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OBJECTIVE

We investigated the relationship between fasting serum fructose levels and the risk
of incident type 2 diabetes in a prospective Chinese cohort.

RESEARCH DESIGN AND METHODS

Among 949 community-based participants aged ‡40 years without diabetes at
baseline, fasting serum fructose levelsweremeasured using liquid chromatography–
tandemmass spectrometry. The participantswere followed up for the occurrence
of diabetes. Cox regressionmodelswereperformed to analyze theeffect of fasting
serum fructose levels on risk of incident diabetes.

RESULTS

During a median of 3.5 years’ follow-up, 179 of 949 (18.9%) participants developed
type 2 diabetes. Elevated fasting serum fructose levels were associated with an
increased risk of incident diabetes in a dose-response manner. After adjustment for
age, sex, BMI, lipid profiles, blood pressure, liver function, smoking and drinking
status, baseline glucose level, and sugar-sweetened beverage consumption, a 1-SD
increased fasting fructose level was associated with a 35% (95% CI 1.08–1.67)
increased risk of developing diabetes. After further adjustment for serum uric acid
and estimated glomerular filtration rate, the association was partially attenuated
(hazard ratio 1.33 [95% CI 1.07–1.65]). The association was similar by age,
prediabetes status, BMI, and family history of diabetes but attenuated in women
(P for heterogeneity 5 0.037).

CONCLUSIONS

Elevated fasting serum fructose levels were independently associated with in-
creased risk of incident type 2 diabetes in a middle-aged and older Chinese
population. Our data suggest that higher fasting serum fructose levels might serve
as a biomarker and/or a contributor to incident diabetes.

Type 2diabetes is globally epidemic (1) and associatedwith an increase in cardiovascular
diseases andmortality (2,3),whichposeaheavypublic burden. InAsia, type2diabetes
has become prevalent over the past few decades, and the number of people with
type 2 diabetes continues to rise (4). Therefore, identifying risk factors and/or early
markers for future diabetes is of major importance. Dietary factors have been well
acknowledged to play a key role in triggering diabetes (5). Accumulating evidence
demonstrates that dietary fructose consumption primarily from sugar-sweetened

1Ministry of Education Key Laboratory of Me-
tabolism and Molecular Medicine, Department
of Endocrinology and Metabolism, Zhongshan
Hospital, Fudan University, Shanghai, China
2Department of Endocrinology and Metabolism,
Xinhua Hospital, Shanghai Jiaotong University
School of Medicine, Shanghai, China
3Shanghai Xuhui Central Hospital/Zhongshan-
Xuhui Hospital, Fudan University, Shanghai,
China
4Shanghai Clinical Center, Chinese Academy of
Science, Shanghai, China
5CAS Key Laboratory of Nutrition, Metabolism
and Food Safety, Institute of Nutrition and
Health, Shanghai Institutes for Biological Scien-
ces, University of Chinese Academy of Sciences,
Chinese Academy of Sciences, Shanghai, China
6State Key Laboratory of Genetic Engineering,
School of Life Sciences and Zhongshan Hospital,
Fudan University, Shanghai, China

Corresponding author: Xiaoying Li, li.xiaoying@
zs-hospital.sh.cn, or Qing Su, suqingxinhua@
163.com

Received 11 December 2019 and accepted 24
May 2020

Clinical trial reg. no. NCT01506869, clinicaltrials
.gov

This article contains supplementary material online
at https://doi.org/10.2337/figshare.12385463.

Y.C., H.L., and L.Q. equally contributed to this work.

© 2020 by the American Diabetes Association.
Readersmayuse this article as longas thework is
properly cited, the use is educational and not for
profit, and the work is not altered. More infor-
mation is availableathttps://www.diabetesjournals
.org/content/license.

Ying Chen,1 Huandong Lin,1 Li Qin,2

Youli Lu,3,4 Lin Zhao,1 Mingfeng Xia,1

Jingjing Jiang,1 Xiaomu Li,1 Chen Yu,3,4

Geng Zong,5 Yan Zheng,6 Xin Gao,1

Qing Su,2 and Xiaoying Li1

Diabetes Care Volume 43, September 2020 2217

C
A
R
D
IO
V
A
SC
U
LA

R
A
N
D
M
ETA

B
O
LIC

R
ISK

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/9/2217/629843/dc192494.pdf by guest on 09 April 2024

https://doi.org/10.2337/dc19-2494
http://crossmark.crossref.org/dialog/?doi=10.2337/dc19-2494&domain=pdf&date_stamp=2020-08-05
mailto:li.xiaoying@zs-hospital.sh.cn
mailto:li.xiaoying@zs-hospital.sh.cn
mailto:suqingxinhua@163.com
mailto:suqingxinhua@163.com
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://doi.org/10.2337/figshare.12385463
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license


beverages (SSBs) and fruit juice is asso-
ciated with an increase in diabetes in-
cidence and poor glycemic control in
patients with diabetes (6,7).
Fructose, a six-carbon monosaccha-

ride with similar chemical structure and
the same caloric value as glucose, is one
of the major ingredients of SSBs and fruit
juice.While themajority of metabolized
fructose is derived from dietary sources
of sugar, animals and humans are ca-
pable of synthesizing fructose endoge-
nously.Fructose isproducedendogenously
throughactivationof thealdose reductase-
sorbitol dehydrogenase pathway. This is
the only known mechanism whereby
humans and most mammals generate
fructose. Although fructose can be me-
tabolized by hexokinase similarly to glu-
cose (8), the relative affinity for fructose
is substantially less. Furthermore, under
most conditions, fructose is metabolized
by fructokinase (ketohexokinase [KHK]),
an enzyme that is specific for fructose.
KHKphosphorylates fructose to fructose-
1-phosphate, resulting in ATP depletion
and further generation of uric acid, ox-
idants, and inflammatory proteins (9).
Moreover, Lanaspa et al. (10) found that
withfructose-freediet intake,endogenous
fructose in liver could induce insulin re-
sistance and fatty liver through KHK, and
the effect is independent of energy intake.
In micromolar concentrations, serum

fructose is much more reactive in vivo and
plays a pivotal role in mediating the pa-
thologyprocess.Therefore,quantificationof
serum fructose levels is of clinical impor-
tancetoinvestigatetheeffectoffructoseon
metabolic disease in human. There is ev-
idence that fructose levels are elevated in
patients with diabetic nephropathy, reti-
nopathy, and neuropathy (11–13). How-
ever, serum fructose has rarely been
explored in individuals with and without
diabetes, and the results are controversial
(14,15). Despite compelling data in vitro
and in animal studies, to our knowledge,
the association of fasting serum fructose
with incident diabetes has not been in-
vestigated. In the current study, we exam-
ined the associationbetween fasting serum
fructose concentrations and the risk of
incident diabetes in a prospective cohort.

RESEARCH DESIGN AND METHODS

Participants and Study Design
We designed and performed a prospec-
tive cohort study, which was approved
by the Ethical Committee of Zhongshan

Hospital Fudan University. Each partici-
pant providedwritten informed consent.

The prospective cohort studywas con-
ducted in the Shanghai Chongming Dis-
trict, where 9,930 subjects participated in
the baseline survey from 2011 to 2012
and 7,707 participants completed the
follow-up survey in 2014 (16). One
thousand individuals who were free of
diabetes at baseline were randomly
selected for fasting serum fructose mea-
surement. Fasting serum fructose con-
centration was finally measured in 949
individuals who remained after exclu-
sion of participants with missing blood
samples at baseline (n 5 3), missing
blood glucose values at follow-up (n 5
1), or extreme serum fructose values
(,0.43mg/mL or.1.17mg/mL) (n5 47).

Standard questionnaires were used to
obtain information about demographic
characteristics, lifestyle, history of dis-
eases, and medication by face-to-face
interviews conducted by trained inves-
tigators. Body weight and height were
obtained in light clothing andbare feet to
the nearest 0.1 kg and 0.1 cm, respec-
tively. BMI was derived from weight in
kilograms divided by the square of height
in meters. Blood pressure was measured
in the nondominant arm with the sub-
ject in a seated position three consecutive
times with a 1-min interval and at least a
10-min rest using an automated electronic
sphygmomanometer. The average value
of three readingswas used. Smokerswere
defined as participants regularly consum-
ing cigarettes (duration.6 months) right
beforethe survey.Drinkersweredefined
as participants regularly consuming alco-
hol (duration.6months) rightbefore the
survey. Fasting venous blood samples
were collected after at least a 10-h fast.
Plasma glucose levels were measured
by glucose oxidase method. Serum in-
sulin was measured using an electro-
chemiluminescence assay. The index of
HOMA of insulin resistance (HOMA-IR)
was calculated as fasting insulin (mIU/
mL) 3 fasting glucose (mmol/L) / 22.5.
The index HOMA of insulin sensitivity
(HOMA-IS) was calculated as 1 / (fasting
glucose 3 fasting insulin). Serum tri-
glycerides (TG), total cholesterol (TC),
LDL cholesterol (LDL-C), HDL choles-
terol (HDL-C), ALT, AST, and serum
creatinine were measured on the Auto-
Analyzer. Estimated glomerular filtra-
tion rate (eGFR) was calculated by the
following equations (Chronic Kidney

Disease Epidemiology Collaboration): 1)
for females, creatinine (Cr) #0.7 mg/
dL, eGFR 5 144 3 (Cr / 0.7)20.329 3
(0.993)age and Cr .0.7 mg/dL, eGFR 5
1443 (Cr / 0.7)21.2093 (0.993)age; 2) for
males, Cr#0.9mg/dL, eGFR5 1413 (Cr /
0.7)20.4113 (0.993)age andCr.0.9mg/dL,
eGFR5 1413 (Cr / 0.7)21.2093 (0.993)age

(17).
Diet information was assessed using a

food frequency questionnaire at base-
line, which was designed to assess usual
diet over the previous year. Participants
were asked how often they consumed
each food item included in the question-
naire. The frequency response ranged
from times per day to times per week,
month, or year. In addition to frequency
of consumption, participants were asked
to estimate the usual quantity of SSB
consumed as a standard bottle (250 mL).
A typical serving of SSB was defined as
12 oz (360 mL) (18).

Definition of Incident Diabetes
A 75-g oral glucose tolerance test was
conducted, and blood samples were col-
lected at 0 and 2 h postload. Glycated
hemoglobin (HbA1c) was measured by
high-performance liquid chromatogra-
phy. According to American Diabetes
Association 2010 criteria, diabetes was
defined as 1) self-reported diabetes by
health care professionals, and/or 2) fast-
ing plasma glucose$7.0mmol/L, and/or
3) 2-h oral glucose tolerance test plasma
glucose $11.1 mmol/L, and/or 4) HbA1c
concentration $6.5% (48 mmol/mol).
Incident diabetes was evaluated at the
date of first diagnosis or the latest as-
sessed date of follow-up, whichever oc-
curred first. The duration of follow-up
was calculated from the date of baseline
blood draw to the date of assessment.

Quantitation of Serum Fructose
Concentrations
Peripheral venous blood samples were
collected after at least a 10-h overnight
fast and stored at 280°C until assay.
Serum fructose concentration was mea-
suredbyavalidated liquid chromatography–
tandem mass spectrometry method as
described previously with some modifi-
cations (19).

Briefly, 50-mL serum samples were
mixed with 10 mL internal standard (D-
fructose-13C6) and 150 mL methanol,
vortexed for 10 s, and centrifuged. Fifty
microliters of supernatant were transferred
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to a tube and mixed with 100 mL of 75%
aqueous methanol containing 1-ethyl-3-
(3-dimethylaminopropyl) carbodimide hy-
drochloride (200 mmol/L) (Sigma-Aldrich)
and 3-nitropheylhydrazine hydrochloride
(150 mmol/L) (Sigma-Aldrich). The mix-
tures were reacted at 50°C for 60 min.
After reaction, 350 mL water was added,
and the solutions were stored at 215°C
until assay.
The samples were analyzed by negative-

ionultraperformance liquidchromatography–
electrospray ionization–mass spectrometry
in a multiple reaction monitor mode
performed on an UltiMate 3000 RSLC
System (Thermo Fisher Scientific, Sunny-
vale, CA) coupled to an API 4000 mass
spectrometer (SCIEX, Concord, ON, Can-
ada). Chromatographic separations were
performedonaWatersACQUITYUPLCHSS
PFP (2.13 150mm, 1.7mm) column using
water:formic acid (100:0.1 v/v; solvent A)
and acetonitrile:formic acid (100:0.1 v/v;
solvent B) as the mobile phase for gradi-
ent elution at a flow rate of 0.2 mL/min.
The mass transitions were charge/mass
ratio 314.1→236.0 for fructose and
320.1→240.0 for D-fructose-13C6, re-
spectively. All the data were acquired
and processed using Analyst 1.6 soft-
ware (SCIEX). Coefficientsof variationof
the assay were assessed by repeatedly
analyzing quality control samples. In-
terassay coefficients of variation were
2.1% for fructose measurements.

Oral SSB Challenge Test
We enrolled 11 healthy men and women
aged 18–35 years who had no chronic
illness (including no known history of di-
abetes, heart, renal, pulmonary, or hema-
tologic disease) or active infections and
were not pregnant or lactating. Partici-
pants were instructed not to consume any
SSB or fruit juice 7 days before the study.
The fructose-containing beverage chal-
lengewas administered to all participants.
For each participant, a baseline blood
sample was obtained after at least a
10-h overnight fast. SSB (330 mL can of
cola) was drunk by each participant
within a 10-min period in the morning
after the overnight fast. A can of SSB
(330 mL) contains a total of 10.6 g sugar,
of which 10.3 g is high-fructose corn syrup
(55% fructose and 43% glucose) and 0.3 g
sucrose.Participants refrained fromeating
and drinking until the final blood sample
wascollected.Serialvenousbloodsamples
were drawn at 0, 0.5, 1, 1.5, 2, 3, 4, 5, and

6 h. Blood was centrifuged at 3,000g for
10 min, and serum was collected and
stored at 280°C until assay.

Statistical Analysis
Normally distributed continuous varia-
bles are presented as means with SDs,
whereas skewed distributed continuous
variables are presented as geometrical
median and interquartile range. Contin-
uous variables were compared by Stu-
dent t test and one-way ANOVA, whereas
skewed distribution variables were com-
pared by Mann-Whitney U and Kruskal-
Wallis tests. Categorical variables were
expressed as proportions and compared
across groups using x2 tests.

To minimize the potential confound-
ing factors, covariates were selected
on the basis of biologic interest, well-
established risk factors for diabetes, or
associated exposures and outcomes. Age-
and sex-adjustedmodels andmultivariable-
adjustedmodels were used to explore the
independent effect of fructose on risk
of diabetes. Cox proportional hazards
regressions were used to estimate haz-
ard ratios (HRs) and 95% CIs of incident
type 2 diabetes according to quartiles
of serum fructose concentration, with
the lowest quartile as the reference. In
addition, the HR for per-SD increase of
fructose levels was also tested. Poten-
tial effect modification was analyzed for
age, sex, glucose tolerance status, obe-
sity status, and family history of diabetes
by assessing the significance of multi-
plicative interaction terms using Wald
tests. Multivariable linear regression anal-
ysis was performed to build a composite
predictor score for incident diabetes.
Log-likelihood ratios (LHRs) were calcu-
lated to identify the predictive model fit,
and the C-statistic was used to evaluate
model discrimination.

Statistical analyses were performed
on SAS 9.3 software (SAS Institute, Cary,
NC). A two-sided P , 0.05 was consid-
ered statistically significant.

RESULTS

Baseline Characteristics of the
Participants
In the prospective cohort, 949 individuals
without diabeteswere assessed. Themean
age was 56 years (range 40–71 years), and
291 (30.7%) individuals were male. Fasting
serum fructose concentrations were ap-
proximately normally distributed with a
mean value of 0.856 0.21 mg/mL (Fig. 1).

During a median of 3.5 years follow-
up, 179 of 949 (18.9%) individuals
developed diabetes. Individuals who de-
veloped diabetes tended to have higher
age, BMI, fasting plasma glucose, 2-h
postload glucose, HbA1c, systolic blood
pressure, diastolic blood pressure, TC,
TG, ALT, and AST at baseline (Table 1).
Fasting serum fructose concentrations
were elevated in individuals who de-
veloped diabetes compared with those
who did not (0.85 6 0.15 vs. 0.82 6
0.15 mg/mL, P 5 0.0053) (Table 1).

Serum Fructose Levels Were
Associated With an Increased
Risk of Incident Diabetes
The participants were categorized accord-
ing to quartiles of fasting serum fructose
concentrations (Table 2). Fasting plasma
glucose, 2-h postload glucose, HbA1c,
HOMA-IR, serumTG,ALT,AST, anduric acid
were increased by increasing serum fruc-
tose quartiles (all P , 0.05), whereas
HOMA-IS decreased by increasing serum
fructose quartiles (P , 0.0001). Pearson
correlation analyses revealed that sex, cur-
rent smoker status, current drinker status,
fasting plasma glucose, 2-h postload glu-
cose, HbA1c, serum TG, ALT, AST, and uric
acid levels were significantly correlated
with fasting serumfructose concentrations
(Supplementary Table 1).

A graded increase of incident diabetes
rate was observed with an increase of
fasting serum fructose quartiles. Further-
more, Cox regression models were per-
formed to investigate the effect of fasting
serum fructose concentrations on devel-
oping diabetes in a series of adjusted
models (Table 3). In the age- and sex-
adjusted model, compared with the low-
est quartile, participants in the highest
quartile had a79% (HR1.79 [95%CI 1.17–
2.76]) higher risk of incident diabetes,
and each SD increase in fasting serum
fructose levels was associated with a 39%
(1.39 [1.13–1.69], P5 0.0015) increased
risk of incident diabetes. The association
was slightly attenuated but still remained
after additional adjustment for BMI,
smoking and drinking status, family his-
tory of diabetes, systolic and diastolic
blood pressure, serum TC, TG, LDL-C,
HDL-C, ALT, AST, and baseline glucose
level. In addition, we adjusted the po-
tential mediators and factors influencing
serum fructose, including SSB consump-
tion, uric acid, and eGFR. In the final
model, each SD increase in fasting fructose
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concentrations was associated with a
33% (1.33 [1.07–1.65], P 5 0.010)
increased risk of incident diabetes.
Furthermore, a subgroup analysis was
performed in participants with exclu-
sion of frequent SSB consumption ($1
serving per day), and the association of
fasting serum fructose levels with in-
cident diabetes remained, with a 30%
increased risk of incident diabetes by
1-SD increase of fructose concentra-
tions (1.30 [1.04–1.62], P 5 0.023)
(Supplementary Table 2).
Next,we addressed the differences in

the association between fasting serum
fructose levels and incident diabetes
among the subgroups according to age,
sex, glucose tolerance status, BMI, and
family history of diabetes (Fig. 2). The
association was similar in individuals
aged ,60 or $60 years, with or without
prediabetes, with BMI,25 kg/m2 or$25
kg/m2, and with or without family history

of diabetes (all P for heterogeneity
$ 0.10). However, the association was
stronger in men than in women (P for
heterogeneity 5 0.037). In men, each SD
increase in fasting serum fructose levels
was associated with a 78% (HR 1.78 [95%
CI 1.20–2.65]) increased risk for incident
diabetes in the final adjusted model,
whereas the association was not de-
tected in women (1.13 [0.86–1.49]).

Besides, we investigated the incremen-
tal predictive value of fasting fructose
levels when added to the models derived
from traditional diabetes risk factors. For
the noninvasive predictor model that was
based on age, sex, BMI, family history of
diabetes, and smoking and alcohol con-
sumption, each SD increment in the basic
clinical model was associated with a 31%
increased risk of future diabetes (P 5
0.0027). For combined noninvasive varia-
bles and fasting fructose concentration,
each SD increment was associated with a

44% increased risk of future diabetes. We
assessed the predictive performance of
clinical models with and without fasting
fructose concentration. The basic clinical
model had an LHR of 9. Addition of fasting
fructose concentration to the noninva-
sive predictor improved model fit with
an LHR of 18, whereas adding fasting
blood glucose, postprandial blood glu-
cose, and HbA1c to noninvasive predic-
tors yielded LHRs of 21, 27, and 10,
respectively. Similar patterns were ob-
served with changes in the C-statistic
across different models (Supplementary
Table 3).

Oral SSB Challenge Test
The characteristics of the 11 participants
in the SSB challenge test are presented
in Supplementary Table 4. The time
course of serum fructose concentration
is shown in Supplementary Fig. 1. A time-
dependent increase in serum fructose

Figure 1—Distribution of fasting serum fructose concentrations in all participants and in men and women separately.
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levels was observed after an oral SSB
load. A peak concentration of serum
fructose was achieved at 0.5 h and
returned to baseline at 6.0 h.

CONCLUSIONS

In the current study, using a targeted
liquid chromatography–tandem mass
spectrometry method, we quantified
fasting fructose concentration in the
circulation. We discovered that elevated
fasting serum fructose levels were sig-
nificantly associated with increased risk
of incident diabetes in middle-aged and
older Chinese. This association was in-
dependent of established diabetes risk
factors. The association appeared to be
dose-responsive, and each SD (0.2 mg/
mL) increase in fasting serum fructose
levelswas associatedwith a33% increase
in incident diabetes risk. To our knowl-
edge, this study evaluated for the first
time the association between serum
fructose concentration and the risk of
incident diabetes.

Fructose is a monosaccharide that is
found naturally in its free form in honey,
fruits, andotherplants and in a combined
form as half of the disaccharide sucrose.
Fructose is also present in added sugars,
mainly from high-fructose corn syrup.
Epidemiologic studies have shown that
sugar consumption, particularly in the
form of SSBs, contributes to the in-
creased risk of obesity, fatty liver, type
2 diabetes, cardiovascular disease, and
mortality (6,7). The administration of bev-
erages containing 25% fructose to over-
weight subjects caused more visceral
obesity and insulin resistance compared
with subjects administered 25% glucose
(20).Mice fed ahigh-fat diet supplemented
with fructose developedmore pronounced
obesity, glucose intolerance, and fatty
liver compared with mice fed a glucose-
supplemented high-fat diet, despite similar
caloric intake (21). Thus, fructose intake
possibly increases the risk of development
ofobesity, fatty liver,andtype2diabetes. In
addition to diet, fructose can be produced

endogenously in the body by aldose re-
ductase and the polyol pathway. Phys-
iologically, endogenously synthesized
fructose is the primary energy source
for sperm and may be important for
fertility (22). Of note, overproduction of
hepatic endogenous fructose could cause
systemicmetabolic changes (10). However,
the association of fasting serum fructose
concentrations with incident diabetes has
not been evaluated previously. Our data
presented here demonstrate a longitudinal
link between serum fructose levels and
incident diabetes in humans.

When ingested by mouth, fructose is
initially absorbed by the small intestine
and metabolized mostly in the liver. As a
consequence of the high rate of extrac-
tion of fructose by liver, corresponding
low-fructose concentrations are found in
the circulation. Estimated serum concen-
trations of fructose in humans range from
0.008 to 0.12 mmol/L (23). Although fruc-
tose circulates in micromolar concentra-
tions (only ;1/1,000 of glucose levels in

Table 1—Baseline characteristics of participants with and without incident type 2 diabetes: demographics and
laboratory values

No diabetes (n 5 770) Incident diabetes (n 5 179) P value

Age (years) 55 6 8 57 6 8 0.044

Male sex 233 (30) 58 (32) 0.58

BMI (kg/m2) 24.0 6 3.2 24.8 6 3.3 0.0057

Glucose metabolism
Fasting plasma glucose (mmol/L) 5.66 6 0.52 5.83 6 0.48 ,0.0001
2-h postload glucose (mmol/L) 7.00 6 1.59 7.69 6 1.75 ,0.0001
HbA1c (%) 5.6 6 0.4 5.7 6 0.4 0.034
HbA1c (mmol/mol) 38 6 3.2 39 6 3.2 d

Fasting serum fructose (mg/mL) 0.82 6 0.15 0.85 6 0.15 0.0053

Smoking status
Smoker 96 (13.2) 17 (10.0) 0.26
Nonsmoker 634 (86.8) 153 (90.0)

Drinking status
Drinker 59 (8.0) 17 (9.9) 0.43
Nondrinker 676 (92.0) 155 (90.1)

Blood pressure (mmHg)
Systolic 127 6 18 134 6 19 ,0.0001
Diastolic 79 6 10 82 6 11 0.0010

Lipid profile
TC (mmol/L) 4.55 6 1.00 4.73 6 1.01 0.025
TG (mmol/L) 1.53 6 1.15 1.78 6 1.15 0.0079
LDL-C (mmol/L) 2.56 6 0.75 2.65 6 0.75 0.15
HDL-C (mmol/L) 1.24 6 0.33 1.23 6 0.36 0.91

Liver function
ALT (units/L) 14.8 6 10.2 17.7 6 11.6 0.0007
AST (units/L) 19.1 6 8.4 21.8 6 10.3 0.0002

Family history of diabetes 51 (6.80) 15 (8.47) 0.44

SSBs (servings/week) 0.31 6 2.13 0.19 6 0.92 0.43

Uric acid (mmol/L) 323.8 6 92.6 336.6 6 95.3 0.096

eGFR (mL/min/1.73 m2) 96.4 6 12.8 95.4 6 12.4 0.34

Data are mean 6 SD or n (%).

care.diabetesjournals.org Chen and Associates 2221

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/9/2217/629843/dc192494.pdf by guest on 09 April 2024

http://care.diabetesjournals.org


the circulation), fructose is much more
reactive in terms of mediating pathology
processes in vivo. Therefore, we used a
targeted approach that coupled liquid
chromatography with a triple quadrupole
tandem mass spectrometer to quantify
serum fructose concentration.
Systemic fructose concentrations

were greatly influenced by diet fructose
intake. Our SSB challenge test showed
that circulating fructose concentrations
were increased by ;20-fold at 0.5–1 h
and returned to baseline at 6 h. Herein,
we measured circulating fructose con-
centration on fasting, which is relatively
stable. Patel et al. (24) also reported that
baseline fructose concentration during
fasting was not affected by high- or low-
fructose diet intake. We might speculate
that postprandial fructose concentrations
largely reflect dietary fructose intake and

that fasting fructose concentrations largely
represent endogenous fructose produc-
tion. In multivariable-adjusted models, af-
ter adjustment for SSB consumption,
the association of fasting fructose levels
and the risk of incident diabetes did not
change. Furthermore, a subgroup anal-
ysis in participants excluding frequent
SSB intake showed that the association
of fasting fructose levels with risk of in-
cident diabetes still remained, with a 30%
increase in risk by 1-SD increase of
fasting serum fructose levels (HR 1.30
[95% CI 1.04–1.62]). Those results in-
dicate that the association between
fasting serum fructose concentration
and incident diabetes is not influenced
by SSB consumption.

Fructose intake also raises serum uric
acid concentrations. Previous studies
showed that phosphorylated fructose

stimulates AMP deaminase to convert
AMP to inosine monophosphate and
then inosine monophosphate is con-
verted to uric acid (25). Our results
showed that fasting serum fructose
and uric acid concentrations were cor-
related, whereas adjustment for uric
acid partially attenuated the associa-
tion of fasting serum fructose with diabe-
tes, indicating that amechanismother than
uric acid may likely also contribute to the
link between fructose and diabetes. Since
fructose is excreted through the kidney,we
further explored the effect of kidney func-
tion on the association of serum fructose
and diabetes. In our study, eGFR was
.60 mL/min/1.73 m2 in almost all par-
ticipants, with a mean eGFR of 96.1 6
12.8 mL/min/1.73 m2. Fasting serum fruc-
tose levels were not correlated with eGFR
in our study participants, and yet further

Table 2—Baseline characteristics of participants according to quartiles of fasting serum fructose levels

Fasting serum fructose levels

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for trend

Fasting serum fructose (mg/mL) ,0.71 0.71–0.82 0.82–0.93 $0.93

Participants, n 222 240 238 249

Age (years) 54.9 6 7.9 55.6 6 8.0 55.3 6 7.2 56.3 6 7.5 0.074

Sex, n male/n female (%) 43/179 (23.4) 73/167 (25.3) 76/162 (25.1) 99/150 (26.2) ,0.0001

BMI, kg/m2 24.1 6 3.6 23.8 6 3.0 24.3 6 3.2 24.5 6 3.2 0.088

Glucose metabolism
Fasting plasma glucose (mmol/L) 5.46 6 0.51 5.67 6 0.50 5.75 6 0.50 5.86 6 0.50 ,0.0001
2-h postload glucose (mmol/L) 6.64 6 1.51 7.04 6 1.56 7.29 6 1.66 7.49 6 1.72 ,0.0001
HbA1c (%) 5.6 6 0.4 5.7 6 0.4 5.7 6 0.4 5.7 6 0.4 0.0027
HbA1c (mmol/mol) 38 6 3.2 39 6 3.2 39 6 3.2 39 6 3.2 d

HOMA-IR 1.58 6 0.83 1.65 6 0.85 1.84 6 0.90 1.92 6 0.97 ,0.0001
HOMA-IS 0.80 6 0.43 0.78 6 0.45 0.69 6 0.42 0.66 6 0.35 ,0.0001

Smoking status
Current smoker 22 (10.6) 27 (12.0) 32 (14.0) 32 (13.4) 0.30
Nonsmoker 186 (89.4) 198 (88.0) 196 (86.0) 207 (86.6)

Drinking status
Current drinker 9 (4.3) 17 (7.5) 19 (8.3) 31 (12.9) 0.0012
Nondrinker 202 (95.7) 220 (92.5) 209 (91.7) 210 (87.1)

Blood pressure (mmHg)
Systolic 129 6 19 128 6 19 127 6 17 128 6 18 0.45
Diastolic 79 6 10 79 6 10 80 6 10 80 6 10 0.11

Lipid profile
TC (mmol/L) 4.42 6 0.95 4.74 6 1.07 4.55 6 0.98 4.61 6 0.99 0.25
TG (mmol/L) 1.31 6 0.82 1.60 6 1.14 1.73 6 1.54 1.64 6 0.96 0.0013
LDL-C (mmol/L) 2.49 6 0.71 2.66 6 0.81 2.51 6 0.71 2.63 6 0.76 0.22
HDL-C (mmol/L) 1.21 6 0.34 1.29 6 0.35 1.22 6 0.32 1.22 6 0.31 0.60

Liver function
ALT (units/L) 14.6 6 11.4 14.6 6 8.5 15.8 6 10.5 16.3 6 11.5 0.045
AST (units/L) 18.7 6 9.3 19.6 6 7.2 19.6 6 7.8 20.7 6 10.5 0.020

Family history of diabetes 19 (8.8) 12 (5.2) 18 (7.7) 17 (7.0) 0.74

SSBs (servings/week) 0.44 6 3.43 0.22 6 1.14 0.28 6 1.12 0.23 6 1.34 0.33

Uric acid (mmol/L) 307.5 6 85.5 324.2 6 94.4 328.6 6 93.0 342.5 6 96.0 ,0.0001

eGFR (mL/min/1.73 m2) 97.3 6 16.6 96.3 6 10.3 96.2 6 10.5 95.3 6 12.8 0.10

Data are mean 6 SD, n (%), or median (interquartile range) unless otherwise indicated.
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adjustment for eGFR did not change the
association. Intriguingly, fasting serum
fructose concentrations are higher in
men than inwomen.Meanwhile, a stron-
ger association of serum fructose con-
centration with developing diabetes
was also observed in men than in women.
One explanation could be the impact of
sex hormones on fructose metabolism.
Accumulating evidence has demon-

strated that fructose is more lipogenic
than glucose and that administration of
fructose increases hepatic hexose-phosphate
levels, activates ChREBP, and causes
glucose intolerance, hyperglycemia, hy-
pertriglyceridemia, and hepatic steatosis
in mice (26). Lanaspa et al. (10) reported
thatmice deficient in KHK,which is unable
to metabolize fructose, were protected
from an increased in energy intake and
body weight, visceral obesity, fatty liver,
and elevated insulin levels, even though
blood and urinary fructose levels were
markedly increased. Thus, elevated
blood fructose itself is not deleterious;
rather, fructose metabolism is essential
for fructose-inducedmetabolic disease.
Importantly, fructose-1-phophate, the
fructose-specific metabolite converted
by KHK, can promote glucokinase re-
lease from regulatory protein (GCKR)
and enhance glycogen synthesis (27).
The polyol pathway, which is active in a

wide range of tissues, is responsible for
endogenous fructose formation. Therefore,
serum fasting fructose may be a marker of

polyol pathwayactivity. In thisway, glucose
is first reduced to sorbitol by aldose re-
ductase. Sorbitol is then oxidized to fructose
by sorbitol dehydrogenase. Previous stud-
ies showed that fructoseproduced through
the polyol pathway could also be upregu-
lated by high-fat diet and salt intake (28,29).
Accordingly, we found that fasting fructose
concentrationwas correlated not onlywith
fasting glucose but also with other features
of the metabolic syndrome. These findings
suggested that fasting fructose produced
endogenously could be promoted in indi-
viduals with metabolic dysfunction. All
these metabolic disorders eventually con-
tribute to a high risk of incident diabetes.
We speculated that an active polyol path-
way and endogenous fructose production
might exist in patients with diabetes and
even in individuals with prediabetes. We
added fasting serum fructose to the tradi-
tional models to predict incident diabetes
and found that the predictive value was
improved.However, the slight difference in
mean value of serum fructose limited its
diagnostic value. Therefore, our findings
demonstrate that fasting serum fructose
could serve as a potential biomarker or
contributor to incident diabetes.

The strengths of our study are as
follows. First, we conducted this study
in a well-characterized prospective co-
hort. The prospective cohort design min-
imizes selection and recall bias. The
details and standardized collection of
demographic, lifestyle, andother covariates

allowed for adjustment of several relevant
potential confounders. A large number
of events provided appropriate statistical
power. Second, we adopted a targeted
liquid chromatography–tandem mass
spectrometry method for quantification
of serum fructose concentration at mi-
cromole levels, which was hardly differ-
entiated from glucose. Our study also has
several limitations. First, all participants in
this study were middle-aged and older
Chinese people, so the findings cannot be
generalized to younger populations and
other ethnicities. Second, we only mea-
sured serum fructose concentration at a
single time point, which cannot reflect
long-term exposure. The trajectory of
serum fructose concentration may pro-
vide more information on diabetes risk
than one time point.

In conclusion, elevated serum fructose
level increases the risk of type 2 diabetes
inmiddle-agedandolderChinesepeople.
Although our population-based study
cannot ascertain causality, our data sug-
gest that higher fasting serum fructose
levels might serve as a biomarker and/or
a contributor to incident diabetes.
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Multivariable model 1 Ref. 1.57 (0.98–2.54) 1.61 (1.01–2.56) 1.89 (1.20–2.98) 0.0012 1.41 (1.15–1.74)
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