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Abstract

Background: Currently, sugar-sweetened beverages (SSB) account for 6% and 9% of energy
intake in American adults and children, respectively. Recently, much attention has focused on the
potential, detrimental public health impact of SSB consumption on cardiometabolic diseases.
Many observational studies have examined the associations between habitual SSB intake and
cardiometabolic risk factors; however, little evidence exists examining the role of habitual SSB
intake on ectopic fat accumulation and insulin resistance.

Aims: The objective of this dissertation is to examine the associations between habitual SSB
intake and 1) fat accumulation in abdominal visceral adipose and subcutaneous depots, 2) risk of
fatty liver disease, and 3) progression of insulin resistance and risk of pre-diabetes.

Methods: Data from the Framingham Offspring cohort and Third Generation cohorts were
examined. Habitual intake of SSB and diet soda was assessed by a validated food frequency
guestionnaire. Ectopic fat accumulation in visceral adipose tissue (VAT), subcutaneous adipose
tissue (SAT) and liver were measured using computed tomography. Fatty liver disease was
defined using measures of liver fat content. Insulin resistance was assessed using homeostatic
model assessment insulin resistance (HOMA-IR). Aim 1: Least-squares means of VAT, SAT, and
VAT:SAT ratio across SSB and diet soda categories were calculated in a cross-sectional analysis
of 2,596 middle-aged participants. Aim 2: Odds ratios of fatty liver disease in SSB and diet soda
consumers relative to non-consumers were estimated in a separate cross-sectional analysis of
2,634 participants. Aim 3: Least-squares means of progression of HOMA-IR (n=2,092
participants) and relative risk of incident pre-diabetes and diabetes (n=1,981 participants) were
calculated in a prospective analysis utilizing over 7 years of data.

Results: Aim 1: SSB consumption was significantly associated with a greater VAT (P-
trend<0.001) and a reduced SAT (P-trend<0.001). SSB intake was also positively associated with
an increased VAT:SAT ratio (P-trend<0.001). Daily SSB consumers had a 10% higher absolute
VAT volume, 12% lower absolute SAT volume, and a 15% greater VAT:SAT ratio compared to
SSB non-consumers. Aim 2: After adjustment for multiple confounders including BMI, SSB
consumption was associated with increased risk of fatty liver disease (P-trend=0.02), with a 55%
increased risk of fatty liver disease in daily consumers of SSB compared to non-consumers. SSB
consumers tended to have a greater liver fat content, however, this association was only
significant in overweight and obese participants (P-trend=0.03). SSB intake was also positively
associated with ALT levels (P-trend=0.007), a surrogate marker of fatty liver disease. Aim 3: SSB
intake was positively associated with change in HOMA-IR (P-trend=0.04). SSB intake was
associated with a higher incident risk of pre-diabetes (P-trend=0.03), with those in the highest
category of consumption (>3 servings/week, median 6 servings/week) having a 39% increased
incidence of pre-diabetes compared with non-consumers. Diet soda intake was not associated
with abdominal ectopic fat accumulation (VAT or VAT:SAT ratio), risk of fatty liver disease, or
progression of insulin resistance.

Summary and Conclusion: Collectively, our observations contribute to the existing literature
showing that, independent of body weight, habitual SSB intake is associated with an increased fat
partitioning to VAT, greater prevalence of fatty liver disease, and elevated insulin resistance.
Given that SSB are a major source of added sugars in the American diet, these results support the
hypothesis that excessive habitual intake of SSB is associated with greater cardiometabolic risk.
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Chapter 1. Introduction

1.1. Background

In the US, a staggering 36% of Americans are obese and 33% are overweight (1). Obesity,
however, is not a homogenous phenotype - not all obese individuals display “classic”
cardiometabolic abnormalities associated with obesity (2; 3). Emerging evidence suggests that
body fat deposition might be a more predictive phenotypic feature of cardiometabolic health.
Recently, a dysfunctional adiposity phenotype, characterized by ectopic fat deposition in the
abdominal viscera and liver, inflammatory dysregulation, and greater insulin resistance, has been
found to be more predictive of chronic disease risk such as diabetes than overall adiposity (3; 4).
However, the underlying causes of this particularly dysfunctional pattern of adiposity remain
unknown.

Increased consumption of added sugars is one aspect of diet that has been linked to
increased risk of obesity in both adults and children (5). In contrast to foods that are rich in
naturally occurring sugars such as fruits, vegetables, and milk, products containing high amount
of added sugars often provide no additional essential micronutrients, and are a major source of
empty calories. Sugar-sweetened beverages (SSB) are the highest single contributor to added
sugar intake in the American diet, reportedly accounting for 36% of added sugar intake (6).

Several observational studies have linked greater SSB consumption to increased risk of
type 2 diabetes (T2D) (7) and cardiovascular disease (CVD) (8; 9). Fat accumulation in ectopic
fat depots such as liver and visceral adipose tissue (VAT) is a potential pathway whereby SSB
consumption leads to an increased cardiometabolic risk. Emerging evidence suggests that sugars
in SSB may provide substrates to promote de novo lipogenesis, leading to fat accumulation in
liver and VAT (10-12). A strong positive association has also been observed between SSB
consumption and metabolic syndrome (7), a clustering of cardiometabolic risk factors, including
insulin resistance. Insulin resistance may arise because intermediate compounds such as

diacylglycerol produced in the process of lipogenesis (13) and/or by adipokines secreted by VAT



(14). Furthermore, under conditions of insulin resistance, more fat may be channeled to be stored
in ectopic fat depots (15). As such, the relationship between SSB consumption, ectopic fat
accumulation, and insulin resistance is complex. Although a limited number of observational and
interventional studies have examined the relationship between SSB intake and fat accumulation in
liver (16) and VAT (17) and insulin resistance (18), the evidence is inconsistent. The research
presented in this dissertation will enhance the knowledge base on the relationship between

habitual SSB intake, insulin resistance and ectopic fat accumulation.

1.2. Central Hypothesis and Specific Aims

The central hypothesis of this dissertation project is that excessive habitual intake of SSB is
associated with greater cardiometabolic risk because of its association with accumulation of
abnormal ectopic fat deposits and elevated insulin resistance. The following specific aims will be
fulfilled to test the hypothesis using data from the Framingham Heart Study cohorts.

Specific Aim #1: To examine the cross-sectional association between SSB intake and fat
accumulation in VAT. The working hypothesis is that, by providing abundant substrates for fat
synthesis, daily excessive SSB consumption is associated with greater fat accumulation in VAT
relative to abdominal subcutaneous adipose tissue (SAT), independent of overall adiposity.

Specific Aim #2: To examine the cross-sectional association between SSB intake and
risk of fatty liver disease. The working hypothesis is that, independent of overall adiposity, SSB
consumption is associated with increased liver fat accumulation.

Specific Aim #3: To examine the longitudinal association between SSB intake and
progression of insulin resistance over 7 years of follow-up. The working hypothesis is that,
independent of overall adiposity, regular excessive consumption of SSB elevates insulin

resistance, as defined using HOMA-IR, and increases the incidence of prediabetes.



1.3. Significance

Cardiovascular disease and diabetes mellitus increase the burden on public health by promoting
disability and premature death in the US (19; 20). The collective morbidity associated with these
diseases leads to an estimated annual cost of over 500 billion dollars (19; 21). Excess SSB
consumption, one modifiable dietary behavior, has been linked with increased risk of type 2
diabetes (7) and cardiovascular disease (8; 9). However, to date, studies examining long-term or
habitual SSB intake and cardiometabolic risk factors, particularly fat accumulation in liver, VAT,
and SAT, and insulin resistance are very limited. No consensus has been reached regarding the
association between SSB intake and cardiometabolic risk factors. Therefore, this dissertation
project will take an epidemiological approach to examine the relationship between SSB
consumption and three cardiometabolic risk factors: abdominal fat partitioning, risk of fatty liver
disease, and progression of insulin resistance. A direct outcome of this dissertation is that it will
generate future hypotheses to be tested in controlled metabolic studies that will give insight into

the underlying mechanisms of increased cardiometabolic risk.
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Chapter 2. Review of Literature

Sugar-sweetened beverage (SSB) consumption has been linked to increased risk of
cardiometabolic diseases. A recent meta-analysis of 8 prospective cohort studies showed that,
compared to non-consumers, daily SSB consumption was associated with an approximately 30%
greater risk of developing T2D (1). In line with these observations, de Koning and colleagues (2)
and Fung and colleagues (3) observed that daily SSB intake was associated with a 20-30%
increased risk of coronary heart disease. One of the underlying risk factors of these chronic
diseases is obesity, which is associated with a chronic inflammatory status and insulin resistance.
Emerging evidence from both observational and intervention studies have linked excess
intakes of added sugars, particularly from SSB, to increased risk of obesity in both adults and
children (4). Using pooled estimates derived from 10 ad libitum randomized studies in adults, an
increase in added sugar intake, approximately 20% of daily energy intake, was associated with an
approximately 0.8 kg change in body weight. These findings suggest that excess energy from
SSB intake may lead to obesity and, subsequently, promote cardiometabolic diseases. However,
not all obese individuals display equivalent cardiometabolic risk. In 6,842 adults, daily SSB
consumption was associated with an unhealthy metabolic profile across BMI strata, suggesting
that SSB consumption may be associated with cardiometabolic diseases independently of overall
body weight (5). Evidence suggests that body fat deposition in ectopic depots might be a more
predictive phenotypic feature of cardiometabolic health. Although some studies showed SSB
intake may be related to increased ectopic fat accumulation in liver (6) and VAT (7), the overall
evidence is inconsistent. It remains unknown whether ectopic fat deposition is a cause or
consequence of insulin resistance, as the two phenotypes are highly associated (8; 9). Some
evidence suggests excess SSB intake may be associated with elevated insulin resistance (10; 11).
This chapter begins by presenting a general overview of commonly consumed sugars and

then reviews the relevant literature encompassing observational studies and randomized



controlled clinical trials (RCT) examining the relationship between SSB intake and ectopic fat
accumulation and insulin resistance. Some potential mechanisms linking SSB intake to these
cardiometabolic risk factors are also presented. It should be noted that, although SSB is the
primary exposure of interest in this review, included studies examined added sugars, total sugars
(including added sugars and naturally occurring sugars), and individual sugars such as sucrose

and fructose to acquire a comprehensive overview of how sugar may affect metabolic health.

2.1 Commonly Consumed Sugars

Sugars exist naturally in many foods such as fruits, vegetables, and milk, and can be added to
food products during processing or preparation. The definition of added sugars in the literature
varies; for instance, ‘free sugars’ and ‘extrinsic sugars’ also represent sugars added to foods and
beverages (12). The United States Department of Agriculture (USDA) defines added sugars as
“sugars and syrups that are added to foods or beverages when they are processed or prepared”
(13). In contrast to foods containing naturally occurring sugars, products high in added sugars
provide no essential micronutrients yet provide considerable amounts of empty calories.

The most common forms of added sugars in the US are high fructose corn syrup (HFCS)
and sucrose (14). Other common added sugars are brown sugar, honey, maple syrup, and fruit
juice concentrate. Compositions of these commonly used added sugars are described in Table 2.1.
All added sugars consist of moieties of sucrose, glucose, and/or fructose. Sucrose is a
disaccharide composed of one molecule of glucose and one molecule of fructose. Sucrose is
digested in the small intestine, where it is broken down to glucose and fructose (15). HFCS
products have various compositions; however, the most common products are HFCS 55 and
HFCS 42 (16), which contain largely equal amounts of fructose and glucose. As such, sucrose
and HFCS are largely similar in chemical composition. The major contributors of added sugars in
the American diet are SSB including fruit drinks, and grain-based desserts, which contribute to 47%

and 12% of added sugar intake, respectively (17).



2.2 SSB Consumption and VAT

It is well known that location of fat storage, rather than overall fat quantity, is more predictive of
cardiometabolic risk (18; 19). Abdominal adiposity, particularly fat accumulation VAT, has been
independently linked to the pathogenesis of T2D and CVD (20). Findings from recent
observational studies also suggest that a greater propensity of fat stored in VAT relative to
subcutaneous adipose tissue (SAT), represented by a ratio between the two fat depots, is
associated with greater risk of T2D and CVD (21; 22). This section presents a review of relevant

evidence regarding the relationship between SSB and intra-abdominal fat deposition.

Evidence from Observational Studies: To date, no prospective study has examined the

longitudinal association between added sugar intake and VAT fat accumulation. Few
observational studies have examined the cross-sectional association between habitual sugar intake
and fat deposition in VAT (Table 2.2). Only a few cross-sectional studies have examined the
association between habitual sugar intake and fat deposition in VAT. One cross-sectional analysis
has been conducted in adults (7). This study determined that, in 791 healthy non-Hispanic adults,
no significant associations were observed between SSB intake and absolute volume of VAT and
abdominal SAT. However, compared to SSB non-consumers, regular SSB consumers (>1
servings/d) had a significantly higher proportion (9%) of VAT relative to SAT, i.e., VAT:SAT
ratio. A cross-sectional analysis (n=559) in adolescents observed that total fructose was positively
associated with VAT volume (23). In this study, total fructose reflects fructose intake from added
sugars and naturally occurring sugars.

In summary, little is known about the relationship between added sugar intake and fat
deposition in VAT over the long term, and whether habitual added sugar intake facilitates fat

accumulation in VAT has not been established.

Evidence from Randomized Controlled Trials: This section summarizes the findings from

relevant randomized controlled trials (RCTSs); however, a more detailed description and pooled



analyses of the data on added sugar intake and ectopic fat depots follows in Chapter 4. One of the
most cited studies on this topic is a parallel RCT conducted in 32 obese participants, in which
high fructose intake (25% of calorie intake), as part of a hypercaloric diet, significantly increased
fat accumulation in VAT, whereas similar intakes of a high glucose (25% calorie intake) had no
significant effect on VAT fat deposition (11). Despite the marginal differences between high
fructose and high glucose diets on VAT fat deposition, this study was the first to suggest a
differential effect of high fructose compared to high glucose on body fat deposition.

Other evidence of sugars’ role in fat deposition arose from a parallel, randomized
controlled trial in overweight or obese adults (n=47), where daily cola consumption (1L) for 6
months led to a significant increase in fat deposition in VAT (24%), while a 7% decrease in VAT
was observed in adults randomized to isocaloric low-fat milk (6). In the abovementioned study
(6), VAT in adults randomized to diet soda and water did not change over the 6 month
intervention but the difference compared to the regular cola group did not reach statistical
significance, perhaps due to a small sample size.

To date, no weight loss intervention study has been designed to reduce sugar intake and
measure changes in fat deposition in adults, however, in obese adolescents, a self-reported
reduction of added sugar intake (by 26%) did not alter fat deposition in VAT after a 16-week
nutrition education program (24).

In summary, only a limited number of studies have examined the potential relationship
between added sugar intake and fat accumulation in VAT, and the results are inconsistent. As
concluded in Chapter 4, there are too few RCTSs to support the hypothesis that, relative to glucose,
fructose intake, under isocaloric conditions, would differentially affect fat accumulation in VAT.
In addition, it remains unknown whether added sugar intake may have a different metabolic effect

on VAT compared to other macronutrients such as proteins.
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2.3 SSB Consumption and Fatty Liver

Currently, an estimated 30% of the US adult population has nonalcoholic fatty liver disease
(NAFLD) (25; 26), a spectrum of pathological disorders that includes simple hepatic steatosis,
steatohepatitis, and cirrhosis that arises even in the absence of alcohol consumption (27).
Individuals with NAFLD are at greater risk of developing T2D (8) and CVD (28). Hepatic
steatosis, or fatty liver, captured using imaging techniques such as computed tomography or
magnetic resonance imaging (25; 26), is the defining characteristic of NAFLD (29; 30). An
unhealthy dietary pattern is an important contributor to development and progression of NAFLD
(31). Recent attention has focused on sugars, in particular fructose, and it has been postulated that

excess fructose leads to an increased risk of NAFLD (32).

Evidence from Observational Studies: Several observational studies, the majority of which are

case-control studies, have observed that individuals with NAFLD are more likely to consume
more fructose (33; 34) or SSB (35-37) compared to controls free of NAFLD as summarized in
Table 2.3. Although the amounts of added sugars consumed varied in different study samples, on
average, individuals with NAFLD consumed approximately 2 times more added sugars than
controls. In a small study conducted in the US, NAFLD individuals consumed 91 g/d fructose
from SSB (34) compared to healthy controls who consumed 43g/d. This excess intake of fructose
is much higher than the per capita fructose consumption (40 g/d) (38) and would reflect the
amount found in six 12 oz. cans of soda.

In a cross-sectional analysis in 349 participants (108 NAFLD cases and 241 normal liver
controls), SSB intake was associated with 50% increased risk of NAFLD (OR=1.5, 95%CI: 1.1,
1.8). Some of these observational studies (35-37) also observed that the significant association
between SSB intake and liver fat deposition was independent of BMI, suggesting that added

sugar intake may specifically affect lipid accumulation in the liver.
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A recent small cross-sectional analysis in children (n=68) observed no significant
association between SSB and liver fat deposition (39). In contrast, Davis and colleagues (40)
observed that genetic variation modified the association between total sugar intake and liver fat
accumulation in small sample of Hispanic children (n=153). In children carrying two copies of
risk alleles for fatty liver, total sugar intake was significantly associated with greater liver fat
deposition. To date, no prospective study has examined the long-term association between added
sugar intake and fatty liver disease. Current literature suggests habitual added sugar intake may
be associated with liver fat deposition; however, limitations such as small sample size and recall

bias may limit these observations.

Evidence from Randomized Controlled Trials: Several short-term clinical trials have examined

the effects of excess fructose intake on liver fat accumulation (41-45), as described in greater
detail in Chapter 4. One small crossover study showed that daily high fructose intake (1.5 g/kg
body weight), as part of hypercaloric diets, increased fat accumulation in the liver by 80%
compared to weight maintaining control diets after 7 days (41). It remains unknown whether the
effect on liver, in the above mentioned studies, was due to excess energy intake or excess sugar.
Similarly, under conditions of positive energy balance, daily consumption of either a high
fructose or high glucose diet (3.5 g/kg fat-free mass) for one week increased liver fat by 52% and
58%, respectively, in 11 young men (42). No differential effect was observed between the high
fructose diet and isocaloric high glucose diet on liver fat accumulation in this study.

In a parallel designed randomized controlled trial in 32 healthy men, Johnston et al (46)
examined the potential effect of fructose and glucose on liver fat under both eucaloric and
hypercaloric conditions. In the first phase of this study, no difference was observed in liver fat in
men randomized either to a high fructose (25% energy) or a high glucose (25% energy) eucaloric
diet. This phase was followed by a 6 week washout period, after which participants were

randomized to either a high fructose (25% energy) or glucose (25% energy) hypercaloric diet for
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a subsequent 2 weeks, during which a similar increase in liver fat was observed with both sugars,
suggesting that excess energy intake is the underlying cause for liver fat accumulation.

Bravo et al (47) examined three doses of HFCS and sucrose, accounting for 8%, 18%,
and 30% of energy intake, on liver fat accumulation in adults (n=60). In this study, usual foods or
beverages were replaced by low fat (1%) milk containing test sugars, ensuring that intervention
diets were designed to meet usual energy requirements for adults. Interestingly, no significant
differences in liver fat accumulation or changes in liver fat were observed after 10 weeks on
either HFCS or sucrose. These findings are in contrast to the previously mentioned RCT
conducted by Maersk et al (6) which showed that, after 6 months, a sucrose-sweetened cola
intervention under ad libitum diet resulted in increased liver fat compared to diet soda, water, and
milk. Variation in the intervention duration may also explain discrepancies in study findings.

As discussed in Chapter 4, short-term RCTs suggest that fructose and sucrose increase
liver fat accumulation only under conditions of positive energy balance, suggesting that the sugar

effect on liver fat accumulation may be attributable to excess energy intake.

2.4 SSB Consumption and Insulin Resistance

Insulin resistance is a condition whereby the sensitivity or responsiveness to metabolic action of
insulin is decreased (48). Insulin resistance is a major contributor of T2D and is a key feature of
many other cardiometabolic diseases (49). Insulin resistance is also associated with prediabetes
(50), a condition that is also known as borderline diabetes. The gold standard for assessing insulin
resistance is the hyperinsulinemic euglycemic glucose clamp, which is often the method of choice
in clinical trials. However, this method is unsuitable for use in large epidemiological studies due
to its complexity and high cost. A valid surrogate index of insulin resistance widely used in
observational studies is the homeostasis model assessment insulin resistance (HOMA-IR) (48),
which is calculated based on fasting plasma insulin and glucose measures. HOMA-IR has been

confirmed as a valid surrogate marker of insulin resistance in epidemiology studies (51).
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Evidence from Observational Studies: To date, 5 cross-sectional studies have examined the

association between different dietary sources of sugars and insulin resistance measured using
homeostatic model assessment (HOMA-IR) in both adults and children (10; 23; 52-54) as
summarized in Table 2.4. In the Framingham Heart Study, a positive cross-sectional association,
independent of body weight, was observed between SSB intake and HOMA-IR in 2,500 healthy
adults (10). In contrast, in a cross-sectional analysis of 5,675 adults, no relationship was observed
between total sucrose and HOMA-IR, yet individual sugars, i.e., glucose and fructose, showed an
unexpected inverse associated with HOMA-IR (53).

In children, several cross-sectional (23; 52) and prospective (54-56) studies have
examined the association between sugar intake and HOMA-IR with inconsistent findings. Using
data from NHANES 1999-2004 (n=2,630), Bremer and colleagues observed a positive
relationship between SSB consumption and HOMA-IR; however, whether the association is
independent of body weight remains unknown (52). In 559 adolescents, a higher total fructose
intake (16.4% energy intake) was associated with greater HOMA-IR (10%) compared to those
with lower fructose intake (8.6% energy intake) (23). Interestingly, this observed association
remained after adjustment for SAT but was attenuated after adjusting for VAT.

The potential association between sugar intake and HOMA-IR has been analyzed in
several long-term, prospective cohort studies in children; however, these studies have provided
inconsistent results, as well. A 2-year follow-up study in children (n=564) reported that higher
intake of added sugar from liquid sources was prospectively associated with increased HOMA-IR,
a 10 g/d higher intake of added sugar consumption was associated with a 0.1 unit (approximately
10%) increase in HOMA-IR (55). In contrast, a prospective analysis with 3-year follow-up in
1,236 adolescents showed that SSB intake was not associated with change in HOMA-IR (56). In
a 6-year follow-up study (n=233), Kynde et al observed no association between total sugar intake

and HOMA-IR (54).
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In summary, conflicting findings have emerged from observational studies examining
habitual sugar intake and HOMA-IR in adults (10; 53; 57; 58) and children (54-56). In addition,
although a recent meta-analysis showed SSB intake was associated with developing T2D and
metabolic syndrome (59), to our knowledge, no studies have considered the long-term association

between excess sugar intake and incidence of prediabetes in healthy adults.

Randomized Controlled Trials: RCTs that examined the potential effect of sugar intake on insulin

resistance are summarized in Table 2.5. Several RCTs have examined potential effects of excess
intakes of sucrose (60; 61) or fructose (41; 62; 63) on insulin resistance assessed using the ‘gold’
standard method, hyperinsulinemic euglycemic glucose clamp. Couchepin et al (62) showed that,
compared to a weigh-maintaining diet, a one-week intervention with overfeeding of fructose (~35%
energy) did not change hepatic glucose production (HPG), i.e., no hepatic insulin resistance. Le et
al (41) conducted a 4 week intervention with a high fructose (35% energy) hypercaloric diet, and
results showed no significant impact of fructose on inhibition of HPG compared to a weight-
maintaining diet. In contrast, a small crossover study (n=7) showed that, compared to a weight-
maintaining diet, a one week, high fructose (25% energy) hypercaloric diet intervention decreased
inhibition of HPG, i.e., increased hepatic insulin resistance (63).

Lewis et al (60) and Black et al (61) compared two energy balance diets and found that,
compared to a lower sucrose (5%-10% energy) diet, a higher sucrose (15%-25% energy) diet did
not substantially change clamp measures. In a crossover study (n=9), Aeberli et al (64) compared
multiple high sugar hypercaloric diets that provided similar overall energy intakes. This study
showed that both high fructose (80g/d, ~15% energy) and high glucose (80g/d, ~15% energy)
diets increased hepatic insulin resistance, and, additionally, the magnitude of increase was similar
following both interventions.

With respect to intervention studies using the surrogate measure - HOMA-IR, the

evidence is also mixed with some studies observing an adverse effect of sugar intake on insulin
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resistance and others observing no effect (65; 66). A parallel, randomized controlled trial of 37
overweight adults showed that, after adjustment for baseline HOMA-IR and change in body
weight, 10-weeks of consuming a high sucrose (~25% energy) ad libitum diet significantly
increased HOMA-IR compared to an ad libitum diet where subjects were fed artificial sweeteners
(65). In contrast, one randomized crossover study showed that an 80 g/d sucrose (~15% energy)
ad libitum diet for 3 weeks did not alter HOMA-IR compared to baseline among 29 healthy, lean
men, between the ages of 20 to 50 years (66).

In summary, short-term intervention studies (41; 60-63; 65; 66) have found an
inconsistent relationship between excess added sugar intake and insulin resistance. Research has
not yet been able to concretely demonstrate an association between long-term SSB consumption

and progression of insulin resistance.

2.5 Potential Mechanisms

A number of potential mechanisms linking excess SSB intake to ectopic fat accumulation and
insulin resistance have been hypothesized, yet the exact pathway remains to be elucidated. One
hypothesis is that both fructose and glucose may act as substrates to promote de novo lipogenesis
(11; 67). According to this hypothesis, excess added sugar intake will lead to increased
triglyceride levels. Under normal conditions, i.e., insulin sensitivity is normal, this increase in
triglyceride levels will result in a flux of triglycerides being channeled to abdominal
subcutaneous adipose tissue (SAT) since the lipoprotein lipase (LPL) in SAT is more sensitive to
insulin than LPL in VAT (68). LPL is the rate-limiting enzyme involved in triglyceride uptake
and storage in the adipose tissue, and this process is regulated by insulin (69). Over time,
adipocyte proliferation and differentiation in SAT may be disturbed by the triglyceride flux (20),
leading to increased fat storage in ectopic depots such as liver and VAT. Multiple factors may

play a role in this process (19), including a genetic predisposition (70-72) and local hormone
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activity (73). However, whether excess added sugar intake or the interaction of high intakes with
a genetic predisposition or other external factors leads to a dysfunctional SAT remains unknown.

A second hypothesis is that intake of fructose increases fat accumulation in the liver. The
isolated effect of excess fructose intake on fatty liver has been demonstrated in animals (74-78).
Fructose is primarily metabolized in the liver, where it converts to pyruvate/acetyl CoA and then
provides substrate for de novo synthesis of fatty acids (79); this pathway is not regulated by the
main rate-limiting enzyme in glycolysis, phosphofructokinase (80). Fructose also stimulates sterol
receptor element binding protein 1c (SREBP-1c) (81), a key transcription factor that upregulates
lipogenesis (82). In addition, fructose provides substrate to form xylulose-5-phosphate (83),
which results in activation of another transcription factor, carbohydrate response element binding
protein (ChREBP), and consequently stimulates lipogenesis (84). In the process of lipogenesis,
sugar may be converted to products such as diacyglycerols that are harmful to insulin signaling
(85).

A third hypothesis stipulates that excess free fatty acids released from VAT may directly
flow through the portal vein to induce hepatic insulin resistance (86). Adipokines secreted by
adipose tissue, particularly VAT, may also trigger insulin resistance in the liver and peripheral
tissue (87). Under conditions of insulin resistance, the less insulin-sensitive LPL in VAT shunts
relatively more triglycerides to deposit in VAT. Fructose may have a direct effect on adipocytes
by promoting intracellular activation of glucocorticoids (88). VAT has higher concentrations of
glucocorticoid receptors than SAT (68). Thus, stimulation of glucocorticoids results in greater
activity of LPL in VAT and promotes fat accumulation in this depot. Therefore, excess added
sugar intake may trigger a vicious cycle to promote insulin resistance and exacerbate ectopic fat

accumulation.

2.6 Summary

In summary, there is some limited evidence from short-term intervention studies to suggest that
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added sugar intake may increase fat accumulation in ectopic depots; however, many of these
studies are confounded by surplus energy intake. In conjunction, the majority of these studies
were designed to study the effect of high intakes of fructose, a sugar moiety rarely consumed in
isolation. Evidence from a limited number of observational studies suggests that high intakes of
added sugar intake may be associated with ectopic fat deposition, independent of body weight.
Many of these studies however are cross-sectional or have some methodological shortcomings
such as potential recall bias and small sample size. With respect to insulin resistance, the
evidence is inconsistent with a limited number of short-term intervention studies reporting a
direct effect of excess added sugar with insulin resistance, while others find no effect on insulin
resistance. Similarly, the cross-sectional association between SSB intake and insulin resistance is
inconsistent. To date, no prospective observational studies have examined the association
between long-term added sugar intake and progression of insulin resistance in adults. Given that
ectopic fat deposition and development of insulin resistance are predictors of cardiometabolic risk,
this dissertation project will fill a gap in the literature on the role of diet, in particular habitual

SSB consumption on ectopic fat accumulation and progression of insulin resistance.
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Table 2.1. Sugar content and composition (16; 89)

Sugars Total sugar  Sucrose Glucose Fructose Other

per 100 g % % % %

HFCS 55 73 - 42 55 3

HFCS 42 71 - 53 42 5

Granulated sugar 100 100 -- -- --

Brown sugar 100 95 1 1 3

Honey 81 1 44 50 5

Maple Syrup 68 86 2 1 11
Fruit juice concentrates *

Apple juice 60 27 13 --

Lemon juice 44 39 17 --

HFCS: high fructose corn syrup; Granulated sugar: sucrose or table sugar

1. Sugar composition of fruit juice varies according to fruits used

25



Table 2.2. Summary of observational studies on the relationship between added sugars and VAT
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Author, Sample

Year, Size Body Weight  Age Dietary

Location Design  Men% Status (y) Exposure Assessment VAT

Odegaard Cross- 791 BMI: 27 kg/m? 43  Sugar-sweetened Food Frequency  SSB intake was not associated with VAT (VAT was 2.3
etal, sectional  (43%) beverages Questionnaire kg, 95% Cl: 2.1-2.4 in daily SSB consumers and was 2.0
2011, kg, 95% CI: 1.9-2.1 in non-consumers, P=0.1)

us (7)

Pollock et al, Cross- 559  BMI percentile: 16 Total fructose 4107 Fructose intake (% energy) was associated with VAT
2012, sectional  (51%) 61 24-h dietrecalls  (cm?), beta=0.13 P=0.03

US (23)




Table 2. 3. Summary of observational studies on the relationship between added sugars and liver fat accumulation
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Author, Sample
Year, Size Body Weight Age Dietary
Location Design  Men% Status (y) Exposure Assessment Liver fat
Adults
Volynets et al, Case- 30 BMI:33 kg/m? (NAFLD); 41  Total sucrose, fructose, Food Frequency NAFLD cases consumed 46% more sucrose (72 vs.51
2012, control (40%) 23 kg/m? (Control) and glucose Questionnaire g/d), 43% more fructose (58 vs. 40 g/d), and 43%
Germany (90) more glucose (54 vs. 38 g/d) than controls; all P<0.05
Abid et al, Case- 90 BMI: 30 kg/m? (NAFLD 43  Soft drink (flavored juice; Two Soft drink consumption was associated with NAFLD
2009, control (49%) with MS); 29 kg/m? regular cola; diet cola) 7-day Food [OR=2.0, 95%CI: 1.0, 5.0, P=0.03]. NAFLD
Isreal (35) (NAFLD w/o MS); 28 Records individuals on average consumed 75 g/d of added
kg/m? (Non-NAFLD) sugars and controls consumed 30 g/d.
Assy et al, Case- 61  BMI: 26 kg/m* (NAFLD): ~30 Softdrink (regular cola  Food Frequency Soft drink consumption predicted 82.5% of NAFLD
2008, control (53%) 25 kg/m? (Control) 40%; diet cola 40%; Questionnaire cases, P<0.05. NAFLD individuals consumed 76 g/d
Israel (36) flavored fruit juice 20%) added sugars, while controls consumed 34 g/d.
Ouyang etal, Case- 73 NR NR  Fructose from sweetened Dietary History ~ NAFLD cases consumed 109% more fructose than
2008, control (NR) beverages controls (91 vs 43 g/d), P<0.05
US (34)
Thuy et al, Case- 18  BMI: 28 kg/m* (NAFLD); 52  Total sucrose, fructose, Food Frequency NAFLD cases consumed more fructose than controls
2008, control (61%) 23 kg/m? (Control) and glucose Questionnaire [(52 vs. 41 g/d), P<0.05]; No significant difference
Germany (33) between cases and controls on total sucrose and
glucose
Zelber-Sagi,  Cross- 349 BMI: 27 kg/m? 51  Soft drinks (sweetened Food Frequency Soft drink consumption (31 g/d) was associated with
2007, sectional  (53%) with sugar) Questionnaire NAFLD, OR=1.5,95% CI: 1.1-1.9

Israel (37)




Table 2.3. Continued.
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Author, Sample
Year, Size Body Weight Dietary
Location Design  Men% Status Age (y) Exposure Assessment Liver fat
Petta et al, Cross- 147 BMI: 27.2 kg/m? 27.2 56  Fructose (Total, 3-day weighed No association between any exposures and moderate-
2013, sectional  (65%) Industrial, or Fruit) Food Record severe steatosis (>20%)
Italy (91)
Children
Mollard etal  Cross- 68 BMI z-score: 2.2 15 Total sugars; Food Frequency Neither total sugar, fructose, or SSB was associated
2014, (39) sectional  (31%) Fructose; Questionnaire with liver fat
Sugar-sweetened
beverages
Davis et al, Cross- 153 BMI percentile: 94 14 Total sugars; Three Total sugars was associated with liver fat (r=0.3,
2010, sectional  (25%) Added sugars 24-h Dietary P=0.04) in PNPLA3 GG carriers, but not in CC or GC
US (40) Recalls carriers; no association between added sugars and
or 3-day Food liver fat
Records

NAFLD: non-alcoholic fatty liver disease; MS: metabolic syndrome



Table 2.4. Summary of Observational studies on the relationship between added sugars and insulin resistance
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Author Year  Study Type Participants Outcomes Exposure Insulin Resistance
(n); Mean Age /Intervention
(Range)
Adults
Lau et al (53) 2005 Cross- 5675; 45y HOMA-IR Dietary sugars (FFQ)  Total glucose and fructose was inversely associated with
sectional HOMA-IR (higher HOMA-IR lower intake, both P=0.002 and
0.001, respectively)
Yoshida et al 2007 Cross- 2500; 54y HOMA-IR SSB, Diet Soda, and  SSB intake was positively associated with fasting insulin and
(10) sectional OGTT (I1S10,120)  Fruit Juice (FFQ) HOMA-IR, but not ISI. Fruit juice was inversely associated
with fasting glucose
Children
Bremer et al 2009 Cross- 2630; 12-19y HOMA-IR SSB (one 24-Hour 1 serving/d of SSB was associated with 0.05 unit increase of
(52) sectional Recall) HOMA-IR, p=0.01
Kynde et al 2010 Cross- Cross-sectional HOMA-IR Dietary sugars (one Total sugar was positively associated with HOMA-IR in girls
(54) sectional 651;12y 24-h Diet Recall + in cross-sectional analysis (f=0.23 for 10g/MJ, P=0.03). No
Prospective Prospective one qualitative Food  cross-sectional association in boys. No prospective association
233;10y Record) in both girls and boys
Pollock et al 2012 Cross- 559; 16y HOMA-IR Total fructose (four Total fructose (tertile) was directly associated with HOMA-IR
(23) sectional to seven 24-h Diet (3.8 vs. 3.4, P=0.04). Additional adjustment for VAT but not
Recalls) SAT attenuated the association to null
Ambrosini et al 2013 Prospective 1294; 14 -17y HOMA-IR SSB (FFQ) SSB was not associated with HOMA-IR
(56)
Wang et al (55) 2014 Prospective 564; 10y HOMA-IR Added sugar (from Each additional 10g/d of added sugar from liquid sources was
457 (HOMA-IR); OGTT (Matsuda solid sources and associated with 0.1 increased in HOMA-IR (p<0.01).
419 (I1SI) ISI) liquid sources, three  Association with HOMA-IR and glucose was observed in

24-h Diet Recalls)

overweight/obese kids, but not in normal weight kids.
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Table 2.5. Summary of randomized controlled clinical trials for added sugars and insulin resistance
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Author Year Study Type Participants  Outcomes Intervention Duration  Insulin Resistance
Leetal (41) 2009 RCT 24M Hyperinsulinemic 1. Eucaloric diet 1 week High fructose intake reduced fasting hepatic
(crossover) 16 T2D euglycemic clamp; 2. Eucaloric diet supplemented (7 days) insulin sensitivity (fasting hepatic glucose
offspring Hepatic glucose output ~ with 3.5 g/d frctuose/kg fat-free output increased and fasting insulin
25y (isotope) mass (35% energy intake) increased). No effect on hepatic glucose
8 healthy production suppression (clamp hepatic insulin
24y resistance). No effect on whole-body insulin
sensitivity (glucose disposal rate)
Lewis et al 2012 RCT 13 (9M, 4F)  Hyperinsulinemic 1. high sucrose (15% energy) 6 weeks  High sucrose diet had higher clamp insulin
(60) (crossover) BMI 32 euglycemic clamp weight maintaining diet sensitivity index (0.04 vs. 0.03, p=0.04). No
kg/m?; OGTT 2. low sucrose (5% energy) difference on hepatic glucose production and
46y weight maintaining diet peripheral glucose utilization.
High sucrose diet had a higher fasting glucose
(5.4 mmol/L vs. 5.0, p<0.01). No difference
in IAUC of glucose. No difference in fasting
insulin and IAUC of insulin
Aeberlietal 2011 RCT 29M HOMAZ2-IR 1.Moderate fructose (40g 3 weeks  No significant changes compared to baseline,
(66) (crossover) BMI 22 fructose/d); 2.Moderate glucose and no difference between groups in
kg/m?: (409 glucose/d); 3.High fructose HOMA2-IR
26y (80g fructose/d); 4.High glucose
(80g glucose/d); 5.High sucrose
(80g sucrose/d); 6.Low fructose
(dietary advice to consume low
free fructose). Participants
consumed ad libitum diet
Sorensenet 2005 RCT 41 (35M, HOMA-IR 1. 125 g/d, 150 g/d, or 175 g/d 10 No difference between groups on HOMA-IR
al (65) (parallel) 6F) sucrose (according to body weeks (1.3 in sucrose and 1.1 in sweetener, p=0.17).
BMI 28 weight) But, after adjusted for change in energy
kg/m? 2. Artificial sweeteners intake, the difference became significant




Table 2.5. Continued.

31

Author Year Study Type Participants  Outcomes Intervention Duration  Insulin Resistance
Aeberlietal 2012 RCT M Hyperinsulinemic 1. 40 g/d fructose (MF) 3 weeks  HF had lower hepatic glucose production
(64) (crossover) BMI 23 euglycemic clamp (low 2. 80 g/d fructose (HF) suppression (hepatic insulin resistance)
kg/m? insulin infusion) 3. 80 g/d glucose (HG) compared to HG (p=0.02), whereas no
23y Fasting measures 4. 80 g/d sucrose (HS) difference b/w HG, MF, and HS.
No difference b/w groups in glucose
metabolic clearance rate (whole body insulin
sensitivity)
Black et al 2006 RCT 13M Hyperinsulinemia 1. Low sucrose (10% energy) 6 weeks  No difference in endogenous glucose
(61) (crossover) BMI 27 euglycemic clamp weight-maintaining diet production and suppression b/w groups. No
kg/m? 2. High sucrose (25% energy) difference in peripheral glucose utilization
33y weight-maintaining diet b/w groups.
Couchepin 2008 RCT 16 (8M, 8F)  Hyperinsulinemia 1. Eucaloric diet 1 week In men, high fructose induced a significant
etal (62) (crossover) M BMI 23 euglycemic clamp 2. Eucaloric diet supplemented (6 days) increase in fasting glucose (from 5.0 to 5.3
kg/m? with 3.5 g/d fructose /kg fat-free mmol/L in men) and insulin (from 44 to 50
FBMI 21 mass pmol/L in men only); Increased endogenous
kg/m? glucose production in fasting status and in
23y 1st-phase during the clamp; also increased
2nd-phase insulin;
In women, high fructose induced an increased
fasting glucose (from 4.7 to 4.9 mmol/L); no
effect on endogenous glucose production and
clamp measures
Faeh et al 2005 RCT ™ Hyperinsulinemia 1. Eucaloric control diet 1.3 days High fructose increased fasting glucose and
(63) (crossover) BMI 20-25 euglycemic clamp 2. High Fructose (3 g/d per kg 2.1wks decreased suppression of endogenous glucose
kg/m?; body weight) in addition to 3.4wks production (increased hepatic insulin
22-31y eucaloric control diet 4.4 wks resistance), but not for glucose clearance (no

3. 7.2 g/d fish oil
4, 2+3

whole body insulin resistance)
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Chapter 3. Statistical Power

Detailed descriptions of methods including selection of the study population, exposure and
outcome assessments, covariate assessments, and statistical analyses are included in each of the
individual manuscripts presented in Chapters 4 to 7. This chapter describes power calculations for
the primary analysis in each manuscript. A 2-independent proportion power analysis and multiple
regression power analysis were used to calculate statistical power for dichotomous response
variables and continuous variables, respectively. In this section, statistical power was estimated
using PROC POWER in SAS statistical software (version 9.3; SAS Institute, Cary, North

Carolina).

3.1. Manuscript 1 (chapter 5)

The specific aim of this study was to examine the cross-sectional association between
SSB intake and fat accumulation in VAT. The final sample size for this specific aim was 2,596
participants after applying exclusion criteria. Thus, this study had 80% power (¢=0.05) to detect a
minimum partial correlation coefficient of 0.055 for association analyses between SSB intake and

measures of abdominal adiposity in multiple regression analysis.

3.2. Manuscript 2 (chapter 6)

The specific aim of this study was to examine the cross-sectional association between
SSB intake and risk of fatty liver disease. The final sample size was 2,634 participants. Given that
the prevalence of fatty liver disease in this study population was approximately 20% (1), we had
80% (0=0.05) power to detect an OR of as low as 1.30 among SSB consumers. We had, at
minimum, 80% power at the a=0.05 level to detect a partial correlation coefficient of 0.055 in the

association analysis using a liver fat variable on a continuous scale.

3.3. Manuscript 3 (chapter 7)

The goal of this specific aim was to examine the longitudinal association between SSB
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intake and progression of insulin resistance over 7 years of follow-up. Given an actual sample
size 2,136, this study had at least 80% power at the a=0.05 level to detect a partial correlation of
0.063 in the association analyses for SSB intake and plasma markers on a continuous scale. In
analysis for the dichotomous outcome prediabetes, the cumulative incidence of prediabetes was
45% at the 8" examine and actual sample size was 1,903 participants. Thus, this study had 80%

(0=0.05) to detect a minimum OR of 1.30 for incident prediabetes in SSB consumers.

3.4. Reference

1. Speliotes EK, Massaro JM, Hoffmann U, Vasan RS, Meigs JB, Sahani DV, Hirschhorn JN,
O'Donnell CJ, Fox CS: Fatty liver is associated with dyslipidemia and dysglycemia independent
of visceral fat: the Framingham Heart Study. Hepatology 2010;51:1979-1987
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Chapter 4.

Is excess added sugar intake linked to ectopic fat? — A systematic review of randomized
controlled trials

Jiantao Ma, Micaela C. Karlsen, Mei Chung, Paul F.Jacques, Edward Saltzman, Caren E. Smith,
Caroline S. Fox, and Nicola M. McKeown

4.1 Abstract

Ectopic fat deposition has been associated with increased cardiometabolic risk. Whether added
sugar intake may have effect on fat accumulation in ectopic fat depots is debatable. We conducted
a systematic review and meta-analysis of randomized controlled trials (RCTs) in humans to
examine the potential effect of added sugar intake on ectopic fat depots. We searched multiple
databases for studies in adults and children older than 4 years of age and published in English
from 1973 to December 2013. We included studies in which ectopic fat was measured using
biopsy and imaging techniques (ultrasonography, computed tomography, magnetic resonance
imaging or spectroscopy). We required that duration of added sugar exposure in the treatment
group was at least 6 days. This systematic review identified 10 RCTs (9examined liver fat, 4
examined visceral adipose tissue (VAT), and 6examined lower extremity muscle fat). The overall
methodological quality of these RCTs is medium to low. We found no RCTs have examined the
effects of added sugar intake on other ectopic fat depots such as kidney, pancreas, heart, and
blood vessels. With limited number of RCTs, meta-analysis showed excess intake of added
sugars under hypercaloric conditions would likely increase ectopic fat accumulation relative to
eucaloric controls, particularly in liver and muscle. We found that there were too few studies (n=5)
that examined potential differential effects on ectopic fat accumulation between isocaloric intake
of different sources or types of added sugars. It remains unknown whether added sugars may be

different from other macronutrients in influencing ectopic fat deposition.

4.2 Introduction

Ectopic fat depots represent accumulation of fat in tissues or organs that typically do not
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accommodate fat, including the liver, abdominal cavity (visceral adipose tissue or VAT), muscle,
kidney, pancreas, heart, and blood vessels (1). Emerging evidence suggests that ectopic fat
accumulation is associated with increased cardiometabolic risk (2). Ectopic fat depots may be
classified based on their postulated association with cardiometabolic risk; liver, VAT, and
muscle are considered depots associated with systematic effects, whereas kidney, pancreas, heart,
and blood vessels are depots associated with local effects (2). Imaging techniques such as
ultrasonography, computed tomography (CT), magnetic resonance imaging (MRI) or
spectroscopy (MRS) are the preferred approaches for accurately quantifying ectopic fat
deposition in research studies (2).

Several narrative reviews have proposed that excess intake of fructose induces fatty liver
disease; however, much of the evidence is based on data from animal studies (3-6). A recent
meta-analysis of controlled feeding trials in human adults concluded that fructose increased liver
fat only when consumed under hypercaloric conditions (7). Fructose is the main component of
added sugars such as sucrose and high fructose corn syrup (HFCS). In fact, half of sucrose and
almost half of HFCS is fructose. Added sugar consumption has been linked to greater
cardiometabolic risk (8). Therefore, it is critical not only to study isolated fructose but also
sucrose and HFCS. We, therefore, performed this systematic review to examine: 1) whether
added sugar intake affects fat accumulation in ectopic fat depots and 2) whether certain types of
added sugars may differentially affect ectopic fat depots compared to other added sugars or

components of diet.

4.3 Method

Search Strategy: We followed the PRISMA protocol to conduct the present systematic review (9).

A literature search was performed through the OvidSP platform. We searched the following
databases: Medline, CAB abstracts, Global Health, and EBM reviews — Cochrane central register

of controlled trials from 1973 to December 2013. We used an “exploded” version of relevant
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Medical Subject Heading (MeSH) terms and other relevant non-MeSH keywords. Search terms
for exposure and intervention treatment included sweetening agents, fructose, sucrose, and sugar-
sweetened beverages and other relevant keywords as listed in Table 4.1. Search terms for ectopic
fat depots included fatty liver, intra-abdominal fat, intramuscular fat, myocardial fat, pericardial
fat, perivascular fat, renal sinus fat, pancreatic fat, and other relevant keywords (Table 4.1). We
also searched reference list in relevant studies for additional studies. Two investigators (JM, MK)
independently screened abstracts. A full-text review for accepted abstract was conducted by at
least one investigator. Discrepancies on inclusion eligibility were resolved by discussion among

investigators.

Selection Criteria: We restricted our literature search to studies conducted in adults and children

older than 4 years of age and published in English. Abstract and full-text screening included both
observational studies and clinical trials. However, we only synthesized original, peer-reviewed,
parallel- and crossover-designed randomized controlled trials (RCTS) in the present systematic
review. A minimum of 6 days duration of added sugar exposure in the treatment group was
required. We used the United States Department of Agriculture (USDA) definition for added
sugars, i.e., “sugars and syrups that are added to foods or beverages when they are processed or
prepared” as added sugars (10). Only studies in which added sugars were consumed together with
foods or beverages were considered. As shown in the Table 2.1, commonly consumed sugars
have similar chemical composition, i.e., 50% fructose and 50% glucose. Thus, added sugars of
interest in this systematic review were essentially fructose and fructose-containing sugars such as
sucrose and HFCS. We required quantification of at least one site of ectopic fat depots through
the use of biopsy or imaging techniques (ultrasound, CT, MRI, and MRS). Hepatic steatosis
related to alcohol consumption, medication use, and specific diseases such as hepatitis C and

Wilson’s disease were not included in this systematic review.
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Data Extraction and Methodological Quality Assessment: We extracted the following

information from each selected study: study characteristics (e.g., authors, publication year, study
location, and funding sources); characteristics of the study sample (e.g., sample size, attrition,
gender, age, and BMI); dietary intake including dietary assessment method used and estimates of
sugar intake; intervention strategy (e.g., randomization, dosage, intervention duration, and
analysis strategy); and potential confounders and effect modifiers. We assessed risk of biases
(selection, performance, detection, attrition, reporting, and other biases) using the Cochrane
method for clinical trials (11). As shown in Figure 4.1, ten criteria were evaluated. We rated the
risk of biases as high, medium, or low risk for each criterion in the included studies.

We extracted the dosage of added sugar intake from all included RCTs. In most studies,
dietary exposure was expressed as the percent of energy from added sugar intake in treatment
groups. In 1 study (12) out of 10, the authors provided only absolute gram intake of sugar and,
thus, we converted intake to percentage of energy intake using estimated energy intake in Dietary
Reference Intake for corresponding age groups (10). Mean and standard deviations of pre- and
post-test measurements or absolute or relative changes of ectopic fat depots were collected. When
data were presented in figures, we used a Java program (Plot Digitizer, v.2.6.4) to digitize

scanned figures.

Data Synthesis: We synthesized studies by age (children vs. adults) and study design
(comparisons between high-sugar hypercaloric diets/low-sugar hypocaloric diet and eucaloric
diets, between various sources or types of sugars, and between sugar and other attributes of diet).
The terms “hypercaloric,” “hypocaloric,” and “eucaloric,” respectively, were used to represent
whether the dietary regimen was designed to be positive, negative, or neutral in energy balance
compared to baseline. We also used “isocaloric” when comparing two test dietary regimens
providing the same calories. We present data on levels of sugar intake, measures of ectopic fat

depots, and body weight.
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Meta-analysis: A meta-analysis was conducted when at least 2 studies were identified for the
same exposure and outcome of interest. Because various techniques and scales were used to
measure a certain ectopic fat depot, meta analyses utilized the standardized mean difference
(Hedges’s method) as described in the Cochrane review handbook (11). If a standard error was
not presented in the original manuscript, a correlation coefficient of 0.5 was used to estimate
standard error. Sensitivity analysis was conducted using correlation coefficients of 0.2 and 0.8. In
all meta-analyses, random effect models were performed using the DerSimonian and Laird
method (13). Heterogeneity was tested using the Cochran Q statistic (p value <0.1 was considered
significant) and 1? index according to standard method . Publication bias was assessed using
Egger’s regression test. Meta-analyses were conducted using Stata 13 statistical software (Stata
Corp., College Station, Texas). A reported P value <0.05 was treated as statistically significant

for each study.

4.4 Results
The initial literature search identified 5,372 abstracts, of which 5,335 were discarded during
initial abstract screening (Figure 4.2). We conducted a full-text review of the remaining 37
papers. We excluded 26 papers on the basis of our study eligibility. Among excluded papers,
there were 4 single-arm trials (14-17), 5 case-control studies (18-22), and 4 cross-sectional (23-
26). We found no prospective observational studies. One RCT comparing the potential effect of
sucrose to isomaltulose (a disaccharide similar as sucrose but with lower hydrolysis rate) on VAT
fat deposition was excluded since isomaltulose is rarely consumed in the American diets.

A total of 10 controlled intervention studies were included in this systematic review.
Some studies examined the potential added sugar effects on multiple ectopic depots. Liver fat,
VAT, and muscle fat were outcomes reported in9, 4, and 6 studies, respectively. We found no
randomized controlled trials examining the relationship between added sugar intake and local fat

depots such as myocardial, pericardial, perivascular, pancreatic, and renal sinus fat. Assessment
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of methodological quality showed more than half of included studies had medium to high risk of

selection, performance, detection, and other biases (Figure 4.1).

Effect of increase and reduce added sugar intake on fat depots: Table 4.2 summarizes the results

from 5 randomized controlled intervention studies, 4 in adults (12; 27-29) and 1 in children (30).
The 4 studies in adults were designed to compare sugars as part of a hypercaloric diet to a
eucaloric control diet that contained no excess sugars. As such, these studies may be confounded
by energy intake, and one cannot separate out energy and sugar effects. Maersk et al. compared
daily consumption of 1 liter of sucrose-sweetened cola with the same volume of diet soda and
water (12). In this study, the energy intake derived from the cola provided 430 kcal/d (~20% of
estimated energy requirement for this age group according to dietary reference intake (10)),
while diet soda and water beverages provided no surplus calorie intake. The reported energy
intake during intervention period however was similar in all 4 interventions. In three trials,
fructose and/or glucose were added to a weight maintaining diet to create a hypercaloric diet
which then was compared to a weight-maintaining diet alone (27-29). In these 3 trials, fructose
and/or glucose provided excess calories of ~35% of energy requirement.

In adults, liver fat was measured in 4 studies (12; 27-29), VAT was measured in 1 study
(12), and muscle fat in 2 studies (27; 28). As shown in Figure 4.3a, the pooled analyses showed
that high-sugar, hypercaloric diets increased liver fat compared to eucaloric control diets. Figure
4.3b showed a significant pooled effect of high-sugar hypercaloric diets in muscle fat
accumulation. Also, the significant pooled effect remained in both meta-analyses when only
studies that examined fructose were analyzed, i.e., after removal of the Maersk et al study. In the
study that examined fat accumulation in VAT, Maersk et al showed that sucrose-sweetened cola
tended to increase VAT compared to diet soda and water interventions, although this observed

effect was not statistically significant (12).
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The study by Hasson et al (30) examined the potential effect of reducing added sugar intake in the
context of a hypocaloric diet on ectopic fat depots in children. This study had 1 control and 2
intervention arms (nutrition education and nutrition education plus strength training). The
nutrition education program was designed to reduce energy intake by decreasing added sugar
intake and increasing intake of dietary fiber, whereas the controls largely maintained baseline diet.
At the end of this 16-week study, the self-reported added sugar intake was reduced by 26% of
energy in the nutrition education intervention group and increased 1% in the controls. No changes

in liver fat or VAT depot were observed after the nutrition education intervention.

Comparison of different sources or types of added sugars on fat depots: In Table 4.3, data are

extracted from 5 RCTs comparing potential effects of various types of sugars in adults (29; 31-
34). Liver fat was examined in all 5 studies, VAT was examined in 2 studies (33; 34), and muscle
fat was examined in 4 studies (29; 31-33). Four of the five studies compared high fructose diets to
high glucose diets (29; 32-34), and one study (31) compared sucrose to HFCS.

Bravo et al (31) examined 3 levels of both sucrose and HFCS, accounting for 8%, 18%,
and 30% of energy requirement for maintaining body weight, on ectopic fat depositions in a 10-
week parallel designed RCT. In this study, participants were instructed to maintain usual energy
intake by replacing usual foods consumed with low fat (1%) beverages containing test sugars. In
our meta-analysis, we compared the contribution of HFCS to sucrose at the same energy intake,
e.g., HFCS (30% energy) vs. sucrose (30% energy). The pooled analysis showed no statistical
difference between HFCS and sucrose for fat accumulation in liver and muscle (Figure 4.4a).

Johnston et al (32), Silbernagel et al (33), and Ngo Sock et al (29) compared fructose to
glucose at contributions of 22% to 35% of energy intake. In the 3 studies (29; 32; 33), high
fructose or glucose contributed to a hypercaloric diet. Additionally, Johnston et al also examined
the effect of fructose compared to glucose as part of a eucaloric diet (32). Meta-analysis showed

no significant differential effects between high fructose and high glucose intake on fat
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accumulation in either liver or muscle (Figure 3b). Exclusion of the Johnston et al (32) study,
where fructose and glucose were part of a eucaloric diet, did not change the observations.

We identified two studies that compared high fructose and high glucose on VAT
accumulation (33; 34). Similar levels of sugar intake were reported in these 2 studies (22% and
25% energy). The pooled analysis showed no significant difference between fructose and glucose
(Figure 4.4b). However, the Stanhope et al (34) study showed fructose tended to promote more
fat accumulation in VAT than glucose after 10 weeks intervention, and this difference reached

statistical significance in men.

Comparison between added sugars and other components of diet on ectopic fat depots: We

identified one study that compared the potential effect of sugar to fat on liver fat accumulation
(35). As shown in Table 4.4, Sobrecases et al observed that both a high fructose hypercaloric diet
(35% surplus energy for 1 week) and a high fat hypercaloric diet (30% surplus energy for 4 days)
increased liver fat accumulation, and the difference between the 2 dietary regimens was not
statistically significant (35). Maersk et al compared the effects of sucrose-sweetened cola to
isocaloric consumption of milk (12). This study found that, compared to milk, sucrose-sweetened
cola significantly increased liver fat and VAT. Intake of sucrose-sweetened cola also led to a
greater increase in muscle fat accumulation than milk; however the observed difference was

marginal and not statistically significant.

Sensitivity Analysis: Sensitivity analyses utilizing correlation coefficients of 0.2 and 0.8 in place

of a correlation coefficient of 0.5 for estimating standard error did not notably change the results
in meta-analyses. Meta-analyses for comparison of high-sugar hypercaloric diets with eucaloric
diets for muscle fat showed a high heterogeneity (1°=86.5%). Removal of the study conducted by

Maersk et al (12) decreased heterogeneity, but a moderate heterogeneity still existed (1> = 61%).
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Risk of Publication Biases: All Egger’s tests were not significant (all P>0.05), suggesting

publication biases were not likely occurred.

4.5 Discussion

In this systematic review and meta-analysis, we observed an increased risk of fat accumulating in
liver and muscle when excess added sugar intake was consumed as part of a hypercaloric diet
compared with eucaloric controls. However, the differences in energy intake between the
treatment and control groups in these studies complicate the interpretation of these findings. Only
two studies have examined whether isocalorie intake from sugars may have a differential effect
on fat accumulation relative to other attributes of diet (12; 35), and it is important to note that one
study (12) (out of 10 RCTSs) observed that daily consumption of cola may differentially affect
ectopic fat accumulation compared to an isocaloric intake of milk. This meta-analysis also
showed no significant differential effect on fat accumulation in liver, muscle, and VAT between
various types of sugars. In addition, this systematic review found no RCTs have examined the
effects of sugar intake on fat accumulation in local ectopic fat depots. The overall caveats of the
present systematic review are that only limited numbers of studies were identified and the
included RCTs showed medium to low overall methodological quality.

Our observation, i.e., high-sugar hypercaloric diets increased ectopic fat accumulation
compared to eucaloric control diets, is consistent with a recent meta-analysis in which high
fructose hypercaloric diets were identified with increased liver fat accumulation (7). This finding
is also consistent with the findings of a recent experiment conducted in monkeys, whereby
monkeys on a high fructose (24% energy) diet consumed more calories and had greater hepatic
fat deposition compared to monkeys on a low fructose (<1% energy) diets.

The finding that no significant difference was observed between various types of sugars
on fat accumulation in ectopic depots is not surprising. Among the identified RCTs, one study

compared sucrose to HFCS and 4 studies compared fructose to glucose. Both sucrose and HFCS
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are composed of 2 monosaccharides, fructose and glucose, and both sugars are able to be fully
digested under normal conditions. As such, similar effects on ectopic fat accumulation are not
unexpected.

Several review articles suggest that fructose tends to increase liver fat (3-6). However, a
direct comparison between fructose and glucose on ectopic fat accumulation is not optimal. Using
a mouse model, Lanaspa et al (36) recently showed that glucose may be converted to fructose
through the polyol pathway in the liver to promote fatty liver accumulation. As such, glucose may
not be an appropriate comparator, and, under normal conditions, isolated fructose is rarely
consumed in the absence of glucose in human diets.

This systematic review gives rise to several potential research questions. To date, no
study in humans has examined whether added sugar intake may have different effects on ectopic
fat depots relative to complex carbohydrates. Interestingly, several animal experiments in rats
found that added sugar intake may induce adverse fat accumulation in the liver compared to
starch under eucaloric conditions (37-39). Experiments conducted by Pagliassotti et al (38) and
Rocal-Jimenez et al (37) showed that sucrose intake (68% and 40% of energy, respectively)
promoted more fat accumulation in the liver in rats compared to the same levels of cornstarch.
Sanchez-Lozada et al also showed that, compared to a control diet (starch as 46% of energy and
maltodextrin as 20% of energy), a combination of fructose and glucose (60% of energy) increased
liver fat and tended to increase intra-abdominal fat in rats (39). Therefore, studies designed to
compare the effect of added sugar to complex carbohydrates on ectopic fat accumulation are
warranted.

The study conducted by Maersk et al observed that compared to cola, isocaloric milk
consumption may have a protective effect on ectopic fat depots, perhaps due to the protein (12).
In line with this observation, Theytaz et al showed that consumption of 5 essential amino acids
significantly attenuated the effect of a high fructose hypercaloric diet on liver fat accumulation in

a small group of healthy men (27). Similarly, in a short metabolic intervention study conducted in
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10 healthy young men, Bortolotti et al observed that protein intake ameliorated liver fat
accumulation induced by a high fat hypercaloric diet (40). Thus, the interaction between sugar
and protein on ectopic fat accumulation also warrants further consideration.

Animal studies have observed that fructose intake may play a role in development of
local fat depots (41-43). A study in male Wistar rats showed that, compared to an isocaloric
cornstarch diet, 20 days feeding of a very high fructose diet (60% of energy) increased heart
tissue triglycerides (41). In a 48 week study using Sprague-Dawley rats, fructose (10% of energy)
in combination with a high saturated fat diet (60% of energy) increased intramyocardial fat
content compared to a normal chow (42). A study also showed that overfeeding swine with a high
fructose hypercaloric diet (20% of energy) increased pancreatic steatosis compared to a eucaloric
control diet after 24 weeks (43). The line of evidence from animal studies indicates that excess
sugar intake may induce fat accumulation in local ectopic fat depots. To date, no human study has
examined the effects of sugar on local ectopic depots, i.e. kidney, pancreas, heart, and blood
vessels are local depots. Further human studies are needed to examine the potential effect of sugar
intake on fat accumulation in local ectopic fat depots.

The underlying mechanism for abnormal fat accumulation in ectopic depots is complex
and remains to be elucidated; however, excess added sugar intake is a contributing factor to
greater energy intake. It is postulated that, under the condition of surplus energy intake,
dysfunction of SAT may occur and then shunt fat to ectopic depots (1). The dysfunctional SAT
may be due to the inability of normal proliferation and differentiation of adipocytes (44). Multiple
factors may be involved in the fat accumulation in ectopic depots such as genetic factors (45; 46)
and local hormone activity (47). However, whether excess added sugar intake or the interaction of
high intakes with genetic predisposition or other external factors lead to a dysfunctional SAT
remains largely unknown.

Alternatively, fructose, a sugar moiety in sucrose and high fructose corn syrup, may play

a crucial role in ectopic fat accumulation (3). It has been hypothesized that excess fructose
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consumption stimulates synthesis of triglycerides in the liver, and, in the process of lipogenesis,
the intermediate products such as diacyglycerols may impair insulin signaling in liver and
peripheral tissues (48), and subsequently may facilitate excessive newly synthesized fat to be
accumulated in ectopic fat depots (1). Under normal conditions, triglyceride flux primarily leads
to SAT because lipoprotein lipase (LPL) in SAT is more sensitive to insulin than LPL in VAT
(49). When insulin resistance occurs, the less insulin-sensitive LPL in VAT shunts triglycerides
to deposit in VAT. Nevertheless, the molecular pathway channeling fat to be accumulated in
ectopic sites is not completely understood.

To date, only limited numbers of intervention studies have examined the potential effect
of sugar intake on ectopic fat deposition. In addition, the overall risk of biases with respect to
methodological quality was medium to high in studies included in the present systematic review.
For instance, several studies did not adequately describe the randomization procedure or whether
study participants were blinded to the study design (21; 31; 50). More importantly, sample size
was small in most of trials, thereby limiting the power of these trials to detect a positive finding.
Furthermore, the power calculations were often not reported and most of intervention duration in
these trials was short (<10 weeks). Thus, it is difficult to know whether studies observing long-
term sugar consumption may result in different findings. In this systematic review, we also
considered whether observational studies, as complementary evidence to RCTs, may facilitate
understanding the relationship between long-term sugar consumption and ectopic fat
accumulation. However, our literature search did not find any prospective cohort studies
examining sugar intake and ectopic fat deposition. Furthermore, due to the scarcity of literature,
this systematic review could not discuss factors that may modify the association between sugar
intake and ectopic fat depots. Last but not least, the standard mean difference method is intended
to facilitate synthesizing the data rather than provide quantitative estimation.

This systematic review showed that, based on a limited numbers of RCTs, excess intake

of added sugars in combination with a hypercaloric diet would likely increase systemic ectopic fat
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depots, particularly liver and muscle fat. We found that there were too few studies that examined
the potential differential effects on ectopic fat accumulation between isocaloric intake of different
sources or types of added sugars. It remains unknown whether sugar intake may have different
metabolic effects on ectopic fat depots compared to other macronutrients. In the future, well-
designed prospective cohort studies and randomized controlled trials, with sufficient sample sizes
and intervention durations, are needed to further our understanding of the relationship between

excess sugar intake and ectopic fat deposition.
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MeSH terms and keywords

Search items

exp Sucrose/ or sucrose.mp.

exp Fructose/ or fructose.mp.

("high fructose corn syrup" or "HFCS" or "glucose fructose syrup" or
"high fructose maize syrup™ or "corn syrup" or "maize syrup" or "corn
sugar" or "corn sweetener" or "saccharose” or "sucrose" or "table sugar"
or "dietary sucrose" or "dietary sugars" or "sugars dietary" or "'sucrose
dietary" or "sugar" or "sugars" or "brown sugar" or "honey" or "invert
sugar" or "molasses" or "'syrup" or "cane sugar" or "fruit juice
concentrate$").mp.

sugar compounds

("sugar sweetened beverage$" or "sugar beverage$" or "non diet sodas"
or "sweetened water$" or "'soft drink$" or "pop" or "soda" or "coke" or
"soda pop™ or "fizzy drink" or "tonic" or "beverages carbonated" or
"carbonated beverages” or "carbonated beverage" or "beverage
carbonated” or "energy drinks" or "drink energy" or "drinks energy" or
"energy drink" or "sport$ drink$" or "sport$ water" or "vitamin water" or
"vitaminwater™).mp.

sugar-sweetened
beverages

("sugar sweetened food$" or "grain based dessert$" or "cookie$" or
"cake$" or "pie" or "dairy based dessert$" or "pudding” or "candy" or
"sugar candy").mp.

sugar-sweetened
foods

or/1-5

exp fatty liver/

("Nonalcoholic Fatty Liver Disease" or "NAFLD" or "Fatty Liver,
Nonalcoholic™ or "Non-alcoholic Fatty Liver Disease" or "Fatty Liver" or
"Liver, Fatty" or "Steatohepatitis” or "Steatohepatitides" or "Visceral
Steatosis" or "Steatosis of Liver" or "Liver Steatosis" or "Liver
Steatoses" or "Steatoses, Liver" or "Steatosis, Liver" or "hepatic fat" or
"liver fat" or "NASH" or "nonalcoholic steatohepatitis” or "intrahepatic
fat" or "intrahepatic triglyceride" or "ihtg" or "intrahepatic lipid$" or
"intrahepatocellular lipid$").mp.

7or8

liver fat

10

("mesenteric fat$" or "mesenteric adipose tissue$" or "omental fat$" or
"omental adipose tissue$" or "Abdominal fat" or "organ fat" or "Intra-
Abdominal Fat" or "Fats, Intra-Abdominal” or "Intra Abdominal Fat" or
"Intra-Abdominal Fats" or "Intra-Abdominal Adipose Tissue" or
"Adipose Tissue, Intra-Abdominal” or "Intra Abdominal Adipose Tissue"
or "Fat, Intra-Abdominal™ or "Fat, Intra Abdominal" or "Retroperitoneal
Fat" or "Fat, Retroperitoneal" or "Fats, Retroperitoneal” or
"Retroperitoneal Fats" or "Retroperitoneal Adipose Tissue" or "Adipose
Tissue, Retroperitoneal” or "Visceral Fat" or "Fat, Visceral" or "Fats,
Visceral" or "Visceral Fats" or "Visceral Adipose Tissue" or "Adipose
Tissue, Visceral" or "Abdominal Visceral Fat" or "Abdominal Visceral
Fats" or "Fat, Abdominal Visceral" or "Fats, Abdominal Visceral").mp.

visceral adipose
tissue

11

("lipid" or "lipids" or "fat" or "TG" or "triglycerides" or "triglyceride" or
"TAG" or "triacylglycerol" or "triacylglyceride" or "steatosis").mp.

intramuscular fat
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("intramuscular” or "muscle” or "muscular" or "IM" or "i.m" or

12 | "intramyocellular” or "myocellular” or "myocyte™).mp.
13 | 1land 12
14 | ("IMTG" or "IMTGs" or "IMCL" or "IMCLs" or "IML" or "IMLs").mp.
15 | 13o0r14
("intrapericardial” or "intra-pericardial” or "extrapericardial™ or "extra-
pericadial” or "pericoronary" or "epicardial” or "pericardial" or
"myocardial” or "perivascular" or "intrathoracic" or "paracardial” or
16 | "periaortic" or "peripheral artery” or "cardiac” or "cardiomyocytes”).mp. | myocardial
steatosis and
17 | 11and 16 pervascular fat
18 | exp Kidney/
("kidney" or "renal or "perinephric" or "perirenal™ or "nephritic" or
19 | "nephrotic").mp.
20 |18o0r19
21 | 11and 20 renal fat
22 | exp Pancreas/
23 | ("pancreas" or "pancreatic').mp.
24 | 22 0r23
25 | 1land 24 pancreas fat
All ectopic fat
26 | 9or10or150r17or2lor25 depots
26 | 6and 26
limit 26 to english language [Limit not valid in CCTR; records were
27 | retained]
limit 27 to humans [Limit not valid in CAB Abstracts,Global
28 | Health,CCTR; records were retained]
29 | remove duplicates from 28
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Risk of Biases in Randomized Controlled Trials

1. Randomization sequence generation..
2. Treatment allocation concealed (selection bias)
3. Blinding of particpants (performance bias)
4. Blinding of personnels (performance bias)

5. Blinding of outcome assessment (detection. . B

6. Complete outcome data (attrition bias)
7. Free selective outcome reporting (reporting. .-
8. Groups similar as baseline (other bias) |
9. Timing of the outcome assessment similar..

10. Ascertain of dietary assessment (other bias)

e e e e e e e
B A RARARRARRARAY

i

o
ha6

B ——
R

0%

Low risk of bias = Medium risk of bias

25% 50% 75% 100%
Proption of studies

g High risk of bias

Figure 4.1. Risk of biases in randomized controlled trials
Assessment based on Cochrane method for clinical trials.

included in systematic review.
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Abstracts identified through 4 electronic databases (MEDLINE, EMBASE — Cochrane
central register of controlled trials, CAB Abstracts, and Global Health)

Liver fat: n=969

Visceral adipose tissue: n=1,038

Intramuscular fat: n=1,632

Myocardial, pericardial, and perivascular fat: n=573

Renal fat: n=1,204

Pancreas fat: n=863

After remove duplicates, n=5,372

Abstracts excluded, n=5,288

Full text reviewed, n=37

Full text articles excluded
because 1) not relevant to study
objective; 2) using same study
sample (in this case, only one
study was recruited in the
present study); 3) single arm
trial; 4) observational studies (no
prospective): n=26

Randomized controlled trials recruited in the present
systematic review (n=10)

Liver fat:
Visceral adipose tissue

Intramuscular fat

Myocardial, pericardial, and
perivascular fat

Renal fat

O O o o M~ ©

Pancreas fat

Figure 4.2. Flow diagram of search and selection process.
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Table 4.2. RCTs designed to compare high sugar hypercaloric diet (or low sugar hypocaloric diet) to eucaloric controls in adults and children *

Author, Energy Results
Year, Duration Intake Body
Location Design Participants Treatment (weeks) (designed) Weight Liver Fat VAT Muscle Fat Comments
Adults
Maersk et al,  Parallel n=10, 60% men, Sucrose 26  Hypercaloric  BW change was Liver fat was VAT was Muscle fat was  Observed change
2012, BMI: 31.3 sweetened (ad libitum diet 1.3% in SSB increased 134% in increased 24% in increased 198% in in ectopic fat
Denmark (12) kg/m?, Age: 39y cola supplemented  intervention; SSB intervention; SSB intervention; SSB intervention; depots may be due
with 1L/day 0.1% in diet soda decreased 4% in increased 1% in  decreased 31% in to small absolute
SSB accounting intervention; diet soda diet soda diet soda increase in body
for ~20% of 0.6% in water intervention; intervention; intervention; weight.
energy %) intervention. No increased 2% in  decreased 1% in increased 80% in
significant water water water
difference intervention. intervention. No intervention. No
between study ~ Compared to diet significant significant
arms (P=0.8) colaand water  difference difference
n=12. 25% men, Diet cola 26 Eucaloric (ad interventions, between study between study
BMI: 32.8 libitum diet SSB intervention arms, P=0.14 and arms, P=0.08 and
kg/m? Age: 39 y supplemented §ignificant|y P=0.1, _ P>0.05_,
with diet soda) :pcrez;sted more  respectively. respectively
iver fa

accumulation
(both P<0.05).

n=13, 38% men, Water 26 Eucaloric (ad
BMI: 32.2 libitum diet
kg/m?, Age: 39y supplemented

with water)
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Author, Energy Results
Year, Duration Intake Body
Location Design Participants Treatment (weeks) (designed) Weight Liver Fat VAT Muscle Fat Comments
Theytaz etal, Cross n=9, 100% men, Fructose ~1  Hypercaloric  Post- Fructose NR NR Tested fructose
2012, over BMI: 22.6 kg/m?, (WM diet intervention intervention exceeded 3 times
Switzerland Age: 23y supplemented BW was 71  increased 116% and the mean intake in
27) with fructose kg in the two 81% liver fat American diet
accounting for fructose arms compared to (51).
35% of energy) and 70 kg in  controls, (both
controls. No  P<0.05),
Significant  respectively
difference
between
study arms
(P>0.05)
Leetal, 2009, Cross n=24,100% men, Fructose + ~1  Hypercaloric  Compared to Compared to NR Compared to
Switzerland  over BMI 19-25 kg/m?, Essential (WM diet controls, controls, fructose controls, fructose
(28) Age: 25y amino acids supplemented  fructose intervention intervention
(n=16: type 2 with fructose  intervention increased ~50% increased ~20%,
diabetes patients’ accounting for significantly liver fat, P<0.05 P<0.05
offspring; n=8 35% energy) increased
normal healthy BW (P<0.05)
adults) Control ~1  Eucaloric diet

(WM diet)
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Results
Author, Energy
Year, Duration Intake Body
Location Design Participants Treatment (weeks) (designed) Weight Liver Fat VAT Muscle Fat > Comments
Ngo Sock et al, Cross n=11, 100% men, Fructose 1 Hypercaloric  Compared to Compared to NR Compared to
2010, BMI: 19-25 (WM diets controls, controls, fructose controls, fructose
Switzerland kg/m?, Age: 25y supplemented  fructose intervention intervention
(29) with either intervention  increased 52% increased 49%
fructose or increased (P<0.05) and (P>0.05) and
Glucose 1 glucose BW by 0.6  glucose intervention glucose
accounting for kg (P<0.01) increased 58% intervention
35% energy)  and glucose  (P=0.06) increased 84%
intervention (P<0.05)
Control 1 Eucaloric diet anrgfg%é
WM diety <9 (P<0.09)
Children
Hasson et al, n=30, Added sugar 16  Hypocaloric No No significant No significant NR Added sugar intake
2012, Obese, reduction diet (reducing significant  difference between difference was reduced by
US (30) Age: 14-18 y 10% energy difference in  study arms (pre- between study 26% in the
from sugars) BW change posttest change was arms nutrition
between <1% in both arms) intervention and
n=39, Control 16  Eucaloric diet  study arms increased by 1% in
Obese, (no dietary controls. Absolute
Age: 14-18 y intervention) intake of fat

content was not
reported.
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Author, . . Results
Year, Duration Energy Intake
Location Design Participants Treatment  (weeks) (designed) Body Weight Liver Fat Muscle Fat Comments
Bravo etal, Parallel n=8, 50% men, HFCS (55% 10 Eucaloric Compared to Compared to No significant Sugar was
2013, BMI: 27.1 kg/m?  fructose) (WM diet with baseline, BW baseline, changes in difference between consumed in
US (31) Age: 39y HFCS replacing was liver fat were 1.7, groups in vastus reduced fat
8% of energy) increased 2 2.4,1.4,-3.1,-1.9, lateralis muscle (P (1%) milk
kgand1kg and-0.7 % in 8% for interaction
n=13, 77% men, Sucrose 10  Eucaloric in 30% HFCS, 18% HFCS, =0.2); No
BMI: 28.4 kg/m?, (WM diet with HFCSand  30% HFCS, 8% significant
Age 34y sucrose replacing 30% sucrose  sucrose, 18% difference b/w
8% of energy) arms, sucrose, and 30% groups in gluteus
n=12, 83% men,2 HFCS (55% 10 Eucalorjc . Egzpt)ﬁctlvely is#tcerrc\J/seentionS, ?I;a;g;n o muscl
BMI: 27.5 kg/m®,  fructose) (WM diet with P<0.05); No respectively; interaction=0.6)
Age: 37y HIzCS replacing significant ~ Overall between
18% of energy) changes in group difference
n=10,30% men,  Sucrose 10 Eucaloric other groups  was not significant
BMI: 26 kg/m?, (WM diet with (P for interaction
Age: 42y sucrose replacing =0.21)
18% of energy)
n=11, 36% men, HFCS (55% 10  Eucaloric
BMI: 28.6 kg/m?,  fructose) (WM diet with
Age: 44y HFCS replacing
30% of energy)
n=10, 50% men, Sucrose 10  Eucaloric
BMI: 25.6 kg/m?, (WM diet with

Age: 37y

sucrose replacing
30% of energy)
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Author, . . Results
Year, Duration Energy Intake
Location Design Participants Treatment  (weeks) (designed) Body Weight Liver Fat VAT Muscle Fat Comments
Johnston Parallel n=15, 100% men,  Fructose 2 Eucaloric No change in  No change in both NR No change in In the
etal, BMI: 30 kg/m?, (fructose or glucose  both interventions soleus muscle fat  eucaloric
2013, Age: 35y replacing interventions compared to in both phase, energy
UK (32) 25% energy of ad compared to  baseline; no interventions from fat was
libitum diet) baseline; no  difference between compared to likely
difference study arms baseline; no replaced by
n=17, 100% men,  Glucose 2 between study difference between sugars
BMI: 28.9 kg/m*, arms study arms
Age: 33y
Johnston Parallel n=15, 100% men,  Fructose 2 Hypercaloric Both arms Compared to NR No change in
etal, BMI: 30 kg/m?, (ad libitum diet increased BW baseline, liver fat soleus muscle fat
2013, Age: 35y supplemented with ~ (~ 1 kg); no  was increased by in both
UK (32) fructose or glucose  difference ~14% in fructose interventions
_ accounting for 25%  between intervention and compared to
n—17', 100% me';" Glucose 2 energy) study arms  ~24% in glucose baseline; no
BMI: 28.9 kg/m*, . . .
Age: 33 y invention (both difference between
P<0.05). No study arms
significant

difference between
groups
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Author, . . Results
Year, Duration Energy Intake
Location Design Participants Treatment  (weeks) (designed) Body Weight Liver Fat VAT Muscle Fat Comments
Silbernagel  Parallel n=10, 70% men, Fructose 4 Hypercaloric No Increase of liver fat  Fructose Fructose increased
etal, BMI: 25.5 kg/m?, (WM supplemented  significant was 0.45 and intervention tibialis anterior
2011, Age: 33y (n=8 with either fructose  pre-posttest  0.52 % signal in increased VAT by  muscle fat by
Germany had image data) or glucose change in BW fructose and glucose 0.07 kg, while 0.97+0.61
(33) accounting for 22%  in fructose interventions, glucose intervention (arbitrary units),
energy) intervention  respectively; No increased while glucose
(0.2 kg, difference between 0.07 kg; No decreased
P=0.4); groups, P=0.98 difference between 0.26+0.54; No
n=10, 50% men, Glucose 4 Glucose groups, P=0.98 difference between
BMI: 26.2 kg/m?, intervention group, P=0.17
Age: 28 y (n=9 increased BW
had muscle fat by 1.7 kg,
measures) P=0.001;
No statistical
difference
between study
arms, P=0.06
Stanhope Parallel n=17, 53% men, Fructose 10  Hypercaloric BW was NR VAT was increased NR
etal, BMI: 29.3 kg/m?, (ad libitum diet with increased 1.4 14% (P<0.01) in
2009, Age: 53y 25% energy replaced kg in fructose fructose intervention
US (34) by either fructose or intervention and 3.2% (P>0.05)
glucose for 2 weeks, and 1.8 kg in in glucose
and followed by 8 glucose intervention; No
n=15, 47% men, Glucose 10  weeks of ad libitum intervention, statistical difference

BMI: 29.4 kg/m?,
Age: 55y

diet supplemented
with either fructose
or glucose
accounting for 25%

energy)

compared to
baseline; No
difference
between study
arms, P=0.47

between groups,
P=0.06 (a marginal
significant fructose
effect was observed
in men, P=0.048)




Table 4.3. Continued.

61

Author, Results
Year, Duration Energy Intake *
Location Design Participants Treatment (weeks)  (designed) Body Weight Liver Fat VAT Muscle Fat Comments
Ngo Sock Cross n=11, 100% men,  Fructose 1 Hypercaloric BW was Fructose NR Fructose The authors
etal, over BMI: 19-25 (WM diets increased 0.6 intervention intervention concluded that
2009 (29) kg/m?, supplemented with kg in fructose increased liver fat by increased 49% glucose
Age: 25y Glucose 1 either fructose or intervention  52% (P<0.05) and tibialis anterior increased
glucose and 1 kgin  glucose intervention muscle fat (P>0.05) more muscle
accounting for 35%  glucose increased 58% and glucose fat than
energy) intervention; (P=0.06); Difference intervention fructose
Difference between groups was increased
between not significant 84%186%
groups was (P<0.05); Between

not reported

group difference
was not reported

1. Hypercaloric or eucaloric reflects energy balance comparing interventions to baseline. 2. Muscle fat was measured in various locations in lower extremity. 3. Energy from SSB was

estimated based on dietary reference intake of similar age group (10). WM diet: Weight-maintaining diet; BW: body weight; NR: not reported
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Author, Results
Year, Duration  Energy Intake®
Location Design Participants Treatment  (weeks) (designed) Body Weight Liver Fat VAT Muscle Fat Comments
Maersk et al, Parallel n=10, 60% men, Sucrose 26  Hypercaloric BW increased Liver fat was VAT was Tibialis anterior
2012, BMI: 31.3 kg/m?, ~ sweetened (ad libitum diet 1.3 kg in SSB increased 134% increased 24%  muscle fat was
Denmark (12) Age: 39y cola supplemented with  group and 1.4 kg in SSB group in SSB group increased 198% in
1L /day of either in milk and decreased and decreased  SSB group and
n=12, 25% men, Milk 26 cola or milk, intervention; No 9% after milk 8% in milk decreased 25% in
BMI: 31.9 kg/m?, ~20% energy) between group intervention; group; Group  milk group; Group
Age: 38y difference, P=0.8 Group difference difference was difference was not
was significant,  significant, significant, P=0.09
P<0.05 P<0.05
Sobrecases Parallel n=12, 100% men, Fructose 1 Hypercaloric BW was Liver fat was NR NR Randomization
etal, BMI: 22.6 kg/m?, (WM diet increased in increased by was not reported
2010, Age: 24y supplemented all study arms, 16%, 86%, and
Switzerland with fructose as ~0.3 kg. No 133% in
(35) 35% energy) significant fructose, fructose
difference b/w plus fat, and fat
n=8, 100% men, Fructose + Fat 4 days Hypercaloric study arms, groups. Fructose
BMI: 22.6 kg/m’, (WM diet P>0.05 plus fat increased
Age: 24y supplemented with more liver fat
fructose and fat as than the other 2
65% energy) groups, P<0.05
n=10, 100% men, Fat 4 days Hypercaloric

BMI: 22.6 kg/m?,
Age: 24y

(WM diet
supplemented with
fructose as 30%

energy)

1. Hypercaloric or eucaloric reflects energy balance comparing interventions to baseline. 2. Energy from SSB was estimated based on dietary reference intake of similar age group (10). WM
diet: Weight-maintaining diet; BW: body weight; NR: not reported
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igh-Sugar ercaloric Diet vs. Eucaloric Diet on Liver Fat Accumulation
A High-Sugar Hypercaloric Diet vs. Eucaloric Diet on Liver Fat A lat
Energy %
Author Year Sugar (%) SMD (95% ClI) Weight
Maersk et al 2012 Sucrose 22 3 1.34 (0.39, 2.29) 12.36
Theytaz 2012 Fructose 35 T 1.10(0.27,1.92) 16.17
Ngo Sock et al 2010 Fructose 35 —_ 0.48 (-0.14,1.10)  28.40
Leetal * 2009 Fructose 35 —_— 1.09 (0.47, 1.71) 28.89
Le et al ** 2009 Fructose 35 : 1.12 (0.23, 2.00) 14.17
Overall (I-squared = 0.0%, p = 0.510) <> 0.95(0.62,1.29)  100.00
NOTE: Weights are from random effects analysis :
T T T T
-1 0 1 2 25
Favors high-sugar hypercaloric diet
Standardized Mean Difference
B High-Sugar Hypercaloric Diet vs. Eucaloric Diet
in Fat Accumulation in Lower Extremity Muscle
Energy %
Author Year  Sugars (%) SMD (95% ClI) Weight
Maersk et al 2012 Sucrose 22 —f—O— 1.14(0.23, 2.06) 14.36
Ngo Sock et al 2010  Fructose 35 ——0—%— 0.48 (-0.14, 1.11) 31.09
Leetal* 2009  Fructose 35 —0-%— 0.72(0.17,1.27) 40.16
Leetal ** 2009  Fructose 35 —.—.— 1.23(0.31, 2.15) 14.38

Overall (I-squared = 0.0%, p = 0.484)

NOTE: Weights are from random effects analysis

0.78 (0.43, 1.13)

i
T T T T

100.00

-1 0 1 2 3

Standardized Mean Difference in Muscle Fat

Figure 4.3. Comparisons effects of high-sugar hypercaloric diets with eucaloric diets with no

excess added sugars on fat accumulation in A) liver and B) in lower extremity muscle. Data

were presented as standardized mean difference with 95% confidence interval. Meta-analyses
were conducted using DerSimonian and Laird’s random effect models. Participants were
offspring of type 2 diabetic patients in Le et al* and were normal individuals in Le et al**. Panel
A. overall effect, Z=5.62, P<0.001. Panel B. overall effect, Z=4.38, P<0.001. In Maersk et al
study, comparisons between sucrose-sweetened cola to diet soda were used in meta-analysis;
however, results are same when using comparisons between sucrose-sweetened cola to water.
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A Comparisons the Potential Effect of HFCS and Sucrose on Ectopic Fat Accumulation
Energy %

Author Year (%) SMD (95% CI)  Weight
1. HFCS vs. Sucrose (in Liver)
Bravo 2013 30 0.26 (-0.60, 1.12) 33.81
Bravo 2013 18 0.38(-0.47,1.23) 34.61
Bravo 2013 8 0.36 (-0.53, 1.25) 31.57
Subtotal (l-squared = 0.0%, p = 0.979) —_——— 0.33(-0.17, 0.83) 100.00
2. HFCS vs. Sucrose (in Vastus Lateralis)
Bravo 2013 30 0.49 (-0.38 1.362 33.47
Bravo 2013 18 -0.30'(-1.14, 0.54) 34.66
Bravo 2013 8 -0.63 (-1.53, 0.27) 31.87
Subtotal (I-squared = 39.0%, p=0.194) —— T — -0.14 (-0.79, 0.50) 100.00
3. HFCS vs. Sucrose (in Gluteus Maximus)
Bravo 2013 30 -0.30 (-1.16, 0.56) 33.54
Bravo 2013 18 0.02 (-0.82, 0.86) 35.15
Bravo 2013 8 0.36 (-0.53, 1.25) 31.31
Subtotal (l-squared =0.0%, p = 0.579) e — 0.02 (-0.48, 0.52) 100.00

NOTE: Weights are from random effects analysis

T T
-2 -1

Favors

1
HFCS

Standardized Mean Difference

B

Energy
Author Year (%)

1. Fructose vs. Glucose SE Liver)

Comparisons the Potential Effect of Fructose and Glucose on Ectopic Fat Accumulation

%
SMD (95% CI)  Weight

Johnston et al * 2013 0.15 (-0.54, 0.84_; 25.37
Johnston et al ** 2013 25 -0.12(-0.81, 0.57) 25.37
Sibernagel etal 2011 22 -0.16 (-1.09, 0.77) 14.17
Ngo Sock etal 2009 35 —_— .00 (-0.59, 0.59) 35.0
Subtotal (I-squared = 0.0%, p = 0.940) e — -0.02 (-0.37, 0.34) 100.00
2. Fructose vs. Glucose gn Visceral Adipose Tissue)
Sibernagel etal 2011 22 0.00 (-0.93, 0.93) 36.69
Stanhope etal 2009 25 0.54 (-0.17, 1.24) 63.31
Subtotal (I-squared = 0.0%, p = 0.370) _  — 0.34 (-0.22, 0.90) 100.00
3. Fructose vs. Glucose gn Muscle)
Johnston etal * 2013 25 -0.33(-1.03, 0.37) 26.79
Johnston et al ** 2013 25 -0.23 (-0.93, 0.47) 26.79
Sibernagel etal 2011 22 0.70 (-0.29, 1.693 16.47
Ngo Sock etal 2009 35 s — -0.58(-1.22, 0.06) 29.94
Subtotal (I-squared = 34.9%, p = 0.203) _ -0.21 (-0.67, 0.25) 100.00
NOTE: Weights are from random effects analysis

T T T T

-2 -1 0 2

Favors

1
Fructose

Standardized Mean Difference

Figure 4.4. Comparisons potential effects on ectopic fat accumulation between A) sucrose and HFCS
(high fructose corn syrup) and B) between fructose and glucose. Data were presented as standardized
mean difference with 95% confidence interval. Meta-analyses were conducted using DerSimonian
and Laird’s random effect models. Energy intake from tested sugar and diet were same in each
comparison. Panel A. 1) in liver fat, Z=0.08, P=0.93; 2) in VAT (visceral adipose tissue), Z=1.18,
P=0.24; 3) in muscle, Z=0.89, P=0.37. Panel B. 1) in liver, Z=1.31, P=0.19; 2) in Vastus Lateralis
muscle, Z=0.43, P=0.67; 3) in gluteus maximus muscle, Z=0.08, P=0.94. All comparisons between
HFCS and sucrose were extracted from same trial. Two high-sugar eucaloirc diets were compared in
Johnston et al * study and two high-sugar hypercaloric diets were compared in Johnston et al **

study.
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Chapter 5.
Sugar-sweetened beverage consumption is associated with abdominal fat partitioning in

healthy adults *
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5.1 Abstract

Abdominal adiposity, particularly visceral adipose tissue (VAT), is independently linked to the
pathogenesis of diabetes and cardiovascular diseases. Emerging evidence suggests that greater
intake of sugar-sweetened beverages (SSBs) may be associated with abnormal fat accumulation
in VAT. We examined whether habitual SSB consumption and diet soda intakes are differentially
associated with deposition of body fat. We conducted a cross-sectional analysis using previously
collected data in 2596 middle-aged adults (1306 men and 1290 women) from the Framingham
Heart Study Offspring and the Third Generation cohorts. VAT and abdominal subcutaneous
adipose tissue (SAT) were measured using multidetector computed tomography. Habitual intake
of SSBs and diet soda was assessed by a validated food frequency questionnaire. We observed
SSB consumption was positively associated with VAT after adjustment for SAT and other
potential confounders (P-trend<0.001). We observed an inverse association between SSB
consumption and SAT (P-trend=0.04)that persisted after additional adjustment for VAT (P-
trend<0.001). Higher SSB consumption was positively associated with VAT-to-SAT ratio (P-
trend<0.001). No significant association was found between diet soda consumption and either
VAT or VAT-to-SAT ratio, but diet soda was positively associated with SAT (P-trend<0.001).
Daily consumers of SSBs had a 10% higher absolute VAT volume and a 15% greater in VAT -to-
SAT ratio compared to non-consumers, whereas consumption of diet soda was not associated

with either volume or distribution of VAT.

5.2 Introduction

Obesity is a risk factor for type 2 diabetes and cardiovascular diseases (CVDs); however, not all
obese individuals display equivalent cardiometabolic risk (1). The location of fat storage, rather
than overall fat quantity, may be more predictive of cardiometabolic risk (2; 3). Abdominal
adiposity, particularly fat accumulation in visceral adipose tissue (VAT), was independently

linked to the pathogenesis of CVD and type 2 diabetes (4). The pathogenic associations of
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abdominal subcutaneous adipose tissue (SAT) in the abdomen are less understood, but some
evidence suggests that SAT may have protective effects (5; 6). Findings from recent
observational studies also suggest that a greater propensity of fat stored in VAT relative to SAT,
represented by a ratio between the 2 fat depots, is associated with greater risk factors of type 2
diabetes and CVD (7; 8).

Sugar sweetened beverages (SSB), sweetened with either sucrose or high fructose corn
syrup, are the leading source of added sugars in the diets of US adults (9). Excess SSB
consumption was associated with weight gain, as reported in a recent systematic review and
meta-analysis (10). Emerging evidence suggests that greater consumption of SSBs may be
preferentially associated with fat accumulation in VAT; that is, more fat may be accumulated in
VAT, and less fat may be accumulated in SAT (11; 12). Only 1 observational study examined the
association between habitual intake of SSBs and abdominal fat depots in 791 healthy adults (12).
This study observed that those who regularly consumed SSB, rather than diet soda, had a higher
proportion of VAT in total abdominal adiposity, although intake of neither type of beverage was
associated with absolute VAT or SAT volume. The objective of this study was to examine the
cross-sectional associations between consumption of SSB and diet soda and both the absolute
volume of the fat depots and relative distribution of VAT to SAT in participants of the
Framingham Heart Study. Our hypothesis was that a higher habitual SSB consumption is
associated with a greater fat accumulation in VAT and lesser fat accumulation in SAT, as
reflected by a higher VAT-to-SAT ratio, whereas diet soda consumption is associated with none

of the 3 variables.

5.3 Participants and Methods

Study Population: Study participants were from the Framingham Heart Study’s Offspring Cohort

and Third Generation Cohort (Gen3) and have been described previously (13; 14). Participants in

the 2 cohorts were evaluated approximately every 3-4 y. Each examination included a detailed
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medical history, physical examination by a physician, and standard laboratory tests for
cardiovascular and metabolic risk factors. Data were from Offspring examination cycle 7 (1998-
2001) and Gen3 examination cycle 1 (2002-2005). The study sample for the present analysis is a
subcohort of 3529 participants whose abdominal adipose tissues were assessed by multidetector
computed tomography (MDCT) between June 2002 and April 2005, as described previously (15).
The following criteria were applied for study participants to be eligible for the MDCT substudy: 1)
body weight <160 kg; 2) men aged >35 years, and 3) nonpregnant women aged >40 years.
Restriction on body weight was to ensure obtaining MDCT measurement. Of the 3529
participants included in MDCT study, 3017 had valid FFQs and interpretable measurements for
VAT and SAT. We excluded an additional 421 participants with the following: 1) previously
diagnosed diabetes as defined by fasting plasma glucose concentrations >7.0 mmol/L or treatment
with glucose lowering medication (n=169), or 2) missing covariates, such as physical activity and
smoking status (n=252). The final sample included 2596 participants. All participants provided
written informed consent before study participation. The Framingham Heart Study protocols and
procedures were approved by the Institutional Review Board for Human Research at Boston
University Medical Center, and the current analyses were approved by the Tufts Medical Center

and Tufts University Health Sciences Institutional Review Board.

Abdominal Adipose Tissue: Measurement protocols for abdominal visceral and subcutaneous

adiposity have been described in detail previously (16). In brief, participants underwent an
abdominal scanning with an 8-slice MDCT scanner (LightSpeed Ultra; General Electric Health
Care). This abdominal scanning obtained 25 contiguous slices covering 125 mm superiorly from
the upper edge of the S1 vertebrae. The abdominal muscular wall that separates the VAT and
SAT was manually traced. Abdominal images were converted to volumes (cubic centimeters) of
VAT and SAT using protocol provided by Aquarius 3D Workstation (TeraRecon ).

Reproducibility between 2 readers was assessed in 100 randomly selected participants. The intra-
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class correlations were high (>0.99) for both VAT and SAT readings between the 2 readers (17).

Beverage Consumption: Consumption of SSB and diet soda was assessed using a semi-

guantitative 126-item FFQ which was designed to capture the habitual dietary intake for the year
preceding the physical and medical examinations (18). The FFQ was mailed to participants to be
completed at home, and the completed version was returned during the study appointment. The
FFQ consisted of a list of foods with standard serving sizes and a selection of 9 frequency
categories ranging from 0 or <1 serving/mo to >6 servings/d. Nutrient intake was calculated by
multiplying the frequency of consumption of a food item by the nutrient content per standard
serving size for the given food item. Dietary information was considered valid only if reported
energy intake was: >2.5 MJ/d (600 kcal/d) for both men and women; <16.7 MJ/d (4,000 kcal/d)
for women; <17.5 MJ/d (4,200 kcal/d) for men; and if <13 food items were left blank on the FFQ.
Participants were asked to report their frequency of SSB consumption during the
previous year. The SSB assessment included the following: 1) caffeinated colas with sugar; 2)
caffeine-free colas with sugar; 3) other carbonated beverages with sugar; and 4) fruit punches,
lemonade, or other non-carbonated fruit drinks. Diet soda was captured using 3 FFQ items
including the following: 1) low-calorie cola; 2) low-calorie, caffeine-free cola; and 3) other low-
calorie carbonated beverage. One serving of SSB or diet soda was equivalent to 360 mL (12 fl
0z.). Participants were categorized according to the frequency of SSB consumption: 0 - <1
serving/mo (non-consumers), >1 serving/mo - <1 serving/wk (occasional consumers), >1
serving/wk - <1 serving/d (frequent consumers), and >1 serving/d (daily consumers). Similarly,
we grouped study participants into 4 categories according to their frequency of drinking diet soda.
The relative validity of the FFQ was examined for both nutrients and foods in men and women in
other cohorts (18-21). The de-attenuated correlation coefficients between FFQ and multiple diet
records for women (20) and men (19), respectively, were 0.84 and 0.84 for cola-type soft drinks,

0.36 and 0.55 for other carbonated non-cola beverages, and 0.56 and 0.79 for noncarbonated fruit
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drinks. The de-attenuated correlation coefficients were 0.73 and 0.74 for low-calorie cola and

other low-calorie carbonated non-cola beverages for women and men, respectively (19).

Anthropometry and Covariates Assessment: At each visit, participants underwent a physical

examination using standard protocols and completed a medical history questionnaire. Waist
circumference was measured at the level of the umbilicus from a standing position. BMI was
calculated as weight (kilograms) divided by height (square meters). Participants who reported that
they smoked regularly in the past year were classified as current smokers. Age (years), sex, and
education level (college level or above vs. high school or less) were captured from guestionnaires.
Physical activity level was calculated based on questionnaire-derived time spent performing the
activity in a typical day and the intensity of the activity (22). Dietary factors derived from the
FFQ included intake of: total energy (kilocalories per day), fats, carbohydrates and protein (as
percentage of energy intake), multivitamin use (yes/no), dietary fiber (grams per day), fruits and
vegetables (grams per day), red meat (grams per day ), nuts (grams per day ), whole grains (grams
per day ), and alcohol (grams per day ). The 2005 Dietary Guidelines Adherence Index (DGAI)
was used to capture overall dietary quality as described previously (23). Because added sugar is a
component of the DGAI, we created a modified DGAI in the present study by leaving out the
added sugar component. Fasting plasma glucose and serum lipids were measured after an
overnight fast. Impaired fasting glucose was defined as fasting glucose concentration >5.6
mmol/L (24). Dyslipidemia was defined as use of lipidlowering medications, or TG concentration
>1.7 mmol/L, or HDL cholesterol concentration <1.04 mmol/L in men and <1.29 mmol/L in
women (25). Hypertension was defined as systolic blood pressure >140 mmHg, or diastolic blood

pressure >90 mmHg, or use of antihypertensive drugs (25).

Statistical analysis: Participant characteristics across the categories of SSB consumption were

age- and sex-adjusted and evaluated through use of least-squares means. Dietary characteristics

were additionally adjusted for energy intake. A test for linear trend across categories of SSB
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intake was performed by treating the median value of SSB intake for each category as a
continuous independent variable in linear regression models for continuous response variables or
in logistic regression models for dichotomous response variables. Participant characteristics are
presented as means (95% CI), with the exception of waist circumference, VAT-to-SAT ratio, and
dietary fiber intake for which log-transformations were applied to correct the positive skewness,
and geometric means are presented. We calculated Spearman’s correlation coefficients between
all adiposity markers.

In our primary analyses, the relations between SSB intake and BMI, waist
circumference, VAT, SAT, and VAT-to-SAT ratio were examined through use of least-squares
means determined within categories of SSB intake, with adjustment for the following covariates:
1) age; 2) sex; 3) energy intake; 4) alcohol intake; 5) modified DGALI; 6) physical activity level; 7)
educational level; 8) current smoking status (yes/no); and 9) cohort (Offspring/Gen3). We
mutually adjusted SSB and diet soda intake, i.e., we adjusted for diet soda intake in the analysis
of SSBs and vice versa. We additionally adjusted for SAT in model for VAT and controlled for
VAT in the analysis for SAT. Linear trends for each outcome were tested across categories of
SSB using the median value approach with adjustment for the same covariates described above.
Because of previously reported sex interactions for the association between abdominal fat and
cardiometabolic risk factors (15), we examined whether sex may modify the association between
SSB intake and abdominal fat related measures (waist circumference, SAT, VAT, and VAT -to-
SAT ratio). We included the product term of SSB intake and sex in the statistical model to test for
a potential interaction. Bonferroni’s correction was applied to account for the multiple
comparisons (waist circumference, SAT, VAT, and VAT-to-SAT ratio), and the statistical
significance for interaction was set at P<0.0125 (0.05/4).

In the secondary analyses, we tested for effect modification between SSB and age
categorized using the median as an arbitrary cut point (< and > median age of 50 y) and BMI

(<25,>25 and <30, and >30 kg/m?). Bonferroni’s correction was applied for the tests for
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interaction, and the significance level was set at P<0.0125. In a sensitivity analysis, instead of
modified DGAI, we controlled for intakes of individual food groups (intakes of fruits, vegetables,
whole grains, red meats, and nuts), multivitamin use and other covariates (age, sex, energy intake,
alcohol intake, dietary fat, physical activity level, educational level, smoking status, Framingham
cohort, and diet soda). We also examined whether energy intake and glycemic load may mediate
the observed associations. For all outcomes, the same models and covariates were used to
examine diet soda intake. All statistical analyses were conducted using SAS statistical software
(version 9.3; SAS Institute). A two-tailed P < 0.05 was considered statistically significant, unless

specified otherwise.

5.4 Results

Approximately 33% of study participants were non-consumers of SSBs, and 13% were daily
consumers. The prevalence of non-consumers and daily consumers of diet soda was 58% and 8%,
respectively. Also, 17% reported consuming neither SSBs nor diet soda, 1% were daily
consumers of both types of beverages, and the remaining participants (82%) reported consuming
a mixture of SSBs and diet soda. Among daily consumers, the greatest SSB contributor was cola
(39.9%), followed by noncarbonated fruit drinks (28.7%), carbonated non-cola beverages
(21.5%), and caffeine-free cola (10.7%). The age-, sex-, and/or energy-adjusted characteristics of
participants across categories of SSB consumption are shown in Table 5.1. Compared with
nonconsumers, daily SSB consumers were more likely to be men, younger, current smokers, have
a lower educational level, and have a higher physical activity level. Daily SSB consumers drank
less alcohol, were less likely to take multivitamin supplements, and had an overall less healthy
diet as captured by the DGAI. In addition, daily SSB consumers had a higher prevalence of
dyslipidemia. Compared to hon-consumers, daily diet soda consumers were older and had greater
BMI (Table 5.2). Daily diet soda consumers also demonstrated a higher prevalence of impaired

fasting glucose, dyslipidemia, and hypertension.
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Spearman’s correlation coefficients between adiposity markers are presented in Table
5.3. In our primary analysis (Table 5.4), SSB consumption was marginally associated with lower
BMI (P-trend=0.05) but not associated with waist circumference (P-trend=0.32). No association
was observed between SSB intake and VAT (P-trend=0.11), but the association became
significant (P-trend<0.001) after additional adjustment for SAT. Adjusted mean volume of VAT
was 1,640 and 1,800 cm?® in SSB nonconsumers and daily consumers, respectively. In contrast to
our hypothesis, SSB intake was inversely associated with SAT after additional adjustment for
VAT (P-trend<0.001). In the VAT-adjusted model, SAT was 3,010 and 2,650 cm®in SSB
nonconsumers and daily consumers, respectively. A significant positive association was observed
between SSBs and VAT-to-SAT ratio (P-trend<0.001). The geometric mean VAT:SAT ratio was
0.54 and 0.62 in SSB nonconsumers and daily consumers. The sensitivity analysis adjusting for
individual foods yielded similar results as the primary analyses with exception that the
association between SSB intake and BMI became non-significant (P-tend=0.22). Furthermore,
excluding energy intake from the models or including the glycemic load or previously diagnosed
CVDs did not substantially change the observed associations.

We observed no significant statistical interaction between SSB consumption and sex
for all adiposity markers (Table 5.4). Sex stratified results for associations between SSB intake
and waist circumference, VAT, SAT, and VAT-to-SAT ratio are displayed in Table 5.6. The
associations between SSB intake and VAT, SAT, and VAT-to-SAT ratio in fully adjusted models
were similar in men and women. The interaction term between SSB intake and BMI was
significant for SAT (P-interaction<0.001) and nonsignificant for VAT (P-interaction=0.08).
Nevertheless, BMI-stratified data for both VAT and SAT were presented in Figure 5.1. The
BMI-stratified analysis showed significant positive association between SSB intake and VAT
both with and without adjustment for SAT in normal weight and overweight participants. In
obese individuals, we observed that SSB consumers tended to have larger VAT in both models,

but the associations were not statistically significant. In all strata, SSB consumers had lower SAT
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compared to non-consumers; however, significant associations were observed only in normal
weight (BMI<25 kg/m?) and obese (BMI>30 kg/m?) participants. We observed no significant
interaction between SSB intake and BMI for VAT-to-SAT ratio. The association between SSB
intake and VAT-to-SAT ratio was significant in all BMI strata. There was no significant
interaction observed between SSB intake and age for markers of abdominal adiposity (Table 5.4).
Finally, a positive association was observed between diet soda consumption and BMI,
waist circumference, VAT, and SAT (Table 5.5). After adjusting for SAT, the association
between diet soda intake and VAT was attenuated and no longer statistically significant (P-
trend=0.06). The significant direct association between diet soda and SAT was maintained after
additional adjustment for VAT. No significant association was observed between diet soda intake
and VAT-to-SAT ratio. We observed a significant interaction between diet soda intake and sex
for VAT and SAT (P-interaction = 0.01 and 0.002, respectively). In a sex-stratified analysis
(Table 5.7), the association between diet soda intake and VAT was marginally significant in men
(P-trend=0.05), but not in women (P-trend=0.74). In contrast, the association between diet soda
and SAT was stronger in women compared to that in men; however, the positive associations
between diet soda intake and SAT were significant in both sexes. We observed no significant

interaction between diet soda intake and age or BMI for abdominal adiposity markers.

5.5 Discussion

In this cross-sectional analysis examining a large sample of middle-aged adults, we observed that
VAT was greater in adults who consumed daily SSB after accounting for abdominal SAT,
whereas SAT was lower, compared with nonconsumers. Furthermore, daily SSB consumption
was positively associated with the VAT-to-SAT ratio. In contrast, diet soda consumption was
positively associated with BMI, waist circumference, and SAT. Diet soda intake was also
positively associated with VAT in men but not in women. No significant association was

observed between diet soda intake and VAT-to-SAT ratio.
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In a previous cross-sectional analysis, Odegaard et al. (12) observed that absolute VAT
volume tended to be greater in adult SSB consumers compared to those who rarely consumed
SSBs. However, the association did not reach significance, perhaps as a result of insufficient
statistical power. In the present study, when holding abdominal SAT constant, we observed that
daily habitual SSB intake of >1 servings of SSB was associated with a greater absolute volume of
VAT.

Our cross-sectional observation is supported by results from some recent intervention
trials (11; 26). In a 10-wk intervention study, 25% of daily energy required was consumed as
liquid fructose or liquid glucose (26). In this study, fructose intake significantly increased the
volume of VAT, while intake of glucose had the effect of increasing SAT (26). A recent
randomized intervention study showed that fat accumulation was greater in VAT (23% or 25 cm®
increase) relative to SAT (5% or 14 cm® increase) after daily consumption of 1 L of sucrose-
sweetened cola for 6 mo and that VAT-to-SAT ratio increased 18% over this time period (11). In
contrast, isocaloric consumption of milk was associated with increased SAT but decreased VAT
over the 6 mo intervention period.

Several mechanisms may explain the possible relationship between SSB intake and
abdominal fat partitioning. However, given the cross-sectional nature of this study, the
interpretation of mechanism behind these observed findings in this study is speculative. Fructose
was linked to increased postprandial circulating TGs (27; 28). In addition, fructose consumption
may enhance deposition of TGs in VAT. Accumulating fat in adipose tissue is mediated by the
activation of lipoprotein lipase (LPL), the rate limiting enzyme involved in the uptake of TG from
the circulation to the storage in the adipose tissue, which is regulated by insulin (29). In normal
circumstance, TG deposition in SAT is more efficient than VAT because LPL in SAT is more
sensitive to insulin than LPL in VAT (30). In the case of insulin resistance, a greater proportion
of circulating TG may be deposited in VAT (4). It has been proposed that increased fructose

consumption from SSB results in hepatic fat accumulation leading to hepatic and peripheral
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insulin resistance (26). An alternative explanation is that fructose may have a direct effect on
adipocytes by promoting intracellular activation of glucocorticoids (31), which activate LPL
activity. Supporting this mechanism is the higher concentration of glucocorticoid receptors in
VAT compared with SAT (30). Further, as reviewed by Tchernof and Despres (32), both animal
and human studies suggest that increased activity of the type 1 11B-hydroxysteroid
dehydrogenase, a key enzyme catalyzing the local conversion of inert cortisone to active cortisol,
is associated with increased VAT because VAT is rich in glucocorticoid receptors.

The greater VAT-to-SAT ratio in SSB consumers may also represent a potential
pathological alteration in SAT. The lower absolute volume in SAT observed among SSB
consumers in the present study may suggest that high SSB consumption alters the development of
SAT. It is possible that less fat accumulation in SAT may be due to fat being directly channeled
to VAT, as described above. It is also possible due to the dysfunctional SAT, i.e., the inability of
SAT to accommodate more fat derived from excess SSB consumption (4). In this case, lipid flux
is channeled to VAT due to decreased capacity in SAT. Although the underlying pathways are
not fully understood, the dysfunctional SAT may be due to the inability of normal proliferation
and differentiation of adipocytes (33). Multiple factors are involved into abdominal fat
distribution (3), including a genetic predisposition (34). Recent genome-wide association studies
have identified several genetic loci that are associated with greater VAT (35; 36). However, how
genetic variation in enzymes, such as LPL or those involved in glucocorticoid action, may trigger
dysfunctional SAT or interact with SSB intake to alter regional fat distribution is unknown.

Although we observed a direct association between diet soda intake and BMI, waist
circumference, and SAT, such associations are likely confounded by the greater use of diet
beverages by overweight and obese individuals as a consequence of their increased adiposity. As
reviewed by Malik et al. (37), prospective studies with longer follow-up periods indicate that diet
soda consumption is unlikely to be associated with body weight. Diet soda provides no calories

and whether artificial sweeteners in diet soda stimulate appetite remains inconclusive (38). Thus,
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the biological plausibility linking diet soda and body weight remains to be determined.

The strengths of our study include the utilization of comprehensive dietary, lifestyle, and
clinical data collected in a well-powered subgroup of the Framingham Heart Study, as well as
adipose tissue data that was measured using a highly precise technique. MDCT-derived
quantitative data of abdominal fat are both highly reproducible and highly specific. With respect
to limitations, the cross-sectional and observational design of this study limits our ability to infer
temporality or causality between beverage consumption and adiposity. It is possible that both
associations between SSB intake and VAT and VAT-to-SAT ratio and between diet soda intake
and BMI, waist circumference, and SAT could be due to confounding therefore tempering the
conclusions that can be formed. Therefore, our observations are more hypothesis-generating
rather than etiologic. Future prospective studies measuring the long-term change of abdominal fat
distribution may help to establish the temporal relationship that excess SSB intake is
preferentially associated with fat accumulation in VAT rather than abdominal SAT.
Gluteofemoral adipose tissue may affect body fat partitioning (39); however, lower body adipose
tissue was not measured in this study. Misclassification of our dietary assessments including SSB
and diet soda intake may attenuate our results. The consumption of artificially sweetened non-
carbonated beverages was not captured using the FFQ. However, diet soda is likely to be the
major beverage consumed containing artificial sweeteners and is estimated to account for
approximately 90% of aspartame used in all foods (40). In addition, although we adjusted for a
variety of dietary and lifestyle factors, residual confounding cannot be ruled out. In addition, the
majority of our study population is middle-aged and Caucasian which may minimize confounding
from race/ethnicity and socioeconomic factors but limit the generalizability of results to other
populations.

In conclusion, regular consumption of SSB is associated with greater visceral fat in
absolute volume and distribution relative to abdominal SAT. Although these observational data

provide further evidence to support the association between daily SSB consumption and increased



79

cardiometabolic risk (37), well-powered prospective cohort studies and metabolically controlled
intervention trials are required to examine how SSB intake may influence body fat distribution
and its underlying mechanisms. Moreover, although diet soda intake was not associated with
abdominal fat partitioning in this study, further studies on the role of these beverages in body

weight and cardiometabolic health are warranted.
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Table 5.1. Characteristics according to sugar-sweetened beverages consumption in 2,596 adults*

Non- Consumers
. consumers
Median 0-<l/mo  =l/mo-<liwk  >I/wk-<1/d >1/d
consumption
Servings/wk 0 1 4 10 P'trend
n= 851 910 482 353
3 51.8 49.5 49.1 47.4
Age”y (51.1, 52.5) (48.9,50.1)  (48.2,50.0)  (46.4,48.4) <0.001
30 66.7 50.1 34.1 29.0
Women, "% (63.5, 69.9) (47.0,53.1)  (29.8,383)  (24.0,34.0) <0.001
Overweight & 67.0 64.0 67.4 64.6 0.77
Obese, * % (63.8, 70.1) (61.0, 67.0) (63.2, 71.5) 59.8, 69.5) '
Current smoker, 11.0 10.8 115 215 <0.001
“% (8.7,13.2) (8.6,12.9) (8.6, 14.5) (18.1, 25.0) '
Alcohol intake, ° 11.9 111 10.0 10.8 <0.001
g/d (10.9, 12.9) (10.2,12.1) (8.7,11.3) (9.2,12.3) '
Multivitamin 52.5 46.8 47.0 42.1 0.006
user, “ % (49.1, 55.9) (43.6, 50.0) (42.6,51.5) (36.9, 47.3) '
Physical Activity 36.9 375 37.2 38.8 <0.001
Score * (36.4, 37.4) (37.1, 38.0) (36.6, 37.9) (38.1, 39.6) '
Education level, 48.6 51.1 49.3 37.7 <0.001
240 (45.2, 52.0) (47.9,54.3) (44.9,53.7) (32.5, 42.9) '
Antihypertensive 17.8 16.4 13.7 134 0.03
drugs,”* % (15.3, 20.2) (14.1, 18.6) (10.5, 16.8) (9.7,17.1) '
Hypertension, 274 255 23.9 23.8 0.20
“% (24.5,30.2) (22.8,28.2) (20.2, 27.6) (19.4, 28.2) '
Lipid lowering 9.3 75 5.4 5.4 0.02
drugs, “ % (7.5,11.1) (5.8,9.2) (3.0,7.7) (2.7,8.2) '
Dyslipidemia, 40.4 41.5 48.9 49.3 0.001
“% (37.0,43.7) (38.3,44.7) (44.5,53.3) (44.1,54.4) '
Fasting plasma 5.3 5.3 5.3 5.3 0.23
glucose, * mmol/L (5.3,5.3) (5.3,5.3) (5.2,5.3) (5.3,5.4) '
Impaired fasting 29.0 241 23.4 28.1 0.84
glucose, * % (26.1, 31.9) (21.4, 26.8) (19.6, 27.2) (23.6, 32.5) '
Energy intake, * 1810 1920 2090 2440 <0.001

kcal/d

(1770, 1850)

(1880, 1950)

(2040, 2150)

(2380, 2510)




Table 5.1. Continued.
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Non- Consumers
Median consumers
consumption 0-<l/mo  >l/mo-<lwk >l/wk - <1/d >1 /d
servings/wk 0 1 4 10 P-trend
Total sugar, 19.2 211 23.8 29.3 <0.001
4 o%El (18.8, 19.7) (207,215)  (23.2,244) (2856, 30.0) :
Dietary fiber, >° 18.7 18.0 16.6 13.6 <0.001
g/d (18.3, 19.1) (17.7,184)  (16.1,17.1) (132, 14.1) :
Whole grains, >° 20.0 20.3 17.4 12.9 <0.001
gld (18.9, 21.1) (19.2,21.4)  (16.1,187) (118, 14.1) :
L ss 213 234 215 142
Fruits, *"g/d (200, 227) (221, 248) (198, 233) (129, 157) <0.001
56 212 199 182 150
Vegetables, "0/d 504 220) (192, 206) (173, 192) (141, 160) <0.001
56 418 44.7 495 49.7
Red meat, ™" g/d 391 ua7) (42.1,476)  (454,539)  (44.7,55.1) 0.007
5 6.9 4.7 3.7 1.9
Nuts,” g/d (6.2,7.6) (4.0, 5.3) (2.8, 4.6) (0.8, 3.0) <0.001
. 52.1 53.4 54.7 55.9
Glycemicindex™ o1 8'503)  (532,536)  (543.550)  (555,563) 0001
. 119 126 133 148
Glycemic load (117, 120) (124, 128) (131, 136) (145, 151) <0.001
Diet soda, ° 11.9 6.7 4.7 4.0 <0.001
servings/wk (10.3, 13.4) (5.2,8.1) (2.6, 6.7) (1.5, 6.5) '
5.7 9.0 8.9 8.5 7.9
DGAI (8.9,9.2) (8.7,9.1) (8.3,8.7) (7.6,8.2) <0.001

! Data presented as means or geometric means and 95%Cl.

2 College or above.

3 Age was adjusted for sex and percent women was adjusted for age

4 Values were adjusted for sex and age

® Values were adjusted for sex, age, and energy intake
® Values are geometric means

" DGAI: the 2005 Dietary Guideline Adherence Index (modified by leaving out added sugar

component)



Table 5.2. Characteristics according to diet soda consumption in 2,596 adults*
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Non-consumers Consumers
0 - <1/mo >1/mo - <l/wk  >1/wk - <1/d >1/d
Median consumption P-
servings/wk 0 1 4 11 trend
n= 1520 599 262 215
3 49.8 49.4 50.4 51.6
Age"y (49.3, 50.3) (48.6, 50.1) (49.2, 51.6) (503,529) 0006
47.9 52.2 53.0 51.4
30
Women, “% (45.4, 50.4) (48.3, 56.2) (47.0, 59.0) @a7,580) 0?7
Overweight & Obese, 60.9 70.7 70.5 79.4 <0001
“op (58.7, 63.2) (67.1, 74.4) (65.0, 76.0) (73.3, 85.5) '
‘0 13.4 10.0 10.9 141
Current smoker, "% (118, 15.1) (7.4,12.7) (6.9, 14.9) 07,185 0
. 5 115 10.9 10.6 10.1
Alcoholiintake, “g/d 147715 5 9.8,12.1) (8.9, 12.4) 81,120 013
Multivitamin user, 47.8 49.8 49.2 43.6 0.27
‘96 (45.3, 50.3) (45.8, 53.7) (433, 55.2) (37.0, 50.2) :
Physical Activity 37.6 37.2 37.2 37.3 0.48
Score * (37.2, 38.0) (36.6, 37.8) (36.3, 38.0) (36.3, 38.2) '
. 2y 48.8 47.9 47.2 44.7
Education level, ™% )5 351 3) (44.0, 51.9) (41.3,53.2) 381,513 0%
Antihypertensive 14.2 15.3 194 25.6 <0.001
drugs. % (12.4, 15.9) (12.5,18.1) (15.2, 23.6) (21.0, 30.3) '
. 24.3 25.4 27.4 32.7
49
Hypertension, “% (22.2,26.4) 221,287)  (224,324) (272,383  090°
Lipid lowering drugs, 6.8 74 9.5 9.3 011
“ o (5.5, 8.1) (5.3, 9.5) (6.3, 12.6) (5.8,12.8) '
o 42.0 45.0 43.6 50.6
Dyslipidemia, * % (39.6, 44.5) (411,489)  (37.7,495 (441,571 002
Fasting plasma 5.3 5.3 5.3 54 0.01
glucose, * mmol/L (5.3,5.3) (5.3,5.3) (5.2,5.3) (5.3,5.5) '
Impaired fasting 26.0 24.9 25.0 315 011
glucose, * % (23.9, 28.1) (21.5, 28.3) (19.9, 30.1) (25.9,37.2) '
Energy intake, * 1980 1970 1990 2010 057

kcal/d

(1950, 2020)

(1920, 2020)

(1920, 2070)

(1920, 2090)
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Non-consumers Consumers
Median consumption 0 - <1/mo >1/mo - <l/wk  >1/wk -<1/d >1/d P-
servings/wk 0 1 4 11 trend
225 218 215 20.7
49
Total sugar, ~ %E| (22.2,22.9) (21.2, 22.4) (206,224)  (19.7,217) 0001
e 171 175 17.7 17.4
Dietary fiber, =" g/d (16.9, 17.4) (17.0,17.9)  (17.1,18.4) 167,182 O3
e 183 195 18.4 167
Whole grains, ** g/d (17.6, 19.1) (18.2, 20.8) (16.6, 20.3) (149,186) 010
s 207 218 211 193
Fruits, =" g/d (198, 217) (203, 235) (189, 236) (171, 218) 0.30
56 190 192 203 197
Vegetables, *"g/d (185, 196) (183, 201) (190, 218) 182,212 0
5 434 458 49.7 52.6
Red meat, ™ g/d (41.3, 45.5) (42.4, 49.4) (44.3, 55.7) 463 597 2002
5 5.0 43 48 55
Nuts,” g/d (4.5,5.5) (3.5,5.1) (3.6, 6.0) (4.2, 6.9) 0.44
o 53.6 53.6 53.2 53.0
Glycemic index (535, 53.8) (533,539)  (528,537) (525535 OO
L 129 123
Glycemic load (128, 131) 127 (125,130) 125 (122, 128) (119, 126) <0.001
Diet soda, ° 13.6 9.9 9.9 7.6 <0.001
servings/wk (12.7, 14.6) (8.4,11.4) (7.6, 12.3) (5.0,10.1) '
5.7 8.8 8.7 8.8 8.5
DGAI (8.6, 8.9) (8.5, 8.9) (8.5, 9.1) (8.1, 8.8) 0.14

' Data presented as means or geometric means and 95%Cl.

2 College or above.

3 Age was adjusted for sex and percent women was adjusted for age
4 Values were adjusted for sex and age
> Values were adjusted for sex, age, and energy intake
% Values are geometric means
" DGAI: the 2005 Dietary Guideline Adherence Index (modified by leaving out added sugar component)
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Table 5.3. Spearman correlation coefficients between markers of adiposity in 2596 adults *

BMI Waist VAT SAT
kg/m? cm cm® cm?
Waist 0.89 -- -- --
VAT 2 0.73 0.81 -- -
SAT® 0.78 0.74 0.50 -
VAT:SAT Ratio 0.16 0.28 0.66 -0.25

! All P-values <0.001
2 VAT: Visceral adipose tissue
¥ SAT: Abdominal subcutaneous adipose tissue



Table 5.4. Association between sugar-sweetened beverage (SSB) intake and abdominal adiposity in 2596 adults

1,2

Non-consumers Consumers
0-<1/mo >1/mo - <l/wk >1/wk - <1/d >1/d P-interaction
Median consumption 0 1 4 10 P-trend  SSBxSex  SSBxBMI  SSBxAge
servings/wk
n= 851 910 482 353
BMI, kg/m?
Model 1 27.8(27.4,28.1) 27.2 (26.9, 27.5) 27.5(27.1, 27.9) 26.9 (26.3, 27.4) 0.05
Waist circumference,® cm
Model 1 95.9 (95.0, 96.8) 94.2 (93.4, 95.0) 95.7 (94.5, 96.8) 94.2 (92.8, 95.5) 0.32 0.36 0.05 0.67
VAT *, cm?
Model 1 1700 (1640, 1750) 1660 (1610, 1720) 1830 (1760, 1910) 1740 (1650, 1820) 0.11
Model 1 + SAT 1640 (1600, 1690) 1700 (1660, 1740) 1830 (1770, 1880) 1800 (1730, 1870)  <0.001 0.53 0.08 0.78
SAT °, cm®
Model 1 2990 (2900, 3090) 2750 (2660, 2830) 2850 (2730, 2970) 2670 (2520, 2820) 0.02
Model 1 + VAT 3010 (2940, 3080) 2800 (2730, 2870) 2730 (2640, 2820) 2650 (2540, 2770)  <0.001 0.94 <0.001 0.65
VAT:SAT ratio *
Model 1 0.54 (0.52, 0.55) 0.56 (0.55, 0.58) 0.60 (0.58, 0.62) 0.62 (0.59, 0.64) <0.001 0.83 0.15 0.28

! Data presented as means or geometric means and 95% ClI.

2 Model 1 was adjusted for age, sex, energy intake, alcohol intake, diet soda intake, modified DGAI, educational level, physical activity level, smoking status, and

Framingham cohort.
% Geometric means.

* VAT: visceral adipose tissue.
® SAT: abdominal subcutaneous adipose tissue.



Table 5.5. Association between diet soda (DS) intake and abdominal adiposity in 2596 adults

1,2

89

Non-consumers Consumers
0 -<1/mo >1/mo - <l/wk >1/wk - <1/d >1/d P-interaction
Median consumption 0 1 4 11 P-trend  DSxSex DSxBMI  DSxAge
servings/wk
n= 1520 599 262 215
BMI, kg/m?
Model 1 26.8 (26.5, 27.0) 28.1(27.7, 28.4) 27.7(27.1,283)  29.7(29.1, 30.4) <0.001
Waist circumference,® cm
Model 1 93.7 (93.1, 94.3) 96.2 (95.2, 97.2) 96.3(94.8,97.8)  100.0(98.3,101.7)  <0.001 0.20 0.27 0.52
VAT *, cm®
Model 1 1640 (1610, 1680) 1750 (1690, 1820) 1820 (1730,1920) 2000 (1890, 2100)  <0.001
Model 1 + SAT 1700 (1670, 1730) 1710 (1660, 1760) 1800 (1730, 1880) 1760 (1680, 1850) 0.06 0.01 0.99 0.04
SAT ® cm®
Model 1 2690 (2620, 2750) 2960 (2860, 3070) 2890 (2740, 3050) 3470 (3300, 3640)  <0.001
Model 1 + VAT 2760 (2710, 2810) 2930 (2840, 3010) 2780 (2660, 2910) 3190 (3050, 3330) <0.001 0.002 0.07 0.10
VAT:SAT ratio *
Model 1 0.57 (0.56, 0.59) 0.56 (0.54, 0.57) 0.58 (0.55,0.60)  0.55 (0.52, 0.58) 0.18 0.93 0.72 0.18

! Data presented as means or geometric means and 95% CI.

2 Model 1 was adjusted for age, sex, energy intake, alcohol intake, sugar-sweetened beverage intake, modified DGAI, educational level, physical activity level, smoking
status, and Framingham cohort.

% Geometric means.

* VAT: visceral adipose tissue.
5 SAT: abdominal subcutaneous adipose tissue
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P-interaction<0.001
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Figure 5.1. BMI-stratified association between sugar-sweetened beverage (SSB) intake and VAT and abdominal SAT. Symbols are means
and 95% CI. Panel A: BMI-stratified association for VAT. Models were adjusted for age, gender, energy intake, alcohol intake, diet soda
intake, modified DGAI, educational level, physical activity level, smoking status, Framingham cohort, and SAT. Panel B: BMI-Stratified
association for abdominal SAT. Same multiple regression model as for VAT was used except adjustment for VAT instead of SAT.
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Table 5.6. (Online Supplemental Material) Sex-stratified association between SSB consumption and abdominal
adiposity in 1,036 men and 1,290 women *

Non-consumers Consumers
0 -<1/mo >1/mo - <Lk  >1/wk - <1/d >1/d P-trend
Men
Median intake, servings/wk 0 1 4 11
n=1,036 275 456 320 255
BMI, kg/m?
28.7 28.0 28.3 275
Model 1 (28.2, 29.2) (27.6, 28.4) (27.9, 28.8) (27.0, 28.0) 0.02
Waist circumference,® cm
100.3 99.1 100.2 97.8
Model 1 (99.1,1016)  (98.1,1000)  (99.0,101.3) (965 99.2) 094
VAT 4 cm®
2120 2090 2290 2140
Model 1 (2020, 2220)  (2010,2160)  (2190,2380)  (2030,2260) 040
2030 2110 2270 2220
Model 1+ SAT (1940,2110)  (2040,2170)  (2190,2350) (2130, 2320) 0%
SAT ® cm®
2820 2530 2630 2390
Model 1 (2680, 2060) (2420, 2640)  (2500,2760) (2240, 2540) 000
2840 2580 2530 2400
Model 1+ VAT (2720, 2960) (2490, 2670)  (2430,2640)  (2270,2520) 0001
VAT:SAT ratio *
0.75 0.81 0.88 0.89
Model 1 (0.72,0.79) (0.78,084)  (0.84,091) (085,093 0001
Women
Median intake, servings/wk 0 1 4 9
n=1,290 576 454 162 08
BMI, kg/m?
26.9 26.5 26.6 26.3
Model 1 (26,5, 27.4) (260,27.0)  (258,274)  (252,27.4) %7
Waist circumference,® cm
91.6 89.7 91.2 (89.1, 90.9
Model 1 (90.4, 92.7) (88.5, 91.0) 93.3) @82 937 09
VAT 4 cm®
1270 1240 1350 1340
Model 1 (1210,1330)  (1180,1300)  (1240,1460)  (1200,1490) 19
1230 1280 1350 1390
Model 1+ SAT (1190,1280)  (1230,1320)  (1280,1430)  (1280,1490) 0092
SAT ®, cm?
3190 2990 3070 2970
Model 1 (3070,3310)  (2850,3120)  (2850,3300)  (2680,3260)  O%°
3200 3040 2970 2870
Model 1 + VAT (3120,3280)  (2940,3130)  (2810,3120)  (2660,3070) 003
VAT:SAT ratio *
0.38 0.39 0.41 0.43
Model 1 (0.37, 0.39) (0.38,040)  (0.39,043)  (0.40,046) 001

T Data presented as means or geometric means and 95% CI.? Model 1 was adjusted for age, energy intake, alcohol

intake, diet soda intake, modified DGAI, educational level, physical activity level, smoking status, and

Framingham cohort.® Geometric means. * VAT: visceral adipose tissue.” SAT: abdominal subcutaneous adipose

tissue



Table 5.7. (Online Supplemental Material) Sex-stratified association between diet soda consumption and
abdominal adiposity in 1,036 men and 1,290 women *

Non- Consumers
consumers
0 - <1/mo >1/mo - <l/wk >1/wk - <1/d >1/d P-trend
Men
Median intake, servings/wk 0 1 4 12
n=1,036 794 288 122 102
BMI, kg/m?
27.7 285 28.4 30.1
Model 1 (27.4,280)  (28.0,290)  (27.7,29.1)  (29.3,30.9) <0.001
Waist circumference,® cm
98.4 100.0 100.2 104.2
Model 1 (97.7,99.1)  (98.9,1012)  (98.4,1020) (1022,1063) 0001
VAT *, cm?
Model 1 (203?8,93150) (206201,620260) (213202,82(2130) (2353,63630) <0.001
2130 2140 2270 2250
Model 1+ SAT (2080, 2180) (2060, 2220)  (2140,2390) (2110, 2390) 0.05
SAT ®, cm?
2500 2640 2620 3100
Model 1 (2420,2580)  (2510,2770)  (2410,2820)  (2870,3320)  ~0-001
2540 2640 2520 2870
Model 1 + VAT (2480, 2610) (2530, 2750) (2350, 2690) (2680, 3060) 0.004
VAT:SAT ratio *
0.84 0.81 0.84 0.80
Model 1 (081,0.86)  (0.77,0.84)  (0.78,0.90)  (0.75, 0.86) 0.40
Women
Median intake, servings/wk 0 1 4 10
n=1,290 726 311 140 113
BMI, kg/m?
25.8 27.6 27.1 20.3
Model 1 (254,26.2)  (27.1,282)  (26.2,27.9)  (28.3,30.2) <0.001
Waist circumference,® cm
88.9 92.5 92.9 95.9
Model 1 (88.0,89.9)  (91.0,941)  (90.7,952)  (93.3,98.5) <0.001
VAT 4 cm®
1190 1350 1360 1530
Model 1 (1140, 1240)  (1270,1430)  (1250,1480) (1400, 1660)  ~0-001
1260 1280 1320 1270
Model 1+ SAT (1230,1300) (1230, 1340) (1240, 1400) (1180, 1360) 0.74
SAT ®, cm?
Model 1 (27(?(?,@970) (313302,93(250) (297302,13(2140) (3523,22090) <0.001
2990 3180 3080 3460
Model 1 + VAT (2020,3070)  (3070,3290)  (2910,3250) (3270, 3650) 0001
VAT:SAT ratio *
0.39 0.38 0.40 0.38
Model 1 (0.38,040)  (0.37,040)  (0.37,042)  (0.35, 0.40) 0.42

! Data presented as means or geometric means and 95% CI.? Model 1 was adjusted for age, energy intake,
alcohol intake, sugar-sweetened beverage intake, modified DGAI, educational level, physical activity level,
smoking status, and Framingham cohort.® Geometric means. * VAT visceral adipose tissue.> SAT: abdominal

subcutaneous adipose tissue
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6.1 Abstract

Nonalcoholic fatty liver disease affects ~30% of US adults, yet the role of excess sugar-
sweetened beverage (SSB) intake remains unknown. We examined the cross-sectional association
between SSB intake and fatty liver disease in members of the Framingham Offspring and the
Third Generation cohorts. Fatty liver disease was defined using liver attenuation measurements
generated from computed tomography in 2634 participants. Alanine transaminase (ALT)
concentration, a surrogate marker of fatty liver disease, was measured in 5908 participants. SSB
and diet soda intake were estimated using a food frequency questionnaire. Participants were
categorized into non-consumers or consumers (3 categories: 1 serving/month to <1 serving/week,
1 serving/week to < 1 serving/day, and >1 serving/day) of SSB or diet soda. After adjustment for
age, sex, smoking status, Framingham cohorts, energy intake, alcohol, dietary fiber, fat (%
energy), protein (% energy), diet soda intake, and BMI, the odds ratios of fatty liver disease were
1,1.16 (0.88, 1.54), 1.32 (0.93, 1.86), and 1.61 (1.04, 2.49) across SSB consumption categories
(P-trend=0.04). SSB consumption was also positively associated with ALT levels (P-
trend=0.007). We observed no significant association between diet soda intake and measures of
fatty liver disease. In conclusion, regular consumption of SSB is associated with greater risk of
fatty liver disease, particularly in overweight and obese individuals, whereas diet soda intake is

not associated with measures of fatty liver disease.

6.2 Introduction

Currently, an estimated 30% of the US adult population has nonalcoholic fatty liver disease



94

(NAFLD) (1), a spectrum of pathological disorders that includes simple hepatic steatosis,
steatohepatitis, and cirrhosis that arises despite a lack of alcohol consumption (2). Individuals
with NAFLD are at greater risk of developing type 2 diabetes (3) and cardiovascular disease (4).
Hepatic steatosis, or fatty liver, is the defining characteristic of NAFLD (5; 6). Several imaging
techniques are able to accurately capture hepatic steatosis (1). One aspect of diet that has been
postulated to increase risk of developing NAFLD is sugars, particularly fructose (7). While some
randomized controlled trials have found high intakes of fructose are linked to greater liver fat (8;
9), others have not (10; 11). However, fructose in these studies was excessive (providing 25-60%
of energy) and fructose is rarely consumed at such high amounts. To date, there is relatively little
evidence indicating whether habitual intake of added sugars, as typically consumed (i.e. in the
form of sucrose or high fructose corn syrup), is associated with fatty liver disease in healthy
adults.

Sugar-sweetened beverages (SSB) are the leading source of added sugars in the American
diet (12). The caloric sweeteners in SSB, sucrose and high fructose corn syrup, are also the most
commonly used fructose-containing sugars. One the other hand, diet soda is sweetened with low
caloric sweetener and contains no added fructose or other sugars. Our hypothesis was that,
independent of generalized adiposity, higher habitual SSB intake would be associated with higher
risk of fatty liver disease, whereas no such association exists with diet soda. Thus, the objectives
of the present study are to examine the cross-sectional associations between habitual SSB and diet
soda intake and liver fat measured by multidetector computed tomography (MDCT) and ALT

levels (a surrogate marker of fatty liver disease).

6.2 Participants and Methods
Participants: Study participants were drawn from the Framingham Heart Study’s Offspring
Cohort and Third Generation (Gen3) Cohort and have been previously described (13; 14). In brief,

the Offspring Cohort began in 1971 by enrolling 5124 adults, and the Gen3 cohort was initiated
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in 2002 with enrollment of 4095 adults. Participants were evaluated approximately every 3-4
years. From 2002 to 2005, 3529 participants were assessed by MDCT scans (3). The following
inclusion criteria were applied for the MDCT study: body weight <160 kg, men >35 years of age,
and non-pregnant women >40 years of age. We excluded 323 individuals with non-interpretable
MDCT scans. We also excluded individuals with unreliable dietary data (n=333) and participants
who were missing important covariates (n=5). Dietary information, as assessed by food frequency
guestionnaire (FFQ), was considered unreliable if reported energy intake was: <2.5 MJ/d for both
men and women; >16.7 MJ/d for women; >17.5 MJ/d for men; or if >13 food items were left
blank on the questionnaire. In order to avoid the confounding from high alcohol consumption, we
further excluded 234 individuals who were classified as high alcohol consumers, i.e. men
consuming >21 and women consuming >14 alcoholic beverages/week (1). The final sample size
for the analyses using imaging data was 2634 participants, 1075 from Offspring and 1559 from
the Gen3 cohort. After applying the same exclusion criteria among the full cohorts, we identified
5908 individuals who had valid measurements for ALT concentrations and dietary and covariate
data: 2593 from Offspring and 3315 from the Gen3 cohort. All participants provided written
informed consent before study participation. The Framingham Heart Study protocols and
procedures were approved by the Institutional Review Board for Human Research at Boston
University Medical Center, and the current analyses were approved by the Tufts Medical Center

and Tufts University Health Sciences Institutional Review Board.

Fatty Liver Disease: The protocols for measuring liver fat and ALT have been described in detail

elsewhere (15; 16). In brief, participants underwent an abdominal scan with an 8-slice MDCT
scanner (LightSpeed Ultra; General Electric Health Care, Milwaukee, WI) from 2002 to 2005.
The Hounsfield Units was estimated for three regions in the liver and one in the calibration
control (phantom). The liver fat content was estimated using liver attenuation, which was

reflected by multiplying the ratio of the average Hounsfield Units for liver to that for the phantom
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by 100 (3). A lower value of the liver to phantom ratio (LPR) represented a higher volume of
liver fat. A value of LPR <33.0 indicated the presence of fatty liver (3). Visceral adipose tissue
(VAT, cm®) and abdominal subcutaneous adipose tissue (SAT, cm®) were measured using the
same MDCT scans (17). Fasting serum ALT concentrations were measured using the kinetic

method (16).

Beverage Consumption: SSB and diet soda intakes were assessed using the Harvard semi-

guantitative FFQ which was designed to assess the habitual dietary intake for the year preceding
the physical and medical examinations (18). The FFQ consisted of 126 food items with standard
serving sizes and a selection of 9 frequency categories ranging from none or <1 serving/month to
>6 servings/day. The present study used dietary data collected in the 7" exam cycle (1998-2001)
of the Offspring cohort and in the 1* examination (2002-2005) of the Gen3 cohort.

The SSB assessment on the FFQ included the following: (1) caffeinated colas with sugar;
(2) caffeine-free colas with sugar; (3) other carbonated beverages with sugar; and (4) fruit
punches, lemonade, or other non-carbonated fruit drinks. Diet soda was captured using 3 FFQ
items including the following: (1) low-calorie cola; (2) low-calorie, caffeine-free cola; and (3)
other low-calorie carbonated beverage. The relative validity of the FFQ has been examined for
both nutrients and foods in other cohorts (18-20). The correlation coefficients between FFQ and
7-day dietary records for SSB and diet soda were 0.51 and 0.66, respectively. Participants 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, 1 serving/week to 1
serving/day, and >1 serving/day (daily consumers).

To better estimate long-term consumption (21), we calculated the cumulative average
intakes of SSB and diet soda using data from three Offspring cohort exam cycles (5", 6" and 7™)
in participants with imaging data (n=888) and in participants with enzyme data (n=2029),

reflecting approximately 7 years of follow-up. Participants were categorized in the same way as
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described above. Cumulative average intake was not calculated for participants in the Gen 3

cohort because dietary data were only available at one examination prior to MDCT scans.

Anthropometry and covariates assessment: Standard protocols were used in physical and medical

examinations at each visit. BMI was calculated as weight (kg) divided by height (m?). Physical
activity level was calculated based on questionnaire-derived time and intensity of activities in a
typical day (22). Nutrient and food intakes were estimated using the FFQ as described above. The
2005 Dietary Guideline Adherence Index (DGALI) was used to capture overall dietary quality (23).
Fasting plasma glucose and serum lipids were measured after an overnight fast. Blood pressure
was calculated as the mean of two blood pressures measured by a physician. Diabetes was

defined as a fasting plasma glucose concentration >7 mmol/L or self-reported use of diabetes

medicines. Metabolic Syndrome was defined according to the ATP 1l criteria (24).

Statistical analysis Characteristics of participants who had liver imaging data were evaluated

using least-square means after adjustment for age and sex. Dietary characteristics were
additionally adjusted for energy intake. A test for linear trend across categories of SSB intake was
performed by assigning the median value of SSB intake to every individual in the category and
treating this as a continuous independent variable in linear regression models for continuous
response variables, or in logistic regression models for dichotomous response variables.

In the primary analysis using MDCT imaging data, the odd ratios (ORs) of fatty liver
disease and least-square means of LPR across SSB consumption categories were estimated using
logistic regression and linear regression models, respectively. Model 1 was adjusted for the
following covariates: age (y), sex, smoking status (non-smokers, current smokers, or unknown),
Framingham cohort (Offspring and Gen3), energy intake (kcal/d), alcohol intake (g/d), dietary
fiber (g/d), dietary fat (% energy), dietary protein (% energy), and diet soda (serving/wk). Linear
trends for both outcomes were tested across categories of SSB intake using the median value

approach with adjustment for the same covariates. We further adjusted for BMI to test if



98

associations may be independent of generalized adiposity. Finally, we examined whether VAT
and SAT may confound the association between SBB and liver fat.

In secondary analyses, we repeated the above analyses using the cumulative average
intake of SSB in the Offspring cohort. We also additionally adjusted for diabetes to examine
whether diabetes might modify the main association between SSB intake and liver fat. In addition,
we tested whether sex, age, or BMI might modify the association between SSB intake and liver
fat by including a product term of SSB intake and dichotomous variables of sex, age (< and >
median age of 50 years), or BMI (<25 and >25 kg/m?) in multiple regression models for linear
trend. We examined whether the observed associations might be confounded by DGAI and
physical activity level. We also examined the association between SSB intake and liver fat with
adjustment for individual food intake (fruits, vegetables, whole grains, red meat, and nuts) and
multivitamin use.

We conducted the same analyses as described above to examine the association between
SSB intake and ALT concentrations. We also conducted primary and secondary analyses for diet
soda using the same imaging and enzyme data and same statistical approaches. In the analyses for
diet soda, we adjusted for SSB intake. All statistical analyses were conducted using SAS
statistical software (version 9.3; SAS Institute, Cary, North Carolina). A two-tailed P<0.05 was

considered statistically significant, unless otherwise specified.

6.3 Results

Study sample characteristics: The prevalence of fatty liver in the study population was 17%.

Overall, 34% of participants were non-consumers and 12% were daily consumers of SBB.
Among SSB consumers, caffeinated cola consumption was the largest contributor to SSB intake
(40%), followed by non-carbonated fruit drinks (29%), carbonated non-cola beverages (21%),
and caffeine-free cola (10%). Daily SSB consumers were more likely to be male, younger,

current smokers, consume less alcohol, engage in slightly more physical activity, and have an
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overall less healthy diet as reflected by a lower DGAI compared to non-consumers (Table 6.1).
Diet soda consumers were more likely to consume an overall less healthy diet and have

hypertension and diabetes than non-consumers (Table 6.2).

Association between SSB intake and fatty liver disease (imaging data): As shown in Table 2, after

multivariable adjustment, a dose response relationship was observed between SSB consumption
and fatty liver disease (p-trend=0.02) with an OR and 95% CI of fatty liver disease of 1.55 (1.03,
2.35) for daily consumers. Further adjustment for BMI and SAT did not modify the significant
association. In contrast, additional adjustment for VAT substantially attenuated the observed
association (P-trend=0.38). There was no significant interaction between SSB intake and sex, age,
BMI, or diabetes status on fatty liver disease.

SSB consumption was not associated with LPR in the overall study sample (P-
trend=0.06). However, a significant interaction was observed between SSB consumption and
BMI status on LPR (P-interaction=0.004, Figure 6.1). In overweight and obese participants
(BMI>25 kg/m?), we observed that SSB intake was positively associated with LPR, p-trend=0.03.
In contrast, no significant association was observed between SSB intake and LPR in normal
weight participants (BMI<25 kg/m?), p-trend=0.56. Similarly, the significant association in
overweight and obese participants was attenuated to non-significant after additional adjustment
for VAT (p-trend=0.37) but not for SAT.

In the secondary analyses, the associations between SSB intake and fatty liver disease
and LPR remained similar after additional adjustment for physical activity and DGAI or
individual foods and multivitamin use. There was no significant interaction between SSB intake
and sex, age, or diabetes status. We observed similar statistical associations using cumulative

average SSB intake (Figure 6.2).
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Association between SSB intake and ALT concentrations: After adjustment for multiple

covariates, we observed a significant positive dose-response relationship between SSB intake and
ALT levels (P-trend=0.001, Table 6.4). Further adjustment for BMI did not change the
association, P-trend=0.007. The observed association was also similar in analyses using

cumulative average SSB intake (Figure 6.2).

Associations between diet soda intake and measures of liver fat: A significant positive association

was observed between diet soda and fatty liver disease and LPR in model 1 (Table 6.3). However,
after adjustment for BMI, all associations were attenuated and no longer statistically significant.
Similar associations were also observed between diet soda consumption and ALT concentrations
(Table 6.4). The secondary analyses and analyses using cumulative average to measure intake of
diet soda yielded similar results, as well. Sex, age, BMI, and diabetes status did not modify the

observed associations for diet soda.

6.4 Discussion

In this large, cross-sectional study of middle-aged adults, we observed a significant dose-response
relationship between SSB and fatty liver disease, with a 55% increased risk of fatty liver disease
in daily consumers of SSB compared to non-consumers. We also observed that SSB consumers
had a significant higher liver fat content in overweight and obese individuals, but not in normal
weight participants. In addition, SSB consumption was positively associated with ALT levels. In
contrast, we observed no significant association between diet soda intake and either liver fat or
ALT levels after controlling for potential confounders including BMI.

In the present study, we observed that the association between SSB intake and liver fat
was independent of BMI and abdominal SAT; however, further adjustment for VAT attenuated
the observed associations, suggesting that VAT may in part mediate this association. In the same
cohort, we have previously reported a positive association between SSB intake and VAT and the

deposition of VAT relative to SAT (25). Our observations in the present study are in line with one
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small cross-sectional analysis of 349 individuals (26) and two small case-control studies (27; 28).
These studies observed that, independent of overall adiposity, individuals with NAFLD
consumed more SSB compared to controls without fatty liver. Currently, there are no prospective
observational data on the relationship between added sugar intake and liver fat accumulation, and
further studies are warranted to establish temporality of the relationship.

As far as we are aware, long-term randomized controlled trials examining the joint
consumption of sucrose or high fructose corn syrup on the development of fatty liver disease are
limited. In a randomized controlled intervention study in 47 overweight adults, Maersk et al.
observed that daily consumption of sucrose-sweetened beverage (1L/d) under ad libitum
conditions for 6 months led to a greater increase in liver fat accumulation compared to the same
levels of diet soda and water consumption (29). In a ten week intervention, Bravo et al. observed
that substituting 8%, 18%, or 30% of the energy required for weight maintenance with sucrose or
high fructose corn syrup did not significantly alter liver fat (30). One study that was conducted in
a sample of obese children showed that self-reported reduction of added sugar intake by 26%
over 16 weeks had no effect on CT measured liver fat volume (31). Albeit limited, these findings
suggest that liver fat accumulation is likely affected only when excess sugar is consumed under
conditions of surplus energy intake.

Several mechanisms by which fructose may promote hepatic fat accumulation have been
proposed. Fructose is primarily metabolized in the liver, where it converts to pyruvate/acetyl
CoA and then provides substrate for de novo synthesis of fatty acids (32); this pathway is not
regulated by the main rate-limiting enzyme for glycolysis, phosphofructokinase (33). Fructose
may also stimulate sterol receptor element binding protein 1¢ (SREBP-1c) (34) and carbohydrate
response element binding protein (ChREBP) (35), two key transcription factors for lipogenesis.
An alternative pathway may involve fructose inhibiting fatty acid catabolism by reducing activity
of B-oxidation in liver (32; 36). It also has been hypothesized that the intermediate products such

as diacyglycerols generated when fructose is converted to triglycerides may trigger insulin
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resistance (37) and, subsequently, induce fat accumulation in the liver (38). However, given the
cross-sectional nature of the present study, it is impossible to ascertain the potential role of these
proposed mechanisms.

The strengths of our study include the utilization of comprehensive dietary, lifestyle, and
clinical data collected in a well-designed subgroup of the Framingham Heart Study. Liver fat was
measured using a precise technique, and MDCT-derived quantitative data are both highly
reproducible and highly specific. In the present study, a cumulative average intake was estimated
to reflect long-term habitual intake, which may account for misclassification to some extent. With
respect to limitations, the cross-sectional and observational design of this study limits our ability
to infer temporality or causality between beverage consumption and liver fat accumulation.
Future prospective studies measuring the long-term change of liver fat may help to establish the
temporal relationship and to evaluate the potential long-term association of sugar intake on liver
fat. Although we observed a statistically significant association between SSB intake and LPR
(liver fat volume) and ALT levels, the difference in LPR and ALT values between the high and
low SSB consumers for levels were small and have limited clinical implications. Nevertheless,
we observed the prevalence of fatty liver was significantly greater in daily SSB consumers
compared to non-consumers. The consumption of low calorie and artificially sweetened non-
carbonated beverages such as ice tea sweetened with aspartame was not captured using the FFQ.
However, diet soda is likely to be the major beverage containing artificial sweeteners and is
estimated to account for approximately 90% of aspartame used in all foods (39). In addition,
although we adjusted for a variety of dietary and lifestyle factors, residual confounding cannot be
ruled out. Finally, the majority of our study population is middle-aged and Caucasian, which may
minimize confounding from race/ethnicity and socioeconomic factors but limits the

generalizability of results to other populations.
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Whether sugar intake may have specific effects on the development of fatty liver disease,
particularly after long-term consumption, is not yet fully understood. The present study
contributes to the existing literature by illustrating that regular consumption of SSB is associated
with greater prevalence of fatty liver disease, particularly in overweight and obese individuals.
These observational data provide further evidence to support the association between habitual
SSB consumption and increased cardiometabolic risk (40). Additional prospective observational
studies and controlled intervention studies are required to determine the independent association

of excess SSB intake on liver fat accumulation.
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Table 6.1. Characteristics of participants according to cross-sectional consumption of SSB *

Consumers
Median 1 serv/mo — 1 serv/wk -
consumption Non-consumers <1 serv/iwk <1 serv/d >1 serv/d P for
(servings/wk) 0 1 4 10 trend
n=2634 899 941 466 328
52.9 51.0 50.4 48.0
Age (¥) (52.2, 53.5) (50.3,51.6)  (49.4,513)  (46.9,49.2) 0001
67.6 53.4 35.4 32.9
0,
Women (%) (64.4, 70.7) (50.3,56.5)  (31.0,39.7)  (27.7,38.1) 0001
Current smoker 10.6 11.3 10.1 17.7 0.002
(%) (8.4,12.7) (9.2, 13.3) (7.2,131) (142, 21.2) :
Alcohol intake 7.5 8.1 7.1 5.8 <0.001
(g/d) (7.0,8.1) (7.5, 8.6) (6.3,7.8) (4.9, 6.8) :
Multivitamin 56.5 49.0 49.2 411 <0.001
user (%) (53.1, 59.8) (45.8,52.1)  (44.7,538) (355, 46.8) :
Physical Activity 37.0 37.6 37.2 38.9 <0.001
Score (36.5, 37.5) (37.1,380)  (365,37.8)  (38.1,39.7) :
) 27.9 27.1 27.6 27.6
L Lt (27.6, 28.3) (26.7, 27.4) 27.1,281)  (270,282) 089
- 2985 2701 2845 2801
SAT (em) (2893,3076)  (2614,2789)  (2721,2970)  (2650,2951)  °*
- 1710 1655 1844 1825
VA () (1651, 1768) (1599, 1710)  (1764,1923)  (1729,1920) 002
: 8.1 4.3 3.4 4.9
0,
Diabetes (%) (6.6, 9.6) (2.9,5.8) (1.4, 5.5) (2.4,7.3) 0.07
Energy intake 1779 1897 2068 2405 <0.001
(kcal/d) (1741,1818)  (1860,1934)  (2015,2121) (2341, 2468) :
32.6 318 31.6 30.6
0,
Fat (%EI) (32.1, 33.0) (31.4, 32.2) (310,322)  (20.9,31.3) 0001
. 19.6 18.2 17.3 15.6
0,
PIEL (2)) (19.4, 19.8) (180,184)  (17.0,17.6)  (153,159) 0001
Dietary fiber 19.3 18.2 16.6 13.6 <0.001
(g/d) * (18.9, 19.7) (17.8,185)  (16.2,17.1)  (13.1,14.1) :
Total sugar (g/d) 87.0 97.2 111.8 135.0 <0.001
: (85.2, 88.9) (95.3,99.2)  (108.7,1151) (130.3,139.9)
Whole grains 20.7 19.7 16.8 12.0 <0.001
(g/d) * (19.6, 21.9) (18.7, 20.8) (15.6,18.1)  (10.9, 13.2) :
Red r_neat . 0.7 0.7 0.7 0.8 <0.001
(servings/d) (0.6,0.7) (0.6,0.7) (0.7,0.8) (0.7,0.8)
Frult_mtake . 2.0 2.0 1.8 1.4 <0.001
(servings/d) (1.9,2.1) (1.9,2.1) (1.7, 2.0) (1.2,15)
Vege_tables , 3.3 3.1 2.7 2.2 <0.001
(servings/d) (3.2,3.4) (3.0,3.2) (2.6,2.8) (2.1,2.4)
: 1.7 1.1 0.8 0.5
Nuts (servings/d) —; 51 g (1.0, 1.3) (0.6, 1.1) 02,07 <0001
Diet soda 5.8 3.4 1.8 1.7 <0.001
(servings/wk) (5.2, 6.3) (2.9,3.9) (1.1, 2.5) (0.8, 2.6) '
5 9.7 9.4 8.6 8.0
DGAI (9.5,9.9) (9.2, 9.5) (8.4, 8.9) (77,83 0001

1. Values are means and 95%CI. 2. Education level

4. Geometric means and 95% CI; 5. DGAI: dietary guideline adherence index

: college or above; 3. n=2556 for VAT and SAT,;



Table 6.2. Characteristics of participants according to cross-sectional consumption of diet soda *

Non- Consumers
1 serv/imo — 1 serv/wk -
consumers
Median consumption <1 serviwk <1 serv/d = servid
(servings/wk) 0 1 4 13 P for trend
n=2634 1233 543 402 456
51.3 51.3 51.3 50.5
Age (¥) (50.7,51.8)  (50.4,52.2)  (50.3,52.3) (495,515 O
50.7 54.6 56.6 51.3
0,
Women (%) (48.0,535)  (50.4,58.7)  (51.7,614)  (46.7,558) O
13.4 8.9 7.8 13.4
0,
ImEn g0 ey () (11.6,15.2)  (6.3,11.6) (4.7,109) (105, 16.4) e
. 7.2 8.1 78 6.8
Alcohol intake (g/d) (6.8,7.7) (7.4,8.8) (7.0, 8.6) (6.1,7.6) 0.23
o 50.2 51.4 51.1 50.4
0,
Multivitaminuser (%) 47450 9)  (47.3,556)  (462,559) (458 549) 0%
Physical Activity 37.8 37.4 37.1 37.0 0.07
Score (37.4,382)  (36.7,380)  (36.3,37.8)  (36.3, 37.7) :
; 26.6 27.4 28.2 207
=0l (i) (263,268)  (27.0,278)  (27.7,287) (292,302) 0001
s 2594 2789 3041 3370
SAT (em’) (2520, 2669)  (2676,2901)  (2910,3172) (3246, 3494)  ~0-001
"3 1604 1706 1825 2009
Vi) (1556, 1652) (1634, 1778)  (1741,1909) (1930,2088) ~0-001
. 3.2 4.0 8.5 112
0,
Diabetes (%) (1.9, 4.4) 21,59  (63.107)  (9.2,132) 0001
: 1947 1893 1972 2007
Energy intake (keal/d) - 1913 1981) (1842, 1045)  (1913,2032) (1951,2063) 002
313 316 323 335
[
Fat (%EI) (31.0,317)  (31.0,321)  (31.7,329) (32.9,341) 0001
: 17.8 183 18.4 (18.0 18.8
0 7
FrrelE (9=l (176,180)  (18.1, 18.6) 18.7) (185,191 <0001
o . 17.4 17.7 17.8 175
Dietary fiber (g/d) (171,177)  (172,182) (17.2,184) (17.0,180) &
. 105.3 99.4 95.8 90.2
e SUEHT ) (1033,107.3) (967,102.3) (92.8,99.0) (87.4,930) 0001
. . 18.2 195 19.3 16.6
Whole grains (g/d) (17.4,191)  (182,209)  (17.7,20.9)  (15.4, 18.0) 0.02
Red meat (servings/d) 0.7 0.7 0.7 0.8 <0.001
4 (0.6,0.7) (0.6, 0.7) (0.7,0.8) (0.7,0.8) :
Fruit intake 1.9 1.9 1.9 1.7 0.003
(servings/d) * (1.9, 2.0) (1.8, 2.0 (1.8, 2.0 (1.6,1.8) '
Vegetables 2.8 2.8 2.8 2.9 0.08
(servings/d) 4 (2.7,2.8) (2.7, 3.0) (2.7, 3.0) (2.8,3.1) '
. 1.2 11 13 1.2
Nuts (servings/d) (1.0, 1.3) (0.9, 1.3) (10,15) (L0, 15) 0.43
: 3.6 2.4 21 17
S92 (IR (3.3, 3.8) 2.0, 2.8) (1.7, 2.5) 12,21 000
9.3 9.2 9.1 8.8
DGA (9.2, 9.5) (9.0, 9.5) 89,94) (8590 000

1. Values are means and 95%Cl; 2. Education level: college or above; 3. n=2556 for VAT and SAT,; 4.

Geometric means and 95% CI; 5. DGAI: dietary guideline adherence index
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Table 6.3. OR (95% CI) of fatty liver disease and least-square mean (95% CI) of measures of liver fat
according to cross-sectional beverage consumption in 2634 adults *

Consumers
Non- 1 serv/mo — 1 serv/wk - ~1 /d P for
consumers <1 serv/iwk <1 serv/d =1 serv trend
Sugar-sweetened beverages
Median consumption 0 1 4 10
(servings/wk)
n 899 941 466 328
Fatty liver disease
Model 1 1.05 1.28 1.55
1 (Ref) (081,1.37)  (0.92,1.78)  (1.03,2.35)  0.02
1.16 1.32 1.61
Model 1 + BMI 1 (Ref) (0.88,154)  (0.93,1.86)  (L04,249)  0.04
1.19 1.40 1.65
BRE] > ST 1 (Ref) (0.90,158)  (0.99,1.99)  (1.06,256)  0.03
1.10 1.08 1.28
Model 1+ VAT 1 (Ref) (0.82.148)  (0.75,157)  (0.80,2.06)  0.38
Liver to phantom ratio
36.3 36.1 35.7 35.7
ek 1 (36.0,365) (359 364)  (353.360) (353,362 OO0
36.3 36.0 35.8 35.8
Model 1 +BMI (36.0,36.6) (358 363)  (354,361)  (353,36.3) 012
36.3 36.1 35.7 35.9
HBRE] > ST (36.1,36.6) (358 36.3)  (354,361)  (354,363) O
36.2 36.0 36.0 36.1
Model 1+ VAT (35.9,364)  (358,36.3)  (356,363) (356,365 OO
Diet soda
Median qonsumptlon 0 1 4 13
(servings/wk)
n 1233 543 402 456
Fatty liver disease
Model 1 1.16 1.38 1.43
1 (Ref) (0.88,1.53)  (1.03,1.86)  (1.08,1.90)  0.02
1.01 112 0.90
Model 1+ BMI 1 (Ref) (0.76,1.36)  (0.82,153)  (0.66,1.23) 051
1.08 1.18 0.99
DAIERE) &> ST 1 (Ref) (0.81, 1.45) (0.86,162)  (0.72,1.35)  0.85
1.03 113 0.85
Model 1+ VAT 1 (Ref) (0.75,1.40)  (0.81,157)  (0.61,1.18)  0.31
Liver to phantom ratio
36.3 36.1 35.8 35.6
ilgee (36.1,365) (358 365)  (354,36.1) (352 359) 001
36.1 36.1 35.9 36.0
Model 1+ BMI (35.9,363) (358 364)  (355,363)  (35.7,364) OO
36.2 36.1 35.9 35.9
el 1 S (35.9,364) (358 365)  (355,363)  (356,363) 027
Model 1 + VAT 36.1 36.1 36.0 36.1 0.99

(35.9, 36.3) (35.8, 36.4) (35.6,36.3)  (35.8,36.4)

1. Model 1 was adjusted for age, sex, energy intake, alcohol intake, dietary fiber, dietary fat, dietary
protein, diet soda, smoking, and Framingham cohort.



Table 6.4. Geometric mean (95% CI) of ALT concentrations (U/L) according to cross-sectional beverage intake in 5908 adults *

Non-consumers
0 — 1 serving/mo

Consumers

1 serving/mo —

1 serving/wk -

>1 servings/d

<1 serving/wk <1 serving/d P for trend
Sugar-sweetened beverages
Median gonsumptlon 0 1 4 10
(servings/wk)
n 1991 2044 1036 837
Model 1 20.9 (20.5, 21.4) 20.4 (20.0, 20.8) 21.3(20.7,21.8) 22.0 (21.3, 22.8) 0.001
Model 1 + BMI 20.9 (205, 21.4) 20.5(20.1, 20.9) 21.2 (20.7,21.8) 21.8 (21.0, 22.5) 0.007
Diet soda
Median gonsumptlon 0 1 4 14
(servings/wk)
n 2718 1162 922 1106
Model 1 20.4 (20.1, 20.8) 21.2 (20.7,21.7) 21.3(20.7,21.9) 21.7 (21.2, 22.3) <0.001
Model 1 + BMI 20.8 (205, 21.2) 21.1(20.6, 21.7) 21.0 (20.5, 21.6) 21.0 (20.4, 21.5) 0.88

1. Model 1 was adjusted for age, sex, energy intake, alcohol intake, dietary fiber, dietary fat, dietary protein, sugar-sweetened
beverage, smoking, and Framingham cohort.
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P-interaction=0.004
® P-trend = 0.56 (n=923)
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Figure 6.1. BMI-stratified associations between sugar-sweetened beverage intake and liver-phantom ratio. Symbols are means and 95% CI.
BMI<25 kg/m? and squares represent BMI >25 kg/m?. Models were adjusted for age, gender, Framingham cohort, energy intake, alcohol
intake, dietary fiber, dietary fat (% of energy), dietary protein (%energy), diet soda intake, smoking status, and BMI.
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Figure 6.2. Associations between cumulative average intake of sugar-sweetened beverage and
measures of fatty liver. Symbols are means or geometric means and 95% Cl. Models were adjusted
for age, gender, energy intake, alcohol intake, dietary fiber, dietary fat (% of energy), dietary
protein (%energy), smoking status, and BMI. Sample size was 888 for liver-phantom ratio and
fatty liver (%) and 2029 for ALT (U/L).
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Chapter 7.

Longitudinal association between sugar-sweetened beverage consumption and progression
of insulin resistance and pre-diabetes in Framingham Heart Study Cohorts

Jiantao Ma, Paul F. Jacques, James B. Meigs, Caroline S. Fox, Caren E. Smith, Adela Hruby,
Edward Saltzman, Nicola M. McKeown*

7.1 Abstract

Objective: To examine the prospective associations between consumption of sugar-sweetened
beverages (SSB), diet soda, fruit juice and progression of insulin resistance and development of
pre-diabetes over 7 years.

Research Design and Methods: We estimated changes in insulin resistance (n=2,092) and

incident pre-diabetes (n=1,981) in middle-aged adults in the Framingham Offspring Study (FOS).
Homeostasis model assessment insulin resistance (HOMA-IR) was calculated using fasting
plasma insulin and glucose measured at the 5" FOS exam and 7 years later (the 7" exam). In the
analysis of HOMA-IR, we excluded participants with diabetes at baseline or two follow-up exams.
In the analysis for pre-diabetes, we excluded diabetic and pre-diabetic participants at baseline,
and we considered both incident prediabetic and diabetic cases in the follow-up exams as incident
prediabetes. We identified 438 incident cases of pre-diabetes. Cumulative average consumption
of SSB, diet soda, and fruit juice were estimated using food frequency questionnaires.
Participants were categorized into quartile consumption categories. We estimated the change in
HOMA-IR using linear regression models and relative risk of incident pre-diabetes using Poisson
regression models with a robust error variance.

Results: After adjustment for multiple potential confounders, we observed that SSB intake was
positively associated with changes in HOMA-IR (P-trend=0.04) and incident pre-diabetes (P-
trend=0.03), with those in the highest category of consumption (>3 serv/wk, median 6 serv/wk)
having a 39% increased incidence of pre-diabetes compared with non-consumers. No significant

prospective associations were observed between intakes of diet soda and fruit juice and changes
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in HOMA-IR. In overweight and obese participants, diet soda intake was positively associated
with increased risk of incident pre-diabetes (P-trend=0.02).

Conclusion: Regular SSB intake is associated with greater changes in HOMA-IR and risk of
developing pre-diabetes. We observed that diet soda intake was not associated with changes in
HOMA-IR; however, in overweight and obese participants, diet soda intake was associated with
greater risk of developing pre-diabetes. No significant association was observed between fruit

juice intake and HOMA-IR and pre-diabetes.

7.2 Introduction
Insulin resistance (IR) is a condition whereby the body’s sensitivity or responsiveness to the
hormone insulin is decreased, leading to metabolic dysregulation (1). IR is a major cause of type
2 diabetes and is a key feature of many other cardiometabolic diseases (2). Sugar-sweetened
beverages (SSB), sweetened with either sucrose or high-fructose corn syrup, are the leading
source of added sugars in the diets of American adults (3). Current evidence has linked excess
SSB consumption to increased risk of type 2 diabetes (4) and cardiovascular diseases (5), and it is
possible that impaired insulin sensitivity is a key underlying mechanism whereby excess
consumption of added sugars leads to progression of cardiometabolic diseases. While some
intervention studies found that high intakes of sucrose (6) or fructose (7; 8) appear to reduce
insulin sensitivity, other studies, assessing insulin sensitivity using clamp techniques, have failed
to show these detrimental effects (9; 10). Conflicting findings have also emerged from
observational studies examining habitual sugar intake and homeostasis model assessment insulin
resistance (HOMA-IR) in adults (11-14) and children (15-17). Furthermore, few studies have
examined the long-term association between excess added sugar intake and incidence of pre-
diabetes in healthy adults.

Several prospective cohort studies have reported heterogeneous associations between

fruit juice consumption and type 2 diabetes (18-20). Similar to SSB, fruit juice contains a
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considerable amount of sugar, however, it contains other nutrients such as vitamin C. Diet sodas,
sweetened by low-calorie or artificial sweeteners in lieu of sugars are often an alternative
beverage to SSB. While a few prospective studies have found a link between diet soda intake and
increased risk of type 2 diabetes (18; 21), others have observed a non-significant association (19;
22). To our knowledge, there is no prospective evidence of a relationship between habitual diet
soda or fruit juice consumption and IR and pre-diabetes in adults.

Consequently, we hypothesize that long-term intake of SSB is associated with greater
changes in IR and, thus, development of pre-diabetes, whereas no such association exists with
diet soda and fruit juice consumption. In the present study, we test this hypothesis by examining
the longitudinal association between intake of SSB, diet soda, and fruit juice and change in IR as

assessed by HOMA-IR and incidence of pre-diabetes.

7.3 Methods

Study Sample: Study participants were from the Framingham Heart Study’s Offspring Cohort and
have been previously described (23). Participants in the Offspring cohort were evaluated
approximately every 3-4 years. In the present analyses, we used data from the 5™ exam (1991-
1995), 6™ exam (1995-1998), and 7" exam (1998-2001). At the 5™ exam, defined as baseline for
the purposes of this study, 3,799 participants attended physical and medical examinations, of
which 3,408 individuals had valid dietary data. In the analysis examining change in HOMA-IR,
we excluded 905 participants with no measurements of fasting plasma glucose and insulin at the
5" or 7" examinations; fasting plasma insulin (FPI) was not measured at the 6™ exam. In addition,
we excluded participants identified as having diabetes at any of the three examination cycles
(n=349). We defined diabetes as fasting plasma glucose (FPG) concentration >7 mmol/L, 2-hour
oral glucose tolerance test glucose (OGTT) concentration >11.1 mmol/L, or reported use of
hypoglycemic medications (24). We also excluded participants with missing covariates (n=62) at

baseline for BMI, smoking status, or physical activity level, thus reducing the final sample to
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2,092 participants in the analysis of HOMA-IR. In the analysis for pre-diabetes, we excluded
1,243 participants with pre-diabetes (FPG >5.6 and <7 mmol/L or 2-hour OGTT glucose >7.8 and
<11.1 mmol/L) or diabetes at the 5™ exam (25). We also excluded 138 participants with unknown
pre-diabetic or diabetic status at the 6" or 7" exam. In addition, we excluded 46 participants with
missing covariate data, reducing the final sample size to 1,981. All participants provided written
informed consent prior to study participation. The Framingham Heart Study protocols and
procedures were approved by the Institutional Review Board for Human Research at Boston
University Medical Center, and the current analyses were approved by the Tufts Medical Center

and Tufts University Health Sciences Institutional Review Board.

Dietary Assessment: We used a semi-quantitative 126-item food frequency questionnaire (FFQ)

to assess the habitual dietary intake of participants during the year preceding each examination
cycle (26). The FFQ was mailed to participants to be completed at home, and the completed
version was returned at an in-person study visit. The FFQ consisted of a list of foods with
standard serving sizes and a selection of 9 frequency categories ranging from none or <1
serving/mo to >6 servings/d. Nutrient intake was calculated by multiplying the frequency of
consumption of a food item by the nutrient content per standard serving size for the given food
item. Dietary information was considered valid only if reported energy intake was: >2.5 MJ/d
(600 kcal/d) for both men and women; <16.7 MJ/d (4,000 kcal/d) for women; <17.5 MJ/d (4,200
kcal/d) for men; or if <13 food items were left blank on the FFQ.

SSB intake was captured by 4 FFQ items: 1) caffeinated colas with sugar; 2) caffeine-free
colas with sugar; 3) other carbonated beverages with sugar; and 4) fruit punch, lemonade, or other
non-carbonated fruit drinks. Diet soda intake was captured by 3 FFQ items: 1) low-calorie cola; 2)
low-calorie, caffeine-free cola; and 3) other low-calorie carbonated beverage. Fruit juice intake
was captured by 4 FFQ items: 1) apple juice/cider; 2) orange juice; 3) grapefruit juice; and 4)

other fruit juice. The relative validity of the FFQ for beverage consumption has been examined in
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other cohorts (26). The correlation coefficients between intakes estimated from FFQ and 7-day

diet records for SSB, diet soda, and fruit juice were 0.51, 0.66, and 0.76, respectively.

Outcome Measures and Definitions: The primary outcomes examined were changes in FPG, FPI,

and HOMA-IR, and incident pre-diabetes. Fasting blood samples were collected routinely during
each of the three exam cycles. A 2-hour OGTT test was performed in all participants at the 5"
exam and in a subgroup of participants (n=1021, sex block randomly selected from five quintile
strata of FPG) in the 7" exam. Plasma glucose was measured using a hexokinase reagent. Plasma
insulin was measured by standard radioimmunoassays at the 5™ and 7" exams. The Coat-A-Count
immunoassay was used at the 5™ exam (Diagnostic Products, Los Angeles, CA), and the human-
specific immunoassay was used at the 7" exam (Linco Research, Inc., St. Charles, MO). A
calibration study using thawed plasma samples collected at the 5" exam from 87 participants
generated a regression equation for the two immunoassays (24). In the present study, we
converted values measured by the Coat-A-Count immunoassays to human-specific immunoassay
equivalent insulin concentrations. A valid surrogate index of IR widely used to determine insulin
resistance in observational studies is the HOMA-IR (1). HOMA-IR was calculated based on
fasting plasma insulin and glucose measures using Matthews’ formula [FPG (mmol/L) x
FPI(nU/mL) / 22.5] (27). On average, the follow-up time period between exam cycles is 3 to 4
years. During this time period some healthy participants (n=38) developed diabetes and as such
we did not capture the pre-diabetic phase for these individuals. For our analyses we have
classified these individuals as pre-diabetes. For participants who were missing the pre-
diabetic/diabetic status at the 7th exam, but had this information available at the 6™ exam (n=134),

their status at the 6th exam was carried forward.

Anthropometry and Covariates Assessment: At each visit, participants underwent a physical

examination using standard protocols and completed a medical history questionnaire. Waist

circumference was measured at the level of the umbilicus in the standing position. BMI was
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calculated as weight (kg) divided by height (m?). Participants who reported that they smoked
regularly in the past year were classified as current smokers. Physical activity level was
calculated based on questionnaire-derived time spent performing a given type of physical activity
in a typical day and the intensity of the activity (28). Dietary factors derived from the FFQ
included intakes of total energy (kcal/d), dietary fat (% energy), dietary fiber (g/d), and alcohol
(g/d). Blood pressure was measured twice by a physician, and the average was used.
Hypertension was defined as systolic blood pressure >140 mmHg, or diastolic blood pressure >90

mmHg, or use of anti-hypertensive drugs (29).

Statistical Analysis: To better estimate long-term consumption, we calculated the cumulative

average intake of SSB, which was estimated using data from exams prior to the diagnosis for
diabetic participants and all available exams for other participants. For analyses of FPG, FPI, and
HOMA-IR, we calculated a cumulative average based on SSB consumption at the 50 6" and 7™
exams. For analyses of incident pre-diabetes, cumulative average intake was also calculated as a
cumulative average based on consumption at the 5, 6", and 7" exams, except for participants
who developed diabetes. In this case, SSB consumption was based on data from the exams prior
to the classification of diabetes. For example, for diabetes identified at the 7" exam, SSB intake
was calculated using data from the 5" and 6™ exams and for diabetes identified at the 6" exam
SSB intake was derived from the 5™ exam only. Characteristics of participants in the analysis for
HOMA-IR (n=2,092) at baseline (5™ exam) are presented in Table 1. Participant characteristics
across quartile categories of SSB intake were age- and sex- adjusted and evaluated through use of
least-squares means. Dietary characteristics were additionally adjusted for energy intake. We
evaluated the linear trend across quartile categories by assigning the median intake to individuals
in each category and testing it as a continuous independent variable in linear regression for
continuous response variables, or in logistic regression models for dichotomous response

variables.
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In our primary analysis, we examined the prospective association between cumulative
average intake of SSB and changes of FPG, FPI, and HOMA-IR, and incident pre-diabetes. To
estimate the change in continuous outcomes (FPG, FPI, and HOMA-IR), we treated values at the
7" exam as response variables and values at the 5™ exam as covariates. We calculated the least-
squares means of these outcomes across SSB quartile categories using two multiple linear
regression models. In model 1, we adjusted for the following variables: age, sex, and energy
intake. In model 2, we additionally adjusted for alcohol intake, cereal fiber, total fat (% energy),
diet soda, fruit juice, smoking status, hypertension, physical activity, and BMI. The linear trend
was examined using methods described above. We additionally adjusted for change in BMI in
separate models. Relative risk (RR) and 95% CI were calculated for incident pre-diabetes at the
7" exam using a Poisson regression model with a robust error variance with adjustment for the
previously mentioned covariates in models 1 and 2. In all models, dietary covariates were
calculated using the same approach as described above for SSB. Other non-dietary covariates
were modeled in a time-dependent manner. For example, we used data from 5" exam for diabetic
individuals (n=20), as well as individuals with missing data (n~200) at the 6" exam, and we used
data from the 6™ exam for other individuals.

For all outcomes, the same models and covariates were used to examine intakes of diet
soda and fruit juice. We mutually adjusted for intakes of SSB, diet soda, and fruit juice. We
additionally adjusted for intakes of individual food groups including fruits, vegetables, red meat,
nuts, whole grains, coffee consumption, and multivitamin use. In a separate model, we adjusted
for overall dietary quality as estimated using the 2005 Dietary Guideline Adherence Index (DGAI)
as previously described (30). Cereal fiber and dietary fat intake variables were removed from
models when adjusted for individual foods or DGAI. We tested the potential interaction between
SSB intake and gender and BMI. We created categorical variables for BMI (<25 kg/m? and >25
kg/m?) and added a product term of SSB intake and potential effect modifiers into statistical

model 2. All statistical analyses were conducted using SAS statistical software (version 9.3; SAS
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Institute, Cary, North Carolina). Values are presented as means (95% confidence intervals [CI]).

A two-tailed P < 0.05 was considered statistically significant unless otherwise specified.

7.4 Results

Baseline Study Sample Characteristics: Age-, sex-, and/or energy intake adjusted baseline

characteristics across quartile categories of SSB intake are presented in Table 7.1. Compared to
the lowest quartile category of SSB intake, participants in the highest quartile category were more
likely to be men, younger, current smokers, and more physically active. Participants in the highest
guartile category consumed more total sugars and less fiber, and had an overall less healthy diet
as captured by the DGAI. Participants with higher SSB consumption tended to have lower
intakes of diet soda but slightly higher intakes of fruit juice. No significant difference in overall
dietary quality (DGAI) was observed across quartiles of diet soda intake; however, individuals
with greater diet soda intake had higher BMI and greater waist circumference. Individuals with
greater fruit juice intake had better overall dietary quality, lower BMI, and smaller waist

circumference.

FPG, FPI, and HOMA-IR: SSB intake was positively associated with change in FPG (P-

trend=0.05) and change in HOMA-IR (P-trend=0.04) (Table 7.2). The associations remained
statistically significant after additional adjustment for change in BMI during follow-up. No
association was observed between SSB intake and change in FPI (P-trend=0.11). We observed
that diet soda intake was positively associated with FPI and HOMA-IR in sex-, age-, energy
intake-, and baseline outcome values adjusted models (Table 7.2). However, after additional
adjustment for dietary and other covariates, including BMI, the observed significant associations
were attenuated to non-significance for FPI and HOMA-IR (P-trend=0.52 and 0.67, respectively).
No significant association was observed between diet soda intake and FPG (P-trend=0.47) or
between fruit juice intake and FPI (P-trend=0.13) and HOMA-IR (P-trend=0.29). An inverse

association between fruit juice and FPG was observed (P-trend=0.04). All observed statistical
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associations remained the same after additional adjustment for individual food groups or DGAI,

except the positive association between SSB intake and FPG became statistically stronger, P-

trend=0.02 and P-trend=0.03, respectively.

Relative Risk of Incident Pre-diabetes: After adjustment for age, sex, dietary and other potential

confounders, those who consumed, on average, 6 servings/week of SSB had an approximately 40%
greater risk of incident pre-diabetes compared to those who consumed no SSB (RR=1.39; 95% ClI
1.07-1.81) (Table 7.3). Trend analysis across SSB quartile categories was also statistically
significant (P-trend=0.03). In contrast, after adjustment for the same covariates, particularly BMI,
we observed no significant association between diet soda intake and incident pre-diabetes (P-
trend=0.57), or between fruit juice intake and incident pre-diabetes (P-trend=0.19). All observed
statistical associations were maintained after additional adjustment for individual dietary factors,
DGALI, and changes in BMI. We observed that BMI status significantly modified the association
between diet soda intake and incident pre-diabetes (P-interaction=0.01). As shown in Figure 7.1,
in overweight and obese participants (BMI >25 kg/m®), diet soda intake was positively associated
with incident pre-diabetes (P-trend=0.02), whereas the association among participants with BMI

below 25 kg/m? was not statistically significant (P-trend=0.11).

7.5 Conclusions

In this prospective cohort study of middle-aged adults, higher intake of SSB consumption
was modestly associated with a greater increase in insulin resistance and a higher incidence of
pre-diabetes after adjustment for multiple confounders. Interestingly, we showed that change in
BMI over the follow-up period did not account for the observed association between SSB intake
and IR or incidence of pre-diabetes, suggesting that this association is independent of overall
adiposity. In contrast, we observed no significant association between fruit juice intake and

changes in HOMA-IR and incident pre-diabetes after adjustment for potential confounders.
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Furthermore, no significant association was observed between diet soda and change in HOMA-IR;
however, a significant positive association was observed with incident pre-diabetes in overweight
and obese participants.

In previous cross-sectional analyses of data from the Framingham Heart Study, higher
intakes of SSB have been linked to greater HOMA-IR (11) and prevalence of the metabolically
unhealthy phenotype (31). Our findings support, in part, an earlier observation that soda (SSB and
diet soda) consumption was associated with a greater incidence of impaired fasting glucose as
defined based on the FPG concentration ( >5.5 mmol/L) or use of medications to control
hyperglycemia (32). Our analysis separately examined SSB and diet soda utilizing cumulative
averages to reduce within participant variability of dietary intake, as well as providing a longer
follow-up time. The results of the present study are also consistent with a meta-analysis of
prospective cohort studies, in which Malik et al. showed that SSB consumption was associated
with increased risk of developing type 2 diabetes and metabolic syndrome in adults (4).

To date, several observational studies in adults have examined the cross-sectional
associations between intakes of SSB (11; 33), total sugar (12), sucrose (14), and fructose (13) and
HOMA-IR, and the findings have been mixed. To our knowledge, no prospective cohort study
has examined, long-term, the association between sugar intake and HOMA-IR in adults. In
children, the association between sugar intake and HOMA-IR has been examined prospectively in
a handful of cohorts, and the results have been inconsistent (15-17). A 2-year follow-up study in
children (n=564, age 8 to 10 years) observed that higher intake of added sugar from liquid
sources was prospectively associated with increased HOMA-IR (15). In contrast, a 6-year follow-
up study in a smaller sample of children the same age reported no association between total sugar
intake and HOMA-IR (17). Similarly, no significant association was observed between SSB
intake and HOMA-IR in a group of adolescents (16).

Two small (n=13), randomized crossover controlled clinical trials have compared the

potential effects of excess intakes of sucrose (10; 34) on IR as determined by the
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hyperinsulinemic euglycemic glucose clamp over a 6-week period. Under conditions of weight
maintenance, Black et al (10) observed no difference in IR after 6 weeks, on intervention arms
providing 25% or 10% of total energy from sucrose. Similarly, Lewis et al (34) observed no
change in IR on a sucrose diet that provided either 15% or 5% energy. The evidence from
intervention studies using surrogate markers of IR is also inconsistent. A parallel, randomized
controlled trial of 37 overweight adults showed that, after adjustment for baseline HOMA-IR and
change in body weight, 10-weeks of consuming a high sucrose (approximately 25% energy from
sucrose) ad libitum diet significantly increased HOMA-IR compared to a diet where subjects
were fed artificial sweeteners (35). In contrast, one randomized crossover study showed that
consumption of an ad libitum diet providing 80 g/d of sucrose (approximately 15% energy) for 3
weeks did not alter HOMA-IR relative to baseline among 29 lean adults (36). The results are
heterogeneous, in part, due to small sample sizes and a relatively short intervention period in all
these trials.

In the present study, after adjustment for potential confounders, no significant association
was observed between diet soda intake and HOMA-IR. In a trial conducted in 37 adults, no
change in HOMA-IR was observed after 10 weeks of artificial sweetener intervention (35).
However, some prospective cohort studies observed a direct association between diet soda intake
and risk of type 2 diabetes after adjustment for BMI (18; 21), which is consistent with our
observation that diet soda intake was positively associated with incident pre-diabetes in
overweight and obese participants. Diet soda provides no extra calories, and the role of artificial
sweetener in stimulating IR is not conclusive. Thus, future studies are still needed to examine the
metabolic effects of diet soda.

The relationship between fruit juice and IR has not been adequately studied. Consistent
with our longitudinal observations, a cross-sectional analysis using data from NHANES 1999-
2004 showed no significant association between 100% fruit juice intake and HOMA-IR after

adjustment for BMI (37). Several prospective cohort studies showed heterogeneous associations
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between fruit juice consumption and type 2 diabetes (18-20). Odegaard et al showed the highest
fruit juice consumption group was associated with 24% increased risk of type 2 diabetes
compared to the lowest consumption group, and the significant association remained after further
adjustment for BMI (38). A recent prospective cohort study showed fruit juice intake was
associated with an 8% increased risk of diabetes (20). Similar to our observation, Fagherazzi and
colleagues (18) observed a protective association between fruit juice intake and type 2 diabetes
risks in women; however, this was attenuated after adjustment for BMI.

The underlying mechanisms linking excess sugar intake and IR are not completely
understood, particularly whether IR occurs due to sugar intake itself or weight gain caused by a
positive energy balance. One potential pathway by which excess sugar intake may mediate
impairment of insulin sensitivity is through an increase in fat synthesis in liver and adipose
tissues. In the process of lipogenesis, sugar may be converted to products such as diacyglycerols
that are harmful to insulin signaling (39). SSB intake may also insert its influence on IR through
its potential role in visceral adipose tissue (VAT) fat deposition (40). Excess free fatty acids
released from enlarged adipocytes in VAT may directly flow through the portal vein to induce
hepatic IR (41). Finally, adipokines secreted by adipose tissue, particularly VAT, may trigger IR
in liver and peripheral tissue (42).

The strengths of our study include the utilization of comprehensive dietary, lifestyle, and
clinical data collected in a well-designed subgroup of the Framingham Heart Study. In the present
study, a cumulative average intake was estimated to reflect habitual intake, which may account
for misclassification to some extent. With respect to limitations, although we adjusted for a
variety of dietary and lifestyle factors, residual confounding cannot be ruled out due to the
observational nature of this study. The consumption of low calorie and artificially sweetened,
non-carbonated beverages was not evaluated using the FFQ. In addition, the majority of our study
population is middle-aged and Caucasian, which may minimize confounding from race/ethnicity

and socioeconomic factors but limit the generalizability to other populations.
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The present study adds to current data by showing that long-term consumption of SSB
predicts increased IR and risk of developing pre-diabetes independent of body weight. We also
observed that long-term diet soda intake was positively associated with increased risk of
developing pre-diabetes in overweight and obese participants. This association is not observed
with fruit juice. Although these observational data provide further evidence to support the
association between daily SSB consumption and increased cardiometabolic risk, well-designed
metabolically controlled intervention trials with sufficient power and duration are required to

further examine how SSB intake may influence insulin resistance and its underlying mechanisms.
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Table 7.1. Baseline characteristics of participants in the lowest and highest quartile categories of beverage intake in 2092 adults
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Median intake (servings/wk)
Range (servings/wk)

SSB Diet Soda Fruit Juice
Q1 Q4 Q1 Q4 Q1 Q4
522 526 682 524 523 524
0 6 0 9 1 11
0--0 3<--<51 0--0 5<--<77 0--<2 8< -- <56

Age?

Women (%) *

Current smokers (%) *
Alcohol intake (g/d) *
Physical activity score *

BMI (kg/m?) 3

FPG (mmol/L) ®

FPI (pmol/L) *®

HOMA-IR *°

2-h OGTT glucose (mmol/L) 3
2-h OGTT insulin (pmol/L) *°
Hypertension (%) *

Energy intake (kcal/d) ®

Fat (%EI) 3

Protein (%EI) *

Dietary fiber (g/d) *°

Total sugar (g/d) **

SSB (servings/wk) *°

Diet soda (servings/wk) *°
Fruit juice (servings/wk) **
DGAI **

55.1 (54.3, 55.9)
72.3 (68.2, 76.4)
15.6 (12.3, 18.9)
12.9 (11.6, 14.3)
34.2 (33.7, 34.7)
27.1(26.8, 27.5)
5.22 (5.18, 5.26)
191.5 (188.0, 195.0)
5.4 (5.3, 5.5)
5.60 (5.48, 5.72)
237.3 (225.4, 249.7)

25.8 (22.1, 29.5)
1629 (1579, 1680)

30 (29, 30)

18 (18, 18)

18 (17, 18)

94 (91, 97)

6(5,7)
5 (4, 6)
9.8 (9.6, 10.0)

51.7 (50.9, 52.5) **
37.1(33.0, 41.3) **
24.2 (20.8, 27.5) **
7.9 (6.6, 9.3) **
35.5 (35.0, 36.0) *
26.7 (26.3, 27.1)
5.21 (5.17, 5.25)

199.3 (195.7, 203.0) **

5.7 (5.5, 5.8) *
5.77 (5.65, 5.89)

255.3 (242.6, 268.6)

28.1 (24.4, 31.9)

2120 (2069, 2171) **

29 (29, 30) *
15 (15, 15) **
14 (14, 15) **
132 (129, 135) **
2(2,3) **
6(6,7)*
8.5 (8.3, 8.7) **

53.9 (53.2, 54.6)
56.8 (53.0, 60.5)
22.6 (19.8, 25.5)
10.7 (9.6, 11.9)
35.1 (34.7, 35.6)
25.5 (25.2, 25.9)
5.16 (5.13, 5.20)

5.3 (5.2, 5.4)
5.65 (5.54, 5.75)

239.7 (229.5, 250.5)

24.9 (21.7, 28.1)

1878 (1833, 1924)

30 (29, 30)
16 (16, 16)
16 (15, 16)
114 (111, 116)
4 (4, 4)
6(6,7)
9.0(8.8,9.2)

51.7 (50.9, 52.5) **
53.8 (49.5, 58.0)
15.4 (12.1, 18.7) *
11.1 (9.7, 12.4)
34.4 (33.9, 34.9)
28.2 (27.8, 28.5) **
5.24 (5.20, 5.28) *

191.5 (188.6, 194.5) 198.4 (194.9, 202.0) **

5.7 (5.5, 5.8) **
5.74 (5.62, 5.86)

258.5 (245.8,271.8) *

31.1 (27.4, 34.8) *
1853 (1801, 1905)
31 (30, 31) *
17 (17, 17) **
17 (16, 17) *
100 (97, 104) **
2(2,2) **

5 (5, 6) *

9.0 (8.8,9.2)

52.3 (51.5, 53.1)
62.0 (57.7, 66.3)
24.2 (20.9, 27.5)
11.5 (10.2, 12.9)
34.5 (34.0, 35.0)
27.1(26.7, 27.5)
5.20 (5.16, 5.24)
195.2 (191.7, 198.7)
5.5 (5.4, 5.6)
5.64 (5.52, 5.76)
245.0 (233.0, 257.7)
27.9 (24.2, 31.6)
1674 (1624, 1725)
31 (31, 32)
17 (17, 17)
15 (15, 16)
99 (96, 102)
3(2,3)
5 (4, 5)

8.5 (8.3,8.7)

54.0 (53.2, 54.8) **
52.3 (48.0, 56.5) **
14.6 (11.3, 17.8) **
9.4 (8.0, 10.8) *
35.1 (34.6, 35.6)
26.4 (26.0, 26.8) *
5.16 (5.13, 5.20)
191.3 (187.9, 194.7)
5.3 (5.2, 5.5)
5.68 (5.57, 5.80)
237.5 (225.9, 249.7)
25.6 (22.0, 29.3)
2080 (2030, 2130) **
28 (27, 29) **
16 (16, 16) **
17 (17, 18) **
123 (120, 126) **
3(3,3)
4(3,4)

9.9 (9.7, 10.1) **

T Data presented as means or geometric means and 95%Cl;  Age was adjusted for sex and percent women was adjusted for age; > Values were adjusted for sex and age; *
Values were adjusted for sex, age, and energy intake; ®> Values are geometric means; Single asterisk indicates P-trend across quartile categories<0.05 and Double asterisk
indicates P-trend across quartile categories<0.001
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Table7. 2. Mean (95%CIl) of markers of insulin resistance according to cumulative average beverage

consumptions in 2,092 adults

Quartile Categories of Beverage Intake

Q1L Q2 Q3 Q4 P-trend
Sugar-Sweetened Beverage
Median Intake (servings/wk) 0 1 2 6
n 522 524 520 526
FPG, mmol/L
5.4 5.4 5.4 5.4
Model 1 (5.3, 5.4) (5.4, 5.5) (5.3, 5.4) (5.4, 5.5) 0.05
5.4 5.4 5.4 5.4
Model 2 (5.3, 5.4) (5.4, 5.5) (5.3, 5.4) (5.4, 5.5) 0.05
FPI, pmol/L *
86.8 85.8 89.5 88.5
Model 1 (83.7,90.1)  (82.8,88.9)  (86.4,927) (853,919 O3
86.2 85.3 89.7 89.4
Model 2 (832,89.4)  (825,88.2) (868 927) (862, 928) 011
HOMA-IR *
3.0 2.9 3.1 3.1
Model 1 2.8, 3.1) 2.8,3.1) 30,32 (3.0 32) 0.13
2.9 2.9 3.1 3.1
Model 2 (2.8, 3.0) 2.8, 3.0) 30,32) (3032 004
Diet Soda
Median Intake (servings/wk) 0 0.3 2 9
n 682 365 521 524
FPG, mmol/L
5.4 5.4 5.4 5.4
Model 1 (5.3, 5.4) (5.4, 5.5) (54,54) (54,55 016
5.4 5.4 5.4 5.4
Model 2 (5.4, 5.4) (5.4, 5.5) (54,54) (5.3 54) 0.47
FPI, pmol/L *
84.1 85.0 91.0 01.1
Model 1 (81.6,86.7)  (815,88.6)  (87.9,942) (87.0,943) 0001
86.8 85.2 90.4 87.8
Model 2 (84.3,89.4)  (81.9,88.6) (875935 (849,908 %2
HOMA-IR *
2.9 2.9 3.1 3.1
Model 1 2.8, 3.0) 2.8,3.1) 30,32) (30,33 0002
3.0 2.9 3.1 3.0
Model 2 2.9,3.1) 2.8,3.1) 30,32) (931 0O
Fruit Juice
Median Intake (servings/wk) 1 3 7 11
n 523 522 523 524
FPG, mmol/L
5.4 5.4 5.4 5.3
Model 1 (5.4, 5.5) (5.4, 5.4) (54,55)  (53,54) 0001
5.4 5.4 5.4 5.3
Model 2 (5.4, 5.5) (5.4, 5.4) (54,55)  (53,54) 004
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Table 7.2. Continued.

Quartile Categories of Beverage Intake

01 Q2 Q3 Q4 P-trend
FPI, pmol/L *
88.0 86.4 88.9 87.2
Model 1 (84.9,91.2) (835,895 (859 921) (842, 904) 0¥
86.6 86.0 88.8 89.3
Model 2 (83.7,89.7)  (83.1,88.9)  (858,91.8) (863 925 13
HOMA-IR*
3.0 3.0 3.1 3.0
Model 1 (2.9,3.2) (2.9,3.1) (3.0, 3.2) (2.9,3.1) 0.67
3.0 2.9 3.1 3.0
Model 2 (2.9, 3.1) (2.8,3.1) (3.0, 3.2) (2.9, 3.2) 0.29

FPG: Fasting plasma glucose; FPI: Fasting plasma insulin; HOMA-IR: Homeostasis model assessment of
insulin resistance; 1. Geometric means and 95% CI.

Model 1 was adjusted for baseline value of response variable, age, sex, energy intake;

Model 2 was adjusted for baseline value of response variable, age, sex, energy intake, alcohol intake, cereal
fiber, total fat (%energy), smoking status, hypertension, physical activity, and BMI. Model 2 was also
mutually adjusted for sugar-sweetened beverage, diet soda, and fruit juice.



Table 7.3. Relative risk (95% CI) of prediabetes according to beverage consumptions in 1,981 adults

Quartile Categories of Beverage Intake

Q1 Q2 Q3 Q4 P-trend
Sugar-Sweetened Beverage
n 494 499 493 495
Incident cases 88 112 96 142
Model 1 1 (Ref.) 1.20 (0.94, 1.54) 1.00(0.77,1.30)  1.32(1.02, 1.70) 0.05
Model 2 1 (Ref.) 1.21(0.94, 1.54) 1.06 (0.82, 1.37) 1.39(1.07, 1.81) 0.03
Diet Soda
n 704 291 490 496
Incident cases 146 57 108 127
Model 1 1 (Ref.) 0.97 (0.74, 1.27) 1.07 (0.87,1.33)  1.25(1.02, 1.53) 0.02
Model 2 1 (Ref.) 0.93(0.71, 1.22) 0.99 (0.79, 1.23) 1.04 (0.84, 1.28) 0.57
Fruit Juice
n 494 494 497 496
Incident cases 108 110 127 93
Model 1 1 (Ref.) 0.95 (0.76, 1.19) 1.02 (0.81, 1.28) 0.73 (0.56, 0.94) 0.02
Model 2 1 (Ref.) 0.97 (0.77, 1.22) 1.07 (0.85, 1.34) 0.81 (0.63, 1.05) 0.19

Model 1 was adjusted for age, sex, energy intake;

Model 2 was adjusted for age, sex, energy intake, alcohol intake, cereal fiber, total fat (%energy), smoking status, hypertension,

physical activity, and BMI. Model 2 was also mutually adjusted for sugar-sweetened beverage, diet soda, and fruit juice.
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Figure 7.1. BMI-stratified association between diet soda intake and incident pre-diabetes over 7 years. Model was adjusted
for age, sex, energy intake, alcohol, cereal fiber, total fat (%energy), sugar-sweetened beverages, fruit juices, smoking
status, hypertension, and physical activity. Incident diabetes was defined as FPG >5.6 mmol/L, OGTT glucose >7.8
mmol/L, or use of diabetic medicines at 6™ and 7" exam in the Framingham Heart Study. Sample size was 829 participants

with BMI <25 kg/m? and 1,152 participants with BMI 25 kg/m?.
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Chapter 8. Summary and Discussion

8.1. Summary

The overall objective of this dissertation project was to advance our understanding of the role of
sugar-sweetened beverage (SSB) intake on markers for cardiometabolic disease in particular,
abdominal fat partitioning, fatty liver disease, and insulin resistance. The central hypothesis of
this project is that excessive habitual intake of SSB is associated with greater cardiometabolic risk
because of its association with abnormal ectopic fat deposition and elevated insulin resistance. In
order to test this hypothesis, | conducted three original studies that examined the association
between SSB intake and abdominal fat partitioning, fatty liver disease, and progression of insulin
resistance and pre-diabetes. Also included in this dissertation is a comprehensive systematic
review and meta-analysis of randomized controlled trials (RCTs).

The systematic review (Chapter 4) summarized the findings of 10 RCTs and identified
potential research gaps. Few intervention studies have examined the potential effects of added
sugar intake on ectopic fat accumulation and showed a medium to high potential risk of biases.
Based on the limited evidence, the conclusion of this review was that there is an increased risk of
fat accumulation in liver and muscle when excess sugar intake is consumed as part of a
hypercaloric diet. A conclusion of this review was that there was not adequate evidence to
support a significant differential effect on fat accumulation in liver, VAT, and muscle between
fructose and glucose, and between sucrose and high fructose corn syrup (HFCS). Importantly, this
systematic review confirmed a critical gap in our knowledge of the impact of habitual intake of
added sugars on ectopic fat deposition.

In Chapter 5 and 6, results on the cross-sectional associations between habitual SSB
intake and fat accumulation in VAT and liver in Framingham participants are presented. We
observed a positive association between SSB and VAT and VAT to SAT ratio, a parameter

reflecting fat partitioning in the abdomen. A positive association was also observed between SSB
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and prevalence of fatty liver disease, increased liver fat content and alanine transaminase (ALT)
levels, a marker of liver damage.

The data on the longitudinal association between SSB intake and progression of insulin
resistance was presented in the Chapter 7. In this study, SSB intake was positively associated
with the change of homeostatic model assessment insulin resistance (HOMA-IR) over
approximately 7 years. Since insulin resistance is highly associated with both increased VAT and
fatty liver disease, this analysis is consistent with abovementioned cross-sectional associations
between SSB intake and VAT and fatty liver disease.

Taken together, these observations support the central hypothesis and contribute to the
existing literature showing that, independent of body weight or overall adiposity, habitual SSB
intake, the major source of added sugar in the US diet, is associated with an increased ectopic fat
deposition as demonstrated by fat partitioning to VAT and greater prevalence of fatty liver

disease, and elevated insulin resistance.

8.2. Public Health Implication
Obesity is huge public health challenge in the US and worldwide. The evidence linking excess
added sugar intake to obesity has been shown in a systematic review and meta-analysis (1). Using
pooled estimates derived from 15 ad libitum randomized studies in adults, this review showed
that modification of dietary sugar, either increasing or decreasing intake, was associated with
approximately 0.8 kg change in body weight. Consistent with the analysis of clinical trials, meta-
analysis of prospective cohort studies also suggested SSB consumption may promote body
weight (2).

SSB intake has also been associated with diabetes (3) and cardiovascular disease (4; 5),
which are the leading causes of death in the US (6; 7). Emerging evidence suggests that fat
deposition in ectopic depots has been linked to the pathogenesis of cardiometabolic diseases (8).

Thus, it is important to examine whether added sugar intake is associated with fat accumulation in
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the ectopic fat depots. As shown in the systematic review and meta-analysis in the Chapter 4,
existing literature however does not clearly demonstrate the relationship between added sugar
intake and ectopic fat. In addition, insulin resistance is associated with both ectopic fat depots (8)
and cardiometabolic diseases (9; 10). However, whether long-term SSB intake may promote
insulin resistance is also debatable.

To date, the majority of current evidence has focused on fructose consumption since
fructose may have specific impact on lipogenesis and induce greater triglycerides levels (11).
However, these studies often used high dose of fructose, which substantially changed the ratio of
fructose to glucose relative to that in commonly consumed diet (12). As such, the importance of
such studies for public health and for nutrition recommendations is questionable.

The World Health Organization (WHO) is planning to lower its recommendation on
added sugar intake from 10% to 5% of daily calorie intake. However, as has been stated by the
US Institute of Medicine (I0OM) and the European Food Safety Authority (EFSA) in 2005 and
2010, there is no conclusive evidence to justify this limitation on added sugar intake (13). As such,
the public health impact of this dissertation project is to contribute to the literature on the
potential health implication of excess habitual intakes of SSB, the major source of added sugars

in the US diet.

8.3. Future Research

In the cross-sectional analyses for SSB intake and ectopic fat depots in this dissertation, the
temporality of observed associations could not be established. Prospective cohort studies are
therefore needed to examine whether long-term SSB consumption is associated with increased
deposition of ectopic fat. One limitation in most of observational studies is reliance on FFQs for
assessment of added sugar consumption. Other dietary assessment tool such as multiple 24-h
recalls may be used to capture all forms of added sugar consumption. It is also important to

introduce more objective approaches to accurately assess added sugar intake. Independent
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biomarkers may help reduce measurement error and minimize misclassification, which thereby
improving the reliability and interpretation of epidemiological observations. A limited numbers of
studies (14-18) have shown that 24-hour urinary sucrose and fructose may be appropriate to
estimate added sugar intake, however, validation of these biomarkers if further studies is needed.
Also, randomized controlled trials are warranted to understand whether a causal relationship
between added sugar consumption and ectopic fat accumulation exists. Future clinical trials may
be designed to study whether added sugars may have a differential effect compared to complex
carbohydrate and macronutrients on fat deposition. One dietary modification that may have
strong public health relevance is to examine whether a reduction in added sugars may have a
positive impact on ectopic fat partitioning and insulin resistance among overweight and obese
individuals who consume large amounts of SSB daily.

Genetic factors may interact with excess added sugar intake to determine an individuals’
cardiometabolic risk (19). Evidence from the Dallas Heart Study suggests that genetic factors
may play an important role in the etiology of NAFLD. Genome wide association studies (GWAS)
have identified many single nucleotide polymorphisms (SNPs) that are associated with hepatic
steatosis (20), visceral adipose tissue (21), and insulin resistance (22). Available evidence
supports a potential interaction between dietary and genetic factors (SNPs) for ectopic fat
accumulation. For instance, the G allele of the SNP rs738409 is associated with increased hepatic
steatosis in a GWAS (20). This single nucleotide polymorphism (rs738409) is in the PNPLA3
gene that encodes a triglycerides lipase, which is involved in the regulation of triglycerides
hydrolysis in adipocytes (23). One human study showed that expression of PNPLA3 in
subcutaneous adipose tissue was regulated by energy intake, i.e., fasting down-regulates while
feeding up-regulates its expression (24). Animal studies have found that dietary factors may
regulate gene expression of pnpla3, e.g., a study in rats showed high fructose consumption
stimulates SREBP-1c in liver, which may mediate transcription of pnpla3 (25); fatty acid (adding

to the media of cultured hepatocytes) up-regulate pnpla3 at post-transcription level (26).
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In a small cross-sectional analysis of Hispanic children (n=153), a significant interaction
was observed between total sugar consumption and the PNPLA3 genotype (27). This study
observed total sugar intake was positively associated with liver fat among PNPLA3 GG carriers
(r=0.33, P=0.04), whereas no significant association existed in CC or GC carriers.

Added sugar intake may also modify associations between genetic factors and fat
accumulation for the outcomes of VAT and insulin resistance. Interaction analyses can provide
in-depth understanding of the underlying mechanisms of how added sugar intake may affect
cardiometabolic risk. To date little research exists on whether individuals with a genetic
predisposition for ectopic fat accumulation or insulin resistance may have a greater response to
excess sugar intake.

Also, mapping sugar metabolites that are associated with ectopic fat deposition and
insulin resistance will elucidate pathways that link added sugar intake and cardiometabolic
diseases. In addition, researchers might combine data from genetic and metabolomics studies
using methods such as Mendelian Randomization (28) to establish a causal relationship between
certain sugar metabolite and cardiometabolic risk factors and diseases.

In conclusion, furthering our understanding of the effects of added sugar intake and
ectopic fat deposition and cardiometabolid risk will require appropriately designed randomized

controlled clinical trials and prospective cohort studies, with consideration of genetic influence.
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