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ABSTRACT

Background. The relationship between intake of sugar-sweetened beverages (SSBs) and the risk of death in patients
with chronic kidney disease (CKD) is unclear. We evaluated the association between SSB intake and subsequent overall
mortality in CKD patients.

Methods. We included data from 3996 CKD patients who participated in the 1999-2014 National Health and Nutrition
Examination Survey (NHANES). SSB intake was assessed by a 24-h dietary recall, grouped as none, >0 to <1 serving/day,
1 to <2 servings/day and >2 servings/day. After adjusting for demographic variables, lifestyle, diet and comorbidities,
Cox proportional risk regressions were applied to analyze the associations between the daily intake of SSBs as well as
added sugar from beverages and all-cause mortality.

Results. In the whole research population, the median age at baseline was 67 years, 22% were Black and 54% were
female. A total of 42% had stage 3 CKD. During an average follow-up period of 8.3 years, a sum of 1137 (28%) deaths from
all causes was recorded. The confounder-adjusted risk of mortality was associated with an increase of 1 serving/day of
SSBs, with all-cause mortality of 1.18 [95% confidence interval (95% CI)1.08-1.28], and intakes of increased 20-g added
sugar/1000 kcal of total energy per day were associated with all-cause mortality of 1.14 (1.05-1.24). Equivalently
substituting 1 serving/day of SSBs with unsweetened coffee [HR (95% CI) 0.82 (0.74-0.91)], unsweetened tea [HR (95% CI)
0.86 (0.76-0.98)], plain water [HR (95% CI) 0.79 (0.71-0.88)], or non- or low-fat milk [HR (95% CI) 0.75 (0.60-0.93)] were
related to a 14-25% reduced risk of all-cause mortality.

Conclusion. Findings suggest that in the CKD population, increased SSB intake was associated with a higher risk of
mortality and indicated a stratified association with dose. Plain water and unsweetened coffee/tea might be possible
alternatives for SSBs to avert untimely deaths.
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INTRODUCTION

In recent years, beverages have become a notable contributor to
the sugar intake in the modern diet [1]. The largest single source
of added sugar in the American diet are sugar-sweetened bev-
erages (SSBs) [2], which comprise sodas, soft drinks, sugary cof-
fees/teas, fruit-flavored drinks, vitamin-water drinks and energy
drinks with added caloric sweeteners such as fruit juice con-
centrates, sucrose and high fructose corn syrup [3]. A charac-
teristic 12-oz serving of soda contains 140-150 calories and 35—
38 g of sugar. In 2001, approximately 21% of the total energy in
the American diet was consumed as beverages, the majority of
which are sugary sodas and soft drinks [4]. Although consump-
tion of SSBs in America has declined over the past decade [5], na-
tional survey data revealed that in these years the consumption
of SSBs has rebounded slightly among adults of most age groups
[6]. In the rest of the world, especially in developing countries,
the intake of SSBs shows an escalating trend due to extensive
urbanization and beverage marketing [7].

So far, much scientific attention has been aroused to the pos-
itive correlation between SSB intake and weight gain [3], dia-
betes [8] and coronary heart disease [9, 10]. Previous longitudinal
studies have focused on the female population [11], elderly pop-
ulation [12], the population with gastrointestinal tumors [13] or
populations in certain occupations [14], and several studies have
been conducted in the last century [15, 16]. Two previous stud-
ies from the National Health and Nutrition Examination Sur-
vey (NHANES) declared that higher SSB intake was associated
with higher all-cause mortality and mortality of cardiovascu-
lar disease (CVD) [15, 17]. However, two Asian cohorts reported
the opposite conclusion, i.e. SSBs showed no significant associa-
tion with all-cause mortality [18, 19]. Diabetes, hypertension and
CVD are associated with a higher prevalence of chronic kidney
disease (CKD) [20, 21]. Besides, in addition to these well-known
adverse consequences of SSB intake, recent clinical studies [22-
25] showed that sugary soda intake was associated with kid-
ney damage. The underlying renal lesions in CKD patients di-
rectly affect glycometabolism in vivo, which might cause further
metabolic disorders and uncontrollable chronic inflammation
and eventually lead to death from hypertonic non-ketoacidosis
or ketoacidosis in CKD patients. However, there is limited re-
search on the effect of SSB intake on the prognosis of the CKD
population. In the current analysis, we consulted the 1999-2014
NHANES database to analyze the dose-response relationship be-
tween SSB consumption and all-cause mortality in the CKD pop-
ulation, and to assess whether this relationship is independent
of other dietary factors related to SSBs and acknowledged CKD
risk factors.

MATERIALS AND METHODS
Study design and population

NHANES is a periodic survey of a sample of the non-
institutionalized civilian population of the USA conducted by
the National Center for Health Statistics of the Centers for Dis-
ease Control and Prevention (CDC). It is essentially a multi-stage
probability sampling design that has released data in 2-year cy-
cles since 1999 [26]. After providing informed consent, randomly
selected participants undergo a personal questionnaire at home,
followed by a physical and laboratory examination and a 24-h

dietary recall at a mobile screening center. More details about
the survey are available on the NHANES website [27].

This research used NHANES data from 1999 to 2014 (82 091
people). Non-pregnant individuals aged 20 years or older (42 377
subjects) were selected and included only CKD participants
(4696 subjects). CKD was defined as estimated glomerular fil-
tration rate (€GFR) <60 and >15 mL/min/1.73 m? (applying the
CKD Epidemiology Collaboration equation) and/or urinary albu-
min/creatinine ratio (ACR) >30 mg/g [28]. To ensure the com-
pleteness and analyzability of the dietary recall questionnaire,
we only included those survey participants for whom the vari-
able “dietary recall status” was classified as “reliable and con-
forming to minimum standards”. We also excluded individu-
als who lacked covariate information (demographic, lifestyle or
comorbidities) or information on mortality status and follow-
up time. Finally, the remaining 3996 participants with complete
data were enrolled in the analysis (Figure 1).

Assessments of beverage intakes and covariates

In all NHANES cycles, a 24-h dietary recall questionnaire was
used to assess individual dietary intakes. In the first two cy-
cles, 1999-2002, only one in-person 24-h dietary recall was con-
ducted. Starting from 2003, the cycles included two dietary
recalls, the primary interviewed by trained investigators at a
mobile examination center based on the USDA’s Automated
Multiple-Pass Method of 24-h recalls and the other followed
up by telephone after 3-10 days [29]. Based on the previous
analysis [30], the beverages, nutrients and energy intakes of

82 091 individuals were
interviewed (NHANES
1999-2014)

Exclude individuals who were
» <20 years or pregnant.
(n=39714)

n=42377

Exclude individuals whose
eGFR > 60 or < 15 mL/min
per 1.73m? or ACR < 30 mg/g.
(n=37681)

A 4

n=4696

Exclude individuals who
lacked covariate information
or had unreliable 24-h recall
data. (n = 700)

A 4

n=3996

FIGURE 1: Flow diagram of the selection of eligible participants, National Health
and Nutrition Examination Survey, 1999-2014.
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participants were calculated using the results of a 24-h dietary
recall from the 1999-2002 cycles and the average of nutritional
information from both recalls in the 2003-2014 cycles.

Similar to previous NHANES reports [31], SSBs were defined
as sodas, sugary fruit juices, fruit-flavored drinks, sport and en-
ergy drinks, sweetened coffee and tea, and other sugary drinks.
Daily consumption of artificially sweetened beverages, pure fruit
juices, unsweetened tea and coffee, plain water, non- or low-
fat milk, and sweetened milk were also computed for substi-
tution analysis. One serving of beverage was defined as 12 oz
standard [11, 14, 32, 33]. Moreover, the US Department of Agricul-
ture (USDA) Dietary Research Nutrition Database and Food Pat-
terns Equivalence Database were used to determine added sug-
ars from SSBs, total daily energy intake, vegetables, fruits, grains,
red meat and processed meat [14, 17]. The dietary intake of pro-
tein, sodium, magnesium, potassium, calcium and phosphorus
was calculated using the food information from the 24-h dietary
recall, which was used to calculate the dietary acid load, accord-
ing to the Remer and Manz equations of the potential renal acid
load [34].

According to the current articles, the following variables were
selected as confounders and measured at baseline. The demo-
graphic characteristics included age, sex, race/ethnicity, edu-
cation level and marital status. Leisure-time physical activity,
smoking status and alcohol consumption status were catego-
rized as behaviors related to lifestyle. Details of data collection
and definition have been stated elsewhere [26].

The participants had their height, weight, blood pressure,
blood and urine specimen taken at the mobile examination
center (MEC). Glycohemoglobin was measured by the Alc 2.2
Plus Glycohemoglobin Analyzer (Tosoh Medics, Inc.), the Primus
CLC330 and Primus CLC385 (Primus Corporation), and the Alc
G7 HPLC Glycohemoglobin Analyzer (Tosoh Medics, Inc.). Fasting
plasma glucose was measured by the Roche/Hitachi 911, Roche
Cobas Mira and Roche Modular P Chemistry Analyzers (Roche
Diagnostics). Blood total cholesterol and high-density lipopro-
tein (HDL) levels were measured by the Roche Modular P and
Roche Cobas 6000 Chemistry Analyzers (Roche Diagnostics) [26].
Serum creatinine was measured using a Jaffé rate method. The
CKD Epidemiology Collaboration equation was used to calculate
serum creatinine-based eGFR [35]. Urine albumin was measured
by a solid-phase fluorescence immunoassay, and urine creati-
nine was measured by the modified Jaffé kinetic method.

Diabetes was defined as self-reported diabetes (or re-
ported use of anti-hyperglycemic medications), or glycol
hemoglobin >6.5% or measuring fasting glucose >126 mg/dL
[36]. Hypertension was defined as self-reported hypertension
(or reported use of anti-hypertensive medications) or measured
systolic blood pressure >140 mmHg or diastolic blood pres-
sure >90 mmHg [36]. High cholesterol was defined as the ratio
of total cholesterol to HDL of >5.9 [37]. Participants were con-
sidered to have a history of CVD if they reported having been
diagnosed by a doctor as having had a heart attack, congestive
heart failure, angina, coronary heart disease or stroke [37].

Since the current study was a secondary analysis of NHANES
data, which are publicly available, no institutional review board
approval was necessary or obtained.

Outcome ascertainment

All-cause mortality during follow-up time was the study out-
come. Prior to December 31, 2015, NHANES records were linked
to National Death Index records using a probability matching
algorithm based on name, social security number, birth date,

ethnicity, etc. [38]. The cause of death was determined according
to the 10th edition of the International Statistical Classification
of Diseases.

Statistical analysis

In consideration of the complex sampling design of the NHANES
data, all analyses followed the CDC analytical reporting guide-
lines to calculate the combined weight for the 1999-2014 period
using ‘2 days dietary weight’ as the sample weight. According
to SSB consumption, participants were divided into four groups:
none, >0 to <1 serving/day, 1 to <2 servings/day and >2 serv-
ings/day. Furthermore, we divided them into five groups based
on the intake of added sugars in SSBs, taking into account that
added sugars from SSBs may be a crucial link in the adverse
health effects of SSBs. The differences between groups were ex-
amined by analysis of variance and Rau-Scott x? test with ad-
justed sample weights for baseline continuous variables and cat-
egorical variables, respectively.

Adjusting for potential confounders, we conducted a mul-
tivariate Cox regression model to estimate the relationship
between SSB intake and all-cause mortality in CKD patients.
Schoenfeld residuals were used to test the proportional risk hy-
pothesis, and no violations were found. Model 1 was adjusted
for age, gender, race, family poverty-to-income ratio (PIR), edu-
cation, marital status, vigorous/moderate recreational activities
for at least 10 min continuously per week, alcohol consump-
tion status and cigarette smoking status. Model 2 additionally
adjusted a range of dietary factors, including total energy in-
take, intake of whole grains, fruit, vegetables, red and processed
meat, artificially sweetened beverages, dietary acid load, dietary
sodium and total fat. Model 3 further incorporated baseline
eGFR, body mass index (BMI), and history of chronic diseases, in-
cluding high cholesterol levels, hypertension, diabetes, CVD and
cancer. We repeated analyses for all models by substituting SSB
intake with added sugar from SSBs. We adapted restricted cubic
splines (RCSs) to determine the potential non-linear association
between SSB intake (as a continuous variable) and mortality.

Subgroup analyses were conducted using a Wald test based
on age (<60 versus >60 years), gender, race (non-Hispanic White
versus others), BMI (<25 versus >25 kg/m?), history of hyperten-
sion, diabetes, CVD or cancer, and CKD stage to evaluate whether
there was a statistical difference of the correlation of SSB intake
and mortality because of demographic factors, behavioral habits
and health conditions of CKD patients. The cross-product terms
of SSB intake and stratified variable were added into the model
accordingly, and the likelihood ratio test was applied to assess
whether the interaction was statistically significant.

We conducted the substitution analysis by decreasing SSB
consumption and increasing other beverage consumption in-
stantaneously by one daily serving. Hazard ratio (HR) was cal-
culated based on the difference in beta coefficient of changes
in beverage intake, and 95% confidence interval (CI) was calcu-
lated based on the corresponding variance and covariance [39].
All analyses were performed in R version 3.5.2, and a bilateral
P-value below 0.05 was regarded as statistically significant.

RESULTS

In the whole research population, the median age at baseline
was 67 (52-78) years, 22% were Black and 54% were female. A
total of 42% had stage 3 CKD. Participants with higher SSB intake
were more possible to be younger, male, non-Hispanic White,
unmarried, less physically active with a lower household PIR
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Table 1. Baseline characteristics of CKD participants according to daily SSB intake

Characteristics 0 serving >0 to <1 serving 1to <2 servings >2 servings
Participants, n 1320 (33.0) 1285 (32.2) 777 (19.4) 614 (15.4)
Age, years 69.0 (57.0, 78.0) 72.0 (60.0, 80.0) 64.0 (49.0, 76.0) 49.0 (35.0, 64.0)
Male (%) 598 (45.3) 537 (41.8) 375 (48.3) 326 (53.1)
Self-reported race/ethnicity (%)
Mexican American 180 (13.6) 151 (11.8) 133 (17.1) 106 (17.3)
Others 148 (11.2) 142 (11.1) 85 (10.9) 66 (10.7)
Non-Hispanic White 797 (60.4) 736 (57.3) 331 (42.6) 239 (28.9)
Non-Hispanic Black 195 (14.8) 256 (19.9) 228 (29.3) 203 (33.1)
Married (%) 702 (53.2) 662 (51.5) 390 (50.2) 294 (47.9)
Education (%)
Less than high school 410 (31.1) 397 (30.9) 257 (33.1) 211 (34.4)
High school graduates or equivalent 303 (23.0) 342 (26.6) 176 (22.7) 169 (27.5)
Some college or above 607 (46.0) 546 (42.5) 344 (44.3) 234 (38.1)
Family PIR level (%)
>4 346 (26.2) 295 (23.0) 156 (20.1) 93 (15.1)
>1to <4 735 (55.7) 772 (60.1) 463 (59.6) 366 (59.6)
<1 239 (18.1) 218 (17.0) 158 (20.3) 155 (25.2)
Alcohol drinking (%)
Non-drinkers 485 (36.7) 484 (37.7) 269 (34.6) 183 (29.8)
Moderate drinkers 507 (38.4) 542 (42.2) 281 (36.2) 201 (32.7)
Binge drinkers 224 (17.0) 196 (15.3) 138 (17.8) 115 (18.7)
Heavy drinkers 104 (7.9) 63 (4.9) 89 (11.5) 115 (18.7)
Cigarette smoking (%)
Never smoking 659 (49.9) 714 (55.6) 423 (54.4) 288 (46.9)
Former smoking 458 (34.7) 420 (32.7) 204 (26.3) 133 (21.7)
Current smoking 203 (15.4) 151 (11.8) 150 (19.3) 193 (31.4)
>10 min of vigorous/moderate 110 (8.3) 92(7.2) 83 (10.7) 78 (12.7)
recreational activity per week (%)
BMI, kg/m? 28.4 (24.8, 33.5) 28.3 (24.8, 32.6) 28.5 (25.1, 32.6) 28.8 (24.7, 34.7)
Total-to-HDL cholesterol ratio >5.9 (%) 115 (8.7) 118 (9.2) 88 (11.3) 95 (15.5)
Prevalent hypertension (%) 982 (74.4) 941 (73.2) 534 (68.7) 353 (57.5)
Prevalent diabetes (%) 463 (35.1) 350 (27.2) 152 (19.6) 104 (16.9)
History of CVD (%) 354 (26.8) 369 (28.7) 180 (23.2) 95 (15.5)
History of cancer (%) 224 (17.0) 261 (20.3) 109 (14.0) 58 (9.4)

eGFR, mL/min/1.73 m? 60.3 (49.9, 90.0)

ACR, mg/g 42.6 (14.7,100.1)
CKD stage (%)

1 316 (23.9)

2 349 (26.4)

3 605 (45.8)

4 50 (3.8)
Dietary acid load, mEg/day 7.3 (-3.8,19.1)
Daily intake

Energy intake, kcal/day
Dietary sodium intake, mg/day
Total fat intake, g/day

Fresh fruit, servings/day
Vegetables, servings/day

Red and processed meat, g/day
Whole grains, g/day

1549.5 (1155.3, 2007.4)
2570.0 (1841.0, 3676.5)
57.0 (38.3, 84.4)

0.5 (0.0, 1.4)

1.2 (0.5, 2.1)

97.4 (47.6,159.7)
11.8 (0.0, 36.9)

57.8 (47.9, 85.7)
39.6 (11.8, 89.8)

67.1(50.3,98.5)
43.9 (18.2,94.9)

88.8 (57.4, 112.5)
53.6 (33.3, 124.6)

276 (21.5) 258 (33.2) 303 (49.3
306 (23.8) 162 (20.8) 126 (20. )
635 (49.4) 310 (39.9) 161 (26.2)
68 (5.3) 47 (6.0) 24 (3.9)
5.0 (-5.2,16.1) 7.9 (~3.6,20.3) 15.9 (0.5, 30.4)

1609.0 (1259.3, 2058.5)
2645.0 (1825.5, 3533.5)
58.4 (39.3, 82.8)

1747.0 (1361.0, 22 213.5)
2666.0 (1904.0, 3655.5)
63.0 (42.5,87.7)

2283.3 (1820.0, 2930.3)
3284.7 (2389.8, 4565.75)
78.5 (54.7,110.1)

0.9(0.1,1.7) 0.8 (0.0, 1.6) 0.4 (0.0,1.6)

1.2 (0.6, 2.0) 1.1(0.5,1.9) 0.4 (0.0,1.6)
91.0 (50.2, 149.7) 97.2 (51.6, 165.5) 128.9 (70.7, 212.4)

11.3 (0.0, 36.3) 2.8(0.0, 27.8) 0.0 (0.0, 14.9)

All analyses involved complex sampling designs. Categorical variables were given as number (percentage), and continuous variables as median with interquartile

range due to their skewed distributions.

and lower education level. Meanwhile, SSB consumption was
involved with a higher intake of total energy, dietary acid load,
red and processed meat, and lower whole-grain consumption.
The prevalence of diabetes, hypertension, CVD and cancer was
lower as SSB intake increased (Table 1). Supplementary Data,
Table S1 displays the baseline characteristic distribution of
added sugars in SSBs, consistent with the distribution of SSB
intake for each group.

During an average period of 8.3 years’ follow-up, 1137 (28%)
deaths of all causes were recorded. Table 2 shows the relation-
ship of daily SSB intake with mortality. After adjusting for de-
mographic and lifestyle-related factors and dietary factors, for
all-cause mortality, those who consumed >2 servings/day of
SSBs had an HR (95% CI) of 1.80 (1.27-2.55) compared with those
who did not consume SSBs. Additional adjustment for base-
line eGFR, BM], high total to HDL cholesterol level, hypertension,
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Table 2. The associations of daily intakes of SSBs with mortality

Sugar-sweetened beverages 0 serving/day >0 to <1 serving/day 1 to <2 servings/day >2 servings/day Each serving/day
All-cause mortality

Deaths, n 398 430 198 111 1137
Model 1 1 1.05 (0.87-1.27) 0.94 (0.75-1.17) 1.15 (0.83-1.59) 1.02 (0.94-1.10)

Model 2 1
Model 3 1

1.20 (1.00-1.45)
1.24 (1.02-1.49)

1.12 (0.90-1.40)
1.19 (0.95-1.49)

1.80 (1.27-2.55)
1.90 (1.36-2.66)

1.16 (1.06-1.26)
1.18 (1.08-1.28)

All analyses involved complex sampling designs. Model 1 was adjusted for age, gender, family PIR, self-reported race, education, marital status, alcohol consumption,
smoking status and vigorous/moderate recreational activity. Model 2 was additionally adjusted for total energy intake, intake of whole grains, fruit, vegetables, red and
processed meat, artificially sweetened beverages, dietary acid load, dietary sodium and total fat. Model 3 was additionally adjusted for baseline eGFR, BMI, total-to-HDL

cholesterol ratio, hypertension, diabetes, CVD and cancer.

Table 3. The associations of daily added sugar intakes from SSBs with mortality

Each 20 g added
sugar/1000 kcal of total energy
Add sugar Q1 Q2 Q3 Q4 Q5 intake
All-cause mortality
Deaths, n 430 159 241 180 127 1137
Model 1 1 0.83(0.63-1.10)  0.99 (0.80-1.22)  1.01(0.80-1.28)  1.11 (0.81-1.53) 1.01 (0.92-1.09)
Model 2 1 0.96 (0.73-1.25)  1.15(0.93-1.43)  1.27 (1.01-1.60)  1.60 (1.13-2.25) 1.12 (1.03-1.22)
Model 3 1 0.98 (0.75-1.27)  1.20(0.97-1.47)  1.30(1.02-1.66)  1.69 (1.20-2.36) 1.14 (1.05-1.24)

Data are presented as HR (95% CI). All analyses involved complex sampling designs. Model 1 was adjusted for age, gender, family PIR, self-reported race, education,
marital status, alcohol consumption, smoking status and vigorous/moderate recreational activity. Model 2 was additionally adjusted for total energy intake, intake
of whole grains, fruit, vegetables, red and processed meat, artificially sweetened beverages, dietary acid load, dietary sodium and total fat. Model 3 was additionally
adjusted for baseline eGFR, body mass index, total-to-HDL cholesterol ratio, hypertension, diabetes, CVD and cancer.

Q: quintile.

diabetes, CVD and cancer further strengthened the association
[HR (95% CI) was 1.90 (1.36-2.66), P-value for trend <0.001]. For
each additional serving of SSB intake per day, there was an 18%
higher risk of all-cause mortality [Model 3, HR (95% CI) was
1.18 (1.08—1.28)] in the continuous analysis. RCSs indicated a
linear relationship between SSB intake and all-cause mortality
(Supplementary Data, Figure S1).

Table 3 shows the relationship between added sugar in SSBs
and mortality. Compared with the quintile with the lowest added
sugar intake from SSBs, the highest quintile was associated with
higher all-cause mortality [HR (95% CI) was 1.69 (1.2-2.36)]. The
RCSs showed that added sugar in SSBs was linearly associated
with all-cause mortality (Supplementary Data, Figure S1), with
an HR (95% CI) of 1.14 (1.05-1.24) for each increased 20-g added
sugar/1000 kcal of total energy intake.

Figure 2 displays the subgroup analysis results according to
different demographics and life-related characteristics as well
as health conditions. Individuals who were male and >60 years
old at baseline were associated with a higher risk of mortality
with SSB intake. Moreover, deleterious associations were discov-
ered among some subgroups (unmarried, non-Hispanic White,
lower education levels, nonsmoker and drinker) but not in oth-
ers (married, other races, higher education levels, smoker and
abstainer) in the analysis. When stratified by comorbidities, as-
sociations were marginally stronger among those with diabetes,
hypertension, CVD and cancer, and not significant among those
without diseases, and the interaction for hypertension, diabetes
and cancer was statistically significant (P-value for interaction
<0.05 for all). The associations between added sugar intake in
SSBs and all-cause mortality were chiefly paralleled with SSBs
in subgroup analyses.

Table 4 demonstrates HRs from substitution models by de-
creasing SSB intake and simultaneously increasing intake of an-
other beverage by 1 serving/day. There was no crucial associa-
tion with mortality when replacing 1 serving of SSBs with an
equivalent amount of artificially sweetened beverages or pure
juice or sweetened milk. However, we estimated that substitut-
ing SSBs with an equivalent amount of unsweetened coffees [HR
(95% CI) 0.82 (0.74-0.91)], unsweetened teas [HR (95% CI) 0.86
(0.76-0.98)], plain water [HR (95% CI) 0.79 (0.71-0.88)] or non- or
low-fat milk [HR (95% CI) 0.75 (0.60-0.93)] was related to a 14-25%
reduced risk of all-cause mortality.

DISCUSSION

Our study showed a positive stratified association with dose be-
tween SSB intake and all-cause mortality in the CKD population
after adjusting for confounding factors. Each serving increase in
daily SSB consumption was associated with an 8% higher risk
of all-cause mortality, which is a stronger association observed
among men compared with women, although no significant in-
teraction with sex was observed. Compared with adults in the
lowest quintile of added sugar in SSBs, those in the top quin-
tile had a 69% higher risk of all-cause mortality. Additionally, we
estimated that substituting 1 serving of SSBs with alternative
plain water and unsweetened coffee/tea was associated with a
14-25% lower risk of all-cause mortality. On the whole, our study
demonstrated that increased consumption of SSBs was associ-
ated with higher mortality among CKD patients.

It was worth noting that there was a lack of research on the
effect of SSB intake on mortality in people with CKD. The effects
of SSBs on mortality have been contradictory in studies of the
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Female ] 1.11 (0.98-1.24) e 1.06 (0.94-1.19)
Race 0.81 b 0.67
Non-Hispanic —— 1.18(1.05-1.32) et 1.14 (1.03-1.27)
Others — s — 1.13 (1.00-1.28) H-— 1.09 (0.93-1.27)
Education levels 0.06 E 0.06
<High school —— 1.23 (1.07-1.42) o —— 1.21 (1.07-1.37)
= High school 1.12(1.01-1.25) H—— 1.10 (0.97-1.23)
Marital status 0.03 & 0.03
Married He— 1.06 (0.94-1.20) —— 1.07 (0.91-1.25)
Unmarried —— 1.33 (1.18-1.50) 4 = 1.25(1.13-1.38)
BMI 0.95 b 0.68
<25 kg/m? —— 1.21(1.07-1.37) +—— 1.18 (1.01-1.37)
=25 kg/m? —_— 1.17 (1.06-1.29) e 1.12 (0.99-1.26)
Alcohol drinking 0.77 b 0.91
Abstainer —a— 1.11 (1.00-1.24) H—— 1.09 (0.94-1.26)
Drinker —— 1.24 (1.10-1.40) q— 1.19 (1.08-1.33)
Smoking 0.23 1 0.13
Yes B 1.17 (0.98-1.39) —— 0.97 (0.79-1.20)
No —— 1.22 (1.10-1.36) o —— 1.20 (1.07-1.34)
Hypertension <0.01 b 0.01
Yes —_— 1.23(1.12-1.35) 1 e 1.20(1.10-1.32)
No ——r 0.78 (0.58-1.06) —— 0.81(0.57-1.15)
Diabetes 0.01 b 0.31
Yes —— 1.51(1.26-1.81) 1 1.36 (1.08-1.71)
No =t 1.12(1.03-1.22) T 1.11 (1.00-1.22)
CVD 0.08 1 0.18
Yes ——t 1.23 (1.09-1.40) 11— 1.19(1.07-1.33)
No —— 1.17 (1.05-1.30) e 1.13 (0.99-1.29)
Cancer 0.04 1 0.13
Yes ——t 1.32(1.10-1.58) T— 1.23 (1.01-1.49)
No p-o—t 1,02 (1.01-1.02) +—— 0.98 (0.98-0.98)
CKD stage 0.76 b 0.85
1 F——s—— 1.23(1.01-1.51) - 1.16 (0.89-1.51)
2 —— 1.19 (1.03-1.38) 1.16 (1.00-1.36)
3 p—— 1.23 (1.08-1.41) T— 1.14 (1.00-1.30)
4 % 1.40(0.99-1.99) 11— 1.53(1.11-2.13)
ACR 0.68 1 0.76
=30mg/g ——t 1.21(1.03-1.43) H—— 1.16 (0.97-1.38)
> 30mg/g == 1.19 (1.08-1.30) 1 1.15(1.04-1.27)
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FIGURE 2: Subgroup analyses of the associations between SSB intake and mortality. Adjusted covariates: age, gender, family PIR, self-reported race, education, marital
status, alcohol consumption, smoking status, vigorous/moderate recreational activity, total energy intake, intake of whole grains, fruit, vegetables, red and processed
meat, artificially sweetened beverages, dietary acid load, dietary sodium, total fat, baseline eGFR, BM], total-to-HDL cholesterol ratio, hypertension, diabetes, CVD and

cancer.

general population and different racial groups. Several studies
[12-15, 40, 41], including data from 10 European countries [41]
and two US large cohorts [14], have illustrated that higher SSB
intake was related to higher all-cause mortality. However, other
studies have found an invalid association between consumption
of sugary beverages and all-cause mortality [16, 18, 19, 42, 43],
which might be explained by the relatively average low intake
level of SSBs in some populations [16, 18, 19]. Besides, higher SSB
intake may represent higher socioeconomic status in two Asian
cohort studies [18, 19], and it was still likely that there existed
residual confounding, even though education attainment or in-
come was adjusted. In the present analysis, our study found that
higher SSB consumption is positively associated with increased

all-cause mortality for CKD patients, with each serving increase
in daily SSB consumption associated with an 8% higher risk of
mortality, and the HR of those who consumed >2 servings/day of
SSBs was statistically significant compared with those who did
not consume SSBs for all-cause mortality. Compared with the
general population, CKD patients had abnormal metabolic sta-
tus, including imbalance of glucose metabolism and acid-base
metabolism, and more severe inflammatory status [44], making
it difficult to clear the effect of SSBs on physiological and patho-
logical activities in vivo, which led to a vicious cycle and greatly
increased the risk of death due to unbalanced metabolism.
Meanwhile, in combination with the results of RCS, it is rea-
sonable to speculate that the association between higher SSB
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Table 4. HR (95% CI) of all-cause mortality in substitution analysis

Substituted by All-cause mortality
Artificially sweetened beverage 0.92 (0.81-1.03)
Pure juice 0.79 (0.59-1.07)
Unsweetened coffee 0.82 (0.74-0.91)
Unsweetened tea 0.86 (0.76-0.98)
Plain water 0.79 (0.71-0.88)
Non- or low-fat milk 0.75 (0.60-0.93)
Sweetened milk 0.90 (0.40-2.05)

Adjusted covariates: age, gender, family PIR, self-reported race, education, mari-
tal status, alcohol consumption, smoking status, vigorous/moderate recreational
activity, total energy intake, intake of whole grains, fruit, vegetables, red and pro-
cessed meat, artificially sweetened beverages, dietary acid load, dietary sodium,
total fat, baseline eGFR, BMI, total-to-HDL cholesterol ratio, hypertension, dia-
betes, CVD and cancer.

intake and higher mortality might be primarily driven by CKD
patients who consume >2 servings of SSBs per day. Therefore,
we suggest that future intervention studies of higher SSB intake
should be conducted in the CKD population. By quantifying SSB
intake in a hierarchical manner and assessing the association
between SSBs and risk of death in the CKD population, our
results complemented and extended previous studies and are
easier to translate into clinical recommendations. In addition,
our study showed that the effect of added sugar from SSBs on
mortality in the CKD population approximately corresponded to
that of SSBs, suggesting that it might be more sensible to focus
on the added sugar intake from SSBs rather than SSB intake.

The following mechanisms could explain our finding that
higher intake of added sugars from SSBs is associated with
a higher risk of mortality. It was reported that fructose, as
the main component of sweeteners of SSBs, was associated
with increased serum uric acid concentrations and excessive
secretion of renin, which could cause vascular disease and renal
interstitial fibrosis [45] as well as kidney stones, directly or in-
directly [46]. In animal models, fructose-related hyperuricemia
resulted in metabolic syndrome, which was associated with
renal hypertrophy, glomerular hypertension, cortical vasocon-
striction and renal vascular arterioles [47]. Furthermore, the
phosphate additives from SSBs increase dietary acid load [34, 48]
and possibly affect the serum fibroblast growth factor-23 level
[49], thus further reducing the kidney function. In CKD patients,
these mechanisms could explain the situation that increased
SSB intake worsened renal function and made it more difficult
to control. Overall, the relation to survival shown in the study
further emphasizes the significance of reducing SSB intake, es-
pecially added sugar intake from SSBs, in secondary prevention
for CKD.

In subgroup analysis, we found that an additional daily serv-
ing of SSBs was associated with higher all-cause mortality in
CKD patients >60 years old than that of those <60 years old,
which might be attributed to slower physiological activities and
metabolic rates, as well as poorer kidney function of older pa-
tients, making it more difficult to clear the damage caused by
SSBs.

The results of the relationship between SSBs and all-
cause mortality in CKD patients with other comorbidities
are worth discussing. We observed a higher risk of mortality
in CKD subgroups with a history of chronic diseases, espe-
cially in the hypertension subgroup, diabetes subgroup and
cancer subgroup. In CKD patients with underlying diabetes or

hypertension, high consumption of SSBs potentially contributed
to metabolic disorders and chronic inflammation [50], as well
as making it difficult to control blood glucose or blood pressure,
which might result in increased adiposity [51, 52] and further
deterioration of kidney function [53], ultimately leading to
hypertonic non-ketoacidosis or ketoacidosis and cardiovascular
death. Likewise, high intake of SSBs in CKD patients with
a history of cancer may lead to poor tumor treatment and
increased mortality. The comparison might be diluted when
considering that in the subgroup analysis the situation of pa-
tients with CKD was more complex and that high SSB intake at
baseline did not represent high SSB intake in the past or future.
Therefore, we recommended further interventional studies or
clinical trials in CKD patients with diversiform chronic diseases.
In summary, clinicians and health care professionals should
encourage dietary interventions among CKD patients with mul-
tiple chronic diseases to reduce SSB intake, which slows down
the progression of established CKD and improves quality of
life.

In substitution analysis, we estimated that substituting 1
serving of SSBs per day with alternative plain water and
unsweetened coffee/tea, as well as non- or low-fat milk, was
associated with a lower risk of all-cause mortality. Our find-
ings are consistent with the previous studies of mortality of
the general population [17] and risk of type 2 diabetes mellitus
[54] that have found that replacing SSBs with water, unsweet-
ened coffee/tea or low-fat milk was associated with attenu-
ated risk of death or diabetes. In agreement with these stud-
ies, our observations emphasized the significance of limiting
SSB consumption and substituting SSBs with other beneficial
alternatives.

The present study has some limitations. First, the 24-h di-
etary recall information collected at baseline was not updated
during the follow-up period, and we could only infer that par-
ticipants’ SSB consumption habits were maintained to be stable
over time. In addition, other variables that could influence re-
nal function, including blood pressure, blood glucose status, salt
intake and other dietary information, might also change dur-
ing follow-up. Since dietary information and some comorbidi-
ties were based on self-report, measurement errors in SSB in-
take and other dietary items are inevitable, or there may exist
reporting bias. Second, the presence of a dose-response relation-
ship did not inevitably connote causation, as was the case with
other observational studies. Residual confounders might also be
present, even after adjustment for sociodemographic, lifestyle-
related and diet-related factors, and comorbidities.

In conclusion, we found that in the CKD population, in-
creased SSB intake was associated with a higher risk of mor-
tality and indicated a stratified association with dose. Plain
water and unsweetened coffee/tea might be possible alterna-
tives for SSBs to avert untimely deaths, which could be a sim-
ple, economical, clinically safe and effective choice for CKD pa-
tients. In future studies, researchers should take advantage of
the latest dietary information to further investigate the life-
course relationship between SSB consumption and mortality,
as well as to discover the mechanism of SSB damage to the
kidney.
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