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Fructose intake from added sugars correlates with the epidemic rise
in obesity,metabolic syndrome, and nonalcoholic fatty liver disease.
Fructose intake also causes features of metabolic syndrome in labo-
ratory animals and humans. Thefirst enzyme in fructosemetabolism
is fructokinase, which exists as two isoforms, A and C. Herewe show
that fructose-inducedmetabolic syndrome is prevented inmice lack-
ing both isoforms but is exacerbated in mice lacking fructokinase A.
Fructokinase C is expressed primarily in liver, intestine, and kidney
and has high affinity for fructose, resulting in rapid metabolism and
marked ATP depletion. In contrast, fructokinase A is widely distrib-
uted, has low affinity for fructose, and has less dramatic effects on
ATP levels. By reducing the amount of fructose formetabolism in the
liver, fructokinase A protects against fructokinase C-mediated met-
abolic syndrome. These studies provide insights into the mecha-
nisms by which fructose causes obesity and metabolic syndrome.
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Fructose, present in added sugars such as sucrose and high
fructose corn syrup, has been epidemiologically linked with

obesity and metabolic syndrome (1–3). Experimental studies
have shown that fructose can induce leptin resistance and vir-
tually all features of metabolic syndrome in rats, whereas glucose
(or starch) intake does not (4). Clinical studies also support
fructose as a cause of metabolic syndrome, especially in over-
weight individuals. Thus, overweight subjects that consumed a
25% fructose-based diet for 10 wk developed insulin resistance,
postprandial hypertriglyceridemia, and visceral obesity, unlike
subjects given a glucose-based diet (5). Similarly, the additional
administration of 200 g of fructose per day to a normal diet could
induce de novo metabolic syndrome in 25% of overweight men
in just 2 wk (6). Furthermore, a recent report showed that con-
sumption of fructose-sweetened, but not glucose-sweetened,
beverages, which provided 25% of energy requirement with usual
ad libitum diet could induce postprandial hypertriglyceridemia
(not fasting triglycerides) and increased circulating LDL and
apolipoprotein B (Apo-B) levels in young and overweight sub-
jects (7). These data are consistent with a recent metaanalysis
that found sugary soft drinks to be an independent risk factor for
obesity and diabetes (8).
The mechanism by which fructose induces metabolic syndrome

has been shown to be independent of excessive energy intake. In the
study by Stanhope et al., the ability of fructose to induce features of
metabolic syndrome compared with glucose was independent of
changes in weight (5). Our group has also shown that fructose (or
sucrose) can exacerbate features of metabolic syndrome compared
with pair-fed glucose- or starch-fed controls, even under settings of
caloric restriction (9–11). Thus, whereas fructose intakemay induce
leptin resistance with impaired satiety and weight gain (12, 13),
fructose-induced metabolic syndromemay also occur, independent
of increases in energy intake or weight gain.

These latter findings suggest there may be unique features
involved in fructose metabolism that may predispose to the de-
velopment of metabolic syndrome. Although fructose can be
metabolized by hexokinase similarly to glucose (14), the relative
affinity for fructose is substantially less and under most con-
ditions fructose is metabolized by fructokinase (ketohexokinase,
KHK), an enzyme that is specific for fructose. KHK is uniquely
different from other hexokinases in its ability to induce transient
ATP depletion in the cell (15, 16). The mechanism is due to the
fact that KHK phosphorylates fructose to fructose-1-phosphate
rapidly, resulting in marked ATP depletion, coupled with the
absence of a feedback inhibition (such as that which controls
glucose catabolism). The ATP depletion is also associated with
intracellular phosphate depletion and AMP generation, with
stimulation of AMP deaminase and the stepwise degradation of
AMP to purine products including uric acid (15, 16). Intracellular
ATP depletion in response to fructose occurs with low concen-
trations (1 mM) of fructose and has been shown in laboratory
animals and humans (16–18).
Fructokinase exists in two alternatively spliced isoforms con-

sisting of fructokinase C (KHK-C) and fructokinase A (KHK-A)
differing in exon 3 (19, 20). KHK-C is expressed primarily in the
liver, kidney, and intestines, whereas KHK-A is more ubiquitous
(21). Whereas both KHK-C and KHK-A can metabolize fructose,
KHK-C is considered the primary enzyme involved in fructose
metabolism due to its lower Km (22). Because of its higher Km,
KHK-A is not considered presently to be actively involved in
fructose metabolism but rather has been postulated to act on as
yet unknown substrates (22).
Recently, we generated mice genetically lacking both KHK

isoforms (the KhkΔ/Δ mouse; KHK-A/C KO), and mice lacking
only KHK-A (the Khk3a/3a mouse; KHK-A KO) (21, 23). These
mice show a normal phenotype under normal diet (23). In the
present study, we investigated how they would respond to a diet
supplemented with fructose.
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Results
Energy Intake and Balance. At baseline (age 2 mo), there was no
significant difference in body weight, liver, and epididymal fat
weight, blood pressure, and biochemical analyses between wild-
type (WT) mice, KHK-A/C KO mice, and KHK-A KO mice,
consistent with previous reports (Table S1). WT mice, KHK-A/C
KO mice, and KHK-A KO mice (8-wk-old male) were then fed
normal chow diet ad libitum with 15 or 30% fructose in the
drinking water, or tap water, for 25 wk (n = 8–9 per group).
Energy balance (intake and expenditure) was assessed at 19 wk.
WT mice given 15 or 30% fructose received 32 and 45% of

their total energy intake as fructose, respectively (Fig. 1A).
Whereas WT mice given fructose in the water reduced their
intake of chow, overall cumulative energy intake was increased
(Fig. 1A and Fig. S1). Indirect calorimetry performed at week 19
showed an increase in total energy expenditure and a positive
energy imbalance in WT mice receiving 30% fructose compared
with control WT mice (Fig. 1 D and F), which were associated
with an increase in body weight (Figs. 2A and 3A).
UnlikeWTmice, KHK-A/CKOmice did not show a preference

for fructose water over normal water (Fig. 1B and Fig. S1). As
such, cumulative energy intake was lower in fructose-fed KHK-A/
C KO mice compared with WT mice (Fig. 1A). Nevertheless, cu-
mulative energy intake was still increased compared with either
WT or KHK-A/C KOmice administered water (Fig. 1A). Because
humans lacking KHK have been reported to lose significant
amounts of fructose in their urine, we performed energy balance
studies at week 19. Although urinary fructose was significantly

elevated in fructose-fed KHK-A/C KO mice, overall energy bal-
ance remained positive after correcting for the urinary fructose
excretion (Fig. 1 E and F), possibly related in part to a decrease in
total energy expenditure (Fig. 1D). Additionally, the fructose
balance in fructose-fed KHK-A/C KO mice was positive (fructose
intake, 3.9 kcal/day; urinary fructose excretion, 1.2 kcal/day).
KHK-A KO mice acted similarly to WT KO mice in their total

ingestion of fructose, chow, and total cumulative energy intake.
Although urinary fructose was slightly increased in KHK-A KO
and WT mice on 30% fructose compared with mice not receiving
fructose, the levels obtained were much less than that observed
with KHK-A/C KO mice (Fig. 1E). Similar to WT mice, fructose
feeding in KHK-A KO mice increased total energy expenditure
and sustained a positive energy imbalance (Fig. 1 D and F).

Fructose Effects on Wild-Type Mice. Mice are relatively resistant to
the effects of fructose to induce metabolic syndrome (24). Nev-
ertheless, wild-type mice fed fructose showed many features of
metabolic syndrome, including increased body weight, total body
fat, epididymal fat, liver weight, serum glucose, serum insulin,
serum leptin, and serum LDL cholesterol (Fig. 2 A to E and
Table S2). However, systolic blood pressure by tail cuff (at 5, 10,
and 15 wk), serum triglycerides, HDL cholesterol, liver enzymes,
serum uric acid, and serum creatinine (at 25 wk, Table S2) were
not different among groups.
Fructose-fed mice also developed progressive hepatic steatosis,

associated with increased hepatic triglyceride content (Fig. 2 F
and G). This hepatic steatosis was associated with increased fatty
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Fig. 1. Preference for fructose and energy balance. WT mice, KHK-A/C KO mice, and KHK-A KO mice given ad libitum normal chow diet with 15 or 30%
fructose water or tap water. (A) Cumulative ad libitum energy intake of normal chow diet with 30% fructose water or tap water (n = 8–9). ***P < 0.001 vs.
respective water control. §P < 0.05 vs. WT water or KHK-A KO water. #P < 0.05 vs. WT or KHK-A KO mice given 30% fructose water. (B) Cumulative ad libitum
fructose intake (n = 8–9). ***P < 0.001 vs. respective 15% fructose. §P < 0.001 vs. WT or KHK-A KO drinking 15% fructose water. #P < 0.05 vs. WT or KHK-A KO
given 30% fructose water. (C) Cumulative ad libitum energy intake of normal chow diet with 15% fructose water in WT mice and with 30% fructose water in
KHK-A/C KO mice (n = 9). (D–F) Total energy expenditure (D) over the day at 19 wk. Indirect calorimetry measurements of vO2 and vCO2 were used to calculate
metabolic rate (cal/min) every 16 min over 48 h. Average metabolic rate over each day was extrapolated over 24 h to acquire estimates of total energy
expenditure (TEE) over the day (kcal/day) (n = 6–8 mice per group, 2 d per mouse). While in the chamber, energy intake over each 24 h was measured and 48-h
urine was collected. Urinary fructose excretion (E) was measured, and then daily energy balance was calculated (F). **P < 0.01, ***P < 0.001 vs. respective
water control. §P < 0.05 vs. WT or KHK-A KO mice given 30% fructose water. #P < 0.05, ##P < 0.01 vs. WT water. Data represent means ± SEM. Values in the
bars mean percentages of energy intake from normal chow diet or fructose water. NS, not significant.
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acid synthase (FAS) mRNA expression and reduced serum
ketones (β-hydroxybutyrate), consistent with both increased fat
synthesis and decreased fatty acid oxidation (Fig. 2 H and I).

KHK-A/C KO Mice Are Protected from Metabolic Effects of Fructose.
As mentioned, both total fructose intake and cumulative energy
intake were lower in fructose-fed KHK A/C KO mice compared
with WTmice fed the same concentration of fructose in the water

(Fig. 1A and Fig. S1). However, WT mice receiving 15% fructose
ingested the same amount of fructose and overall energy intake as
did KHK-A/C KO mice receiving 30% fructose, thus allowing us
to determine the role of KHK A/C on features of metabolic
syndrome compared with WT mice when intake was identical
(Fig. 1C). As shown in Fig. 2 and Table S2, fructose-fed KHK-A/C
KO mice were completely protected from the increases in weight
gain, total body fat, epididymal fat, serum insulin, serum leptin,
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serum LDL cholesterol, hepatic FAS expression, and hepatic
steatosis. In contrast, glycogen staining of liver showed that
fructose-fed KHK-A/C KO mice had much more glycogen accu-
mulation than fructose-fed WT mice (Fig. S2).

Effects of Fructose on KHK-A KO Mice. Both WT and KHK-A KO
mice receiving 30% fructose showed nearly identical energy in-
take and energy balance (Fig. 1 A and F). However, KHK-A KO
mice showed significantly worse features of metabolic syndrome.
At 19 wk, weight gain and total fat mass of KHK-A KO mice
were higher but not significantly different from WT mice re-
ceiving 30% fructose (Fig. 3A and Table S2). However, at 25 wk,
epididymal fat mass, serum insulin, serum leptin, intrahepatic
triglycerides, and FAS expression were significantly higher in
KHK-A KO mice compared with WT mice receiving fructose,
whereas fasting serum glucose showed no difference (Fig. 3 A–G
and Fig. S3). In particular, hepatic steatosis was much more
severe in KHK-A KO mice compared with WT mice when tis-
sues were stained with Oil Red O (Fig. 3H).

Opposing Effects of KHK Isoforms. KHK-C has been reported to
have much greater affinity for fructose than KHK-A, raising the
question of whether KHK-A actively metabolizes fructose in vivo
(22).We confirmed the lower Km of KHK-C compared with KHK-
A using human recombinant proteins (Fig. 4 A and B), but
importantly recombinant KHK-A does metabolize fructose at
concentrations of 0.5–5 mM (Fig. 4B, Inset). In vitro ATP con-
sumption was significantly lower forKHK-A comparedwith KHK-
C (Fig. 4 C and D), consistent with the slower metabolism. These
studies demonstrate that KHK-A is capable of metabolizing
fructose.
We next evaluated the expression levels of KHK-C and KHK-A

in WT mice. As shown in Fig. 4 E and F, KHK-C was primarily
expressed in the liver, intestines, pancreas, and kidney, whereas
KHK-A is expressed at these sites as well as many other organs,
especially skeletal muscle. In the liver, KHK-C expression was
higher than KHK-A (Fig. 4G). Fructose ingestion was found to

increase both KHK-C and KHK-A expression in wild-type mice
(Fig. 5A andB). As expected, no KHK expression was observed in
KHK-A/C KOmice, whereas only KHK-C was detected in KHK-
A KO mice, the latter showing similar increases to WT mice in
KHK-C expression with fructose (Fig. 5 A–C and Fig. S3). These
data confirm that KHK-A is more ubiquitously expressed com-
pared with KHK-C (21) and that KHK-A is up-regulated with
ingested fructose.
To determine whether there is a functional role for KHK-A in

in vivo fructose metabolism, we measured serum fructose levels
in all groups. As shown in Fig. 5D, serum fructose levels in-
creased in WT mice with increasing fructose in the diet. KHK-A/
C KO mice, which can only metabolize fructose via hexokinase,
showed higher baseline serum fructose levels, which increased
further with high fructose intake, as expected. However, KHK-A
KO mice showed baseline serum fructose levels equivalent to
that observed in WT mice fed 30% fructose, and levels increased
(although not significantly) with higher fructose intake. In this
study, we used an enzymatic assay for fructose measurement,
which has high sensitivity and reproducibility, but which tends to
give higher absolute levels than other methods (Materials and
Methods). Using this method, we found increased serum fructose
levels in KHK-A/C mice and KHK-A KO mice given tap water
compared with WT mice. These studies suggest that in addition
to the well-known role of KHK-C in fructose metabolism, KHK-
A also has an important role in the metabolism of endogenously
produced fructose, such as fructose produced via the polyol
pathway.
Whereas KHK-A is a slow metabolizer of fructose, it may still

be active in tissues in which KHK-C is not expressed, and hence
knocking down KHK-A may result in higher serum fructose
levels and greater delivery of fructose to the liver and other sites
where KHK-C is expressed. Consistent with this hypothesis, we
found significantly higher intrahepatic fructose levels in KHK-A
KO mice compared with WT mice receiving 30% fructose (Fig.
5E). Because KHK-C is not negatively regulated by excess sub-
strate (25), the higher fructose delivery should be associated with
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greater metabolism of fructose. Consistent with this hypothesis,
we found both higher KHK activity, intrahepatic uric acid levels
(Fig. 5 F and G), and lower intrahepatic phosphate (Fig. 5H) in
the KHK-A KO mice receiving 30% fructose compared with WT
mice receiving similar concentrations of fructose. No KHK ac-
tivity was observed in liver from KHK-A/C KOmice on tap water
or fructose water.

Discussion
These studies document that excessive fructose intake by WT
mice induces several features of metabolic syndrome, including
obesity, visceral fat accumulation, fatty liver, and elevated insulin
and leptin levels, all of which are blocked in mice genetically
deficient in both fructokinase isoforms. It is likely that the in-
creased leptin levels represent leptin resistance (13), which could
account for the greater cumulative energy intake in these mice.
In addition, recent studies suggest that fructose may have direct
effects on the hypothalamus to stimulate energy intake (26–28).
However, the effects of fructose to induce features of metabolic
syndrome is not simply due to increased energy intake, because
KHK-A/C KO mice that had similar fructose intake and energy
balance failed to develop these features. These studies are con-
sistent with a key role for KHK in driving metabolic syndrome
independent of increased energy intake. Interestingly, the energy
balance studies revealed a positive energy imbalance in fructose-
fed KHK-A/C KO mice. Although fructose-fed KHK-A/C KO
mice did not accumulate lipid in their liver, they did accumulate
more glycogen than observed with wild-type mice fed fructose.
On the basis of these results, KHK-A/C KO mice are likely
metabolizing some fructose via the hexokinase pathway (14).
Whereas KHK-A/C KO mice were protected from the meta-

bolic effects of fructose, KHK-A KO mice showed worse meta-
bolic syndrome compared with WT mice, despite equivalent
fructose and total energy intake. The mechanism relates to the
fact that although KHK-A is a slow metabolizer of fructose, it
likely has an important function in fructose metabolism in tissues
that do not express KHK-C. Indeed, serum fructose levels were

high in KHK-A KO mice even in the absence of dietary fructose.
In turn, the absence of KHK-A allows more delivery of fructose
to the liver, resulting in higher KHK activity and greater amounts
of fructose being metabolized, as determined by measuring
intrahepatic uric acid and intrahepatic phosphate as a surrogate
of ATP depletion. These studies are also consistent with data
suggesting that KHK-dependent ATP depletion, likely in the
liver and hypothalamus, could be important in mediating fea-
tures of metabolic syndrome in response to fructose (17, 26–28).
The primary importance of these findings is the discovery of an

alternative pathway for fructose metabolism that appears to at-
tenuate the effects of KHK-C on fat storage. A caveat is that
these mice were ingesting 30–45% of their diet as fructose, which
is markedly higher than the 10–15% fructose intake that is
commonly observed in Western diets. However, the absorption
of fructose is markedly enhanced by the presence of glucose (29,
30) such as is present in sucrose or high fructose corn syrup.
Hence, administering 40% sucrose diets (which contains only
20% fructose) can induce fatty liver and diabetes in male breeder
rats (10). Fructose absorption is also enhanced by prior exposure
to fructose (31, 32). This may explain why clinical studies in-
vestigating the effects of fructose on lipids and insulin resistance
show greater metabolic effects of fructose on subjects who are
overweight or insulin resistant or with a family history of diabetes
(5, 6, 33–35), as opposed to those that are healthy and lean (36,
37). In addition, humans may be more predisposed to the met-
abolic effects of fructose because they do not synthesize vitamin
C and also lack uricase, resulting in higher uric acid levels (38,
39). Vitamin C has been found to block some fructose effects
(40), whereas uric acid appears to amplify fructose effects (9, 41).
In conclusion, fructose-induced metabolic syndrome is pre-

vented in mice lacking both isoforms, fructokinase C and A, but
is exacerbated in mice lacking fructokinase A. These results show
that excessive fructose metabolism via fructokinase induces
metabolic syndrome and suggest that fructokinase A has an
important role in the metabolism of dietary fructose and in at-
tenuation of fructose-induced metabolic syndrome. Whereas
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studies with mice lacking only fructokinase C would be helpful to
understand the role of fructose in metabolic syndrome, the
current study provides important insights into the different roles
of KHK isoforms in fructose metabolism and in the development
of fructose-induced obesity and insulin resistance.

Materials and Methods
KHK-A/C KOmice, which were of C57BL/6 background and were lacking both
ketohexokinaseAandketohexokinase C, andKHK-AKOmiceweregenerated
as described previously (23). KHK-A/C knockout homozygous mice, KHK-A
knockout homozygous mice, and WT litter mates (male, 8 wk old) were used.
They were maintained in temperature- and humidity-controlled specific
pathogen-free condition on a 12-h dark/12-h light cycle and allowed ad
libitum access to normal laboratory chow (Harlan Teklad; no. 2918). WT mice,
KHK-A/C KO mice, and KHK-A KO mice were assigned to one of three groups
(n = 8–9) respectively, matching mean body weight among the groups. Mice
had free access to water containing 15% fructose, 30% fructose, or tap water
for 25 wk. Fructose water was prepared by dissolving D-(-)-fructose (Sigma-
Aldrich) in tap water. Body weight was measured every week, and energy

intake from both normal chow and fructose water was measured three times
per week. At 19 wk, energy balance and fuel utilization were assessed with
indirect calorimetry as described below, and body composition was measured
by quantitative magnetic resonance with an Echo MRI-900 whole body
composition analyzer (EchoMedical Systems). At 25wk,micewere killed after
6 h fasting from food and fructose water. Blood was withdrawn, and tissues
were taken and frozen in liquid nitrogen. All experiments were conducted
with adherence to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The animal protocol was approved by the animal
care and use committee of the University of Colorado. Details of methods for
serum and tissue analyses are described in SI Materials and Methods.
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