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ABSTRACT

Background: Sugar-sweetened soda consumption is consistently as-
sociated with an increased risk of several chronic inflammatory dis-
eases such as type 2 diabetes and cardiovascular diseases. Whether it
plays a role in the development of rheumatoid arthritis (RA), a com-
mon autoimmune inflammatory disease, remains unclear.
Objective: The aim was to evaluate the association between sugar-
sweetened soda consumption and risk of RA in US women.
Design: We prospectively followed 79,570 women from the Nurses’
Health Study (NHS; 1980-2008) and 107,330 women from the NHS II
(1991-2009). Information on sugar-sweetened soda consumption (in-
cluding regular cola, caffeine-free cola, and other sugar-sweetened
carbonated soda) was obtained from a validated food-frequency ques-
tionnaire at baseline and approximately every 4 y during follow-up.
Incident RA cases were validated by medical record review. Time-
varying Cox proportional hazards regression models were used to cal-
culate HRs after adjustment for confounders. Results from both cohorts
were pooled by an inverse-variance—weighted, fixed-effects model.
Results: During 3,381,268 person-years of follow-up, 857 incident
cases of RA were documented in the 2 cohorts. In the multivariable
pooled analyses, we found that women who consumed =1 serving of
sugar-sweetened soda/d had a 63% (HR: 1.63; 95% CI: 1.15, 2.30;
P-trend = 0.004) increased risk of developing seropositive RA com-
pared with those who consumed no sugar-sweetened soda or who
consumed <1 serving/mo. When we restricted analyses to those with
later RA onset (after age 55 y) in the NHS, the association appeared
to be stronger (HR: 2.64; 95% CI: 1.56, 4.46; P-trend < 0.0001). No
significant association was found for sugar-sweetened soda and sero-
negative RA. Diet soda consumption was not significantly associated
with risk of RA in the 2 cohorts.

Conclusion: Regular consumption of sugar-sweetened soda, but not
diet soda, is associated with increased risk of seropositive RA in
women, independent of other dietary and lifestyle factors. AmJ
Clin Nutr 2014;100:959-67.

INTRODUCTION

Rheumatoid arthritis (RA)® is the most common autoimmune
inflammatory disease, characterized by persistent synovitis, sys-
temic inflammation, and autoantibodies [rheumatoid factor (RF)
and anticitrullinated peptide antibodies (ACPAs)], and affects
~1% of adults, mostly women (1, 2). Although the etiology is
not completely elucidated, RA is generally considered to be
a multifactorial disease, caused by both genetic factors and en-
vironmental exposures including lifestyle and dietary risk factors

(1, 3-5). Cross-sectional studies have documented a high preva-
lence of metabolic syndrome and associated factors such as
obesity, dyslipidemia, or impaired glucose metabolism in patients
with RA (6). The incidence of type 2 diabetes (T2D) and car-
diovascular disease (CVD) is greater among patients with RA (7,
8), suggesting that the etiology of RA may have some overlap
with the development of these chronic inflammatory conditions.
Although many dietary risk factors have been identified for T2D
and CVD, whether these dietary factors are also related to RA
remains unclear (5, 9-11). Sugar-sweetened sodas are the primary
source of added sugar in the American diet, which may contribute
to the development of T2D and CVD by inducing obesity, insulin
resistance, and inflammation (12), all of which are also in the
etiologic pathway of RA. Therefore, we examined the association
between sugar-sweetened soda consumption and risk of RA.

To our knowledge, no previous study has explored whether
soda consumption is associated with the risk of development of
RA. We therefore investigated the relations between sugar-
sweetened and diet soda with RA risk in 2 well-established large
cohorts of young and middle-aged women, with a series of
lifestyle and dietary factors controlled for.

SUBJECTS AND METHODS

Study population

The Nurses’ Health Study (NHS) was initiated in 1976 and
comprised 121,700 female registered nurses, aged 30-55 y at

"Fromthe Division of Rheumatology, Immunology, and Allergy (YH,
KHC, DHS, EWK, MA-D, JAS, and BL) and the Channing Division of
Network Medicine (FBH and XG), Brigham and Women’s Hospital and
Harvard Medical School, Boston, MA, and the Departments of Nutrition
and Epidemiology, Harvard School of Public Health, Boston, MA (FBH).

2 The content is solely the responsibility of the authors and does not nec-
essarily represent the official views of the NIH.

3 Supported by the NIH under awards AR061362, AR049880, AR052403,
AR047782, AR059073, CA87969, CA50385, and CA176726.

* Address reprint requests and correspondence to B Lu, Division of Rheu-
matology, Immunology, and Allergy, Brigham and Women’s Hospital and
Harvard Medical School, 75 Francis Street, PBB-B3, Boston, MA 02115.
E-mail: blul @partners.org.

5 Abbreviations used: ACPA, anticitrullinated peptide antibody; CVD, car-
diovascular disease; FFQ, food-frequency questionnaire; NHS, Nurses’ Health
Study; RA, rheumatoid arthritis; RF, rheumatoid factor; T2D, type 2 diabetes.

Received February 28, 2014. Accepted for publication June 25, 2014.

First published online July 16, 2014; doi: 10.3945/ajcn.114.086918.

Am J Clin Nutr 2014;100:959-67. Printed in USA. © 2014 American Society for Nutrition 959



960

inception. The NHS II was established in 1989 and consisted of
116,671 female registered nurses, aged 25-42 y at the study’s
initiation. The participants in both cohorts responded to a base-
line questionnaire about their lifestyles and medical histories
and were followed biennially through validated questionnaires
that obtained updated information on their medical history,
lifestyle, and occurrence of chronic diseases. Follow-up was
complete for >90% of participants for every 2-y period in the 2
cohorts (13, 14). The baseline for this analysis was 1980 for the
NHS and 1991 for the NHS II when dietary information was first
collected with the use of the validated food-frequency ques-
tionnaire (FFQ).

In this analysis, we included women who completed the 1980
FFQ for NHS and the 1991 FFQ for NHS II with <70 missing
items and total energy intake between 500 and 3500 kcal/d. We
censored all women at the date of self-reported psoriasis, pso-
riatic arthritis, and connective tissue disease that was not sub-
sequently confirmed as RA at the self-reported date. Women lost
to follow-up were censored at their last response to question-
naires because incident cases could not subsequently be identi-
fied. In addition, cancer or its treatments may alter the immune
system, and the secondary symptoms (eg, joint pain from par-
aneoplastic syndromes) may change the diet and physical ac-
tivity. We therefore excluded participants with a history of
cancer at baseline and censored incident cancer cases at the self-
reported date in the analysis. After exclusions, there were a total
of 79,570 NHS participants and 107,330 NHS II participants for
this analysis. All aspects of this study were approved by the
Partners Health Care Institutional Review Board.

RA case identification

The ascertainment of RA cases in the NHS and NHS II was
a 2-step process. The connective tissue disease screening ques-
tionnaire was mailed to participants who self-reported a new
physician’s diagnosis of RA (15). Two board-certified rheuma-
tologists trained in chart abstraction conducted independent
medical record reviews according to the 1987 American College
of Rheumatology classification criteria of RA (16). The seros-
tatus of RA was determined by positive RFs or ACPAs in the
medical record. Detailed RA assessment procedures have been
described elsewhere (17, 18).

Assessment of soda consumption

Since 1980 and 1991, the FFQ has been administered to NHS
and NHS II participants, respectively, to collect information on
their usual intakes of foods and beverages over the previous year.
Starting in 1980, participants were asked how often during the
previous year they had consumed sugar-sweetened soda (“Coke,
Pepsi, or other cola with sugar” and “other carbonated beverages
with sugar”) and diet sodas (“low-calorie cola with caffeine,”
“low-calorie caffeine-free cola,” and “other low-calorie bever-
ages”’) with the use of standard portion sizes (1 standard serving,
cup, glass, can, or bottle). There were 9 possible responses that
ranged from never or less than once a month to =6 times/d.
Total energy and nutrient intakes were calculated by summing
energy or nutrient intakes from all foods. We summed the in-
takes of single items to create a total of sugar-sweetened soda
and diet soda. A previous validation study in participants in the
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NHS found reasonably high correlation coefficients for most of
the dietary factors. For example, the correlation coefficients
between the FFQ and multiple dietary records were 0.84 for
Coke (Coca-Cola Company) and Pepsi (PepsiCo) colas and 0.36
for artificially sweetened beverages (19). We used cumulative
average estimates of soda consumption to reflect long-term di-
etary habits and to reduce measurement error (20). Previous
studies suggested that inflammatory biomarkers of RA are ele-
vated before the development of RA (17), and patients with
preclinical RA typically have early symptoms such as joint pain,
which may lead them to change their usual diet. To reduce the
possibility of such reverse causation, our primary analysis was
a lag analysis in which soda intake was used to predict incident
RA that occurred at least 2 y later. For example, to predict RA
incidence during the 1992-1994 time period, we used cumula-
tive soda intake that was obtained by averaging the daily con-
sumption reported between 1980 and 1990 (excluding the 1992
measure, the most recent exposure).

Assessment of covariates

In the biennial follow-up questionnaires, we used time-varying
information on a participant’s age, body weight, smoking status,
menopausal status, use of postmenopausal hormone therapy,
multivitamin use, oral contraceptive use, and history of chronic
diseases. Information on alcohol consumption, physical activity,
census tract family median income, parity, breastfeeding status,
and age at menarche was also collected in both cohorts. All
information on covariates was self-reported on the mailed
questionnaires administered every 2 y since 1976 in the NHS
and since 1989 in the NHS II. BMI was calculated as weight in
kilograms divided by height in meters squared. In the NHS,
recreational physical activity was measured biennially begin-
ning in 1986 with a validated questionnaire that asked about the
average time spent on 10 common activities. In the NHS 1I,
similar measures were performed in 1989, 1991, 1997, 2001,
and 2005. The information was summed and calculated as
weekly energy expenditure in metabolic equivalent hours
weighting each activity by its intensity level (21). We used an
Alternate Healthy Eating Index, a score that measures adherence
to a diet pattern on the basis of 11 foods and nutrients most
predictive of reduced disease risk in the literature, to adjust for
healthy dietary pattern (22).

Statistical analyses

Time-varying Cox proportional hazards models were used to
examine the associations between sugar-sweetened soda con-
sumption and risk of all RA, seropositive RA, and seronegative
RA. Separate models were used to examine the associations
between diet soda consumption and risk of all RA, seropositive
RA, and seronegative RA. Baseline characteristics were pre-
sented as means = SDs for continuous variables, and percent-
ages were used for categorical variables. Cumulative average
soda consumption was included in the model as a time-varying
exposure and updated until 2 questionnaires before RA di-
agnosis (excluding the most recent questionnaire); similarly,
age, smoking status, physical activity, alcohol consumption,
postmenopausal hormone use, dietary variables, and BMI were
included in the multivariate model as time-varying covariates.
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Soda consumption was first included in the model with 4 groups
(<1 serving/mo, 1-4 servings/mo, 2-6 servings/wk, or =1
servings/d) on the basis of previous studies (13, 14, 23), and then
the median value of soda consumption within each group was
used as a continuous variable to calculate the P value for trend.
Each multivariable model adjusted for a series of potential
confounders and RA risk factors including age, census tract
median family income (quartiles), cigarette smoking status
(never; past; current, 1-14 cigarettes/d; or current, =15 ciga-
rettes/d), cumulative average alcohol consumption (<5.0, 5.0—
15.0, or >15 g/d), age at menarche (<12, 12, or >12 y), parity
and breastfeeding (nulliparous, parous/no breastfeeding, parous/
1-12 mo breastfeeding, parous/>12 mo breastfeeding), hor-
mone use (premenopausal, postmenopausal with never use,
current use, and past use), physical activity (0-2.9, 3-8.9, 9-
17.9, 18-26.9, or =27 metabolic equivalent task-hours/wk),
BMI (in kg/m?; <20, 20-22.9, 23-24.9, 25-29.9, or =30), di-
abetes history, multivitamin use, Alternate Healthy Eating Index
(quartiles), and total energy (kcal, quintiles). To examine
whether the association between soda consumption and RA was
mediated by weight gain, we further adjusted for weight change
in the model. The weight change was calculated as the differ-
ence between current weight and weight in 1978 for the NHS
and weight in 1989 for the NHS II and was categorized into the
following 5 categories: —2 kg or less, —1.9 to 1.9 kg, 2-9.9 kg,
10-19.9 kg, or =20 kg. Because the participants in the NHS
were older than participants in the NHS II in which RA cases
mostly developed before age 55 y, we developed separate
models for the RA cases diagnosed at or before age 55 y and
after age 55 y in the NHS to evaluate whether the association
between soda consumption and risk of RA varied between early-
and late-onset RA. A test of heterogeneity (Q statistics) was
performed to evaluate whether the association was different for
the cohort assuming a linear relation between soda consumption
and risk of RA. We also assessed the interactions of soda con-
sumption with smoking pack-years (cutoff of 10 pack-years) to
evaluate the potential effect modifications of smoking status.
The log-likelihood ratio test was used to calculate P values for
interaction. The proportional hazards assumption was tested by
including an interaction term between soda consumption and the
follow-up time in the Cox proportional model. The proportional
hazards assumption was valid in both cohorts (P-interaction =
0.79 in the NHS and 0.94 in the NHS II). Similarly, we also did
not find the proportional hazards assumption violation with other
covariates in the model.

We performed several sensitivity analyses. First, we used
updated time-varying soda consumption (excluding the most
recent diet assessment) instead of the cumulative average to
assess the association of short-term soda consumption with RA
risk. Second, we analyzed soda consumption without a one-
questionnaire cycle lag to evaluate the robustness of the primary
lagged analysis. Another sensitivity analysis was performed for
fruit punch and noncarbonated sweetened beverages instead of
only soda as a sugar-sweetened beverage analysis. We also
assessed the association between fruit juice consumption and risk
of RA. In addition, we tested whether including participants with
self-reported cancer in the analysis would affect the interaction
by smoking. Finally, we evaluated the substitution effect of
several other beverages (diet soda, fruit juice, tea, whole milk,
and skim milk) for soda on risk of RA. We estimated the as-

sociation of substituting a serving of one beverage for another by
including both as continuous variables in the same multivariable
model. Differences in their 8 coefficients were used to estimate
the HRs for the substitution association, and their variances and
covariance matrix were used to derive the 95% CI (20).

The inverse-variance—weighted, fixed-effects model was
used to combine the results from 2 cohorts. All statistical tests
were 2-sided and performed by using SAS 9.2 for UNIX (SAS
Institute).

RESULTS

During 3,381,267 person-years of follow-up (28 y for the NHS
and 20 y for the NHS II), we documented 857 cases of RA (559
cases in the NHS, 298 in the NHS II). The age-standardized
baseline characteristics of the study population by amounts of
sugar-sweetened soda consumption are shown in Table 1 (24).
For both cohorts, women who consumed more soda tended to
have lower census tract median family income, lower levels of
physical activity, lower alcohol and artificially sweetened bev-
erage consumption, higher total energy intake, and poorer diet
quality and were less likely to start menarche before age 12 vy.
Cigarette smoking, oral contraceptive use, and parity, breast-
feeding, and postmenopausal status tended to be similar across
soda categories. Although higher soda consumption was asso-
ciated with lower multivitamin and hormone use in the NHS,
a similar relation was not observed in the NHS II.

The association between soda consumption and risk of RA is
shown in Table 2. The incident rate of RA was 30 cases per
100,000 person-years in the NHS and 20 cases per 100,000
person-years in the NHS II. Higher soda consumption was sig-
nificantly associated with increased risk of RA in the NHS
but not in the NHS II. Compared with <l serving/mo, the
multivariable-adjusted HR was 1.58 (95% CI: 1.09, 2.27) for =1
servings soda intake/d in the NHS and 1.00 (95% CI: 0.62, 1.61)
in the NHS II. The pooled multivariable-adjusted HR was 1.33
95% CI: 1.00, 1.78; P = 0.067). For seropositive RA, it ap-
peared that the association was stronger [HR (95% CI): 1.97
(1.27,3.07) in the NHS and 1.20 (0.69, 2.10) in the NHS II]. The
pooled results showed that participants who consumed >1
serving of soda/d had a 63% (HR: 1.63; 95% CI: 1.15, 2.30)
increased risk of seropositive RA than did those who drank <1
serving/mo. No significant association was found for sugar-
sweetened soda consumption and seronegative RA in either of
the cohorts. The associations remained the same after further
adjustment for weight change (data not shown).

Because diet soda was a main substitution beverage for sugar-
sweetened soda, we further examined whether diet soda con-
sumption was also associated with the development of RA
(Table 3). There was no significant association between diet
soda consumption and risk of all RA, seropositive RA, and
seronegative RA. These results were consistent between both
cohorts.

In the NHS, only 25% of the RA cases were diagnosed before
age 55y, whereas 80% of cases in the NHS II were diagnosed at
<55y of age. Consistent with the NHS II, no significant asso-
ciation was found when we restricted analyses to those with
earlier seropositive RA onset (at or before age 55 y) in the NHS.
For cases diagnosed after age 55 y, a stronger association was
observed in the NHS (HR: 2.62; 95% CI: 1.55, 4.43 for =1
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TABLE 1
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Age-adjusted baseline characteristics of study population by frequency of sugar-sweetened soda consumption’

NHS (n = 79,570)

NHS II (n = 107,330)

1-4 2-6 14 2-6
<1 serving/mo servings/mo  servings/wk =1 servings/d <1 serving/mo servings/mo  servings/wk =1 servings/d

No. of participants 36,100 9814 25915 7741 64,336 8570 25,237 9187
Age (y) 496 = 7.1 491 + 7.1 475 = 7.1 46.3 = 7.1 389 = 4.6 38.6 = 4.7 383 £ 47 38.1 =438
BMI (kg/m?) 245 *+ 45 243 + 43 246 = 45 252 5.1 25.6 = 5.7 250 * 54 248 + 54 255 *+ 64
Census tract median family ~ 67.2 = 27.1 642 * 256 62.6 =245 614 £243 634 235 61.8*228 61.0*219 582 =208

income ($ X1000)
Physical activity 15.6 =220 134 £203 130=*=184 11.7*x178 23.0=*x292 196 *251 18.6 =249 168 = 24.1

(MET-h/wk)
AHEI score 50.5 £ 109 477 £10.1 450 =97 423+ 101 469 £ 105 438 x99 40.1 =94 342 =88
Alcohol consumption (g/d) 73 112 55=*94 54 %+92 6.0 =114 3256 28 =50 28 52 23 =48
Smoking status (%) 60.2 52.2 50.9 58.7 353 31.7 31.5 36.5
Multivitamin use (%) 38.3 37.1 34.6 323 429 443 42.6 38.3
Menarche before age 24.4 232 21.7 21.5 259 243 21.8 20.7

12y (%)
Oral contraceptive use (%) 50.0 49.6 49.1 49.9 83.7 82.3 82.3 84.3
Parous (%) 92.2 92.5 93.3 92.2 68.4 69.7 72.9 70.7
Breastfeeding =12 mo (%) 18.3 19.4 18.0 13.1 23.8 28.4 28.4 21.0
Postmenopausal (%) 40.4 40.1 40.3 40.7 4.4 4.4 4.6 5.7
Current hormone use (%) 16.8 16.8 15.8 14.8 23.2 39.6 36.6 36.8
Artificially sweetened soda 0.6 = 1.0 0.3 = 0.7 0.2 = 0.6 04 = 0.8 .1 =15 0.7 = 1.1 0.5+ 1.0 03+ 1.0

(servings/d)

Total energy intake (kcal/d) 1468.3 = 474 1522.3 = 479 1640.1 = 497 1810.0 = 535 1688.4 = 516 1757.0 £ 527 1888.2 = 546 2116.8 * 567

"Values (except for age) were standardized to the age distribution of the study population. AHEI, Alternate Healthy Eating Index; MET-h, metabolic

equivalent task-hours; NHS, Nurses’ Health Study.
2Mean * SD (all such values).

servings/d compared with <1 serving soda/mo) after adjustment
for a series of lifestyle and dietary covariates (Figure 1). The
P value for test of heterogeneity (Q statistics) was <0.001. The
results for the NHS II were not shown because only 61 cases
occurred after age 55, so the multivariable-adjusted model did
not converge. The sensitivity analysis with the use of updated
time-varying soda with lagged analysis showed an association
similar to the main analysis, but the associations were attenuated
in both cohorts. The pooled multivariable-adjusted HR for the
comparison of the highest consumption category to the lowest
consumption category for seropositive RA was 1.51 (95% CI:
1.03, 2.22; P-trend = 0.045) (Supplemental Table 1 under
“Supplemental data” in the online issue). Similar results were
also observed in the analysis that did not use the lagged design
(which included the most recent exposure), and the pooled
multivariable-adjusted HR was 1.48 (95% CI: 1.03, 2.13;
P-trend = 0.02; data not shown). In the NHS, we found that the
association of soda intake with RA risk was stronger among
smokers with =10 pack-years compared with nonsmokers or
light smokers with <10 pack-years (P-interaction = 0.02). For
women with pack-years =10, those who consumed >1 serving
of soda/d had a 2-fold increased risk (HR: 2.00; 95% CI: 1.22,
3.29) of developing RA than did those who consumed <1
serving/mo, whereas for those with <10 pack-years the corre-
sponding HR was 1.23 (95% CI: 0.70, 2.14). However, we did
not find any effect modification of smoking in the NHS II
population. The P value for interaction did not change much in
the analysis that included self-reported cancer. We also did not
observe any significant interaction for alcohol consumption and
BMI. After including fruit punch with sugar-sweetened soda for

total sweetened beverage consumption, the observed association
was attenuated to borderline statistical significance for sero-
positive RA. The pooled multivariable-adjusted HR for com-
parison of the highest consumption category to the lowest
consumption category was 1.32 (95% CI: 0.96, 1.82; P-trend =
0.049; data not shown). We did not observe a significant asso-
ciation between fruit juice consumption and the risk of RA.

In the substitution analysis, substituting 1 serving of sugar-
sweetened soda with 1 serving of skim milk was associated with
a lower HR for seropositive RA of 20% (95% CI: 4%, 33%)
(Supplemental Figure 1 under “Supplemental data” in the online
issue). Substituting water, milk, tea, coffee, fruit juice, or diet
soda was not associated with significantly lower HRs for sero-
positive RA.

DISCUSSION

In these 2 large prospective cohorts, each with >2 decades of
follow-up, women who consumed more sugar-sweetened soda
had an increased risk of seropositive RA but not seronegative
RA. It appeared that the association was stronger for RA cases
diagnosed at later ages. Diet soda consumption was not asso-
ciated with the risk of RA in either of the cohorts. We did not
observe significant associations between soda or diet soda
consumption and the risk of seronegative RA.

Although numerous studies have shown associations between
sugar-sweetened soda and the risk of T2D and CVD (13, 14, 23,
25), this is the first study, to our knowledge, to provide evidence
that soda consumption may also play a role in the development of
RA. The mechanism underlying this association is not completely
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HRs (95% Cls) for incident RA according to cumulative sugar-sweetened soda consumption in the NHS (1980-2008) and the NHS 1I (1991-2009)"

Sugar-sweetened soda consumption

<1 serving/mo 1-4 servings/mo 2-6 servings/wk =1 servings/d P-trend?
All RA
NHS
No. of cases/person-years 229/791,584 120/394,359 171/570,231 39/103,992
Age-adjusted model 1 (Reference) 1.05 (0.84, 1.31) 1.07 (0.88, 1.31) 1.46 (1.03, 2.06) 0.04
Multivariable-adjusted model’ 1 (Reference) 1.08 (0.86, 1.36) 1.14 (0.92, 1.41) 1.58 (1.09, 2.27) 0.02
NHS 11
No. of cases/person-years 162/820,161 45/223,524 67/371,324 24/106,093
Age-adjusted model 1 (Reference) 1.01 (0.72, 1.41) 0.93 (0.70, 1.24) 1.22 (0.79, 1.88) 0.43
Multivariable-adjusted model’ 1 (Reference) 1.05 (0.75, 1.48) 0.92 (0.68, 1.26) 1.00 (0.62, 1.61) 0.94
NHS and NHS II pooled”
Age-adjusted model 1 (Reference) 1.04 (0.86, 1.25) 1.02 (0.87, 1.21) 1.36 (1.04, 1.78) 0.03
Multivariable-adjusted model® 1 (Reference) 1.07 (0.89, 1.30) 1.06 (0.89, 1.27) 1.33 (1.00, 1.78) 0.07
Seropositive RA
NHS
No. of cases/person-years 137/744,343 70/372,396 114/534,043 28/96,276
Age-adjusted model 1 (Reference) 1.01 (0.76, 1.36) 1.20 (0.93, 1.54) 1.76 (1.17, 2.67) <0.01
Multivariable-adjusted model’ 1 (Reference) 1.05 (0.78, 1.41) 1.31 (1.00, 1.71) 1.97 (1.27, 3.07) <0.01
NHS 11
No. of cases/person-years 103/804,569 26/220,254 47/364,446 18/103,318
Age-adjusted model 1 (Reference) 0.88 (0.57, 1.36) 1.03 (0.73, 1.45) 1.48 (0.90, 2.45) 0.11
Multivariable-adjusted model’ 1 (Reference) 0.93 (0.60, 1.44) 1.02 (0.70, 1.47) 1.20 (0.69, 2.10) 0.48
NHS and NHS II pooled?
Age-adjusted model 1 (Reference) 0.97 (0.76, 1.24) 1.14 (0.93, 1.39) 1.64 (1.19, 2.26) <0.01
Multivariable-adjusted model’ 1 (Reference) 1.01 (0.79, 1.29) 1.20 (0.97, 1.49) 1.63 (1.15, 2.30) <0.01
Seronegative RA
NHS
No. of cases/person-years 92/789,183 50/393,180 57/568,415 11/103,583
Age-adjusted model 1 (Reference) 1.12 (0.79, 1.58) 0.89 (0.64, 1.25) 1.03 (0.55, 1.95) 0.85
Multivariable-adjusted model’ 1 (Reference) 1.13 (0.79, 1.61) 0.89 (0.63, 1.27) 1.04 (0.53, 2.02) 0.88
NHS 11
No. of cases/person-years 59/818,601 19/223,204 20/370,615 6/105,854
Age-adjusted model 1 (Reference) 1.25 (0.74, 2.11) 0.78 (0.47, 1.29) 0.82 (0.35, 1.90) 04
Multivariable-adjusted model’ 1 (Reference) 1.32 (0.77, 2.26) 0.78 (0.45, 1.34) 0.68 (0.28, 1.68) 0.29
NHS and NHS II pooled?
Age-adjusted model 1 (Reference) 1.15 (0.86, 1.54) 0.86 (0.65, 1.13) 0.95 (0.57, 1.58) 0.54
Multivariable-adjusted model’ 1 (Reference) 1.18 (0.88, 1.59) 0.85 (0.64, 1.15) 0.90 (0.52, 1.53) 0.44

"HRs were calculated by using time-varying Cox proportional hazards models. Sugar-sweetened soda included regular, caffeine-free cola, and other

sugar-sweetened carbonated soda. NHS, Nurses’ Health Study; RA, rheumatoid arthritis.

2 p-trend values were derived from tests of linear trend across categories of soda consumption by treating the median value of each category as

a continuous variable.

7 Adjusted for age, census tract median family income (quartiles), cigarette smoking status (never; past; current, 1-14 cigarettes/d; or current, =15
cigarettes/d), alcohol consumption (<5.0, 5.0-15.0, or >15 g/d), age at menarche (<12, 12, or >12 y), parity and breastfeeding (nulliparous, parous/no

breastfeeding, parous/1-12 mo breastfeeding, or parous/>12 mo breastfeeding), hormone use (premenopausal, postmenopausal with never use, current use, or
past use), physical activity (0-2.9, 3-8.9, 9-17.9, 18-26.9, or =27 metabolic equivalent task-hours/wk), BMI (in kg/mz; <20, 20-22.9, 23-24.9, 25-29.9, or
=30), multivitamin use, Alternate Healthy Eating Index (quintiles), diabetes history, and total energy (kcal, quintiles).

#The results from the 2 cohorts were pooled by using an inverse-variance-weighted, fixed-effects meta-analysis.

understood. Sodas are composed of energy-containing sweet-
eners such as high-fructose corn syrup and sucrose and are
thought to be associated with an increased risk of T2D and CVD
through weight gain, insulin resistance, and inflammation (14).
However, in our analysis, the association was not attenuated after
adjustment for weight change from baseline and current BMI,
suggesting that the deleterious effect of soda on RA development
might not be through weight gain and obesity. A possible role of
sugar in the etiology of RA may be through increased risk of
infection. Published literature implicated refined dietary sugar,
particularly sucrose, as a key causative agent in the development
of periodontal infectious disease, which may share common

pathologic mechanisms with RA (26, 27). There is also moderate
evidence suggesting that infections increase the risk of RA (28).
Exposure to infection may act as a trigger for RA, and a number
of agents have been implicated; however, the epidemiologic data
so far are inconclusive (29). The pathophysiology of RA involves
several inflammatory cascades, which lead to the overproduction
of many cytokines such as TNF and IL-6, and results in sub-
sequent synovial inflammation and joint destruction. A recent
study linking soda intake with coronary artery disease risk
assessed cross-sectional associations between soda consumption
and biomarkers and found that intake of soda was associated with
significantly higher C-reactive protein, IL-6, and TNF receptor 2
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HRs (95% Cls) for incident RA according to cumulative diet soda consumption in the NHS (1980-2008) and the NHS II (1991-2009)"

Diet soda consumption

<1 serving/mo 1-4 servings/mo 2-6 servings/wk =1 servings/d P-trend?
All RA
NHS
No. of cases/person-years 185/641,158 70/232,725 216/670,981 88/315,326
Age-adjusted model 1 (Reference) 1.05 (0.80, 1.39) 1.10 (0.90, 1.35) 0.98 (0.75, 1.26) 0.78
Multivariable-adjusted model’ 1 (Reference) 1.02 (0.77, 1.35) 1.02 (0.83, 1.26) 0.87 (0.66, 1.13) 0.24
NHS 11
No. of cases/person-years 96/496,498 17/116,205 89/464,631 96/443,760
Age-adjusted model 1 (Reference) 0.72 (0.43, 1.21) 0.92 (0.69, 1.23) 1.09 (0.82, 1.44) 0.27
Multivariable-adjusted model’ 1 (Reference) 0.79 (0.46, 1.34) 0.96 (0.70, 1.31) 1.03 (0.75, 1.41) 0.57
NHS and NHS II pooled”
Age-adjusted model 1 (Reference) 0.97 (0.76, 1.23) 1.04 (0.88, 1.23) 1.02 (0.85, 1.24) 0.52
Multivariable-adjusted model® 1 (Reference) 0.96 (0.75, 1.23) 1.00 (0.84, 1.19) 0.93 (0.76, 1.14) 0.71
Seropositive RA
NHS
No. of cases/person-years 125/600,741 39/219,366 133/631,367 52/295,609
Age-adjusted model 1 (Reference) 0.87 (0.61, 1.25) 1.00 (0.78, 1.28) 0.85 (0.61, 1.18) 0.42
Multivariable adjusted model’ 1 (Reference) 0.84 (0.58, 1.21) 0.93 (0.71, 1.20) 0.75 (0.53, 1.05) 0.14
NHS 11
No. of cases/person-years 62/486,459 10/114,690 63/457,377 59/434,053
Age-adjusted model 1 (Reference) 0.64 (0.33, 1.25) 0.98 (0.68, 1.39) 1.04 (0.73, 1.49) 0.54
Multivariable-adjusted model’ 1 (Reference) 0.70 (0.35, 1.38) 1.03 (0.70, 1.51) 0.99 (0.67, 1.46) 0.87
NHS and NHS II pooled?
Age-adjusted model 1 (Reference) 0.81 (0.59, 1.12) 0.99 (0.81, 1.21) 0.93 (0.73, 1.19) 0.95
Multivariable-adjusted model’ 1 (Reference) 0.81 (0.58, 1.11) 0.96 (0.77, 1.19) 0.84 (0.65, 1.09) 0.38
Seronegative RA
NHS
No. of cases/person-years 60/639,122 31/232,061 83/668,876 36/314,328
Age-adjusted model 1 (Reference) 1.42 (0.92, 2.21) 1.34 (0.96, 1.89) 1.26 (0.83, 1.91) 0.51
Multivariable-adjusted model’ 1 (Reference) 1.39 (0.89, 2.17) 1.23 (0.87, 1.75) 1.11 (0.72, 1.71) 0.99
NHS 11
No. of cases/person-years 34/495,617 7/116,014 26/463,798 37/442,836
Age-adjusted model 1 (Reference) 0.88 (0.39, 2.00) 0.80 (0.48, 1.34) 1.17 (0.73, 1.86) 0.30
Multivariable-adjusted model’ 1 (Reference) 0.97 (0.42, 2.25) 0.84 (0.48, 1.46) 1.12 (0.67, 1.88) 0.45
NHS and NHS II pooled?
Age-adjusted model 1 (Reference) 1.28 (0.87, 1.88) 1.15 (0.87, 1.53) 1.22 (0.89, 1.66) 0.23
Multivariable-adjusted model’ 1 (Reference) 1.29 (0.87, 1.90) 1.10 (0.82, 1.48) 1.11 (0.80, 1.55) 0.58

"HRs were calculated by using time-varying Cox proportional hazards models. Diet soda included low-calorie cola, low-calorie caffeine-free cola, and

other low-calorie carbonated beverages. NHS, Nurses’ Health Study; RA, rheumatoid arthritis.

2 P values for trend were derived from tests of linear trend across categories of soda consumption by treating the median value of each category as

a continuous variable.

7 Adjusted for age, census tract median family income (quartiles), cigarette smoking status (never; past; current, 1-14 cigarettes/d; or current, =15
cigarettes/d), alcohol consumption (<5.0, 5.0-15.0, or >15 g/d), age at menarche (<12, 12, or >12 y), parity and breastfeeding (nulliparous, parous/no
breastfeeding, parous/1-12 mo breastfeeding, or parous/>12 mo breastfeeding), hormone use (premenopausal, postmenopausal with never use, current use, or
past use), physical activity (0-2.9, 3-8.9, 9-17.9, 18-26.9, or =27 metabolic equivalent task-hours/wk), BMI (in kg/mz; <20, 20-22.9, 23-24.9, 25-29.9, or

=30), multivitamin use, Alternate Healthy Eating Index (quintiles), diabetes history, and total energy (kcal, quintiles).
#The results from 2 cohorts were pooled by using an inverse-variance-weighted, fixed-effects meta-analysis.

concentrations (30). These results might provide a possible ex-
planation for the potential mechanism underlying our findings,
because it was reported that the advanced glycosylation products
present in the caramel coloring of soda might increase insulin
resistance in animal models (31, 32). Moreover, some studies
found that insulin resistance was prevalent among RA patients, and
the HOMA-IR was associated with inflammatory markers in-
cluding IL-6, TNF receptor 2, and C-reactive protein (33, 34). In
addition, soda intake was shown to be associated with high gly-
cemic load by rapidly increasing blood glucose and insulin con-
centrations (35) and a high glycemic load was reported to induce
insulin resistance and elevated concentrations of inflammatory

biomarkers (36, 37). These lines of evidences may support the
hypothesis that soda intake might increase the risk of RA by virtue
of upregulating the inflammatory cytokines and decreasing insulin
sensitivity.

Our results showed that diet soda was not associated with the
risk of RA. Artificial sweeteners might have very different
metabolic effects compared with added sugars. In a double-
blinded randomized clinical trial, diet soda was shown to be
a good alternative for sugar-sweetened soda in weight control
(38). Evidence from large cohort studies suggested that diet soda
consumption was not significantly associated with T2D and
coronary artery disease (13, 14, 23). Also, short-term intervention
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FIGURE 1. HRs for incident seropositive rheumatoid arthritis according to sugar-sweetened soda consumption in the Nurses’ Health Study (1980-2008)
stratified by age at diagnosis of rheumatoid arthritis. HRs were calculated by using time-varying Cox proportional hazards models. Results were adjusted for
age, census tract median family income (quartiles), cigarette smoking status (never; past; current, 1-14 cigarettes/d; or current, =15 cigarettes/d), alcohol
consumption (<5.0, 5.0-15.0, or =15 g/d), age at menarche (<12, 12, or >12 y), parity and breastfeeding (nulliparous, parous/no breastfeeding, parous/1-12
mo breastfeeding, or parous/>12 mo breastfeeding), hormone use (premenopausal, postmenopausal with never use, current use, or past use), physical activity
(0-2.9, 3-8.9, 9-17.9, 18-26.9, or =27 metabolic equivalent task hours/wk), BMI (in kg/mz; <20, 20-22.9, 23-24.9, 25-29.9, or =30), multivitamin use,
Alternate Healthy Eating Index (quintiles), diabetes history, and total energy (kcal, quintiles). Reference category, <1 serving/mo.

studies found that consumption of artificial sweetener—containing
food was associated with weight loss and reduced concentra-
tions of inflammatory markers (39, 40). Because diet soda does
not provide evidence to support a role in the development of
inflammation, it is unlikely to contribute to the risk of RA.

An interesting finding in our study was that soda consumption
was related only to increased risk of seropositive RA but not
seronegative RA. Seropositive RA consists of the majority of RA
cases, and ~50-80% of patients with RA have positive RF,
ACPA, or both (1). Compared with seronegative RA, seroposi-
tive RA has been more strongly associated with environmental
risk factors such as cigarette smoking, which may induce the
immunologic reaction against citrullinated peptides (41) and is
also associated with a poorer prognosis (42). Soda may con-
tribute to the genesis of autoantibodies that lead to the inflam-
matory cascades which might interact with other environmental
risk factors such as cigarette smoking and diet, but the detailed
biological mechanism remains unclear.

In the current analysis, we found that the associations were not
quite consistent in the 2 cohorts. There were 2 main reasons that
might account for this discrepancy. First, our analysis suggested
that soda consumption was only associated with later onset of
seropositive RA. Participants in the NHS II were, on average,
~10 y younger than those in the NHS. Only 17% of the RA
cases occurred at or after age 55 y in the NHS II, whereas 75%
of cases were later onset in the NHS. Because the relation be-
tween dietary factors and disease usually exhibits long-term
cumulative effects, it might be the additive detrimental effect of
soda over years that results in chronic inflammation and finally
leads to the development of RA. Second, there were significantly
fewer cases in the NHS II than in the NHS, which might result in
insufficient power to detect the potentially different risk of RA
between higher soda consumption groups and lower soda con-
sumption groups. Accordingly, it may be possible to find
a stronger association between soda consumption and risk of
seropositive RA during a longer period of follow-up in the NHS
II when more RA cases occur among elderly women.

In sensitivity analyses that did not exclude the most recent
dietary record, the association between soft drink consumption
and seropositive RA was attenuated but remained significant,
suggesting that preclinical symptoms of RA may lead to diet
changes and reverse causation bias in analyses that include recent
diet assessment. Analysis that used updated soda consumption
(excluding the most recent dietary record) also showed attenuated
associations, suggesting that long-term consumption of soda
might be more relevant to the development of RA compared with
short-term consumption. For the interaction analysis, we found
systematically higher risks of developing RA across soda con-
sumption groups among smokers with =10 pack-years in the
NHS. This result might suggest a synergic effect between soda
consumption and cigarette smoking on the development of
inflammation, because cigarette smoking is associated with
increased concentrations of inflammatory markers (43). In
examining the relation between fruit juice and fruit punch and
the risk of RA, we did not find any significant association in
either of the cohorts. Unlike soda, which consists of large
amounts of added high-fructose corn syrup and advanced gly-
cosylation end products, fruit juices contain many beneficial
components such as vitamins, minerals, soluble fiber, and phy-
tochemicals that may impede systemic oxidation and in-
flammation (44). Our analysis showed that skim milk might be
a good alternative for sugar-sweetened soda in lowering RA risk.
A previous study found an inverse association between milk
products and risk of RA perhaps through the immunomodulating
effects of vitamin D (45). Although the potential biological
mechanism is not known, it was reported that milk’s many anti-
inflammatory components such as lactadherin human milk oli-
gosaccharides and IL-10 (46) might contribute to the decreased
risk of RA.

Our study had several limitations. First, the study population
included only women, so whether the association could also be
present in men remains unknown. Because of the nature of
observational study, it is not possible to establish causality be-
tween soda consumption and risk of RA, because we may not rule
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out the possibility of unmeasured confounding that might
affect the observed association. However, we controlled for
many known RA risk factors that were also plausibly asso-
ciated with soda consumption, which minimized the impact of
residual confounding.

In conclusion, our findings suggest that frequent intake of
sugar-sweetened soda may be associated with increased risk of
later-onset seropositive RA. More epidemiologic studies are re-
quired to confirm the association and to elucidate the potential
biological mechanism.
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