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Abstract

Background The black/white heart disease mortality disparity began increasing in the early 1980’s, coincident

with the switch from sucrose to high-fructose-corn-syrup/(HFCS) in the US food supply. There has been more fruc-
tose in HFCS than generally-recognized-as-safe/GRAS, which has contributed to unprecedented excess-free-fructose/
(unpaired-fructose) in foods/beverages. Average- per-capita excess-free-fructose, from HFCS, began exceeding dos-
ages/(5-10 g) that trigger fructose-malabsorption in the early 1980's. Fructose malabsorption contributes to gut-dys-
biosis and gut-in-situ-fructosylation of dietary peptides/incretins/(GLP-1/GIP) which forms atherosclerotic advanced-
glycation-end-products. Both dysregulate gut endocrine function and are risk factors for cardiovascular disease/(CVD).
Limited research shows that African Americans have higher fructose malabsorption prevalence than others. CVD risk
begins early in life.

Methods Coronary-Artery-Risk-Development-in-Adults/(CARDIA) study data beginning in 1985-86 with 2186 Black
and 2277 White participants, aged 18-30y, were used to test the hypothesis that HFCS sweetened beverage intake
increases CVD risk/incidence, more among Black than White young adults, and at lower intakes; while orange juice-a
low excess-free-fructose juice with comparable total sugars and total fructose, but a 1:1 fructose-to-glucose-ratio, i.e,,
low excess-free-fructose, does not. Cox proportional hazards models were used to calculate hazard ratios.

Results HFCS sweetened beverage intake was associated with higher CVD risk (HR=1.7) than smoking (HR=1.6).
CVD risk was higher at lower HFCS sweetened beverage intake among Black than White participants. Intake, as low
as 3 times/wk, was associated with twice the CVD risk vs. less frequent/never, among Black participants only (HR
2.1,95% Cl 1.2-3.7; P=0.013). Probability of an ordered relationship approached significance. Among Black partici-
pants, CVD incidence jumped 62% from 59.8/1000, among < 2-times/wk, to 96.9/1000 among 3-6 times/wk con-
sumers. Among White participants, CVD incidence increased from 37.6/1000, among < 1.5-times/wk, to 41.1/1000,
among 2 times/wk-once/d — a 9% increase. Hypertension was highest among Black daily HFCS sweetened beverage
consumers.

Conclusion The ubiquitous presence of HFCS over-the-past-40 years, at higher fructose-to-glucose ratios than

generally-recognized-as-safe, may have contributed to CVD racial disparities, due to higher fructose-malabsorption
prevalence among Black individuals, unpaired/excess-free-fructose induced gut dysbiosis and gut fructosylation
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of dietary peptides/incretins (GLP-1/GIP). These disturbances contribute to atherosclerotic plague; promote incretin
insufficiency/dysregulation/altered satiety/dysglycemia; decrease protective microbiota metabolites; and increase

hypertension, CVD morbidity and mortality.

Keywords African Americans, Heart disease, High fructose corn syrup, Fructose, Fruit drinks, Dysbiosis, Microbiome,
Glycation, AGE, FruAGE, Excess-free-fructose, Fructositis, Fructose malabsorption, Race disparity, Hypertension,

Unpaired-free-fructose, Apple juice

Introduction

Sugar sweetened beverage (SSB) consumption, i.e., high
fructose corn syrup (HFCS) sweetened soda, and fruit
drinks, has been associated with cardiovascular dis-
ease (CVD) [1-7]. CVD is the leading cause of death in
the US [8, 9] and was associated with higher COVID-
19 death rates [10]. Proposed mechanisms thought to
link SSB with heart disease include effects of unregu-
lated, unchecked fructose metabolism by the liver, which
increases triglycerides (TG), cholesterol, uric acid, and
visceral and ectopic fat. Onset of three of five risk fac-
tors (hyperglycemia, hypertension, hypertriglyceridemia,
dyslipidemia, and central adiposity), increases type 2
diabetes (T2D) and CVD risk/incidence [11]. How-
ever, these pathways do not fully explain the SSB/heart
disease association in Black individuals, who are 30%
more likely to die from heart disease than non-Hispanic
White individuals — a disparity which began inexplicably
increasing in the US in the early 1980s [12, 13]. Serum
TG, which should rise due to unregulated, unchecked
fructose metabolism, are often normal in the presence of
T2D and CVD in Black individuals [14, 15], and they are
more likely to be insulin insufficient than insensitive [15].
Therefore, other risk factors underlie the Black/White
CVD mortality disparity.

The early 1980’s [16—19] coincides with the shift from
sucrose to HFCS in US soft drinks (~1980-1984) and its
proliferation throughout the US food supply [18, 19]. In
the early 1980’s, average per capita excess-free-fructose/
unpaired fructose intake from HFCS began exceeding
dosages (5-10 g) that trigger fructose malabsorption [20]—
an overlooked CVD risk factor in the emerging fructose/
gut/heart axis [21-45]. HFCS became the cheaper alter-
native due to high import tariffs on sucrose [46, 47], and
because it contains more fructose than sucrose. Higher
fructose translates to lower costs/higher profits, as fruc-
tose is~twice as sweet as glucose. Less is needed to
achieve targeted sweetness [48]. Fructose malabsorption
[49-59] occurs after intake of sugars with high fructose-
to-glucose ratios, i.e. unpaired fructose/excess-free-fruc-
tose, as in HFCS [60, 61], apple juice/powder [62], agave
syrup (70%-90% fructose) [63], and crystalline fructose,
but not sucrose or paired fructose/glucose which occurs
naturally in orange juice [62].

Limited research shows that Black individuals have
higher fructose malabsorption prevalence at lower
unpaired fructose intake than other groups [64]. Fructose
is more readily absorbed when paired with glucose [55].
Unpaired fructose that is not absorbed is not metabo-
lized by the liver. It will not contribute to TG production,
hypertriglyceridemia, or metabolic hyperuricemia. On
the other hand, unabsorbed unpaired fructose, promotes
gut in situ chemical modification (fructosylation) of par-
tially digested dietary proteins and gut hormones (GLP1/
GIP), an overlooked source of atherogenic advanced
glycation end-products (AGE), referred to as Fru-
AGE [65-70], and gut hormone dysregulation [68, 70].
High FruAGE burden contributes to disproportionately
higher serum AGE to soluble AGE receptors (sRAGE),
as observed in Black adults [69]. AGE that outnumber
sRAGE are proinflammatory and atherogenic, because
sRAGE are “ligand decoys” that neutralize atherosclerotic
AGE [69]. Unabsorbed unpaired fructose is also associ-
ated with gut dysbiosis [21, 25, 49, 50, 71]—a condition
characterized by lower gut microbiome diversity, altered
bacterial composition, and an altered metabolome.
Research shows that the gut microbiome plays an impor-
tant role in the development/pathogenesis of chronic
diseases [21-45] including hypertension [27-30], dys-
lipidemia [31, 32], hyperuricemia [33-35], kidney disease
[36—-38], respiratory disease [20], hyperinsulinemia [45],
systemic inflammation, and CVD [21-45]. Fructose in
the gut elevates lipopolysaccharides (LPS) [71]. FruAGE
and LPS activate RAGE signaling which is associated
with increased CVD mortality [69-73]. Gut dysbiosis
also impedes the normal functioning of GIP and GLP-1
[45]. Their disruption promotes weight gain, insulin
insufficiency and hyperglycemia—CVD risk factors [45].
Outward symptoms (gas, bloating, and abdominal pain)
are often lacking in fructose malabsorption [74]. Impor-
tantly, independent labs measured the fructose content in
the HFCS in popular soft drinks and found that it con-
tains higher fructose-to-glucose ratios (1.9:1 [60] and
1.5:1 [61]) than generally-recognized-as-safe (GRAS)
(1.2:1) [75] which poses significantly greater risks to
fructose malabsorbers [49-59]. Epidemiological studies
of HFCS sweetened beverage intake and heart disease
among Black adults are lacking.
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Study objectives

CVD risk begins early in life [76]. Therefore, we aimed
to test the hypothesis that Black young adults who reg-
ularly consume HFCS-sweetened beverages, during
young adulthood, have increased (fatal/non-fatal) CVD
risk/incidence, independent of potential confounders at
enrollment, including hypertriglyceridemia, hyperurice-
mia, hypertension, dyslipidemia, hyperglycemia, over-
weight, smoking, physical activity, and dietary factors,
including fast food intake frequency, and that CVD risk/
incidence increases with increasing intake and is higher at
lower intakes among Black individuals.

We hypothesized that regular intake of orange juice
may be protective against CVD. Orange juice has com-
parable total sugars, total fructose, and a similar glycemic
load, as non-diet cola and apple juice, but unlike them, OJ
contains a ~ 1:1 fructose-to-glucose ratio [20, 62, 77], i.e.,
nominal excess-free-fructose, and is not associated with
fructose malabsorption.

Methods

Study design and potential confounders

Survival analysis was conducted with data from the
Coronary Artery Risk Development in Young Adults
(CARDIA) Study [78], a longitudinal study aimed at
investigating the development and determinants of clini-
cal and subclinical CVD and their risk factors. CARDIA
participants were selected to have approximately the
same numbers in subgroups of race (Black and White),
sex, education and age (18-30 y) in each of 4 cent-
ers: Birmingham, AL; Chicago, IL; Minneapolis, MN;
and Oakland, CA (n=5115). To test our hypothesis, we
conducted survival analysis with prospective data from
Black and White participants (4500), with non-missing
demographic, dietary, and lifestyle data, from enrollment
(1985-86) through approximately 35 years of follow-up.
Survival analysis was conducted by race with data col-
lected at enrollment.

The CARDIA Study was well suited to test our hypoth-
esis, as peak adult soft drink/fruit drink consumption
occurs between the ages of 18 — 39 y [79], i.e., coincident
with the average age of participants at enrollment (24.5
y), and enrollment occurred in 1985-86, after the switch
from sucrose to HFCS (1980-1984) in US soft drinks/
fruit drinks [16-19, 46, 47]. Survival analysis was con-
ducted using Cox regression models (1-3). No partici-
pant at enrollment had a history of one or more clinical
CVD events, as described elsewhere [80].

Non-missing medical laboratory data collected at
enrollment were also included as potential confounders.
Of the Black / White CARDIA participants who enrolled
in the study, there were the following exclusions: 363 /
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131 due to implausible energy intake, defined as mean
total daily energy intake <600 or > 5000 kcal, 88 / 66 due
to missing variables in Cox regression Models 1, and 1 /
4 exclusions, respectively, due to missing variables in Cox
regression Models 2 and 3. After exclusions, there were
2186 (Model 1), and 2185 (Models 2 and 3) Black partic-
ipants, and 2277 (Model 1), and 2273 (Models 2 and 3)
White participants in the analysis. Lifestyle (smoking sta-
tus/history, physical activity), dietary, and physiological
CVD risk factors were also analyzed by beverage intake
frequency.

We also conducted the Chi-square Test for Homogene-
ity of participants lost to follow-up by HFCS sweetened
beverage intake and race, as we were interested in assess-
ing potential differences, given that contributions to
time-on-study by individuals lost-to-follow-up can intro-
duce a margin of error into analysis results, particularly
when loss-to-follow-up occurs disproportionately by
exposure (HFCS sweetened beverage intake frequency)
and group (race).

The CARDIA Study is supported and funded by the
National Heart, Lung, and Blood Institute (NHLBI) of
the National Institutes of Health (NIH) [78]. This analysis
was approved/received exempt status by the Institutional
Review Board of the University of Massachusetts Lowell.

Beverage intake

We analyzed intake frequency of HFCS sweetened bev-
erages (non-diet soda and fruit drinks), which have
been shown to contain high excess-free-fructose (EFF)/
unpaired fructose concentrations, higher than gener-
ally-recognized-as-safe [60, 61]. Coca Cola® has a gly-
cemic load (GL) of 16 / 250 ml [77]. Cola contains 26 g
total sugars, 16 — 17 g of total fructose [62], and 5—9 g of
EFF / 250 ml, [20] i.e., as based upon fructose-to-glucose
ratios measured by independent labs (1.5:1 and 1.9:1) [60,
61]. We also analyzed intake frequency of 100% orange
juice, a juice with a similar glycemic load (15 / 250 ml)
[77], total sugars (21 g / 250 ml), and total fructose (11 g
/ 250 ml) as cola and apple juice, but unlike them, OJ has
a~ 1:1 fructose-to-glucose ratio, i.e., nominal excess-free-
fructose (0.4 g EFF / 250 ml) [62]. Apple juice is a pri-
mary juice in HFCS sweetened fruit drinks. Its glycemic
load (12 / 250 ml), total sugars (24 g / 250 ml), and total
fructose (16 g / 250 ml) are comparable to cola and 100%
orange juice, but /ike HFCS, it contains high excess-free-
fructose (8 g EFF / 250 ml) [62, 77]. Lastly, we did not
analyze “100% non-citrus juices” as intake of high EFF
apple juice, was not distinguished from other non-citrus
juices, with low/nominal excess-free-fructose (grape
(1.4 g EFF), pineapple (2.1 g EFF / 250 ml) and others)
[62]. Results would be difficult to interpret.
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Beverage intake data were obtained via a diet his-
tory questionnaire administered at enrollment (exam
1). CARDIA participants were asked, “Do you usually
drink any fruit or vegetable juices? Do you usually drink
Coke, soda, or pop? How much do you usually have?
How often?” Responses were distinguished by sweet-
ener type (diet vs. non-diet). Volume was provided by
participants as cups or ounces, and intake frequency as
daily, monthly, or weekly [78]. The data, as provided by
CARDIA, were normalized to cups/d. Intake of any com-
bination of HFCS sweetened beverages and 100% citrus
juice was divided into ordered quintiles (whole cohort)
and ordered quartiles (analysis by race) for Cox regres-
sion analysis. Nutrient analyses from the CARDIA Study
showed that the dietary history provided estimates that
agreed reasonably well with expected energy intake for
body mass index (BMI), according to the age/sex-specific
Recommended Dietary Allowances [78]. This is consist-
ent with research which found good correlation between
frequency of food and food group consumption and
probability of consumption on 24-h dietary recalls [81].

Ascertainment of endpoints

Incident CVD was defined as the first event of definite or
probable (fatal/non-fatal) coronary heart disease (CHD);
including myocardial infarction (MI), angina pecto-
ris, and death due to CHD, stroke, transient ischemic
attack, heart failure, or peripheral artery disease through
approximately 35 follow up years. CVD events were adju-
dicated by a team of experts who used published guide-
lines, as described in detail elsewhere [78].

Risk assessments and potential confounders

Three Cox proportional hazards models, with time in
the study as the time scale, were used for analysis. Pro-
portional hazards assumptions were assessed using Sch-
oenfeld and scaled Schoenfeld residuals for the models
(P>0.05), and via Kaplan Meier survival curve plots for
each predictor. We examined incident CVD over approx-
imately 35 y of follow-up using multivariable adjusted
Cox proportional hazards models to estimate hazard
ratios (HR). Person-time was calculated from enrollment
(1985-86) through follow-up (~35 y), loss to follow-up,
death from causes other than CVD, incident fatal/non-
fatal CVD, whichever came first. R and Rstudio version
2022.07.2 were used and a two-tailed P value <0.05 with
95% confidence intervals (CI) that did not include 1, were
considered statistically significant.

Potential confounders were selected based on exist-
ing research [1-5]. Three models were used to analyze
variables that affected the association between beverage
intake and CVD. Cox regression Models 1—3 include
potential confounders collected at exam 1 / enrollment.
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Model 1 includes the following potential confounders:
sex; total energy intake (kcal); education in years (con-
tinuous); age (18—-25 or 25-30 y); body mass index (BMI);
hypertension status obtained from the average of 2 cuff
readings (Normal—SBP <120 and DBP < 80 mmHg; Stage
1 hypertension (SBP >120 -139 or DBP > 80—89 mmHg);
or Stage 2 hypertension (SBP >140 or DBP >90 mmHg));
self-reported hypertension or use of hypertension medi-
cine (Y/N). Models 1-3 also included the following
potential confounders collected at enrollment: serum
concentrations of LDL-C, triglycerides, uric acid, apoB
lipoproteins, insulin, and plasma glucose.

Model 2 was further adjusted for smoking status (never,
or past/current smoker) and when missing, responses
were updated with answers provided during exam 2;
physical activity history score [82]; combined daily fruit
and vegetable intake, normalized to servings/d; fast food
visit frequency, normalized to frequency of visits/wk,
asked as “How often do you eat breakfast, lunch or dinner
out in a place such as McDonalds, Burger King, Wendys,
Arbys, Pizza Hut, or Kentucky Fried Chicken”; and alco-
hol intake (servings/d in quartiles). Model 3 was further
adjusted for intake of other beverages (continuous vari-
ables). For example, orange juice analysis included HFCS
sweetened beverage and 100% non-citrus juice intake.

Kaplan Meier Curves are included which depict CVD
Survival Probability over time (35 y), by HECS sweetened
beverage intake frequency (quartiles), and race. Plots
include “Number of Participants at Risk by Time” and
“Cumulative Number of CVD Events by Time’, Fig. 1.

Results

Baseline characteristics of participants

The mean age of participants was 24.5 y; 60% and 55% of
Black and White participants were female; 56% and 78%
were at recommended weight; 32% and 26% were current
smokers; and 52% and 75% attended / completed post-
secondary education, respectively. Black participants
consumed HFCS sweetened beverages (56.2% > once/d)
and 100% orange juice (40.1% >once/d) more frequently
than White participants (31.1% and 33.2% >once/d).
Rates of pre-diabetes, T2D, dyslipidemia, hyperurice-
mia, and high-risk fasting serum Apolipoprotein B to
Apolipoprotein Al Ratios were comparable across par-
ticipants, but not hypertriglyceridemia and hyperten-
sion. Hypertriglyceridemia was higher among White
(7.2%) than Black participants (3.1%), even though fewer
(30.7%) consumed HFCS sweetened beverages multiple
times/d than Black participants (56.2%). Stage 1 and stage
2 hypertension and hyperinsulinemia were higher among
Black participants (24.5% / 8.2%) than White participants
(20.7% / 2.5%). Data not shown.
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Kaplan-Meier Curves for Cardiovascular Disease Survival
among Black Young Adults by High Fructose Corn Syrup
(HFCS) Sweetened Soft Drink & Fruit Drink Intake Quartiles -

the CARDIA Study
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Kaplan-Meier Curves for Cardiovascular Disease Survival
among White Young Adults by High Fructose Corn Syrup
(HFCS) Sweetened Soft Drink & Fruit Drink Intake Quartiles -
the CARDIA Study
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Fig. 1 Kaplan-Meier curves for cardiovascular disease survival among young adults by high fructose corn syrup (HFCS) sweetened beverage intake

and race

Daily total energy intake and physical activity increased
with increasing consumption across beverages. Smoking
prevalence was highest among multiple times/d HFCS
sweetened beverage consumers, (45.7% (Black) and 54.9%
(White)). Among Black participants, hypertriglyceri-
demia (0.3 — 1.4%), hyperuricemia (9.6 — 13.7%), hyper-
glycemia (1.3 — 2.3%), hyperinsulinemia (7.3 — 10.5%),
hypercholesterolemia (7.6 — 8.7%), and hypertension (2.6
— 4%) increased with increasing consumption of HFCS
sweetened beverages, Table 1 and Fig. 2. Increasing pat-
terns were also seen among White participants (2.0
- 4.6%) / (9.5 — 20.4%) / (1.7 — 4%) / (1.4 - 4.0%) / (5.1
— 7.1%), but not hypertension which was lowest among
White daily HFCS consumers (1.8 — 0.6%). Notably, ele-
vated serum TG and uric acid were highest among White
participants even though they consumed HFCS sweet-
ened beverages less often than Black participants Table 2.
Also notable is that Black>2 times/wk HFCS sweet-
ened beverage consumers, ie., moderate consumers,

had higher hyperinsulinemia (7.3%) than White multiple
times/d consumers (4.0%).

Self-reported hypertension/medicine use decreased
with increasing consumption of 100% orange juice, across
participants. Hypertriglyceridemia, and hyperurice-
mia either remained even or decreased with increasing
consumption of 100% orange juice, irrespective of race.
Hypercholesterolemia decreased with increasing con-
sumption of 100% orange juice among White participants
only, Tables 1 and 2.

Loss-to-follow-up

Loss-to-follow-up, herein, defined as participants who
did not attend the last exam, was significantly higher
among Black (668) than White (479) participants. Of the
668 Black participants lost-to-follow-up, more than half
(59%) were daily consumers of HFCS sweetened bever-
ages. Disproportionate loss-to-follow-up, by race and
beverage intake frequency, may have contributed to CVD
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Table 1 Characteristics of black participants by beverage intake frequency at enrollment, the CARDIA? study

Any Combo of HFCS® sweetened 100% Citrus / Orange Juice®
Soft Drinks and Fruit Drinks

OverallNo.=2185 No. 301 578 685 621 545 544 541 555

Intake Frequen- <2times/wk >2/wk-6/wk >6/wk—twice/d >twice/d-13/d <twice/wk 3/wk >5/wk-1.5/d >1.5/d
cies 5/wk 6/d
Normalized to 1/

cup

Education Years 13.5+1.8 13.3+1.8 13.1+1.7 128+1.6 129+1.7 131+1.7 133+1.8 132+1.7
(Mean)

(SD)

Active / former 397 36.7 41.0 45.7 450 421 399 373
smoker (%)

BMI (kg/m) 260%56 2514511 253%57 256%57 25456  255%60  250£50 257£55
(Mean)

(SD)

Energy (kcal) 2150983 2360+988 2660+999 3100978 2300£1010  2510£995 27301010 29901030
(Mean)

(SD)

Fruit & vegetable 53+38 52+38 52+36 55+4.1 33429 41427 56+32 82+43
mean serv/d

(SD)

Alcohol 04+09 05+10 06+1.1 07+12 05+12 06+1.1  06+10 06+1.1
servings/d (Mean)

(SD)

Frequency/wk of 16+19 16416 211 22+1.1 18420 20420 20+21 20420
fast-food visits

(SD)

Physical Activity 3554272 351+289 366+299 364+289 295+ 253 332+272  400+309 411£306
Score

(SD)

Self-reported

Hypertension/ 33 26 34 4.0 2.8 4.0 3.1 34

Med Use (%)

Serum Triglycerides (%)

Borderline High 20 19 20 23 22 1.8 22 20
(150-199 mg/dL)

High (=200 mg/ 03 1.2 1.0 14 1.1 1.1 09 13
dL)
Hyperuricemia (%)

(>7.0 mg/dL 9.6 93 11.2 137 9.0 13.1 129 9.9

men,>6.0 mg/dL
women)

Hypercholesterolemia (%)

>190 mg/dL 7.6 7.8 7.0 8.7 6.8 79 8.1 83
Hyperglycemia (%)

Pre-diabetes 13 14 1.9 23 1.7 1.5 1.8 22
100-125 mg/dL

Diabetes 0.7 02 1.2 0.5 04 0.7 09 0.5
(=126 mg/dL)
Hyperinsulinemia 7.3 78 7.0 10.5 86 96 6.7 8.1

(=25 mcU/ML)
Apolipoprotein B to A1 Ratio (%)
Higher CVD 14.6 15.7 16.5 16.6 14.7 16.7 15.2 17.7
risk (>0.9/
men,>0.8 mg/dL/
women)

2 CARDIA Study-Coronary Artery Risk Development in Young Adults Study
B HFCS - high fructose corn syrup which contains more excess-free-fructose than safe, i.e., 5 - 9 g /250 ml, as measured by independent labs [20, 60, 61]

€ Orange juice—a low excess-free-fructose juice (0.4 g / 250 ml)
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CVD! Risk Factor Prevalence by HFCS? Sweetened Beverage Intake, among Black Participants at
enrollment, mean age 24.5 y, the CARDIA3 Study
Hyperuricemia®
Borderline / High Hyperinsulinemia®
LDL Cholesterol*
Self-reported Borderline /
E hypertension / High Serum
14.00% .
E Pte-dlabetes/ Medication use® Triglycerides®
12.00% Diabetes’
10.00%
8.00% ©
6.00% -
4.00% ©
200% ©
0.00% -
m < 2 times/wk m > 2 - 6 times/wk >6 times/wk -2/d M > 2 times - 13 times/d

Fig. 2 'CVD—cardiovascular disease. “High fructose corn syrup. *Coronary Artery Risk Development in Young Adults. “Borderline / High LDL —
Cholesterol (= 190 mg/dL) at enrollment. *Hyperuricemia (>7.0 mg/dL men, > 6.0 mg/dL women) at enroliment. SHyperinsulinemia (= 25 mcU/

ML) at enrollment. "Hyperglycemia——Prediabetes / Diabetes (= 100-125 mg/dL) at enrollment. ®Self-reported Hypertension / Hypertension
medication-use at enrollment. Borderline / High Serum Triglycerides (Borderline High (150-199 mg/dL / High (= 200 mg/dL))

risk and incidence underestimation among Black daily
consumers of HFCS sweetened beverages (Table 3).

CVD incidence

There were 186 new CVD cases among Black (#=2186)
and 119 new CVD cases among White (#=2277) CAR-
DIA participants, over ~ 35 follow-up years.

Relationship with CVD

HFCS associations with CVD were significant among
Black participants only. Black participants who con-
sumed HFCS sweetened beverages 3 — 6 times/wk and
multiple times/d, had 2 times higher CVD risk, relative
to<2 times/wk consumers, independent of confound-
ers (HR=2.1, 95% CI 1.2-3.7, P=0.01) / (HR=2.0, 95%
CI 1.1-3.6, P=0.03). P for trend approached significance
(P=0.08). Loss-to-follow-up bias plausibly explains
the comparable two-fold higher CVD risk among 3 — 6
times/wk consumers, and multiple times/d consumers.
Lack of a stepwise increase in CVD risk (hazard ratios)
with increasing intake, among Black participants, may
be attributable to loss-to-follow-up bias. Nonetheless,
CVD incidence increased from 59.8/1000, among<2
times/wk HFCS sweetened beverage consumers, to
98.2/1000 among multiple times/d — a 64% increase.
Incident cases/1,000/y increased with increasing intake,
from 1.9/1000/y among less frequent/never (<2 times/
wk) to 3.1/1000/y among multiple times/d consumers

— a 63% increase, Table 4. There was an opposite trend
with orange juice intake. Among Black participants,
CVD incidence per 1000 and number of cases per 1000/y
decreased with increasing orange juice intake, from
99.3/1000 among>2—>5 times/wk to 79.3/1000 among
daily orange juice consumers — a 25% decrease, and from
3.1/1000/y to 2.5/1000/y — a 19% decrease, Table 4.

Among Black participants, obesity, current/former
smoker, hypertriglyceridemia, hyperglycemia, hyper-
uricemia, and hypertension were significantly associated
with increased CVD risk, independent of confounders,
and higher education appeared protective. The high-
est CVD risks were with self-reported hypertension /
med use (HR 2.3, 95% CI 1.3 — 4.0, P=0.002). In a fully
adjusted model, CVD risk rose 12% per unit increase in
HECS sweetened beverage consumption (HR 1.12, 95%
CI 1.03-1.2, P=0.009), (data not shown).

Among White participants, none of the beverages,
when analyzed by intake quartile, were associated
with increased CVD risk. However, CVD incidence
(37.6/1000 — 86.4/1000) and cases per 1000/y (1.1/1000/y
—2.7/1000/y) increased 130% and 145% respectively, with
increasing HFCS sweetened beverage consumption and
decreased with increasing consumption of orange juice
(66/1000 — 51.7/1000), Table 5. Among White partici-
pants, hypertension, hypercholesterolemia, hyperglyce-
mia and age at enrollment were associated with increased
CVD risk, independent of confounders. The highest
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Table 2 Characteristics of white participants by beverage intake frequency at enrollment, the CARDIA® study
Any Combo of HFCS® sweetened 100% Citrus / Orange Juice®
Soft Drinks, and Fruit Drinks

Overall No.=2273 No. 905 609 435 324 621 615 573 464
Intake Frequen- <1.5/wk >1.5/wk— >once/d >2/d-8times/d <2times/wk >2/wk-5times/ >5/wk-1.5/d >1.5/d-6/d
cies once/d 2/d wk
Education Years 150+£1.8 146+19 142+20 133+£19 14.2+2.1 146+20 146+20 145+20
(Mean)
(SD)
Active / former 409 404 471 549 475 42.1 433 425
smoker (%)
BMI (kg/m) 232+36 235+3.7 23.8+39 243+43 23.7+4.1 23.6+38 23.6+3.7 235+36
(Mean)
(SD)
Energy (kcal) 2140+£838 2470+847 2740+£955 3150+£905 2220+901 2350+864 2630+953 2850+£926
(Mean)
(SD)
Fruit & vegeta- 6.3+39 6.0+35 56+3.7 49+38 42+3.1 49+30 64+33 88+4.1
ble mean serv/d
(SD)
Alcohol 0.7+08 08+1.0 1.0+£13 09+12 07+10 08+10 09+10 09+1.1
servings/d
(Mean)
(SD)
Frequency/ 13420 16+19 21421 32+20 18+24 1.8+2.1 18+23 18+23
wk of fast-food
visits
(SD)
Physical Activity 460+273 441+293 439+271 408+275 388+263 434+251 493+312 468+276
Score
(SD)
Self-reported
Hypertension/ 13 1.8 14 0.6 19 15 0.9 1.1
Med Use (%)
Serum Triglycerides (%)

Borderline 27 53 5.1 6.5 4.7 4.1 3.7 52
High (150~
199 mg/dL)

High 20 23 39 4.6 32 23 26 32
(=200 mg/dL)
Hyperuricemia (%)

(>7.0 mg/dL 9.5 1.5 17.0 204 129 13.0 13.1 13.1
men,> 6.0 mg/dL
women)
Hypercholesterolemia (%)

>190 mg/dL 5.1 56 6.2 7.1 6.4 6.8 4.7 45
Hyperglycemia (%)

Pre-diabetes 17 26 23 4.0 24 24 2.1 26
100-125 mg/dL

Diabetes 04 0.2 0.5 0.0 0.5 02 0.2 04
(=126 mg/dL)
Hyperinsulinemia 14 2.8 30 4.0 4.2 1.3 14 30
(=25 mcU/ML)
Apolipoprotein B to A1 Ratio (%)

Higher CVD 14.5 18.2 20.5 287 237 18.5 16.1 153
risk (>09/
men,>08 mg/dL/
women)

2 CARDIA Study-Coronary Artery Risk Development in Young Adults Study
B HFCS - high fructose corn syrup which contains more excess-free-fructose than safe, i.e., 5 - 9 g /250 ml, as measured by independent labs [20, 60, 61]

€ Orange juice—a low excess-free-fructose juice (0.4 g / 250 ml)
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Table 3 Loss to follow-up by high fructose corn syrup sweetened beverage intake quartile and race

HFCS sweetened beverage Race Loss-to-follow-up (Y) # of  Loss-to-follow-up (N) # of Total Chi Square Test

intake quartile Participants Participants for Homogeneity
P-value

<2 times/wk Black 89 (29.5%) 213 302

<1.5 times/wk White 174 (19.1%) 737 911 0.0002™"

>twice/wk - 6 times/wk Black 184 (31.7%) 396 580

>1.5 times/wk - once/d White 120 (19.5%) 495 615 1.770459-06""

> 6 times/wk - twice/d Black 191 (27.6%) 501 692

>once/d - 2 times/d White 102 (23.3%) 336 438 0.123

>times/d - 13 times/d Black 204 (32.5%) 424 628

> 2 times/d - 8 times/d White 83 (25.2%) 247 330 0.0226"

" Asterisk indicates statistical significance

" Multiple asterisks indicate high statistical significance

CVD risks were with BP cuff readings consistent with
stage 2 hypertension (HR 2.6, 95% CI 1.1 — 6.2, P=0.03).
In a fully adjusted model, CVD risk rose 14% per unit
increase in HFCS sweetened beverage consumption (HR
1.14, 95% CI 1.01 — 1.3, P=0.034) (data not shown).

Discussion

HEFCS sweetened beverage intake was associated with
higher CVD risk/incidence, independent of sex, race,
education, weight, smoking, physical activity, dietary fac-
tors, and health indicators at enrollment. CVD risks were
higher than associated with smoking. CVD risks rose
from 12 to 71% with increasing intake. There were no
associations with 100% orange juice intake. This is con-
sistent with prior research [4, 5] and remarkable because,
from a total sugars and total fructose perspective, these
beverages are comparable. Cola contains 26 g of total sug-
ars [60—62] and 16-17 g of total fructose / 250 ml [20],
which is not materially different than orange juice with
21 g of total sugars and 11 g of total fructose / 250 ml
[62]. What differs is their excess-free-fructose (EFF) con-
tent which is 5 — 9 g in cola vs. 0.4 g in orange juice /
250 ml [20, 60-62]. High EFF is problematic because 10 g
triggers fructose malabsorption in adults [49-59].

HECS sweetened beverage intake was associated with
higher CVD risk/incidence among Black participants
only. CVD risk was more than 2 times higher at>3
times/wk consumption, relative to<2 times/wk. The
probability of an ordered relationship approached sig-
nificance. CVD incidence was~64% higher among mul-
tiple times/d Black HFCS sweetened beverage consumers
vs. <2 times/wk. CVD risks were 12% higher with each
cup consumed. Among White participants, associations
were not significant across intake quartiles. However,
there was a significant 14% increase in CVD risk with
each cup consumed when expressed linearly. CVD risks

among Black participants are likely understated given the
disproportionately higher loss-to-follow-up among Black
daily HFCS sweetened beverage consumers. CVD inci-
dence was 45% higher among Black <2 times/wk HFCS
consumers than 2 times/wk to once/day White consum-
ers. CVD incidence was 136% higher among Black>2
to 6 times/wk consumers, than among White consum-
ers at comparable intake. These results are consistent
with the hypothesis that CVD risk/incidence is higher
at lower HFCS sweetened beverage intake among Black
individuals.

CVD risk factors [23-26, 32, 40, 65-73, 83—88], indi-
cators of kidney injury and gut dysbiosis, including
hyperuricemia [33-35], hyperinsulinemia [24, 25, 70],
hypercholesterolemia [24, 25, 44], high-risk serum apoli-
poprotein B/A1 ratios [44], and pre-diabetes [42, 45]
increased stepwise, with increasing intake of HFCS sweet-
ened beverages, among Black and White participants,
but not hypertriglyceridemia. Among Black participants,
hypertriglyceridemia remained /ow and increased nomi-
nally with increasing HFCS sweetened beverage intake,
whereas it increased significantly with increasing HFCS
sweetened beverage intake, among White participants.
Unpaired fructose that is absorbed and metabolized sig-
nificantly increases postprandial TG [89-91]. Differences
in Black/White serum TG are consistent with higher
fructose malabsorption among Black individuals [4, 14,
15]. Serum TG remained flat across orange juice intake
levels, among all participants, which is consistent with
research by Tappy et al., which showed that paired fruc-
tose / glucose slows unchecked fructose metabolism /
catabolism and, thereby, its end-products [92].

Hyperuricemia increased with increasing HFCS sweet-
ened beverage consumption, but at much higher rates
and concentrations among White than Black partici-
pants. Uric acid increases parallelled increases in serum
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TG, among White participants, which is consistent with
unchecked fructose metabolism. Unpaired fructose that
is absorbed and metabolized increases serum uric acid
[89-91]. Among Black participants, serum uric acid
concentrations were lower despite more frequent HFCS
sweetened beverage intake, which is also consistent with
higher fructose malabsorption among Black individu-
als. Unpaired fructose is known to trigger gut dysbiosis,
an overlooked source of serum uric acid [21, 25, 33-38,
49, 50]. High serum uric acid concentration is an accu-
rate predictor of mortality after acute myocardial infarc-
tion (MI) [90]. Among Black participants, hyperuricemia
decreased with increasing orange juice intake. This find-
ing is also consistent with research by Tappy et al. (2016),
which explored the protective effects of co-ingestion of
glucose and fructose (paired fructose [92]). Since then,
the Nestlé Company removed HFCS from many of its
products [93].

Beisner et.al., [71] also found that high doses of
[unpaired] fructose saturate the capacity to absorb (spill-
over to the gut) and to catabolize fructose (spill-over to
the liver). Differences in “high fructose syrup” absorption
capacity, drive differences in “spill-over” effects. Higher
absorption capacity leads to more “spill over” to the liver,
higher serum lipids, uric acid accumulations, and steato-
sis, as observed among White participants. More “spill
over” to the intestines/colon (lower absorption) leads to
lower serum TG and uric acid accumulation, but a more
altered gut microbiome [71]. Which may be occurring
among Black participants. Orange juice contributes less
to both forms of “spill over, due to its 1:1 fructose-to-
glucose ratio.

Hypertension increased with increasing HECS sweet-
ened beverage consumption, among Black participants.
Conversely, it was lowest among White daily HFCS con-
sumers. Uric acid is a hypertension risk factor [33-38];
however, it appears to be driving increases in hyperten-
sion among Black participants only. This paradox may
be due to a lack of short chain fatty acids (SCFA) among
Black individuals—a consequence of gut dysbiosis [21-
38]. An out of balance gut microbiome promotes kid-
ney injury, hypertension, and heart disease not only by
increasing the number of uremic-toxin-producing-bac-
teria, it also lowers the number of SCFA producing bac-
teria [21-38, 94-97]. Lower SCFAs foster CVD because
SCFAs improve gut barrier integrity, glucose and lipid
metabolism, help regulate the immune system and the
inflammatory response, and are instrumental in lowering
blood pressure. Low gut bacterial diversity and compo-
sition are predictive of hypertension [95], and elevated
blood pressure was transferrable through microbiota
[27]. Recent research shows that even moderate HFCS
sweetened beverage intake is associated with elevated
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serum sodium - a hypertension risk factor [98]. Low
SCFAs may also explain the fact that Black <2 times/wk
HECS sweetened beverage consumers had significantly
higher hyperinsulinemia (7.3%) than White multiple
times/d consumers (4.0%), because low SCFAs is asso-
ciated with lower insulin clearance and higher odds of
dysglycemia [99, 100]. Reduced insulin clearance, among
Black participants, may also be compensatory [99, 100].
It may reflect diminished biological effectiveness of GIP
due to in situ GIP fructosylation via the Maillard reaction
which has been shown to diminish its biological effec-
tiveness and result in insulin insufficiency [68].

Among White participants, the rate of increase of
ApoB to Al ratios was significantly Aigher with increas-
ing HFCS sweetened beverage than with orange juice,
which is consistent with unchecked unpaired fructose-
metabolism-driven increases in TG and thereby ApoB.
Apolipoprotein B (ApoB) is the major structural protein
of chylomicrons. ApoB concentrations increase to carry
TG throughout the body. ApoB is also the major protein
of atherogenic lipoproteins (VLDL, IDL, LDL, remnant
Cholesterol (RC)) — the “bad” atherosclerotic cholesterol.
These particles have one molecule of ApoB. Increases in
ApoB concentration are also a consequence of gut dys-
biosis to clear toxic LPS which rise due to gut bacterial
LPS overproduction [71, 72]. ApoB serve a clearance
function but are also atherosclerotic [38—45]. ApoA
lipoproteins carry HDL — the "good" cholesterol. Apoli-
poprotein B to Al ratios are strong predictors of heart
disease [101]. However, ApoB to Al ratios appear less
predictive of heart disease in Black individuals, as ratios
increased uniformly across beverages, including orange
juice, which was not associated with CVD. However, gut
dysbiosis can impair cholesterol elimination and contrib-
ute to the progression of atherosclerotic plaque [102].
Scripps researchers found they could reduce plasma total
cholesterol concentration and atherosclerotic plaques
when they selectively remodeled and rebalanced the gut
microbiome [103].

The serum concentration of advanced glycation end-
products (AGE) and the ratio of AGE to soluble RAGE —
the receptor isoform that quenches RAGE signaling [69]
may be overlooked CVD risk factors among Black indi-
viduals. Brinkley et. al. found that the Carboxymethylly-
sine (CML) to sRAGE ratio is high in Black individuals
as compared to White individuals. CML is a well-studied
AGE [83, 84]. They hypothesized that the ratio is high
because Black individuals have higher AGE burden than
White individuals [69]. This is plausibly explained by
higher fructose malabsorption among Black individuals
and high unpaired fructose reactivity in the gut which
is high because fructose is in open chain form 400 times
more than glucose [48, 83]. The pH in the duodenum
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promotes its reactivity [83, 104], and the phosphates in
soda (particularly cola) catalyze the Maillard reaction
[104]. AGE in circulation trigger vascular smooth mus-
cle cells to produce excessive extracellular matrix pro-
teins, which contribute to stenosis and atherosclerosis
[105]. AGE in the gut disrupt the microbiome [106], and
when absorbed are atherosclerotic, and proinflamma-
tory [69, 105, 106]. High AGE burden / RAGE signaling,
as measured by skin autofluorescence, is associated with
increased risk of CVD mortality [73, 107]. The high ratio
of AGE to sRAGE has been independently associated
with albuminuria, a marker of kidney disease, in patients
with hypertension [108].

Results herein resemble research with nationally rep-
resentative data. Consumers of HFCS sweetened bever-
ages and apple juice 5 or more times/wk were nearly 3
times more likely to have coronary heart disease (CHD)
than less frequent/never consumers, and orange juice
intake appeared protective [5]. Our findings also resem-
ble Jackson Heart Study (JHS) results of older Black
individuals. CHD risk was~ 2.6 times higher with daily
HFCS sweetened beverage consumption vs. less fre-
quent/never, independent of confounders [4]. In the
JHS, 85% of participants had normal fasting TG con-
centration even though~60% consumed HFCS sweet-
ened beverages>once/d [4]. At enrollment, only 3% of
Black CARDIA participants had hypertriglyceridemia,
even though 56.2%% consumed HFCS sweetened bever-
ages >once/d. In the California Teachers Study (CTS),
wherein most participants were non-Hispanic White
women (n=106,178) [1], CVD risks were~ 1.4 times
higher among daily HFCS sweetened beverage consum-
ers vs. seldom/ never, i.e., risks that are much lower than
found herein, among Black participants, and in the JHS.
Fructose malabsorption prevalence differences may con-
tribute to these disparate CVD risks.

Substituting HFCS sweetened beverages with sucrose
sweetened coffee and tea reduced CHD risk/incidence
in another US study [109]. Researchers hypothesized
that something in coffee and tea may account for the
lower CHD risk. An alternative explanation is that the
lower risk lies in the fructose-to-glucose ratio differ-
ences between HFCS and sucrose. Sucrose, a disaccha-
ride of fructose and glucose, does not trigger fructose
malabsorption [57], except in young children [52, 53, 57].
In Japan, there was no increase in CHD (ischemic heart
disease) risk, among regular soda drinkers [110]. What
differs between Japan and the US is the HFCS which,
in Japan, is limited by government statute. Conversely,
several largescale US studies showed significant asso-
ciations between HFCS sweetened beverages and CHD/
CVD risk/incidence and mortality [1-6], independent of
potential confounders.
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In another study, there was a significant dose-depend-
ent relationship between “added sugars” intake and CVD
mortality with nationally representative US study data
(NHANES) [111]. Added sugars included all sugars used
in processed or prepared foods (HFCS and sucrose),
but not naturally occurring sugar, as in fruits and fruit
juices. The time period of the study (1988-2010) coin-
cides with peak HFCS consumption (approximately 80 g
p/d / about~1 Ib/wk, 1999), as reported before retroac-
tively-applied subjective increases in consumer-level loss
allowances [20, 112-114]. When stratified by race, the
association was significant among non-Hispanic Whites
only [111]. One possible explanation for this finding is
exclusion bias due to pre-existing heart disease, T2D,
and missing dietary data that were not analyzed by race.
Non-Hispanic Black participants may have been dispro-
portionately excluded from the analysis, as heart disease
develops at a younger age in Black individuals [115].

Our findings are consistent with the TG paradox in
individuals of African descent [14]. Even though insulin
resistance, CVD, and T2D are associated with hypertri-
glyceridemia, Black individuals with these conditions
usually have normal TG. While higher activity of the
enzyme that clears TG rich lipid particles is plausible,
it is reasonable to suggest, given our results and those
from other studies, that higher fructose malabsorption
prevalence and gut resident mechanisms more plausi-
bly explain the link between HFCS sweetened beverage
intake and CVD in Black individuals. This is consist-
ent with emerging gut/heart axis research [21-45] and
with the fact that the Black/White death disparity began
increasing in the US in the early 1980’s [12, 13], coin-
cident with the shift from sucrose to HFCS in US soft
drinks (~1980-1984) [16-19, 46, 47, 113, 114], and its
proliferation in the US food supply [20, 77, 111-114,
116-118]. Since then, Black adults have had consistently
worse cardiovascular health than non-Hispanic White
adults.

The CVD role of high unpaired fructose sweeteners has
received less attention than fats, in part, due to research-
ers disclosed [119] and undisclosed conflicts of interests
[120], and industry messaging that HFCS is “just like
sugar” [121, 122]. This messaging ended after an undis-
closed settlement agreement between US corn refiners
and the US Sugar Association. However, misperceptions
persist, and likely contribute to the lack of research
momentum. Average per capita HFCS intake peaked in
1999, at approximately 80 g/d (~1 Ib/wk), 14 years after
the start of the CARDIA Study, and average per capita
excess-free-fructose dosages, from HFCS, began exceed-
ing levels that trigger fructose malabsorption (5—10 g) in
the early 1980’s, i.e., shortly before the start of the CAR-
DIA study (1985-1986) [20]. The unpaired fructose in
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one can of cola with 65% fructose/ 35% glucose is 12 g. By
the end of the 35-y follow-up period, CARDIA partici-
pants had been exposed to higher levels of excess-free-
fructose than generations before them.

In 2015, industry sponsored research aimed to meas-
ure the fructose-to-glucose ratio in the HFCS in popular
sodas. They utilized different technologies which identi-
fied a low concentration of maltose and small chain glu-
cose oligomers that were undetected by independent labs
[123]. However, their findings are not relevant in the con-
text of fructose malabsorption. There is no evidence, that
we know of, wherein glucose polymers improve unpaired
fructose/excess-free-fructose absorption. Co-ingestion
of glucose did not improve fructose absorption or symp-
toms when applied to whole food containing fructose in
excess of glucose [124]. Differences in the carbohydrate
response element binding protein (ChREBP) gene may
underlie differences in unpaired fructose absorption
capacity across individuals [49, 51].

Conclusion

The ubiquitous presence of HECS, in the US food sup-
ply over the past 40 years, at higher fructose-to-glucose
ratios than generally-recognized-as-safe, may have con-
tributed to racial disparities in CVD/CVD mortality, due
to the following reasons: higher fructose malabsorption
prevalence among Black individuals, relative to others;
high/unsafe unpaired fructose in the HFCS in beverages;
high/unsafe fructose-to-glucose ratios in HFCS (1.5:1 —
1.9:1); high unabsorbed unpaired fructose induced gut
dysbiosis and its health consequences (hypertension,
kidney injury, elevated atherogenic LPS and proinflam-
matory uric acid, reduced cholesterol clearance, dimin-
ished short chain fatty acid (SCFA) protection, and gut
hormone dysregulation); and high unabsorbed unpaired
fructose induced gut reactivity and its health conse-
quences (formation of pro-inflammatory atheroscle-
rotic FruAGE, and dysregulation of incretins (GIP and
GLP-1) which leads to weight gain, insulin insufficiency
and hyperglycemia). Fructose malabsorption may be
an overlooked CVD risk factor, and more attention to
CVD consequences of HFCS is needed, including further
investigation of fructose malabsorption. More compre-
hensive nutrition facts, food warning labels, and better
food safety oversight should also be considered.

Limitations

This study has limitations. It may not be generalizable, as
the CARDIA study is specific to young adults living in spe-
cific regions. However, results are consistent with findings
of Black individuals in the JHS [4], and with other stud-
ies of HFCS sweetened beverages and heart disease [1-3,
5-7]. Second, results are based on a combination of inputs
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that included self-reports, which may be subject to report-
ing bias. However, associations are consistent with existing
literature [1-7]. Third, HECS is not exclusive to beverages.
One third of all HFCS consumed in the US is from food
[16-19, 117, 118], and there are other sources of unpaired-
free-fructose (agave syrup [63], crystalline fructose, apple
juice/powder)/ (apples, pears, watermelon, and mangoes)
[62] that contribute to daily unpaired free-fructose-dos-
ages/load. Therefore, we may be underestimating the CVD
risk from HFCS. Fourth, loss-to-follow-up was dispropor-
tionately higher among Black participants, particularly
among daily HFCS consumers, which may have contrib-
uted to bias and underestimation of CVD risk/incidence at
higher intakes. Fifth, we were not able to control for meas-
ures/types of visceral fat, as they were available only for
a small subset of participants. It is thought that both the
total amount of body fat and the location of excess body fat
contribute to CVD risk [125].
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