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Objectives: Although most controlled feeding trials have failed to show an adverse effect of fructose on
blood pressure, concerns continue to be raised regarding the role of fructose in hypertension. To quantify the
association between fructose-containing sugar (high-fructose corn syrup, sucrose, and fructose) intake and incident
hypertension, a systematic review and meta-analysis of prospective cohort studies was undertaken.

Methods: MEDLINE, EMBASE, CINAHL and the Cochrane Library (through February 5, 2014) were
searched for relevant studies. Two independent reviewers reviewed and extracted relevant data. Risk estimates were
aggregated comparing the lowest (reference) quintile with highest quintile of intake using inverse variance random
effect models and expressed as risk ratios (RR) with 95% confidence intervals (CIs). Interstudy heterogeneity was
assessed (Cochran Q statistic) and quantified (I2 statistic). The Newcastle–Ottawa Scale assessed study quality.
Clinicaltrials.gov NCT01608620.

Results: Eligibility criteria were met by 3 prospective cohorts (n = 37,375 men and 185,855 women) with
58,162 cases of hypertension observed over 2,502,357 person-years of follow-up. Median fructose intake was
5.7–6.0% total energy in the lowest quintile and 13.9–14.3% total energy in the highest quintile. Fructose intake
was not associated with incident hypertension (RR = 1.02, 95% CI, 0.99–1.04), with no evidence of heterogeneity
(I2 = 0%, p = 0.59). Spline curve modeling showed a U-shaped relationship with a negative association at intakes
≤50th percentile (∼10% total energy) and a positive association at higher intakes.

Conclusions: Total fructose intake was not associated with an increased risk of hypertension in 3 large
prospective cohorts of U.S. men and women.

INTRODUCTION

Hypertension is a leading cause of mortality globally [1],
and its prevalence is projected to exceed 1.56 billion by 2025
[2]. It is a significant risk factor for stroke, renal failure,
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and cardiovascular morbidity [3]. Treatment of hypertension
and its associated complications is estimated to account for
10% the health budget of developed countries [4]. Despite its
high prevalence, blood pressure remains highly modifiable,
particularly through diet and lifestyle interventions [3–6]. A
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major dietary component attributed to the development of hy-
pertension is fructose [7,8]. A compelling mechanism has been
proposed wherein fructose depletes adenosine triphosphate,
resulting in downstream uric acid generation, consequently
inducing oxidative stress in vascular smooth muscle cells,
endothelial dysfunction, and the renin–angiotensin system [9].
Evidence supporting this relationship is derived primarily from
animal experiments using extreme levels (50–66% of energy)
of fructose exposure [10–15]. Indirect evidence also arises
from a recent clinical trial which showed that treatment with
the xanthine oxidase inhibitor allopurinol reduced uric acid
levels and features of the metabolic syndrome compared with
no allopurinol on a background of diets supplemented with
excess energy from fructose [16]. It is unclear whether this
outcome would have differed if another source of excess
calories was used, as there was no energy matched comparator
used. In addition, weak evidence from cross-sectional analyses
also buttress positive associations between prevalence of
hypertension and sugar-sweetened beverages (SSBs) [17–19].

These data contrast with high-quality evidence from syste-
matic reviews and meta-analyses of controlled feeding trials on
the effect of fructose in isocaloric substitution for other carbohy-
drates on blood pressure [20] and uric acid [21]. Although the
isocaloric comparisons were at relatively high doses (median
dose: 79 g/d; range: 53–182 g/d), these studies consistently de-
monstrated no evidence of harm, even suggesting a potential
beneficial blood pressure effect. Whether fructose intakes
at “real-world” levels plays a role in the development of
hypertension remains unclear [22]. To clarify the role of total
fructose-containing sugars in the development of hypertension
and provide better evidence to support dietary guidelines, we
conducted a systematic review and meta-analysis of prospective
cohorts investigating the relationship between self-reported,
“real-world” total fructose-containing sugar intakes and incident
hypertension.

MATERIALS AND METHODS

Design

We followed the Cochrane Handbook for Systematic Re-

views of Interventions in conducting this meta-analysis [23].
Results are reported according to the “Meta-Analysis of Ob-
servational Studies in Epidemiology” and “Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses” guide-
lines [24,25]. The protocol was registered at ClinicalTrials.gov
(identifier: NCT01608620).

Study Selection

MEDLINE, EMBASE, CINAHL, and The Cochrane
Registry were searched through to February 5, 2014, using
an inclusive search term (Supplementary Table 1). Manual
searches of references supplemented database searches. Only
prospective cohort studies reporting associations between total

fructose-containing sugar (fructose, sucrose, and high-fructose
corn syrup [HFCS]) intake on incident hypertension were
eligible for inclusion.

Data Extraction

Following systematic exclusion of studies based on title and
abstract (V.H.J., I.S.), 2 reviewers (V.H.J., V.H.) independently
fully reviewed the remaining articles and produced a final list
of cohorts to include in the analysis. A kappa (κ) score was
calculated to quantify between-reviewer agreement (0 = com-

plete disagreement, 1 = full agreement). All cohort character-
istics were extracted using a standardized pro forma. Data ex-
tracted included authorship, publication year, cohort name, sam-
ple size, participant characteristics (age, gender, health status),
fructose form (fruits/SSBs/supplement/sucrose), fructose expo-
sure levels (as percentage of energy), duration/person-years of
follow-up, number of cases, background diet profile, and co-
variates included in the most-adjusted models. Relative risks for
incident hypertension were extracted from clinical event data
across all quintiles of exposure.

Study Quality

Study quality was assessed using the Newcastle–Ottawa
Scale (NOS) for Cohort Studies, awarding points based on co-
hort selection, adequacy of outcome measures, and comparabil-
ity of cohorts regarding design or analysis [26]. A maximum of 9
points could be awarded, where 6 or more points was considered
high quality [27,28].

Statistical Analyses

The natural log-transformed relative risks for incident hyper-
tension, comparing the highest exposure level to the reference
group from each cohort, were pooled using the generic inverse
variance method with random effects models and expressed
as risk ratios (RRs) with 95% confidence intervals (CIs).
Interstudy heterogeneity was assessed using the Cochran Q (χ2)
statistic at α < 0.10 and quantified by the I2 statistic, where
I2 ≥ 50% represented considerable heterogeneity [23]. Sources
of heterogeneity were explored using a priori subgroup
analyses of disease status, gender (male vs female), sugar type
(fructose, sucrose, HFCS), follow-up (<10 years vs ≥10 years),
degree of covariate adjustment, and study quality (NOS
<6 vs NOS ≥6) on the effect of total fructose-containing
sugars. Dose–response analyses were carried out using random-
effects generalized least squares trend (GLST) estimation
models [29,30]. Where no evidence of a linear relationship
was observed, spline curve modeling was undertaken (the
MKSPLINE procedure) to characterize segments of the dose–
response curve where a linear approximation may best describe
the data [31]. Sensitivity analyses, where each study was
systematically removed and the effect size recalculated in the
remaining studies, were carried out to explore the impact of indi-
vidual studies on the pooled risk. Publication bias was assessed
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by the inspection of funnel plots and statistically evaluated
using Begg’s and Egger’s tests, where p < 0.10 was consid-
ered evidence of small-study effects. Pooled analyses were
conducted using Review Manager (RevMan) version 5.1.7 (The
Nordic Cochrane Centre, The Cochrane Collaboration, Copen-
hagen, Denmark). Meta-regressions, GLST, MKSPLINE, and
Begg’s and Egger’s tests were conducted using Stata version
12.1 (StataCorp, College Station, TX).

RESULTS

Search Results

Figure 1 summarizes the flow of literature from conception
to study selection. Three thousand seven hundred forty-nine ar-
ticles were identified from database and manual searches. Of
these, 3723 articles were excluded based on title and abstract.
Of the remaining 26 articles, one article providing data on 3
prospective cohorts was identified (Health Professionals Follow-
Up Study [HPFS], Nurses’ Health Study I [NHS-I], and Nurses’
Health Study II [NHS-II]) for meta-analyses [32]. A kappa statis-
tic of 1 was calculated for between-reviewer agreement.

Trial Characteristics

Cohort characteristics are provided in Table 1. The 3 prospec-
tive cohorts included a total of 223,230 participants, with a total
58,162 cases of hypertension observed over 2,502,375 person-
years of follow up. One cohort followed men (HPFS, n = 37,375)
with a median age of 52 years (range: 44–61), and the other 2
followed women. In the NHS-I (n = 88,540), the median age was
49 years (range: 44–56), whereas in the NHS-II (n = 97,315)
the median age was 36 (range: 32–40). Median follow-up was
18 years (range: 14–20). Total fructose intake was assessed by
validated food frequency questionnaires collected every 4 years
[33–35], and incidence of hypertension (systolic ≥140 mmHg
or diastolic ≥90 mmHg) was assessed from physician diagnoses
that were self-reported on biennial questionnaires. All cohorts
reported total fructose intake as a percentage of total daily energy
intake (%E). At baseline, fructose from major fruit sources con-
tributed 26.5, 23.6, and 19.8% of total fructose in HPFS, NHS-I,
and NHS-II, respectively. Major SSBs and fruit juice sources
contributed 35.2, 35.6, and 44.0% to total fructose intake, re-
spectively. Median fructose intake in cohorts ranged from 5.7 to
6.0% of energy in the lowest (reference) quintile to 13.9–14.3%
of energy in the highest quintile. All relative risks were adjusted
for age, body mass index, physical activity, smoking status, fam-
ily history of hypertension, total energy, alcohol, caffeine, folate,
and vitamin C intakes. All cohorts were high quality (NOS =
6), and conducted in a U.S. population by the same Harvard
University investigator group.

Total Fructose Intake on Incident Hypertension

Figure 2 shows the overall association between total fructose
intake and incidence of hypertension. The risk ratio for incident

hypertension comparing the highest to the lowest quintile of
intake was 1.02 (95% CI, 0.99–1.04, p = 0.18), with no evidence
of between-cohort heterogeneity (I2 = 0%; χ 2 = 1.05, p = 0.59).

A priori Subgroup and Sensitivity Analyses

Only one (gender) of the 6 a priori subgroup analyses was
performed because the remaining 5 (disease status, sugar type,
follow-up, degree of covariate adjustment, and study quality) did
not vary across cohorts. The subgroup analysis by gender did
not modify our results (male: RR = 0.99, 95% CI, 0.93–1.05;
female: RR = 1.02, 95% CI, 1.00–1.05; p difference = 0.51).
Removal of no single cohort modified the overall relationship
(without HPFS: RR = 1.02; 95% CI, 1.00–1.05; p = 0.10; with-
out NHS-I: RR = 1.01, 95% CI, 0.98–1.05; p = 0.47; without
NHS-II: RR = 1.01, 95% CI, 0.98–1.04; p = 0.41).

A random-effects GLST model provided no significant ev-
idence of a linear dose–response relationship across quantiles
(p = 0.99). However, separate analyses pooling data at each
quantile found a significant protective association of fructose
intakes at the third (9.5%E, RR = 0.95, 95% CI, 0.92–0.98, p =
0.0004) and fourth (11.2%E, RR = 0.93, 95% CI, 0.93–0.98,
p = 0.001) quantiles, and a borderline significant protective as-
sociation at intakes equivalent to the second quantile (7.9%E,
RR = 0.97, 95% CI, 0.95–1.00, p = 0.05; Fig. 3). Using spline
modelling to address this nonlinearity, we detected a breakpoint
at the 50th percentile of intake (∼10%E, third quintile) [22],
which revealed a borderline significant negative linear relation-
ship for intakes at or below the 50th percentile intake (β =
−0.005, p = 0.050) and a significant positive linear relation-
ship for intakes above the 50th percentile intake (β = 0.021,
p < 0.001). The risk of developing hypertension decreased 0.5%
(p = 0.050) for every 1%E increase in fructose intake, when
consumed at intakes from 5.9 to 9.4% total energy, whereas it
increased 2.1% (p < 0.001) for every 1%E increase in fructose
intake at intakes from 9.4 to 14.2% total energy, although the
maximal risk achieved did not exceed that of the lowest intake.

Publication Bias

Visual inspection of funnel plots and statistical assessment
through Egger’s (p = 0.632) and Begg’s (p = 0.602) tests did not
reveal significant evidence for publication bias (Supplementary
Fig. 1).

DISCUSSION

This systematic review and meta-analysis of 3 large cohorts
in 37,375 men and 185,855 women, providing a total 2,502,357
person-years of follow-up and 58,162 cases of incident hyperten-
sion, found no association between fructose intake and incident
hypertension, where fructose constituted up to 14% of the to-
tal energy intake, equivalent to the 90th percentile intake in the
United States [22]. The relation was not modified by differences
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3,749 articles identified
873 MEDLINE (through to February week 1 2014)

2,629 EMBASE (through to February week 1 2014)
37 Cochrane Library (through to February week 1 2014) 

209 Cinahl (through to February week 1 2014)
1 Manual Searches

3,723 articles excluded on basis of title and/or abstract
1,487 non-sugar containing studies

929 duplicate reports
832 review papers (including commentaries,     

editorials, and conferences)
149      case studies
117 design/methodology
87 missing endpoint
49 animal studies
38 in vitro
28 guidelines

7 meta-analyses

26 articles reviewed in full

25 articles excluded
14 inadequate endpoint data
7 non-prospective cohort
4 non total fructose

1 article, 3 cohorts included in the meta-analysis (n participants = 223230)

Fig. 1. Flow of the literature. Of the 3470 identified articles, 3444 were excluded based on title and abstract. The remaining 26 were reviewed in full.
Three prospective cohorts were included in the meta-analysis.

in gender, nor did we find significant evidence for a dose re-
sponse. There may be a potential hypertension risk reduction
with fructose intakes at the 50th percentile.

Findings in the Context of the Literature

Our results agree with high-quality clinical trials evidence
[20] showing no adverse relationship between fructose and blood
pressure under isocaloric conditions. These results do not sup-
port the uric acid mechanism by which fructose is proposed to
elevate blood pressure [8,9], contradicting evidence from an-
imal studies [10–15] using supraphysiological fructose doses

[22], cross-sectional and prospective cohort studies of sugary
beverages (not total fructose) [36,37], and acute [38] or uncon-
trolled trials in humans [16]. The lack of agreement may relate
to the level of exposure assessed in the present set of studies.
Interestingly, the same cohorts have shown linear associations
between total fructose intake and uric acid [39] and total fructose
intake and incident gout [40]. However, significant associations
were seen only at high levels of exposure above mean popula-
tion levels of intake [22] in models not adjusted for energy [41]
or in energy-adjusted models that were also adjusted for energy
from total carbohydrates, to estimate the effect of total fructose
in isocaloric exchange with other carbohydrates [40]. Higher

0.5 0.7 1 1.5 2

]
]
]

]

HarmfulProtective

COHORT Participants Cases Weight Risk Ratio [95%CI]
Risk Ratio
[95%CI]

HPFS 37,375 11,192 17.1% 0.99 [0.93, 1.05]
NHS-I 88,540 31,107 56.7% 1.02 [0.99, 1.05]
NHS-II 97,315 15,863 26.2% 1.03 [0.98, 1.08]

Total (95% CI) 223,230 58,162 100.0% 1.02 [0.99, 1.04]
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Fig. 2. Forest plot of prospective cohorts investigating the association between total fructose intake and incident hypertension. The pooled effect estimate
is represented as a diamond. p Values are for generic inverse variance random effects models. Interstudy heterogeneity was assessed via Cochrane’s Q
(χ2) at a significance level of p < 0.10 and quantified by I2, where I2 > 50% was considered to be evidence of substantial heterogeneity. All data are
presented as relative risks with 95% confidence intervals.(Color figure available online.)
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quality evidence from a systematic review and meta-analysis of
controlled feeding trials [21] also only showed a significant ef-
fect of fructose on uric acid in hypercaloric trials. In these trials,
diets were supplemented with fructose providing excess energy
at extreme levels of intake above that associated with raised uric
acid levels and gout in the NHS and HPFS [39,40] and more than
double the 95th percentile for intake in the United States [22]
compared to the same diets alone without the excess energy from
fructose. Taken together, these data bring into question whether
a fructose–uric acid–blood pressure axis operates at population
levels of exposure or under conditions of neutral energy balance
[32,42].

Similarly, fructose has not been shown to behave differently
than other sources of carbohydrate in its effects on other re-
lated metabolic endpoints. A recent series of systematic reviews
and meta-analyses of controlled clinical trials on the effect of
fructose on cardiometabolic risk factors showed that isocaloric
substitution of fructose for other sources of carbohydrate did
not differentially effect body weight [43], blood lipids [44],
glycemia [45], or insulin [46]. These same analyses even showed
a clinically meaningful improvement in glycemic control [46].
Our results agree with these findings, suggesting that there is
no evidence of harm of fructose under energy-adjusted condi-
tions, as modeled by this meta-analysis. Each included study
used the multivariate nutrient density model, in which total en-
ergy was included in the model along with percentage energy
from fructose; therefore, our pooled relative risk represents the
association of fructose with hypertension, holding energy con-
stant; that is, isocaloric [47]. Nevertheless, diets supplemented
with fructose providing excess energy at extreme doses well
above the 95th percentile for intake did increase body weight
[43], uric acid [21], glycemia [46], and insulin [45] compared
to the same diets alone without the excess energy from fructose.

These hypercaloric data may be more relevant to the general
population, however, because the high rates of overweight and
obesity suggest most individuals to be in positive energy bal-
ance. In addition, fructose-containing sugars, when consumed
in the form of sugary beverages, appear to aggravate the risk for
several chronic diseases including hypertension, type 2 diabetes,
cardiovascular disease, and stroke, although the reasons for this
remain unclear [48].

Subgroup Analyses and Dose Effects

We observed no between-cohort heterogeneity, likely be-
cause all 3 cohorts were centered at the same academic in-
stitution and used similarly validated measurement tools and
standardized outcome assessment protocols in relatively ho-
mogenous cohorts. This overlap in potential sources of clinical
and methodological heterogeneity between cohorts precluded
most a priori subgroup analyses. In addition, due to the small
number of identified cohorts, we may have been underpowered to
detect true differences between subgroups (i.e., gender). Spline
curve modeling revealed a significant linear relationship for in-
creasing risk with fructose consumption above the U.S. 50th
percentile intake (49 g/d or 10%E) [22]. Although no significant
adverse relationship was observed, the potential of increasing
hypertension risk with intakes beyond 15%E from fructose war-
rants further investigation. In addition, a small but significant hy-
pertension risk reduction was observed at intakes ranging from
40 g/d up to 55 g/d. Although this evidence is largely exploratory
due to the nature of the analysis, it nevertheless supports a clear
of a lack of harm. Appropriately, the possibility of a beneficial
relationship of moderate fructose intakes cannot be excluded
[49] and should be further investigated.
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Limitations

Several limitations of this systematic review and meta-
analysis should be outlined. First, the only cohorts that fit our
inclusion criteria were of U.S. origin with predominantly Cau-
casian (≤90%) populations [36], limiting the generalizability of
these results. Second, all participants in this meta-analysis were
health care professionals; thus, the influences of socioeconomic
status and level of education [50] may complicate these results.
Third, because no cohorts of adolescents or children were cap-
tured in this meta-analysis, whose fructose intakes are above
that of adults [22], the extrapolation of these findings to those
subpopulations is limited. Fourth, at baseline, at least 35 to 44%
of the total fructose in these cohorts were from SSB sources,
which approximates the 46% observed in the most recent Na-
tional Health and Nutrition Examination Survey dietary intake
data [22]. However, the intake of fructose from fruit and grain
sources of these cohorts was higher than the National Health
and Nutrition Examination Survey intake data [22], potentially
obscuring the applicability of our results.

CONCLUSIONS

Fructose has been in the limelight of scientific controversy
ever since its implication in the obesity epidemic [51]. Our analy-
sis of fructose at population-level intakes questions its previously
hypothesized role in the development of hypertension [7]. When
total energy was accounted for, we found no adverse associa-
tion between population-level fructose intake from a variety of
sources and incident hypertension in primarily Caucasian U.S.
male and female health professionals, with no history of hyper-
tension. This association appears to be generalizable to popula-
tion intake patterns. To test the robustness of our findings, there
is a need for more specific analyses within existing cohorts to as-
sess the relation of total fructose and fructose-containing sugars
(sucrose, HFCS) from different sources with the risk of develop-
ing hypertension in different populations. Given that the current
analysis presented a signal for benefit with fructose intakes ap-
proximating 10%E, it may be of interest to explore the potential
beneficial effects of fructose intakes equivalent to the U.S. 50th
percentile intake through large-scale, randomized, double-blind
controlled clinical trials.
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary Table 1. Databases Searched and Strategy

Database Search Period Search

MEDLINE Through to
February
week 1,
2014

1. sucrose∗.mp.
2. fructose∗.mp.
3. HFCS∗.mp.
4. honey∗.mp.
5. sugar∗.mp.
6. hypertensive.mp.
7. hypertension.mp.
8. HTN.mp.
9. 1 or 2 or 3 or 4 or 5
10. 6 or 7 or 8
11. 9 and 10
12. limit 11 to animals
13. 11 not 12
14. limit 13 to animal studies
15. 13 not 14
16. limit 15 to (clinical trial or randomized controlled trial or controlled clinical trial or multicenter study
or phase 1 clinical trial or phase 2 clinical trial or phase 3 clinical trial or phase 4 clinical trial)
17. 15 not 16

EMBASE Through to
February
week 1,
2014

1. sucrose∗.mp.
2. fructose∗.mp.
3. HFCS∗.mp.
4. honey∗.mp.
5. sugar∗.mp.
6. hypertensive.mp.
7. hypertension.mp.
8. HTN.mp.
9. 1 or 2 or 3 or 4 or 5
10. 6 or 7 or 8
11. 9 and 10
12. limit 11 to animals
13. 11 not 12
14. limit 13 to animal studies
15. 13 not 14
16. limit 15 to (clinical trial or randomized controlled trial or controlled clinical trial or multicenter study
or phase 1 clinical trial or phase 2 clinical trial or phase 3 clinical trial or phase 4 clinical trial)
17. 15 not 16

CINAHL Through to
February
week 1,
2014

1. “sucrose”
2. “fructose”
3. “HFCS”
4. “honey”
5. “sugar”
6. “hypertensive”
7. “hypertension”
8. “HTN”
9. “S1 or S2 or S3 or S4 or S5”
10. “S6 or S7 or S8”
11. “S9 and S10”

COCHRANE
Through to

February
week 1,
2014.

1. “sucrose”
2. “fructose”
3. “HFCS”
4. “honey”
5. “sugar”
6. “hypertensive”
7. “hypertension”
8. “HTN”
9. “S1 or S2 or S3 or S4 or S5”
10. “S6 or S7 or S8”
11. “S9 and S10”
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Supplementary Fig. 1. Funnel plot of risk ratios for incident hypertension comparing the lowest with the highest quintiles for fructose intake. The
vertical line represents the pooled relative risk. The dashed lines represent the pseudo-95% confidence intervals of the relative risk. The circles represent
risk estimates for each cohort, and the horizontal lines represent standard errors of the relative risk.
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