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Abstract 

Background  Higher consumption of sugary beverages (SB) has been associated with type 2 diabetes (T2D), 
but whether these associations are modified by physical activity remains unclear. This study aimed to examine 
the associations of SB intake, including sugar-sweetened beverages (SSB), artificially sweetened beverages (ASB), 
and natural juices (NJ) with the risk of incident T2D, and the potential role of physical activity.

Methods  We included 153,862 diabetes-free participants in the UK Biobank who completed both the International 
Physical Activity Questionnaire at recruitment (2006–2010) and at least one 24-h dietary recall questionnaire in 
2009–2012. We assessed the associations of each SB with the risk of incident T2D using Cox proportional hazard mod-
els, and explored the interactions between each SB and physical activity.

Results  During a median follow-up of 11.8 years, 6631 participants developed incident T2D. Participants consuming 
more SSB and ASB (comparing > 2 to 0 unit/d) had a higher hazard of T2D (hazard ratio [HR]: 1.17, 95% confidence 
interval [CI]: 1.05–1.31 for SSB; 1.54, 1.37–1.74 for ASB), while medium intake of NJ showed an inverse association 
(HR> 0–1 vs. 0 unit/d: 0.87, 95% CI: 0.82–0.92; HR> 1–2 vs. 0 unit/d: 0.88, 95% CI: 0.81–0.97) with incident T2D. No significant inter-
actions between physical activity and SSB/ASB were found (P-interaction=0.204 for SSB, 0.926 for ASB), but the protec-
tive association of medium NJ intake with T2D was stronger among participants with higher level of physical activity 
(P-interaction = 0.043).

Conclusions  Higher intake of SSB and ASB was related to higher risks of T2D. Medium NJ intake was associated 
with a lower risk of T2D, particularly among individuals with higher physical activity level. These findings emphasized 
the importance of healthy beverage intake and adequate physical activity in diabetes prevention.
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Introduction
The global number of prevalent diabetes cases was esti-
mated to be 463 million (9.3% of adults aged 20–79 years), 
and type 2 diabetes (T2D) accounted for approximately 
90% of the total diabetes cases [1]. T2D imposes enor-
mous healthcare costs and individual burdens [2, 3], 
making its prevention a major public health priority [4]. 
Previous studies have identified several lifestyle factors 
related to T2D [5, 6], such as smoking, alcohol intake, 
physical activity, and dietary factors [7–9]. Physical activ-
ity is a critical factor for diabetes and prediabetes [10, 
11], potentially through blood glucose control and weight 
loss [12, 13]. Among dietary factors, the consumption of 
sugary beverages (SB), including sugar-sweetened bever-
ages (SSB), artificially sweetened beverages (ASB), and 
natural juices (NJ), has also been associated with incident 
T2D [14], which has received considerable attention from 
both scientific and public communities [15–17].

Previous studies have examined the individual associa-
tions of physical activity and SB intake with T2D. How-
ever, the associations of physical activity and beverage 
intake with T2D might involve similar pathways and 
thus constitute interactions [18–20]. For example, physi-
cal activity may influence sensory stimuli and taste per-
ceptions [21], which are likely to alter sugar metabolism 
through nervous signaling. Additionally, physical activity 
itself constitutes a major component of energy expendi-
ture [22], and excess energy intake from SB could poten-
tially be compensated for by intense physical activity. 
However, very few studies to date have examined the 
moderating effects of physical activity on the associations 
of SB with T2D. Therefore, population-based evidence is 
needed to explore whether the associations between SB 
intake and T2D can be modified by physical activity, and 
whether these two factors are synergistically or additively 
related to the risk of T2D.  As such, we leveraged data 
from the UK Biobank, a large-scale cohort study in the 
UK, to evaluate the association between SB intake and 
T2D and the potential role of physical activity.

Research design and methods
Study population
The study was based on the UK Biobank, a prospec-
tive cohort study that recruited ~ 500,000 participants 
from 2006 to 2010 at 22 centers across the UK [23]. At 
recruitment, participants aged 37–73 years completed a 
touchscreen questionnaire [24], which collected exten-
sive information on socioeconomic status, lifestyle, 
health conditions, etc. Research nurse interviews and 
physical examinations were also administered at recruit-
ment. The UK Biobank study was approved by the North 
West Multi-Center Research Ethics Committee, and all 

participants provided written informed consent. The 
present study was conducted under application number 
55005 of the UK Biobank resource.

From 2009 to 2012, ~ 42% of the  UK  Biobank par-
ticipants repeatedly completed 24-h dietary recalls [25]. 
Among the 210,966 participants who completed at least 
one 24-h diet recall, we excluded 18,958 participants 
reporting extremely high total energy intake (> 20 MJ, i.e., 
4785  kcal). Among the remaining participants, 158,447 
completed the International Physical Activity Question-
naire (IPAQ), and we further excluded 4,585 participants 
who had diabetes at baseline or who were lost to follow-
up with an unknown date of loss. The formal analyses 
included 153,862 participants (Figure S1).

Intake of SB
In the UK Biobank, SB intake was assessed using the 
Oxford  WebQ, a validated web-based questionnaire 
for 24-h diet recalls [25–27]. Eligible participants were 
invited to complete the online questionnaire on five 
occasions between April 2009 and June 2012, and the 
average number of repetitions in this study was 1.98. 
The specific time windows for the five events were April 
2009 to September 2010, February 2011 to April 2011, 
June 2011 to September 2011, October 2011 to Decem-
ber 2011, and April 2012 to June 2012. In the question-
naire, participants were asked how many units (Glass/
Carton/250 ml) of each type of beverage they consumed 
in the past 24 h. The options were 0, 0.5, 1, 2, 3, 4, 5, and 
6 + . In the current study, we defined SSB as carbonated 
(fizzy) drinks and commercial fruit drinks (data fields 
100,170 and 100,180), ASB as low-calorie drinks (data 
field 100,160), and NJ as pure orange juices, pure grape 
juices, and other pure juices (data fields 100,190, 100,200, 
and 100,210). For participants who completed the WebQ 
more than once (~ 50%), we took the average intake levels 
of the beverages. Consumption of SSB, ASB, and NJ was 
categorized as 0, > 0–1, > 1–2, or > 2 units/d according to 
a previous study [28].

Assessment of physical activity
Physical activity was assessed using the IPAQ [29], which 
asked how many minutes the participants spent on each 
type of physical activity. We calculated the Metabolic 
Equivalent Task Scores  by summing weighted minutes 
per week for all activities, including walking, and mod-
erate and vigorous activity, with weights of 3.3, 4.0, and 
8.0, respectively. According to the strategy of a previous 
study and following the recommendation of the World 
Health Organization, we categorized participants into 
low, moderate, and high physical activity groups [30]. The 
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corresponding variables were provided as data category 
54 in the UK Biobank showcase.

Ascertainment of T2D
The outcome of interest was the incidence of T2D. We 
incorporated data from self-reported diagnoses and 
medication and Hospital Episode Statistics (HES) data 
(ICD-9 250 and ICD-10 E10-E14) to identify prevalent 
and incident T2D cases, as described elsewhere [31]. 
Data on the linkage to HES was updated until Decem-
ber, 2022.

Other covariates
We included multiple covariates for confounding 
adjustments. All covariates, including sociodemo-
graphic, lifestyle, and health-related factors, were 
measured at recruitment. Sociodemographic factors 
included age, sex, race (White or non-White), educa-
tion level (high school and below or college and above), 
and area-based Townsend deprivation index (TDI). 
Lifestyle factors (other than physical activity and bever-
age intake) included alternate healthy eating index (cal-
culated according to a previous study [28]), smoking 
status (current, former, or never smokers), and drink-
ing status (current, former, or never drinkers). Health-
related factors included objectively measured body 
mass index (BMI) categories (calculated as weight in 
kilograms divided by height in meters squared, catego-
rized into normal weight, overweight, and obesity with 
cutoffs of 25 and 30 [32]), hypertension, cardiovascular 
diseases, cancer, and dyslipidemia. History of chronic 
health conditions was self-reported and identified using 
linkages to the HES system, similar to T2D. Family his-
tory of diabetes was defined as the existence of diabetes 
among parents or other first-degree relatives.

Statistical analyses
We chose the date of completion of the first valid 24-h 
dietary recall as the study baseline. We calculated per-
son-time from the study baseline to the date of the first 
record of incident T2D, date of death, or the end of 
follow-up (December, 2022), whichever occurred first. 
Baseline characteristics of participants were described 
by their physical activity categories. Continuous vari-
ables were presented as mean (standard deviation, SD), 
and categorical variables as number (percentage). We 
first assessed the independent relationships of intake of 
SSB, ASB, NJ, and physical activity with incident T2D 
with Cox proportional hazard models, with sequential 
adjustments for baseline socioeconomic status, health-
related behaviors, and health conditions. Model 1 was 
adjusted for age, squared age, sex, and race. Model 2 

was based on Model 1 and further adjusted for total 
energy intake, alternate healthy eating index, TDI, 
education level, physical activity (not when physical 
activity was the exposure of interest), smoking status, 
drinking status, and family history of diabetes. Model 
3 was based on Model 2 and additionally adjusted for 
BMI categories.

To examine whether an individual’s level of physi-
cal activity modifies the effects of SB intake on T2D, we 
stratified the data according to physical activity level and 
used the above-mentioned Model 3 to explore whether 
each SB intake has different effects on T2D in different 
physical activity level groups. To evaluate the interactions 
between physical activity and SSB, ASB, and NJ, we per-
formed Wald tests on the multiplicative terms of physical 
activity and each SB and reported P-interactions.

To assess their joint associations with T2D, we com-
bined physical activity with each level of SB intake, 
respectively, forming three 12-level variables: physi-
cal activity × SSB, physical activity × ASB, and physical 
activity × NJ. With the above-mentioned Model 3, we 
calculated the hazard ratios (HRs) with 95% confidence 
intervals (CIs) for the levels of the combined variables. 
The reference groups were participants with high physi-
cal activity and zero intake of the corresponding SB.

We conducted several sensitivity analyses to test the 
robustness of our primary findings. First, we addition-
ally adjusted the models for hypertension, cardiovascular 
diseases, cancer, and dyslipidemia to assess whether the 
observed associations were confounded by these chronic 
health conditions. Second, we additionally adjusted the 
models for the indicator of the first dietary assessment 
(e.g., participants who completed the first dietary assess-
ment from April 2009 to September 2010 coded as 1, Feb-
ruary 2011 to April 2011 coded as 2, etc.) to better control 
for the time lag between covariate set and dietary assess-
ment. Third, we further adjusted the relations for total 
sugar intake. Fourth, we excluded participants who devel-
oped T2D within the first five years to reduce reverse 
causality and address the possibility that T2D cases may 
have occurred during the exposure measurements. Fifth, 
we mutually adjusted for three types of SB in the same 
model to test their independent associations with T2D. 
Finally, we evaluated the additive rather than multiplica-
tive interactions using relative excess risk due to interac-
tion (RERI), which reflected biological interactions [33].

Missing values for all continuous covariates were 
imputed by means, and categorical variables were imputed 
by the most populated categories. We reported two-sided 
P-values throughout and a P-value lower than 0.05 was 
considered an indicator of statistical significance. Statisti-
cal analyses were performed using R 4.1.0 from March 
to July, 2022.
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Results
Baseline characteristics
Of the 153,862 study participants, the mean (SD) age was 
55.9 (8.0) years, and 82,417 (53.6%) were female (Table 1). 
In total, 61,606 individuals (40.0%) had high physical 
activity, 65,063 (42.3%) had medium physical activity, 

and 27,193 (17.7%) had low physical activity. In general, 
participants with higher physical activity had higher total 
energy intake and lower prevalence of current smoking, 
obesity, chronic health conditions, and family history of 
diabetes (P < 0.001).

Table 1  Baseline characteristics of the study participants according to physical activity levels

All variables were measured at recruitment (2006–2010) but dietary factors were calculated from the 2009–2012 dietary assessment

TEI Total energy intake, ASB Artificially sweetened beverages, SSB Sugar-sweetened beverages, AHEI Alternate healthy eating index, TDI Townsend deprivation index, 
BMI Body mass index. Physical activity levels were defined according to the recommendations from the World Health Organization

 Variables Overall Physical activity levels 

High Medium Low P-value

n 153,862 61,606 65,063 27,193

Female (%) 82,417 (53.6) 32,060 (52.0) 36,276 (55.8) 14,081 (51.8)  < 0.001

White (%) 147,454 (95.8) 59,046 (95.8) 62,485 (96.0) 25,923 (95.3)  < 0.001

Age (mean (SD)) 55.9 (8.0) 56.0 (8.1) 56.0 (7.9) 55.4 (7.7)  < 0.001

TEI, kcal (mean (SD)) 2107.8 (586.9) 2137.3 (609.8) 2095.7 (569.3) 2069.7 (572.1)  < 0.001

SSB, unit/d (%)

  0 108,527 (70.5) 43,318 (70.3) 46,168 (71.0) 19,041 (70.0)  < 0.001

  > 0–1 28,806 (18.7) 11,409 (18.5) 12,250 (18.8) 5147 (18.9)

  > 1–2 10,833 (7.0) 4451 (7.2) 4506 (6.9) 1876 (6.9)

   > 2 5696 (3.7) 2428 (3.9) 2139 (3.3) 1129 (4.2)

ASB, unit/d (%)

  0 125,216 (81.4) 50,108 (81.3) 53,215 (81.8) 21,893 (80.5)  < 0.001

  > 0–1 17,586 (11.4) 6997 (11.4) 7427 (11.4) 3162 (11.6)

  > 1–2 7224 (4.7) 2936 (4.8) 2924 (4.5) 1364 (5.0)

  > 2 3836 (2.5) 1565 (2.5) 1497 (2.3) 774 (2.8)

Natural juices, unit/d (%)

  0 76,246 (49.6) 30,574 (49.6) 31,547 (48.5) 14,125 (51.9)  < 0.001

  > 0–1 58,508 (38.0) 23,169 (37.6) 25,387 (39.0) 9952 (36.6)

  > 1–2 14,937 (9.7) 6059 (9.8) 6433 (9.9) 2445 (9.0)

  > 2 4171 (2.7) 1804 (2.9) 1696 (2.6) 671 (2.5)

AHEI (mean (SD)) 50.8 (11.8) 52.0 (12.0) 50.5 (11.7) 49.1 (11.4)  < 0.001

TDI (%)

  Low 56,019 (36.4) 22,105 (35.9) 23,796 (36.6) 10,118 (37.2)  < 0.001

  Moderate 52,736 (34.3) 21,207 (34.4) 22,155 (34.1) 9374 (34.5)

  High 45,107 (29.3) 18,294 (29.7) 19,112 (29.4) 7701 (28.3)

College and Above (%) 69,524 (45.2) 26,256 (42.6) 31,067 (47.7) 12,201 (44.9)  < 0.001

Smoking status (%)

  Current 11,585 (7.5) 4359 (7.1) 4798 (7.4) 2428 (8.9)  < 0.001

  Former 54,361 (35.3) 22,615 (36.7) 22,562 (34.7) 9184 (33.8)

  Never 87,916 (57.1) 34,632 (56.2) 37,703 (57.9) 15,581 (57.3)

Current drinker (%) 144,795 (94.1) 57,974 (94.1) 61,492 (94.5) 25,329 (93.1)  < 0.001

BMI categories (%)

  Normal and underweight 59,788 (38.9) 26,252 (42.6) 25,196 (38.7) 8340 (30.7)  < 0.001

  Overweight 64,668 (42.0) 25,895 (42.0) 27,486 (42.2) 11,287 (41.5)

  Obesity 29,406 (19.1) 9459 (15.4) 12,381 (19.0) 7566 (27.8)

Hypertension (%) 75,512 (49.1) 29,826 (48.4) 31,826 (48.9) 13,860 (51.0)  < 0.001

Cardiovascular Diseases (%) 26,063 (16.9) 10,128 (16.4) 10,843 (16.7) 5092 (18.7)  < 0.001

Dyslipidemia (%) 65,367 (42.5) 25,403 (41.2) 28,018 (43.1) 11,946 (43.9)  < 0.001

Cancer (%) 8566 (5.6) 3343 (5.4) 3623 (5.6) 1600 (5.9) 0.074

Family history of diabetes (%) 30,680 (19.9) 12,230 (19.9) 12,738 (19.6) 5712 (21.0)  < 0.001
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Individual associations of SB intake and physical activity 
with T2D
During 1.75 million person-years of follow-up, 6,631 par-
ticipants developed T2D. Consumption of SB and physi-
cal activity were both  associated with the incidence of 
T2D (Table  2). Participants with a higher intake of SSB 
and ASB (> 2 vs. 0 unit/d) were at a higher hazard of T2D 
(HR: 1.17, 95% CI: 1.05–1.31 for SSB; 1.54, 1.37–1.74 for 
ASB), while those who had a medium intake of NJ were at 
a reduced risk (HR> 0–1 vs. 0 unit/d: 0.87, 95% CI: 0.82–0.920; 
HR> 1–2 vs. 0 unit/d:  0.88, 95% CI:  0.81–0.97; and HR> 2 vs. 0 

unit/d: 0.91, 95% CI: 0.78–1.05). The HRs (95% CIs) were 
1.04 (1.01–1.06), 1.14 (1.11–1.18), and 0.94 (0.91–0.98) 
for each unit increment in daily consumption of SSB, 
ASB, and NJ, respectively. When non-consumers of any 
SB were set as the reference group, the relations were not 
substantially altered (Table S1).

In addition, lower physical activity was associated with 
a higher risk of T2D. Compared to participants with high 
physical activity, those with low physical activity had a 

33% increased risk of T2D (95% CI: 25%–42%), and the 
HR (95% CI) for those with medium physical activity was 
1.13 (1.06–1.19).

The role of physical activity in SB intake and T2D 
associations
We did not detect significant multiplicative interac-
tions between physical activity and SSB/ASB (P-inter-
actions=0.204 for SSB and 0.926 for ASB, Figure  1 and 
Table  S2). However, the association of NJ intake with 
T2D was significantly modified by physical activity 
(P-interaction=0.043). The protective association of 
moderate NJ intake was stronger among participants 
with higher physical activity.

Joint associations of SB intake and physical activity 
with T2D
Jointly (Table  3), participants with low physical activ-
ity and high SSB intake (> 2 units/d) were at a 1.47-fold 
risk of T2D (95% CI: 1.18–1.82) compared to those with 

Table 2  Multivariable adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for type 2 diabetes according to sugary 
beverages intake and physical activity

Model 1 was adjusted for age, age-square, sex, and race

Model 2 was based on Model 1 and further adjusted for total energy intake, alternate healthy eating index, Townsend deprivation index, education level, physical 
activity (not for physical activity as exposure), smoking status, alcohol drinking status, and family history of diabetes

Model 3 was based on Model 2 and further adjusted for body mass index categories

Variables Cases Person-years Model 1 Model 2 Model 3

Sugar-sweetened beverages, unit/d
  0 4506 1,235,825.5 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  > 0–1 1271 328,877.0 1.04 (0.98, 1.11) 1.03 (0.96, 1.09) 1.00 (0.94, 1.07)

  > 1–2 512 123,979.8 1.15 (1.05, 1.27) 1.12 (1.02, 1.23) 1.05 (0.96, 1.15)

  > 2 342 64,496.5 1.52 (1.36, 1.70) 1.38 (1.24, 1.55) 1.17 (1.05, 1.31)
  Per one unit/d 1.11 (1.08, 1.14) 1.08 (1.05, 1.11) 1.04 (1.01, 1.06)
Artificially sweetened beverages, unit/d
  0 4934 1,428,670.6 1.00 (Reference) 1 (Reference) 1.00 (Reference)

  > 0–1 950 199,906.8 1.53 (1.42, 1.64) 1.45 (1.36, 1.56) 1.22 (1.13, 1.30)
  > 1–2 463 81,593.8 1.96 (1.78, 2.16) 1.83 (1.66, 2.01) 1.38 (1.25, 1.52)
  > 2 284 43,007.5 2.41 (2.13, 2.71) 2.15 (1.90, 2.42) 1.54 (1.37, 1.74)
  Per one unit/d 1.31 (1.28, 1.35) 1.27 (1.24, 1.31) 1.14 (1.11, 1.18)
Natural juices, unit/d
  0 3610 864,682.1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  > 0–1 2246 667,947.0 0.76 (0.73, 0.81) 0.82 (0.78, 0.87) 0.87 (0.82, 0.92)
  > 1–2 582 172,339.8 0.77 (0.70, 0.84) 0.83 (0.76, 0.91) 0.88 (0.81, 0.97)
  > 2 193 48,209.8 0.87 (0.75, 1.01) 0.92 (0.79, 1.06) 0.91 (0.78, 1.05)

  Per one unit/d 0.89 (0.86, 0.92) 0.93 (0.90, 0.96) 0.94 (0.91, 0.98)
Physical activity
  High 2276 707,675.1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  Medium 2768 740,896.2 1.19 (1.12, 1.25) 1.22 (1.16, 1.29) 1.13 (1.06, 1.19)
  Low 1587 304,607.4 1.66 (1.56, 1.77) 1.67 (1.57, 1.78) 1.33 (1.25, 1.42)
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high physical activity and zero SSB intake. Similarly, indi-
viduals with low physical activity who consumed ASB > 2 
units/d were at the highest risk of T2D, with an HR (95% 
CI) of 1.93 (1.53–2.43). In contrast, T2D risk was lowest 
in participants with high physical activity and medium 
NJ intake (0.80, 0.73–0.88 for > 0–1  units/d  and 0.82, 
0.70–0.95  for  > 1–2 units/d, respectively). Individuals 
with low physical activity and zero or high NJ intake were 
also  at higher risk (1.24, 1.13–1.35 and 1.35, 1.01–1.79, 
respectively).

Sensitivity analysis
When we further adjusted the models for chronic health 
conditions, dietary assessment indicator, or total sugar, 
the individual and joint associations did not substantially 
change (Tables S3-S6). When we excluded individuals 
who developed incident T2D within the first five years 
after baseline, the associations were generally consistent 
(Tables S3 and S7). When we mutually adjusted for the 
three SB, the associations remained similar (Table  S3). 
The RERIs for  additive interactions are presented in 

Fig. 1  Multivariable adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for type 2 diabetes according to sugary beverages intake 
by levels of physical activity. PA: Physical activity; BMI: Body mass index. Multivariable model was adjusted for age, age-square, sex, race, total energy 
intake, alternate healthy eating index, Townsend deprivation index, education level, physical activity, smoking status, drinking status, and family 
history of diabetes. P-interactions = 0.204 for SSB, 0.926 for ASB, and 0.043 for NJ
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Table S8. Compared to participants with low or medium 
physical activity, the adjusted RERI (95% CI) for > 1–2 
units/d of NJ intake was -0.36 (-0.60–-0.12) for individu-
als with high physical activity.

Discussion
In this large-scale prospective study in the UK, higher 
SSB and ASB intake was  related to higher risks of 
T2D,  while medium NJ intake showed an inverse asso-
ciation with T2D.  There was no evidence of interaction 
between SSB or ASB and physical activity in the incidence 
of T2D. However, we observed both significant multipli-
cative and additive interactions between NJ intake and 
physical activity, and the prospective association between 
medium NJ intake and T2D  was more pronounced in 
participants with higher physical activity level.  Jointly, 
participants with high SSB or ASB intake (> 2 units/d) 
combined with low physical activity were at the highest 
T2D risk, while those who consumed medium level of NJ 
(approximately 1 unit/d) and had high physical activity 
were at the lowest risk. Our findings on the interaction 
between NJ intake and physical activity implied potential 
synergetic roles of healthy  beverage intake and physical 
activity in the prevention of T2D, and the independent 
associations for SSB, ASB, and physical activity  further 
underscored the importance of overall  healthy lifestyles 
in T2D prevention.

In general, our study aligned with  previous evidence 
on the relationships of SB and physical activity with 

T2D. According to a recent meta-analysis of cohort 
studies [34], each unit/d increase in SSB consumption 
was related to an 11% increased risk of T2D (95% CI, 
5%–17%), and the increased risk was 15% (5%–26%) for 
each unit/d of ASB consumption, when taking  publi-
cation bias into account. Our study confirmed these 
associations, with corresponding HRs (95% CIs) of 1.04 
(1.01–1.06) for SSB and 1.14 (1.11–1.18) for ASB. For 
juices, a meta-analysis showed a detrimental association 
with T2D (1.07, 1.01–1.14) [14], but our study showed an 
overall protective association (0.94, 0.91–0.98  for each 
unit/d) for NJ. The differences might stem from  differ-
ent definitions of natural juices. For example, previous 
studies might have included sweetened juices and com-
mercial juice beverages in this category, thus blurring the 
potential associations. In the current study, we observed 
an inverse  association for medium NJ intake (around 1 
unit/d), which does not challenge the guideline’s recom-
mendation of low intake (e.g., up to 1 unit/d) of NJ [35]. 
In terms of physical activity, a previous meta-analysis 
reported that adequate physical activity was related to a 
26% lower risk of T2D (16%–29%) [11], which was ech-
oed by our findings.

To the best of  our knowledge, few studies have 
explored the role of physical activity in the associations 
between SB intake and T2D and their joint associations. 
Interestingly, we observed no significant interactions 
between SSB or ASB and physical activity in the study 
population.  Contrarily, the protective association for 

Table 3  Multivariable adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for type 2 diabetes according to joint categories 
between sugary beverages intake and physical activity

HRs were adjusted for age, age-square, sex, race, total energy intake, alternate healthy eating index, Townsend deprivation index, education level, smoking status, 
drinking status, family history of diabetes, and body mass index categories

Sugar-sweetened beverages Artificially sweetened beverages Natural juices

Intake Cases Person-years HR (95% CI) Cases Person-years HR (95% CI) Cases Person-years HR (95% CI)

High physical activity
  0 1539 497,516.7 1.00 (Reference) 1726 575,892.0 1 (Reference) 1290 349,695.8 1.00 (Reference)

  > 0–1 424 131,268.5 0.97 (0.87, 1.08) 305 80,414.6 1.16 (1.03, 1.31) 729 266,631.2 0.80 (0.73, 0.88)
  > 1–2 171 51,267.5 0.99 (0.84, 1.16) 136 33,700.3 1.16 (0.98, 1.39) 193 70,329.7 0.82 (0.70, 0.95)
  > 2 142 27,622.4 1.37 (1.15, 1.62) 109 17,668.2 1.71 (1.41, 2.08) 64 21,018.5 0.80 (0.62, 1.03)

Medium physical activity
  0 1906 524,964.1 1.13 (1.06, 1.21) 2052 606,883.2 1.10 (1.04, 1.18) 1456 357,678.0 1.08 (1.00, 1.16)

  > 0–1 540 139,908.5 1.14 (1.04, 1.26) 417 84,319.5 1.40 (1.25, 1.56) 983 289,373.6 0.96 (0.88, 1.04)

  > 1–2 209 51,656.7 1.17 (1.01, 1.35) 199 32,860.8 1.65 (1.42, 1.91) 250 74,265.2 0.96 (0.84, 1.10)

  > 2 113 24,366.9 1.17 (0.97, 1.42) 100 16,832.8 1.59 (1.30, 1.95) 79 19,579.5 0.97 (0.77, 1.22)

Low physical activity
  0 1061 213,344.6 1.31 (1.21, 1.42) 1156 245,895.5 1.32 (1.22, 1.42) 864 157,308.3 1.24 (1.13, 1.35)
  > 0–1 307 57,700.0 1.37 (1.21, 1.55) 228 35,172.7 1.59 (1.38, 1.83) 534 111,942.2 1.16 (1.05, 1.28)
  > 1–2 132 21,055.7 1.54 (1.28, 1.84) 128 15,032.8 1.97 (1.65, 2.37) 139 27,745.0 1.21 (1.02, 1.44)
  > 2 87 12,507.1 1.47 (1.18, 1.82) 75 8506.4 1.93 (1.53, 2.43) 50 7611.9 1.35 (1.01, 1.79)
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moderate NJ consumption appeared  stronger in those 
with higher physical activity level, and both multi-
plicative and additive interactions were significant. 
We observed a potentially  protective effect of high NJ 
intake on the development of T2D in individuals with 
moderate or high physical activity levels, but not in 
those with low physical activity level. This might reflect 
the synergy of NJ consumption and physical activity in 
the prevention of T2D and warrants future investiga-
tions.  Compared with participants with high physical 
activity and low SSB or ASB intake, those who had low 
physical activity and high SSB or ASB intake were at a 
much higher risk of T2D. On the other hand, compared 
with those who had a high activity but low NJ con-
sumption, participants with moderate NJ consumption 
and high physical activity were at lower risk of T2D. 
Nevertheless, participants with a low physical activ-
ity were at a higher risk, and associations was not fully 
countered by NJ consumption.

As mentioned above, the shared underlying pathways 
of NJ and physical activity might include glycemic load 
and energy regulation [18]. The protective association 
of moderate NJ intake may be attributed to the vitamins 
and bioactive phytochemicals present within these bev-
erages [36], such as hesperidin, narirutin, carotenoids, 
hydroxycinnamic acids, and anthocyanins [37–39]. On 
the other hand, since NJ also contain free sugars (pri-
marily fructose) [40], excessive consumption may result 
in relatively high glycemic load values, which are related 
to an increased risk of T2D. This risk may be mitigated 
by sufficient physical activity through energy expendi-
ture and enhanced insulin sensitivity [41, 42]. Neverthe-
less, the interaction was only observed for NJ rather than 
SSB or ASB, potentially because higher physical activity 
level could alter the individuals’ antioxidant status [43], 
in harmony with the bioactive compounds with antioxi-
dant activity contained in NJ. [44, 45]. As such, the ben-
efits of moderate NJ intake could be further augmented 
in individuals with higher physical activity level. There-
fore, our study provides a foundation for future studies 
to systematically explore the biological nature of T2D to 
better understand the roles of a healthy diet and adequate 
physical activity in T2D prevention.

Public policies for promoting healthy lifestyles are criti-
cal for T2D prevention, and our findings thus provided 
important information for public health practice. A high 
intake of SSB and ASB combined with low physical activ-
ity was related to the highest risk of T2D, which empha-
sized the importance of healthy beverage intake and 
adequate physical activity in diabetes prevention. Our 
findings that high physical activity tended to augment 
the potential  protective effects of medium NJ intake 

and attenuate the harmful effects of SSB and ASB on the 
development of T2D further highlight the potential ben-
efits of combining healthy lifestyles. In a previous meta-
analysis of 14 studies, adults with the healthiest lifestyle 
(the most combinative healthy lifestyle factors) had a 
75% (95% CI: 65%–82%) lower risk of incident diabetes 
[6], underscoring the role of tackling multiple risk factors 
simultaneously in reducing the burden of T2D. Future 
studies are needed to assess the joint associations and 
potential interactions for other lifestyle factors, such as 
drinking and smoking, for the development of practical 
strategies for diabetes prevention.

The strengths of the current study include the com-
prehensive investigation of the associations between SB 
intake and incident T2D, and considering their interac-
tion on both multiplicative and additive scales. Other 
merits of this study include the large study sample size, 
the prospective design, long-term follow-up, and low 
rate of loss to follow-up. However, our study has several 
limitations that should be considered for when inter-
preting our findings. First, our findings are based on an 
observational cohort, which does not necessarily imply 
causality between the exposures and T2D. Although we 
adjusted the models for multiple demographic, lifestyle, 
and health-related confounding factors, residual con-
founding might still exist because both physical activity 
and SB intake could be associated with other underlying 
contributors to T2D. Furthermore, all the covariates in 
this study were measured earlier than the measurement 
of SB; therefore, some of them could change between 
the baseline assessment and the date when the web-
based 24-h diet recalls were measured. Additionally, 
even though the exclusion of T2D cases in the first five 
years did not substantially change our findings, reverse 
causation is still possible because participants who had 
underlying health conditions might be inclined to behav-
ioral changes. Second, data on both physical activity and 
beverage intake were collected using self-administer 
questionnaires, so measurement errors could not be 
eliminated. Similarly, we relied on HES for T2D ascer-
tainment, which might introduce ascertainment bias 
since underdiagnosis and misclassification are possible. 
However, these errors are more likely to bias the associa-
tions toward null. Third, the generalizability of our find-
ings should be further tested, because our study mostly 
consisted of White individuals. Finally, we could not take 
temporal changes in physical activity and SB intake into 
account because physical activity was measured only 
at recruitment and SB intake was measured during the 
introductory phase. Future studies could examine tem-
poral relations to provide further evidence for the estab-
lishment of causal relations.
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Conclusions
In conclusion, high intake of SSB and ASB was associ-
ated with higher risks of T2D, while moderate NJ intake 
was linked to a lower risk of T2D. We did not detect a 
significant interaction between physical activity and SSB/
ASB intake, but the protective association of moderate NJ 
intake with T2D was stronger among participants with 
higher levels of physical activity. These findings emphasize 
the importance of healthy beverage choices and maintain-
ing adequate physical activity for diabetes prevention.
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