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Abstract

BACKGROUND & AIMS: Nonalcoholic fatty liver disease (NAFLD) is associated with sugar-

sweetened beverage (SSB) consumption in cross-sectional studies. In a prospective cohort, we 

examined the association of beverage consumption (SSB and diet soda) with incident NAFLD and 

changes in hepatic fat in the Framingham Heart Study (FHS).

METHODS: We conducted a prospective observational study of participants from the FHS 

Third Generation and Offspring cohorts who participated in computed tomography sub-studies. 

Participants were classified according to their average SSB or diet soda consumption, which was 
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derived from baseline and follow-up food frequency questionnaires: non-consumers (0-<1/month), 

occasional consumers (1/month-<1/week), and frequent consumers (≥1/week-≥1/day). Hepatic fat 

was quantified by the liver fat attenuation measurements on computed tomography scan. The 

primary dependent variable was incident NAFLD; secondarily, we investigated change in liver fat.

RESULTS: The cohorts included 691 Offspring (mean age, 62.8 ± 8.2 years; 57.7% women) and 

945 Third Generation participants (mean age, 48.4 ± 6.3 years; 46.6% women). In the Offspring 

cohort, there was a dose-response relationship with SSB consumption and incident NAFLD. 

Frequent SSB consumers had 2.53 times increased odds of incident NAFLD compared with 

non-consumers (95% confidence interval, 1.36-4.7) after multivariable analysis. For Offspring 

cohort participants, occasional and frequent consumers of SSB had a more adverse increase in 

liver fat compared with non-consumers.

CONCLUSIONS: Higher average SSB intake is associated with increase in liver fat over 6 years 

of follow-up and increased odds of incident NAFLD especially among the older cohort, whereas 

no consistent association was observed for the younger Third Generation cohort.
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Nonalcoholic fatty liver disease (NAFLD) is a major public health problem worldwide; 

however, most people with NAFLD are asymptomatic and unaware of their diagnosis.1 

Obesity and unhealthy lifestyles are strong modifiable risk factors that contribute to 

NAFLD development.2 Diets high in glycemic load and sugar-sweetened beverage (SSB) 

consumption are associated with an increased prevalence of NAFLD.2 SSBs contain sucrose 

or high fructose corn syrup, and consumption of SSBs contributes to excess calorie 

consumption.3 SSBs may contribute to the development and progression of NAFLD by 

increasing visceral adiposity,4 insulin resistance, and inflammation.5 Along with recent 

increased consumption of SSBs in the United States,6 diet soda consumption has also 

increased.7 Artificial sweeteners in diet soda may result in gut microbiome dysbiosis, 

leaky gut syndrome, and the release of proinflammatory mediators that may contribute to 

NAFLD.8 The extent to which SSB or diet soda intake contributes to the progression and 

incidence of NAFLD is not known.

Prior studies examining the association between SSB or diet soda intake and risk of NAFLD 

yield inconsistent results and are limited by cross-sectional designs.9,10 In cross-sectional 

analysis of data from the Framingham Heart Study (FHS), high consumption of SSB, but 

not diet soda, was associated with prevalent NAFLD, particularly in overweight and obese 

individuals11,12; however, another study observed no such association.9 A systematic review 

demonstrated that high intake of SSB was adversely associated with NAFLD prevalence in a 

dose-response relationship but was also limited by the inclusion of primarily cross-sectional 

studies. Thus, the relationship between SSB or diet soda use and NAFLD incidence was not 

assessed.13

The impact of SSB or diet soda consumption on progression and incidence of NAFLD is 

unknown. We aimed to investigate the prospective association between intake of SSB or diet 
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soda and changes in liver fat, as measured by computed tomography (CT), over 6 years of 

follow-up in the FHS.

Methods

Study Sample

The study sample included participants from the FHS’s Offspring and Third Generation 

cohorts, which have been described in detail.14,15 From 2002 to 2005, 3477 participants 

underwent abdominal multi-detector CT scans to quantify abdominal fat and coronary 

calcium.16 Among these participants, 1886 participants underwent repeat abdominal 

multi-detector CT scanning between 2008 and 2011.17 Participants with high alcohol 

consumption, defined as >14 drinks weekly for women and >21 drinks weekly for men18 

(n = 453), lacked dietary data (n = 95), or other covariates (n = 7) were excluded. Thus, a 

total of 1636 participants (Offspring n = 691 and Third generation n = 945) were included 

in the primary analysis. For the incident NAFLD analysis, we excluded 282 participants 

with prevalent NAFLD (Offspring n = 127 and Third Generation n = 155). The institutional 

review boards at Boston University Medical Center and Massachusetts General Hospital 

approved of this study, and all participants provided written informed consent.

Nonalcoholic Fatty Liver Disease and Continuous Liver Fat Measures

The protocols for measuring liver fat have been described in detail previously.19 Participants 

underwent an abdominal scan with an 8-slice multi-detector CT scanner (LightSpeed Ultra; 

General Electric Health Care, Milwaukee, WI) at baseline (2002–2005) and with a 64-slice 

scanner at follow-up (2008–2011). The Hounsfield units across 3 separate areas in the liver 

were averaged to determine the mean liver attenuation. The mean liver attenuation was 

divided by the attenuation of a “phantom” control and multiplied by 100 to determine the 

liver phantom ratio (LPR).20 A lower value of the LPR represents more liver fat. Change in 

liver fat was calculated by subtracting the baseline LPR measure from the follow-up LPR. 

Increasing liver fat was defined as a decrease in LPR from baseline to end of follow-up. 

Incident NAFLD was defined as LPR ≤0.33 on the follow-up CT scan in participants 

without NAFLD at baseline.19

Sugar-Sweetened Beverage and Diet Soda Consumption

SSB and diet soda intakes were assessed using the Harvard semiquantitative food frequency 

questionnaire, which collects average frequency of intake over the prior year. We used the 

cumulative average approach to determine average intake of SSB and diet soda using data 

from the 2 exam cycles in Offspring cohort (7th and 8th) and Third Generation cohort (1st 

and 2nd), reflecting approximately 6 years of follow-up in each cohort.

Participants from each cohort were categorized according to the frequency of SSB and 

diet soda consumption: none to <1 serving/month (non-consumers), 1 serving/month to 

<1 serving/week (occasional consumers), and ≥1 serving/week (frequent consumers). In 

addition, we classified participants according to the change in SSB or diet soda consumption 

from baseline to end of follow-up: decreasing beverage consumption intake by ≥0.5 serving/
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week, no change in beverage consumption (<0.5 to >0.5 servings/week), and increasing 

beverage consumption intake by ≥0.5 servings/week.

Anthropometry and Covariates Assessment

Standard protocols were used in physical and medical examinations at each visit. Body mass 

index (BMI) was calculated as weight (kg) divided by height squared (m2). Physical activity 

level was calculated on the basis of questionnaire-derived time and intensity of activities in a 

typical day.21 To assess overall diet quality, we calculated the 2010 Alternate Healthy Eating 

Index (AHEI) without the SSB component (when dietary exposure was SSB) or without the 

diet soda component (when dietary exposure was diet soda).22

Statistical Analysis

Multivariable adjusted, logistic, and linear regression models were used to determine the 

odds ratio (OR) for incident NAFLD and least-square means of liver fat change across 

SSB and diet soda consumption categories. For extreme intakes of diet soda (>10 servings 

per day, n = 5), data were imputed using the next maximum values. We designated the 

lowest intake category as the reference category. We examined a predefined list of potential 

confounders (including current smoking status, physical activity, BMI, multivitamin use, 

AHEI adherence, and intake of coffee, diet soda, saturated fat, whole grains, fruits, 

vegetables, alcohol, fish, nuts, multivitamin use) and evaluated the extent to which they 

altered the age, sex, energy intake (kcal/day), and baseline LPR adjusted parameter estimates 

by approximately 10% or more. Factors not found to confound the effects of the beverage 

consumption on liver fat change or incident NAFLD were excluded from final models. 

Multivariable logistic models were adjusted for sex, change in cigarette smoking status, 

and averages of the following variables between the 2 exams including age, energy intake, 

physical activity, coffee intake, and AHEI. Multivariable linear models were adjusted for 

factors mentioned above and baseline LPR. Because body weight may partly mediate the 

association between beverage intake and risk of NAFLD, we adjusted the multivariable 

models for BMI. A test for linear trend across categories of beverage intake was performed 

on the basis of the category-specific medians of beverage intake. In secondary analyses, 

we repeated the above analyses using the change in beverage intake between the 2 exams 

as the independent variable. In these analyses, we adjusted for baseline SSB and diet soda 

simultaneously.

Cohort-specific analyses were performed to generate ORs that were pooled together using 

meta-analysis. Fixed and random-effect models produced similar results. However, in some 

analyses heterogeneity across the cohorts using the I2 statistic was >50%, indicating 

substantial heterogeneity23; therefore, we presented all results from the random-effects 

models. We conducted statistical analyses using SAS statistical software (version 9.4; 

SAS Institute, Cary, NC). All P values were based on 2-sided tests and were considered 

statistically significant at P <.05.
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Results

Baseline Characteristics

Table 1 shows the characteristics at baseline according to SSB intake categories in 

Offspring and Third Generation participants, respectively. Supplementary Table 1 shows the 

average characteristics of the study participants over the study period. Overall, participants 

consuming >1 servings of SSB per week from both cohorts were younger and more likely 

to be men compared with those consuming <1 serving of SSB per week. More frequent 

consumers of SSB also had higher caloric and saturated fat intake compared with less 

frequent SSB consumers. Overall diet quality, as assessed by the AHEI, as well as intake of 

whole grains was lower in frequent SSB consumers compared with less frequent consumers.

Sugar-Sweetened Beverages and Nonalcoholic Fatty Liver Disease

Table 2 shows the cohort-specific and pooled adjusted ORs for incident NAFLD associated 

with SSB and diet soda intake. Participants in the Offspring cohort were followed up for 6 

years (median with interquartile range of 4.5–7.5), whereas those in the Third Generation 

had a median follow-up of 6.2 years (interquartile range, 5.5–6.9). Participants in the 

Offspring cohort who occasionally and frequently consumed SSB had increased odds of 

1.58 (95% confidence interval [CI], 0.86–2.89) and 2.14 (95% CI, 1.18–3.87) of developing 

NAFLD, respectively, compared with those consuming <1 serving of SSB per week in 

the multivariable adjusted model. After further adjustment for BMI, associations became 

stronger because occasional and frequent consumption of SSB was associated with increased 

odds of developing NAFLD (OR, 1.82; 95% CI, 0.97–3.43 and OR, 2.54; 95% CI, 1.36–

4.73), respectively. Results in the Third Generation had a similar direction, although they 

were weaker with no statistically significant trend across consumption categories. In the 

pooled analyses, frequent consumption of SSB was associated with 77% increased odds of 

incident NAFLD compared with no consumption (95% CI, 1.11–2.83).

Diet Soda and Nonalcoholic Fatty Liver Disease

Associations between diet soda intakes and NAFLD risk were weaker than those observed 

for SSB. For Third Generation participants, we observed a statistically significant increased 

odds of incident NAFLD for frequent consumption of diet soda compared with none (OR, 

1.70; 95% CI, 1.11–2.59); however, the association became weak after also accounting for 

BMI (Table 2). Similar results were observed in the pooled analyses.

Secondary Analyses

Overall, participants from both cohorts had an increase in liver fat from baseline to follow-

up. Figure 1 represents adjusted mean liver fat changes associated with categories of SSB 

(A) and diet soda (B) intakes in the Framingham Offspring and the Third Generation. 

Offspring participants who were frequent consumers of SSB significantly increased their 

liver fat compared with non-consumers (LPR: −0.016 ± 0.003 vs −0.004 ± 0.003; Figure 

1A, Supplementary Table 2). There was no consistent association with increasing diet soda 

intake and liver fat changes (Figure 1B). Associations between SSB and diet soda in the 

Third Generation were inconsistent (Figure 1, Supplementary Table 2).
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Table 3 shows the cohort-specific and pooled adjusted ORs for incident NAFLD associated 

with change in SSB and diet soda intake from baseline to end of follow-up. The proportion 

of participants in the Offspring cohort who decreased, maintained, or increased their SSB 

consumption by a half serving per week were 38.6%, 38.6%, and 22.8%, respectively. 

Those who increased their SSB intake by a half serving per week had ~ 2-fold increase 

in NAFLD odds (OR, 2.20; 95% CI, 1.18–4.09) compared with those with stable SSB 

intake over a 6.2-year median follow-up after adjusting for multiple confounders and BMI. 

Similar results were observed in the Third Generation, although they were not statistically 

significant. Proportions in the Third Generation cohort for decreasing, maintaining, and 

increasing SSB consumption were 42.3%, 31.9%, and 25.8%, respectively. In the pooled 

analyses adjusting for multiple confounders and BMI, increased SSB intake was strongly 

and adversely associated with NAFLD odds (OR, 1.70; 95% CI, 1.12–2.56). Finally, there 

were no consistent adverse effects of increasing or decreasing diet soda consumption on 

incident NAFLD odds in the individual cohorts and pooled analyses after adjusting for 

multiple confounders and BMI.

Overall, both cohorts had an increase in BMI and weight over the follow-up period. 

Offspring participants had an average BMI increase of 0.3 ± 2.5 kg/m2 and an average 

weight change of 0.1 ± 6.9 kg. Third Generation participants had an average BMI increase 

of 1.0 ± 2.4 kg/m2 and an average weight change of 2.2 ± 6.9 kg. Incidence of diabetes 

was 3.8% in the Offspring cohort and 3.2% in the Third Generation cohort. Adjusting for 

diabetes status in the multivariable model did not change the results (results not shown).

Discussion

In this community-based prospective study of adults, we observed an adverse association 

between higher SSB consumption and incident NAFLD odds. Frequent consumers of SSB 

had the highest odds of developing NAFLD compared with non-consumers. Findings were 

stronger in the Offspring cohort of the FHS including a clear dose-response relationship. 

Furthermore, participants who increased their SSB intake by a half serving per day 

compared with those who had constant SSB intake over the follow-up period had a 1.7-

fold increase in NAFLD odds after adjusting for multiple confounders including BMI. 

Conversely, decreasing SSB consumption was not associated with decreased liver fat, 

suggesting that reversing liver fat accumulation may require additional dietary changes 

apart from lowering SSB intake alone. We observed no association between diet soda 

consumption and liver fat or incidence of NAFLD.

To date, few studies have evaluated the prospective association between beverage 

consumption (SSB and diet soda) and risk or progression of NAFLD. Our results are 

consistent with previous cross-sectional studies. A prior cross-sectional analysis from 

the FHS including 2634 Offspring and Third Generation participants showed that daily 

consumption of SSB (vs no consumption) was associated with increased odds of NAFLD 

prevalence (OR, 1.61; 95% CI, 1.04–2.50). However, higher consumption of SSB was 

inversely and strongly associated with LPR values in overweight and obese participants, 

whereas no statistically significant trend was seen in participants with normal BMI.24 

Although the study was consistent with our results, it is cross-sectional and lacks 

Park et al. Page 6

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



longitudinal follow-up, whereas the present study benefits from prospectively updated SSB 

intake data and repeated CT scans. In addition, a small randomized controlled trial revealed 

that the consumption of 1 L of sucrose-sweetened soft drink per day could lead to a 

significant 1.4-fold increase in liver fat compared with isocaloric milk, diet soda, and water 

over a 6-month period.25 Although this study shows an adverse relationship between heavy 

SSB consumption and liver fat, the study does not mirror casual beverage consumption 

patterns for most individuals,26 whereas our study is reflective of the average dietary habits 

over a significantly longer time period. Finally, our findings of a dose-response relationship 

between SSB intake and odds of incident NAFLD, especially in the older generation of 

FHS participants, are also similar with the findings in a meta-analysis where consumption 

of low (<1 cups/week), moderate (1–6 cups/week), and high (≥7 cups/week) intakes of SSB 

increased the relative risk of NAFLD by 14%, 26%, and 53%, respectively.13

Although the adverse association between SSB and NAFLD incidence in the Offspring 

cohort was strong, we did not observe similar findings in the younger Third Generation 

cohort. It is possible that Third Generation cohort participants, with a mean age of 45 years, 

included a higher proportion of premenopausal women who may have a decreased risk of 

incident NAFLD from higher estradiol, which may confer hepatoprotective benefits.27 In 

addition, the older Offspring participants may reflect a longer history of SSB consumption 

and be associated with other risk factors before the start of follow-up for this study, 

which may be relevant for the NAFLD induction period. Additional studies are needed 

to determine whether SSB is associated with incident NAFLD in both younger and older 

individuals.

The potential mechanisms underpinning the adverse effects of higher consumption of SSB 

on the pathogenesis of NAFLD are multifactorial. Fructose, the major ingredient of SSB, 

may induce de novo lipogenesis by activating sterol regulatory element-binding proteins 

and carbohydrate-responsive element-binding protein, transcription factors that regulate 

lipogenesis.28,29 The activation of carbohydrate-responsive element-binding protein has 

been demonstrated to increase hepatic lipogenic genes such as stearoyl-CoA desaturase, 

lipogenic carboxylase, and fatty acid synthetase.30 In rodent models, mice fed with high-

fructose diets induced endoplasmic reticulum stress, triggering sterol regulatory element-

binding protein 1c activation to further exacerbate de novo lipogenesis.31 Fructose is also 

capable of bypassing phosphofructokinase, a key rate-limiting step in glycolysis, providing 

substrates for fatty acid synthesis without allosteric inhibition in the presence of excess 

fructose.32 In contrast, diet soda contains non-metabolizable artificial sweeteners such as 

sucralose, aspartame, saccharin, or neotame. A human study on the effect of sucralose 

on small intestinal glucose absorption did not yield significant results in raising blood 

glucose, plasma glucagon-like peptide-1, or serum 3-O-methylglucose,33 suggesting that 

artificial sweeteners may not have a metabolic impact. In support of this, a recent mouse 

study showed that rebaudioside, an artificial sweetener, may have hepatoprotective effects 

in nonalcoholic steatohepatitis by improving endoplasmic reticulum stress-related gene 

expressions.34

Strengths of our study include its longitudinal and community-based nature within a 

relatively large sample. Comprehensive longitudinal data were collected over 6 years, 
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and liver fat was quantified by CT scan. Limitations may include variations in intra- and 

inter-reader reproducibility, although our prior work shows high reproducibility of 0.99 

and 0.99, respectively.19 Furthermore, CT is insensitive to hepatic fibrosis; however, the 

prevalence of hepatic fibrosis in our community-based sample is likely low. Accuracy in 

self-reported dietary habits, especially in longitudinal studies, may be limited and subject 

to recall bias. A review article postulated that food items with a negative health image, ie, 

SSBs, are more likely to be under-reported compared with more positive health foods such 

as fruits and vegetables.35 Underreporting (occasional or frequent consumers reporting no 

consumption) may attenuate results and explain why no association was observed among 

the younger cohort, especially if they had better knowledge of the harms associated with 

SSB consumption. Another limitation is the difficulty in interpreting the LPR because 

this measure is not used clinically. Changes in liver fat may be small, and the clinical 

significance is not known. There are emerging techniques for converting CT measures of 

liver fat to magnetic resonance imaging–derived proton density fat fraction, although these 

methods require external validation.36 Although we investigated the prospective association 

between changes in SSB intake and liver fat, we lacked data on history of SSB intake and 

other risk factors before the start of follow-up in the younger cohort, which may be relevant 

for the development and progression of NAFLD. Finally, the FHS consists of primarily 

white, non-Hispanic individuals; however, to our knowledge, there are no data to support 

why the biological processes leading to NAFLD would differ in more racially and ethnically 

diverse populations.

Conclusion

Our study provides important evidence that higher consumption of SSBs may increase 

the odds of NAFLD development, independent of weight changes, among middle-aged 

individuals in the United States. We found no association with increasing diet soda intake. 

Further population-based studies are needed to identify effective intervention strategies to 

lower SSB consumption for this at-risk population and to confirm the adverse effects of SSB 

on NAFLD in younger populations.
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CI confidence interval

CT computed tomography

FHS Framingham Heart Study

LPR liver phantom ratio

NAFLD nonalcoholic fatty liver disease

OR odds ratio

SSB sugar-sweetened beverage.
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What You Need to Know

Background

Prior cross-sectional studies examining sugar-sweetened beverages (SSBs) and NAFLD 

show a positive association. We investigate the prospective association between SSB 

consumption and incident NAFLD.

Findings

Older adults who drink SSBs are at a higher risk of developing NAFLD, whereas no 

association was seen in the younger generation. Diet soda was not associated with 

worsening liver fat.

Implications for patient care

Sugar-sweetened beverages may be a risk factor to the development of NAFLD that 

is independent to weight changes, especially in older adults. Diet soda may be a safer 

alternative compared with SSBs in decreasing risk of NAFLD.
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Figure 1. 
Multivariable adjusted means of change in liver phantom ratio associated with SSB and diet 

soda intake categories in Offspring cohort (A) and Third Generation (B). The models were 

adjusted for sex, averages of age, physical activity level, energy intake, coffee intake, AHEI 

(without SSB), BMI, intake of diet soda or SSB, change in current cigarette smoking status, 

and baseline LPR. AHEI, Alternate Healthy Eating Index; BMI, body mass index; LPR, 

liver phantom ratio; SSB, sugar-sweetened beverage.
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