown to associate with increased type 2 diabetes (T2D) risk [9,10,11], while epidemiological investigations of sugar intake and T2D risk often show no association [12,13,14,15,16,17,18,19,20,21,22]. As far as we are aware, only three out of 14 studies have shown a significant positive association with T2D incidence [16,23,24]. These associations were, however, only found when intake of fructose or glucose were studied specifically, never when intake of sucrose, total sugar or added sugar were studied. Some studies have even shown significant inverse associations [23,25].



The role of chronic inflammation for T2D development is well acknowledged [26,27], and several meta-analyses have observed increased incidence in T2D with higher levels of circulating inflammatory markers [28,29].



All in all, a role of chronic inflammation as a link between added sugar and SSB intake and T2D risk is hypothesized, but associations between added sugar and SSB intake and both inflammatory proteins and T2D are inconsistent in the epidemiological research and limited to a few inflammatory proteins. Therefore, the aim of this explorative study was to examine how added sugar or SSB intake associate with inflammatory and disease-associated plasma proteins and CRP, and if the identified added sugar- and SSB-associated proteins prospectively associate with incidence of T2D.




2. Materials and Methods


2.1. Study Sample


The Malmö Diet and Cancer–Cardiovascular Cohort (MDC-CC) is a deeply phenotyped sub-cohort within the population-based prospective Malmö Diet and Cancer (MDC) cohort, conducted in the city of Malmö in southern Sweden between 1991 and 1996. Participants were recruited by advertisements in public areas and by a personal invitation letter sent to all men born between 1923 and 1945 and all women born between 1923 and 1950 inhabiting the Malmö city area. From the recruited participants in MDC, 6103 were randomly recruited to the MDC-CC during 1991–1994 and fasting blood samples were obtained from the 5540 participants. In total, 4865 blood samples were sent for analysis of plasma proteins, out of which 4742 analyzed samples passed quality control. From these, 301 individuals with a diagnosed diabetes or cardiovascular disease at baseline were excluded from the current study sample, as well as those with missing data on dietary intake (n = 26) or model covariates (n = 33), resulting in a total sample of 4382 participants. All participants signed written informed consent prior to entering the study, which was approved by the Lund University Ethical Committee (LU 51/90) in accordance with the Declaration of Helsinki.




2.2. Dietary Intake Assessment


To assess dietary intake, a combination of a seven-day food record of all cooked meals, cold beverages (including SSBs) and dietary supplements; a 168 item food frequency questionnaire covering all food items belonging to non-cooked meals spanning over the previous year; and a dietary interview elucidating food choices, cooking methods and portion sizes (with the help of a booklet of photographs of various portions sizes) were applied. The portion size estimation in the food frequency questionnaire was also aided by the booklet of photographs of various portion sizes. The energy and nutrient content of the collected food intake data were obtained from the MDC food database, which was based upon the Swedish national food database from the Swedish National Food Agency. Added sugar intake was estimated from the sum of sucrose and monosaccharides, subtracted for the sum of sucrose and monosaccharides naturally occurring in fruit, vegetables and fruit juices. This has been described in detail in a previous publication [30]. Added sugar intake was investigated as the percentage of non-alcohol energy intake (E%), both as a continuous variable and categorized into six previously studied categories [30]. The E% intake coming from SSBs was estimated on the assumption that all SSBs have a mean sugar content of 10 g per 100 g, based on that the sugar content in soft drinks varies between 10–13 g/100 g and cordial/squash contains approximately 8 g/100 g sugar. The contribution to the added sugar intake (E%) from SSB intake was also calculated. For statistical analyses, the SSB intake (E%) variable was either log transformed (with a constant of 0.1 added), due to its skewed distribution and large proportions of zero consumers, or divided into five categories of 0E%, >0–2E%, >2–3E%, >3–5E% and >5E%.




2.3. Plasma Protein Assessment


Fasting blood samples from baseline examinations were stored at −80 °C until analysis of plasma protein concentrations in 2015. A total of 149 plasma proteins were measured by the SciLifeLab (Uppsala, Sweden) with the Olink Proseek Multiplex proximity extension assays Cardiovascular 1 and Oncology 1 (Olink Proteomics, Uppsala, Sweden). For each protein, the proximity extension technology uses pairs of antibodies marked with oligonucleotides that bind pair-wise with the protein to be measured. When the oligonucleotides reach proximity, paired DNA strings are formed, which are quantified with qPCR. Values are presented as normalized protein expression units (real-time qPCR cycle values on the log2 scale). For statistical analysis, we excluded those proteins that were available in less than 75% of the individuals in the present study sample (n = 13), giving 136 plasma proteins analyzed at study samples ranging between 3351 and 4382 individuals. A full list of all 136 plasma proteins is available in Table S1.



Measurements of CRP were performed by the Tina-quant® CRP latex high sensitivity assay (Roche Diagnostics, Basel, Switzerland) on an ADVIA 1650 Chemistry System (Bayer Healthcare, Tarrytown, NY, USA). The values are the means of measurements read in 6 s intervals over 1 min after 5 min of incubation. Within our study sample (n = 4382), measured CRP was available in 4291 individuals.




2.4. Covariate Assessment


In a self-administered questionnaire, medical history, medication use, socioeconomic factors such as education (assessed on a five-level scale) and lifestyle factors were assessed. The lifestyle factors included leisure time physical activity (LTPA) (five categories of metabolic equivalent hours per week based on the time spent engaging in 17 different activities and their metabolic equivalent intensity factor), alcohol habits (quintiles of consumers with one category of non-consumers) and smoking status (current smokers, former smokers and never smokers). A trained nurse measured body weight and height. Body mass index (BMI) was calculated as weight (kg)/height (m)2. Fasting plasma glucose was measured using standard procedures.



Low and high energy reporters were determined using Goldberg and Black’s cutoffs for the discrepancy between reported energy intake and estimated energy requirements [31]. Additionally, past diet changers were identified at baseline with the questionnaire question “Have you substantially changed your eating habits because of illness or some other reasons?”.




2.5. Outcome Assessment


Participants were followed from baseline examinations until incidence of T2D, date of either death or emigration or until 31 December 2016, whichever came first. Diabetes diagnosis was ascertained by the Swedish National Diabetes Register, the regional Diabetes 2000 register of the Scania region, the Malmö HbA1c (glycated hemoglobin) register, the Swedish in- and outpatient registers, the Swedish cause of death register and the Swedish drug prescription register, or in the re-examinations of the MDC-CC in 2007–2012 and the Malmö Preventive Project in 2002–2006 as previously described [32]. Dates of physician-made diagnosis were obtained from the Swedish National Diabetes Register and the Diabetes 2000 register. The Malmö HbA1c register identified individuals with two or more HbA1c measurements ≥ 6.0%. The in- and outpatient registers and the cause of death register identified those with the ICD10 codes E10–E14 and O244–O249, and the drug prescription register identified those who have obtained anti-diabetic medication. In our study sample, a total of 767 individuals were considered as incident diabetes cases, out of which 17 were confirmed to not be of type 2 and 310 were confirmed to be of type 2. For the remaining 440 diabetes cases, type was not specified. However, due to the high age of the population, these diabetes cases were assumed to be of type 2, resulting in a total of 750 cases of T2D.




2.6. Statistical Analyses


Statistical analyses were performed in Stata/SE (version 15, StataCorp LLC, College Station, TX, USA). Baseline characteristics were examined across six categories of added sugar intake and across five categories of SSB intake. Categorical variables were expressed as percentages and continuous variables were expressed as mean (SD) or median (IQR).



Associations between added sugar and SSB intake (E%, continuous variables, SSB log transformed) and plasma proteins were studied with multivariable linear regression, adjusted for age, sex, season, screening date, total energy intake, education level, smoking status, alcohol habits and LTPA. For internally replicating our discovery of proteins associating with added sugar and SSB intake, we adopted a two-step iterative resampling (TSIR) approach based on reasoning by Kang et al. [33]. The authors concluded that for gene discovery in genome-wide association studies, a 70:30 split into discovery and replication cohort and a replication in 20 out of 100 iterations provide satisfying balance between risk of type 1 and type 2 errors. In our study, the study sample was divided into 100 random discovery cohorts (2/3 of the study sample) and the remaining (1/3) was used as replication cohorts. The first step was performed in the discovery cohorts, where we identified the proteins that associated with added sugar and SSB intake (E%) at three different significance levels: α1 < 0.05, α1 < 0.01 and α1 corresponding to p-values adjusted for false discovery rate (FDR) of 0.05 using the Benjamini–Hochberg method. In step two, the identified proteins’ associations with added sugar and SSBs were then examined in the replication cohorts, where an α2 of 0.05 was always applied as cutoff. A protein was considered internally replicated if it was associated in the same direction in both the discovery and replication cohort in at least 20 out of 100 of the randomly generated discovery and replication cohorts. For plotting purposes, we standardized the added sugar and the logSSB variables to make ß-coefficients comparable.



Longitudinal associations between internally replicated plasma proteins with T2D incidence were examined using Cox proportional hazards regression with standardized proteins and using follow-up time as the time metric. The model was adjusted for age, sex, education level, smoking status, alcohol habits and LTPA, as well as in additional models with further adjustment for baseline BMI, fasting glucose and CRP. A Bonferroni corrected p-value of 0.003 (0.05/16) was applied as the significance level in this analysis of 16 proteins. We also studied potential interactions between the 136 plasma proteins (standardized) and added sugar and logSSB intake on T2D risk, in which the following diet-related covariates were further included in the regression models: total energy intake, season and start date. In these interaction analyses, Bonferroni corrected p-values of 0.05/136 = 0.00037 were applied. Correlations between all TSIR-identified plasma proteins were studied with pair-wise correlations, and pathways between the identified proteins were explored using the STRING database 11.0 [34].



The association between categories of added sugar and SSB intake and CRP (linear regression) and T2D incidence (Cox proportional hazards regression) were adjusted for age, sex, season, screening date, total energy intake, education level, smoking status, alcohol habits and LTPA. The CRP variable was log transformed due to the skewed nature of it. The predicted marginal means of CRP levels across intake categories were exponentiated back for presentation. We further analyzed the interaction effect of CRP on added sugar and SSB intake (in categories) on their association with T2D incidence. Plotting of interaction effects were performed using marginal predictions at five levels of CRP; −2SD, −1SD, mean, +1SD and +2SD and with mean-centered continuous covariates. Sensitivity analyses excluding low and high energy reporters and past diet changers were performed on the associations between added sugar and SSB intake and T2D and CRP.





3. Results


3.1. Baseline Characteristics


The study population of 4382 participants had a mean age of 57 years (range 45–68) and mean BMI of 25.5 kg/m2. Added sugar intake contributed on average to 10% of the energy intake, out of which 10% on average came from intake of SSBs. However, 46% of the study population had not reported any intake of SSBs in the seven-day food record, making the median contribution of SSBs to the added sugar intake <1%. As presented in Table 1, with increasing added sugar intake, the proportion of individuals with a university degree and high alcohol consumers appeared to be decreasing. The proportions of current smokers and those eventually getting a T2D diagnosis, as well as fasting glucose and CRP levels, were the highest in both the highest and lowest intake groups of added sugar. BMI appeared to be decreasing with increasing added sugar intake, while reported total energy intake and intake of SSBs were increasing. Table 2 shows how the proportion of women, individuals with a university degree and high alcohol consumers appears to decrease with increasing SSB intake. BMI, fasting glucose, CRP and T2D incidence appear to increase with increasing SSB intake, as well as total energy intake, added sugar intake and contribution of SSBs to added sugar intake.




3.2. Plasma Proteins Associated with Added Sugar Intake


As presented in Table 3 and Figure 1a, at α1 < 0.05, nine proteins were internally replicated to associate with added sugar intake: epididymial secretory protein E4 (HE4), folate receptor alpha (FRalpha), tumor necrosis factor receptor superfamily member 4 (TNFRSF4), inducible T cell costimulator ligand (ICOGSL), CD40 ligand (CD40L), cadherin 3 (CDH3), C-X-C motif chemokine 13 (CXCL13), melanoma-derived growth regulatory protein (MIA) and resistin (RETN). Of these, HE4, FRalpha and TNFRSF4 remained internally replicated at α1 < 0.01, and HE4 was the only protein internally replicated at α1 < FDR0.05. Out of these nine plasma proteins, all except one (CD40L) were positively associated with added sugar intake.




3.3. Plasma Proteins Associated with SSB Intake


As presented in Table 3 and Figure 1b, at α1 < 0.05, seven proteins were internally replicated to associate with SSB intake: interleukin-1 receptor antagonist (IL1ra), hepatocyte growth factor (HGF), interleukin 12 (IL12), tissue-type plasminogen activator (tPA), prostasin (PRSS8), furin (FUR) and chitinase-3-like protein 1 (CHI3L1). IL1ra and HGF remained internally replicated at α1 < 0.01 and none of the proteins were internally replicated at α1 < FDR0.05. No protein was internally replicated to associate with both added sugar and SSB intake.



All 16 internally replicated proteins correlated significantly and positively with each other, with correlation coefficients ranging from 0.05 to 0.72, p < 0.001. A correlation matrix heatmap of all internally replicated proteins can be found in Figure S1. Figure S2 displays the potential pathways between the 16 identified proteins using the STRING database. A known interaction exists between RETN and CHI3L1, and co-expression occurs between HE4 and PRSS8, IL1ra and RETN, as well as between CD40L, TNFRSF4, CXCL13 and ICOSLG.




3.4. Associtions of Plasma Proteins with T2D Incidence


All seven proteins that were internally replicated to associate with SSB intake except for IL12 were strongly associated with increased T2D incidence (p-values of 6.9 × 10−8 to 2.8 × 10−46) (Table 4). Among the nine proteins associated with added sugar intake, CD40L and CXCL13 associated significantly with increased T2D incidence (p-values of 0.00045 and 0.00023). Notably, the highest significance for the added sugar-associated proteins (based on the p-value) was observed for CD40L, which was identified to associate inversely with added sugar intake. The associations were in general attenuated after adding baseline BMI and fasting glucose as covariates in the regression models (Table 4), but additional covariate adjustment for CRP only had minor impact (data not shown).



In an additional exploratory analysis aimed at finding potential interaction effects between added sugar and SSB intake, respectively, and the 136 plasma proteins on T2D risk, no significant interaction were observed after Bonferroni correction for multiple testing (Table S2).




3.5. Associations of Added Sugar and SSB Intake with CRP and T2D Incidence


As presented in Figure 2, no significant linear associations were observed between either added sugar intake or SSB intake and T2D risk (p-trend of 0.51 and 0.28, respectively) or CRP concentrations (p-trend of 0.41 and 0.09, respectively). Regarding added sugar intake, the lowest CRP concentrations and HRs for T2D incidence were observed in the middle intake categories, while for SSB intake, the associations appeared more linearly positive. In sensitivity analyses, excluding low and high energy reporters and past diet changers from these aforementioned analyses, the lowest T2D risk and CRP level were still observed in the middle categories of added sugar intake, suggesting U-shaped associations between added sugar intake and T2D and CRP (Table S3). Furthermore, a significant positive interaction between added sugar and CRP was observed on the association with T2D incidence (p = 0.01), where added sugar intake was positively associated with T2D at high CRP levels, but not associated at low CRP levels. A similar tendency was observed for SSB intake, but this interaction was not significant (p = 0.11).





4. Discussion


In the present study, we identified plasma proteins and proteomic signatures that cross-sectionally associated with added sugar and SSB intake. Most noteworthy is that we demonstrated that the SSB-associated proteins associated strongly with T2D incidence, indicating that SSB intake may be associated with a T2D-pathological proteomic signature, while such a signature was not observed for added sugar intake.



Using a TSIR approach, we identified nine plasma proteins that associated with added sugar intake after internal replication. Out of these, two proteins associated significantly with increased T2D incidence: CXCL13 and CD40L. We identified seven proteins that associated with SSB intake after internal replication and six of these were strongly associated with T2D incidence: HGF, tPA, CHI3L1, IL1ra, PRSS8 and FUR. These six associations were much stronger than those of the two proteins that associated with added sugar intake. This indicates that SSB intake associates with a T2D-pathological proteomic profile, while this cannot be stated for added sugar intake. The associations between the identified proteins and T2D were not independent of baseline BMI and fasting glucose levels (of varying degree), but all six SSB-associated proteins remained strongly associated with T2D incidence after adjustment.



In brief, among all of the 16 internally replicated proteins, CXCL13, IL12, IL1ra, ICOSLG, HGF, CD40L, CHI3L1 and RETN are involved, one way or another, in inflammatory response signaling. TNFRSF4 is involved in atherosclerosis development and tPA is involved in thrombolysis, while PRSS8, FRalpha, MIA, FUR, CDH3 and HE4 are involved in various cancer processes [34,35]. The protein FUR has previously been studied in depth in MDC-CC and found to be strongly associated with diabetes incidence [36], and HGF plays a role in both hepatic glucose and lipid metabolism, and in the development of insulin resistance, fatty liver disease, cardiovascular diseases and cancers [37,38]. Nevertheless, among these proteins, some could potentially promote inflammation or disease, while other could be involved in negative feedback signaling. Hence, we cannot say whether the observed associations are causal or if the proteins only serve as potential markers of high SSB intake and T2D risk.



The finding that none of the 16 internally replicated proteins overlapped as being associated with both added sugar intake and SSB intake further emphasizes the notion that added sugar intake and SSB intake are rather different exposures and cannot be equated [39,40,41]. Although, this discrepancy may be due to the fact that self-reporting of SSB intake potentially could be more accurate, because SSBs generally are consumed in standardized portion sizes, i.e., in cans and bottles, as compared to the total intake of added sugar. Further, on average, SSB intake only contributed to 10% of the energy to the total intake of added sugar. However, it is reassuring that proteins such as PRSS8, IL12, IL1ra, FUR and CXCL1 were associated with both added sugar and SSB intake, although not exceeding the cutoff for internal replication for both.



The previous epidemiological literature on diet and inflammatory markers has mostly focused on CRP. Intake of SSBs have frequently been associated with higher CRP [42,43,44,45,46,47]. However, to our knowledge, the only published epidemiological study that has studied the association between sugar intake and CRP concluded that such an association could only be found when separately studying sugar from liquid sources, not total intake of free sugars [48]. We could similarly not find any significant linear association between added sugar intake and CRP, but neither could we observe any significant association between SSB intake and CRP, although a tendency for such an association could be observed (p-trend = 0.09).



Intervention trials that have studied inflammatory markers after high sugar interventions have focused on comparing effects between fructose and glucose, and only rarely sucrose. All such trials were summarized in a systematic review where only CRP was found sufficiently studied to perform a meta-analysis, and no differential effects between different sugars could be seen [49]. In addition, what is noteworthy in the previous literature on diet and inflammation is that the highly used Dietary Inflammatory Index, which estimates the inflammatory potential of a diet, does not incorporate intake of either added sugar or SSBs in its computation [50].



No significant linear associations were observed for either added sugar intake or SSB intake on T2D incidence. However, SSB intake has previously been found to associate with T2D incidence in a sample of 25,069 participants in the full MDC cohort [51]. Hence, the reduced power of the current study (n = 4382) is a probable reason for the lack of an association. Since no significant associations were found, it was not meaningful to perform mediation analysis of the internally replicated plasma proteins. Nevertheless, a significant positive interaction effect between added sugar intake and CRP on the risk of T2D was observed (p = 0.01), where increased T2D risk from high added sugar intake could only be observed at higher CRP levels. Baseline CRP has previously been shown to associate strongly with the incidence of diabetes mellitus in the MDC-CC [52].



Tendencies for a U-shaped association between added sugar intake and incident T2D were observed, while more linearly positive tendencies were observed with SSB intake. A U-shaped association was also observed between added sugar and CRP, while the association between SSB and CRP appeared more direct. Furthermore, the relatively large number of plasma proteins that associated inversely with added sugar intake but not with SSB intake, as displayed in Figure 1, indicates a potentially less healthy profile among those consuming the least amount of added sugar and could have contributed to the increased T2D risk in this group. In previous analyses of the full MDC cohort, the highest HR for T2D were observed in the lowest quintile of added sugar intake [53]. Furthermore, U-shaped associations have been observed between added sugar intake (studied in the same six categories as in the present study) and mortality in the full MDC cohort [30]. The reason for this U-shape is thought to at least partially be due to potential dietary misreporting and reversed causation, where those at high risk, e.g., overweight individuals, have reduced their sugar consumption or at least reported their dietary intakes as if they had. This is probably a source of bias in our analyses, and it may also apply to our plasma protein identification approach, which assumes linearity. However, the U-shaped nature of the associations between added sugar and T2D and CRP remained after exclusion of low and high energy reporters and past diet changers. Additionally, the dietary assessment method has been validated and shown relatively high Pearson’s correlation coefficients regarding sugar intake (0.74 for women and 0.60 for men) [54].



A strength of this study is the use of the TSIR approach to identify plasma proteins. However, the main limitation is the lack of replication in external cohorts, which makes it difficult to make strong conclusions of any specific protein. Furthermore, the TSIR approach that was applied for internal replication has limitations, and it was modified to fit a more small-scale protein identification of 136 proteins rather than gene identification of millions of genes by lowering the α1 criteria. In addition, our study may suffer from insufficient statistical power in some of its analyses, especially for analyses of interaction and in small intake categories of added sugar and SSBs. Furthermore, the skewness of the SSB variable certainly complicates the performed analyses. Due to the large proportion of zero consumers, log transformation (with a small added constant) marginally improved the distribution. Further, since this is a middle-aged population studied in the 1990′s (born 1923–1950), the consumption habits may not be perfectly representative of a population of today. The large proportion of zero consumers of SSBs that were observed could be due to both underreporting and that consumption of SSBs might actually not have been very common in this population. This rather low overall SSB consumption (mean 1.2E%, median 0.07E%), as compared to what usually is observed in mainly American cohorts (and due to the skewness of the SSB variable), could have contributed to why we could not replicate an association between SSB intake and T2D, which so commonly is observed [9]. Finally, despite rigorous covariate adjustment, this is an epidemiological study where residual confounding cannot be ruled out and causality cannot be evaluated.



In conclusion, this is a hypothesis generating study that is the first of its kind to identify plasma proteins and proteomic signatures that are associated with added sugar and SSB intake. Turning to the proteome to elucidate the complex potential relationship between sugar intake and T2D incidence did not provide a clear enlightenment, but despite the fact that no significant associations were observed between added sugar and SSB intake with levels of CRP, the data suggests that SSB intake is related to a T2D-pathological proteomic signature, while this was not observed for added sugar intake. Replications in larger and more recent cohorts are necessary to verify our results.
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Figure 1. Volcano plot of associations between (a) added sugar intake (standardized) and (b) SSB intake (log transformed and standardized) and 136 plasma proteins in full sample analysis (n = 3351–4382). Linear regressions were adjusted for age, sex, season, screening date, total energy intake, education, smoking, alcohol and LTPA. Blue, TSIR replicated at α1 < FDR0.05; green, TSIR replicated at α1 < 0.01; orange, TSIR replicated at α1 < 0.05; grey, not TSIR replicated. FDR, false discovery rate; LTPA, leisure time physical activity; SSB, sugar-sweetened beverage; TSIR, two-step iterative resampling. 
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Figure 2. (a) Association between added sugar intake and T2D; (b) Association between SSB intake and T2D; (c) Association between added sugar intake and CRP; (d) Association between SSB intake and CRP; (e) Interaction between added sugar intake and CRP on T2D risk; (f) Interaction between SSB intake and CRP on T2D risk. Cox proportional hazards regressions and linear regressions were adjusted for age, sex, season, screening date, total energy intake, education, smoking, alcohol and LTPA. CRP was studied as log transformed and the predicted marginal means of CRP levels were exponentiated back for presentation. CRP, C-reactive protein; E%, percent of energy intake; HR, hazard ratio; LTPA, leisure time physical activity; SSB, sugar-sweetened beverage; T2D, type 2 diabetes. 
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Table 1. Baseline characteristics of study participants across six categories of added sugar intake.
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	Added Sugar
	≤5E%
	>5–7.5E%
	>7.5–10E%
	>10–15E%
	>15–20E%
	>20E%





	n = 4382
	392
	842
	1129
	1544
	382
	93



	Sex, % women
	60.5
	62.7
	61.0
	62.1
	61.0
	54.8



	University degree, %
	15.1
	14.6
	13.4
	10.2
	5.8
	6.5



	Current smoker, %
	32.7
	26.1
	24.9
	24.6
	28.3
	41.9



	Q5 alcohol, %
	24.0
	20.2
	16.9
	12.8
	12.0
	12.9



	Incidence T2D, %
	20.4
	16.3
	16.5
	16.9
	17.3
	21.5



	Age, years
	56.0 (5.8)
	56.5 (5.8)
	57.7 (6.0)
	57.7 (6.0)
	58.1 (5.8)
	57.7 (5.9)



	BMI, kg/m2
	26.2 (4.4)
	25.7 (3.9)
	25.4 (3.6)
	25.4 (3.8)
	25.0 (3.8)
	25.2 (4.2)



	Fasting glucose, mmol/L
	5.66 (0.69)
	5.65 (0.81)
	5.58 (0.65)
	5.60 (0.74)
	5.60 (0.77)
	5.65 (0.72)



	CRP 1,2, nmol/L
	1.5 (0.7–2.9)
	1.3 (0.7–2.8)
	1.2 (0.6–2.6)
	1.2 (0.6–2.5)
	1.4 (0.6–2.9)
	1.65 (0.7–3.2)



	Energy intake, kcal
	2095 (718)
	2225 (643)
	2298 (636)
	2381 (660)
	2507 (708)
	2572 (784)



	SSB intake 1, E%
	0 (0–0)
	0 (0–0.5)
	0 (0–1.1)
	0.65 (0–2.3)
	2.2 (0.4–4.9)
	5.5 (1.4–11.1)



	SSB:added sugar 1, E%
	0 (0–0)
	0 (0–8.3)
	0 (0–12.3)
	5.5 (0–18.4)
	12.9 (2.4–29.8)
	24.0 (6.2–45.0)







Data are expressed as percentages (categorical variables) or mean (SD) (continuous variables) unless stated otherwise. 1 Expressed as median (IQR). 2 n = 4291. BMI, body mass index; CRP, C-reactive protein; E%, percent of energy intake; IQR, interquartile range; SSB, sugar-sweetened beverage; T2D, type 2 diabetes; Q5, quintile 5 of consumers.













[image: Table] 





Table 2. Baseline characteristics of study participants across five categories of SSB intake.
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	SSBs
	0E%
	>0–2E%
	>2–3E%
	>3–5E%
	>5E%





	n = 4382
	2039
	1471
	310
	307
	255



	Sex, % women
	62.7
	61.5
	64.2
	57.0
	54.5



	University degree, %
	13.5
	11.7
	8.4
	8.5
	7.5



	Current smoker, %
	27.1
	24.3
	30.0
	25.7
	28.2



	Q5 alcohol, %
	16.8
	17.0
	16.5
	14.0
	9.4



	Incidence T2D, %
	16.2
	17.9
	17.1
	17.3
	20.0



	Age, years
	57.6 (5.9)
	57.0 (6.1)
	56.9 (6.0)
	57.2 (5.9)
	57.4 (5.9)



	BMI, kg/m2
	25.4 (3.8)
	25.3 (3.7)
	25.6 (3.9)
	25.8 (3.8)
	26.2 (4.3)



	Fasting glucose, mmol/L
	5.60 (0.68)
	5.59 (0.72)
	5.63 (0.74)
	5.64 (0.87)
	5.75 (0.93)



	CRP 1,2, nmol/L
	1.3 (0.7–2.7)
	1.2 (0.6–2.5)
	1.35 (0.7–2.9)
	1.4 (0.7–2.6)
	1.5 (0.7–3.0)



	Energy intake, kcal
	2211 (649)
	2422 (677)
	2341 (636)
	2456 (696)
	2391 (711)



	Added sugar intake, E%
	8.6 (3.6)
	9.99 (3.49)
	11.5 (3.5)
	13.0 (3.5)
	16.4 (4.4)



	SSB:added sugar 1, E%
	0 (0–0)
	8.22 (4.3–13.1)
	22.2 (17.7–27.8)
	29.6 (24.5–36.2)
	47.3 (37.8–58.4)







Data are expressed as percentages (categorical variables) or mean (SD) (continuous variables) unless stated otherwise. 1 Expressed as median (IQR). 2 n = 4291. BMI, body mass index; CRP, C-reactive protein; E%, percent of energy intake; IQR, interquartile range; SSB, sugar-sweetened beverage; T2D, type 2 diabetes; Q5, quintile 5 of consumers.
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Table 3. The number of times proteins associated with added sugar intake and SSB intake, respectively, out of 100 iterations of random discovery and replication cohorts at various α1 levels using a TSIR approach. A protein must be replicated at least 20 times to pass internal replication.
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	Added Sugar, E%
	Replicated at

α1 < 0.05
	Replicated at

α1 < 0.01
	Replicated at

α1 < FDR0.05





	Epididymial secretory protein E4 (HE4)
	69
	56
	20



	Folate receptor alpha (FRalpha)
	60
	37
	5



	Tumor necrosis factor receptor superfamily member 4 (TNFRSF4)
	51
	27
	3



	Cadherin 3 (CDH3)
	46
	17
	1



	Inducible T Cell Costimulator Ligand (ICOSLG)
	46
	14
	1



	C-X-C motif chemokine 13 (CXCL13)
	41
	14
	0



	Melanoma-derived growth regulatory protein (MIA)
	40
	11
	0



	CD40 ligand (CD40L)
	37
	4
	0



	Resistin (RETN)
	23
	0
	0



	Immunoglobulin-like transcript 3 (ILT3)
	19
	0
	0



	Interleukin 12 (IL12)
	17
	0
	0



	Prostasin (PRSS8)
	16
	0
	0



	Matrix metalloproteinase-10 (MMP10)
	12
	1
	0



	C-X-C motif chemokine 1 (CXCL1)
	3
	0
	0



	Transforming growth factor alpha (TGFalpha)
	2
	0
	0



	Interleukin-1 receptor antagonist (IL1ra)
	2
	0
	0



	Adrenomedullin (AM)
	1
	0
	0



	Renin (REN)
	1
	0
	0



	Agouti-related protein (AGRP)
	1
	0
	0



	Cathepsin L1 (CTSL1)
	1
	0
	0



	Furin (FUR)
	1
	0
	0



	SSB, E%
	
	
	



	Interleukin-1 receptor antagonist (IL1ra)
	60
	46
	5



	Hepatocyte growth factor (HGF)
	44
	25
	0



	Interleukin 12 (IL12)
	46
	12
	0



	Prostasin (PRSS8)
	31
	1
	0



	Tissue-type plasminogen activator (tPA)
	21
	5
	0



	Furin (FUR)
	24
	0
	0



	Chitinase-3-like protein 1 (CHI3L1)
	22
	0
	0



	Cathepsin D (CTSD)
	8
	0
	0



	Tartrate-resistant acid phosphatase type 5 (TRAP)
	1
	0
	0



	Parkinson disease protein 7 (PARK7)
	1
	0
	0



	Proteinase-activated receptor 1 (PAR1)
	1
	0
	0



	Prolactin (PRL)
	1
	0
	0



	Lectin-like oxidized LDL receptor 1 (LOX1)
	1
	0
	0



	Myoglobin (MB)
	1
	0
	0



	C-X-C motif chemokine 1 (CXCL1)
	1
	0
	0







Linear regressions were adjusted for age, sex, season, screening date, total energy intake, education, smoking, alcohol and LTPA. With the TSIR approach, the cutoff was always set to α2 < 0.05 in the replication cohorts. SSB intake is log transformed. FDR, false discovery rate; LTPA, leisure time physical activity; SSB, sugar-sweetened beverage; TSIR, two-step iterative resampling.
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Table 4. Associations with T2D incidence for proteins internally replicated to associate with added sugar intake and SSB intake.
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Added Sugar

	
n

	
Lifestyle Adjustments

	
Lifestyle Adjustments + BMI

	
Lifestyle Adjustments + BMI + Fasting Glucose




	
HR (95% CI)

	
p

	
HR (95% CI)

	
p

	
HR (95% CI)

	
p






	
HE4

	
4253

	
1.01 (0.93–1.10)

	
0.77

	
1.06 (0.97–1.16)

	
0.16

	
1.02 (0.93–1.11)

	
0.69




	
FRalpha

	
4253

	
0.94 (0.88–1.02)

	
0.15

	
1.00 (0.93–1.08)

	
0.98

	
0.92 (0.85–0.99)

	
0.029




	
TNFRSF4

	
4175

	
1.01 (0.93–1.09)

	
0.84

	
0.97 (0.90–1.05)

	
0.52

	
0.87 (0.81–0.95)

	
0.0012 *




	
CDH3

	
4241

	
0.96 (0.89–1.03)

	
0.23

	
0.98 (0.91–1.05)

	
0.52

	
0.94 (0.87–1.01)

	
0.11




	
ICOSLG

	
4253

	
1.04 (0.96–1.12)

	
0.35

	
1.06 (0.98–1.14)

	
0.15

	
0.95 (0.88–1.03)

	
0.25




	
CXCL13

	
4175

	
1.14 (1.06–1.22)

	
0.00045 *

	
1.12 (1.04–1.21)

	
0.0033

	
1.07 (0.98–1.16)

	
0.12




	
MIA

	
4252

	
0.96 (0.89–1.04)

	
0.34

	
1.01 (0.94–1.09)

	
0.79

	
0.99 (0.91–1.07)

	
0.74




	
CD40L

	
4382

	
1.15 (1.07–1.24)

	
0.00023 *

	
1.13 (1.05–1.22)

	
0.0012 *

	
1.08 (1.00–1.16)

	
0.047




	
RETN

	
4382

	
1.11 (1.03–1.19)

	
0.0057

	
1.08 (1.01–1.17)

	
0.031

	
1.12 (1.04–1.21)

	
0.0021 *




	
SSBs

	

	

	

	

	

	

	




	
IL1ra

	
3761

	
1.51 (1.42–1.61)

	
4.6 × 10−37 *

	
1.35 (1.26–1.45)

	
2.1 × 10−16 *

	
1.27 (1.18–1.37)

	
6.6 × 10−10 *




	
HGF

	
4382

	
1.65 (1.53–1.77)

	
2.6 × 10−38 *

	
1.48 (1.37–1.60)

	
1.0 × 10−22 *

	
1.37 (1.27–1.48)

	
5.2 × 10−15 *




	
IL12

	
4252

	
1.05 (0.97–1.13)

	
0.24

	
0.98 (0.90–1.06)

	
0.55

	
0.87 (0.81–0.95)

	
0.0014 *




	
PRSS8

	
4252

	
1.43 (1.31–1.55)

	
7.7 × 10−17 *

	
1.34 (1.23–1.46)

	
8.2× 10−12 *

	
1.14 (1.05–1.24)

	
0.0030 *




	
tPA

	
4382

	
1.44 (1.34–1.55)

	
8.1 × 10−22 *

	
1.33 (1.23–1.43)

	
5.6 × 10−13 *

	
1.18 (1.09–1.28)

	
4.6 × 10−5 *




	
FUR

	
4253

	
1.78 (1.64–1.92)

	
2.8 × 10−46 *

	
1.54 (1.42–1.68)

	
4.9 × 10−24 *

	
1.30 (1.20–1.42)

	
2.2 × 10−9 *




	
CHI3L1

	
4370

	
1.22 (1.13–1.31)

	
6.9 × 10−8 *

	
1.17 (1.09–1.26)

	
2.1 × 10−5 *

	
1.17 (1.09–1.26)

	
1.5 × 10−5 *








Plasma proteins are standardized. Cox proportional hazards regressions were adjusted for age, sex, education, smoking, alcohol and LTPA (and BMI and fasting glucose in the additional models). * Significant after Bonferroni correction, p = 0.05/16 = 0.003. BMI, body mass index; HR, hazard ratio; LTPA, leisure time physical activity; SSB, sugar-sweetened beverage; T2D, type 2 diabetes.
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