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OBESITY IS INCREASINGLY

prevalent. This is an envi-
ronmental phenomenon
and one related to the types

of foods ingested in modern society.
Substantial increases in the use of fruc-
tose as a sweetener may play a role in
the current obesity epidemic.1-4 Fruc-
tose and glucose are both monosaccha-
rides, but fructose is sweeter and me-
tabolized differently.1,5 In contrast to
glucose ingestion, fructose ingestion
only weakly stimulates secretion of in-
sulin,6 a hormone that acts centrally to
increase satiety and blunt the reward
value of food.7,8 Compared with glu-
cose ingestion, fructose ingestion at-
tenuates increases in circulating levels
of the satiety hormone glucagon-like
polypeptide 1 (GLP-1)9 and does not
attenuate levels of ghrelin, an appetite-
stimulating hormone.10,11 Thus, fruc-
tose possibly increases food-seeking be-
havior and increases food intake.3

For editorial comment see p 85.

Importance Increases in fructose consumption have paralleled the increasing preva-
lence of obesity, and high-fructose diets are thought to promote weight gain and in-
sulin resistance. Fructose ingestion produces smaller increases in circulating satiety hor-
mones compared with glucose ingestion, and central administration of fructose provokes
feeding in rodents, whereas centrally administered glucose promotes satiety.

Objective To study neurophysiological factors that might underlie associations be-
tween fructose consumption and weight gain.

Design, Setting, and Participants Twenty healthy adult volunteers underwent 2
magnetic resonance imaging sessions at Yale University in conjunction with fructose
or glucose drink ingestion in a blinded, random-order, crossover design.

Main Outcome Measures Relative changes in hypothalamic regional cerebral blood
flow (CBF) after glucose or fructose ingestion. Secondary outcomes included whole-
brain analyses to explore regional CBF changes, functional connectivity analysis to in-
vestigate correlations between the hypothalamus and other brain region responses,
and hormone responses to fructose and glucose ingestion.

Results There was a significantly greater reduction in hypothalamic CBF after glu-
cose vs fructose ingestion (�5.45 vs 2.84 mL/g per minute, respectively; mean dif-
ference, 8.3 mL/g per minute [95% CI of mean difference, 1.87-14.70]; P=.01). Glu-
cose ingestion (compared with baseline) increased functional connectivity between the
hypothalamus and the thalamus and striatum. Fructose increased connectivity be-
tween the hypothalamus and thalamus but not the striatum. Regional CBF within the
hypothalamus, thalamus, insula, anterior cingulate, and striatum (appetite and re-
ward regions) was reduced after glucose ingestion compared with baseline (P� .05
significance threshold, family-wise error [FWE] whole-brain corrected). In contrast, fruc-
tose reduced regional CBF in the thalamus, hippocampus, posterior cingulate cortex,
fusiform, and visual cortex (P� .05 significance threshold, FWE whole-brain cor-
rected). In whole-brain voxel-level analyses, there were no significant differences be-
tween direct comparisons of fructose vs glucose sessions following correction for mul-
tiple comparisons. Fructose vs glucose ingestion resulted in lower peak levels of serum
glucose (mean difference, 41.0 mg/dL [95% CI, 27.7-54.5]; P� .001), insulin (mean
difference, 49.6 �U/mL [95% CI, 38.2-61.1]; P� .001), and glucagon-like polypep-
tide 1 (mean difference, 2.1 pmol/L [95% CI, 0.9-3.2]; P=.01).

Conclusion and Relevance In a series of exploratory analyses, consumption of fruc-
tose compared with glucose resulted in a distinct pattern of regional CBF and a smaller
increase in systemic glucose, insulin, and glucagon-like polypeptide 1 levels.
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Fuel sensing and appetite are con-
trolled by the hypothalamus.4 Hunger
is regulated by the hypothalamus in
conjunction with an integrated net-
work of other brain regions such as the
striatum, orbitofrontal cortex, amyg-
dala, and insula, which control moti-
vation-reward systems associated with
the hedonic drive to eat.4 Intraventricu-
lar administration of fructose pro-
vokes feeding in rodents, whereas cen-
trally administered glucose decreases
food intake via differential effects on hy-
pothalamic malonyl coenzyme A–sig-
naling pathways.12 How brain regions
associated with fructose- and glucose-
mediated changes in animal feeding be-
haviors translates to humans is not
completely understood. New technolo-
gies are available to facilitate transla-
tion of animal to human studies. Func-
tional magnetic resonance imaging
(fMRI) provides a noninvasive way to
assess the effects of glucose and fruc-
tose ingestion on regional cerebral
blood flow (CBF), an indirect marker
of neuronal activation. It is known that
glucose ingestion decreases hypotha-
lamic activity in humans.13-15 It re-
mains unknown what the effects of
fructose ingestion are on the homeo-
static and brain reward circuitry or its
influence on functional connectivity be-
tween the hypothalamus and other re-
ward regions in the brain.

We hypothesized that fructose in-
gestion results in greater hypotha-
lamic activity (measured as blood flow)
than glucose ingestion. Fructose and
glucose might result in differential ac-
tivation of other brain regions. Simi-
larly, fructose and glucose ingestion
might differentially affect circulating

levels of the satiety hormones GLP-1
and insulin. To examine these ques-
tions, we used pulsed arterial spin la-
beling and resting-state fMRI to inves-
tigate the brain response to acute
ingestion of equal quantities of fruc-
tose and glucose in healthy volun-
teers. Studies in rats were performed to
demonstrate the ability of fructose to
cross the blood-brain barrier and to de-
termine if the hypothalamus can trans-
port and metabolize fructose.

METHODS
Human Neuroimaging Studies

Participants. Twenty (10 men,10 wom-
en) normal-weight healthy volunteers
without diabetes and with a mean age of
31 (SD, 7) years participated in this study
(TABLE 1). Participants were recruited by
posting advertisement flyers in the New
Haven area. Participants were excluded
if taking medications known to alter me-
tabolism, and they must have main-
tained a stable weight for at least 3
months prior to participation. Women
participants were studied during the fol-
licularphaseof theirmenstrual cycle.The
protocol was approved by the Yale Uni-
versity Human Investigation Commit-
tee. All participants provided informed,
written consent before participation in
the study.

Experimental Protocol. Volunteers
underwent 2 MRI sessions together
with ingestion of either a fructose or
glucose drink in a blinded, random-
order crossover design. The order of the
drink types was randomized. A block-
randomized, computer-generated se-
quence was developed and kept by the
study statistician. Allocation of assign-
ment was conducted on the morning
before the first test day. The time be-
tween the 2 sessions was between 1
week and 2 months. Weight was mea-
sured and diet assessed at both ses-
sions to ensure that these variables re-
mained stable between sessions.

Participants arrived at the Yale Mag-
netic Resonance Research Center at 8 AM

after an overnight fast. MRI was per-
formed using a 3-Tesla Siemens Trio
scanner (Siemens Medical Systems). A
catheter was placed in an antecubital vein

for blood sampling prior to initiating the
study. Participants underwent baseline
MRI acquisitions, including pulsed ar-
terial spin labeling to determine re-
gional CBF and blood oxygen level–
dependent fMRI sequences to determine
functional connectivity. Subsequently,
they drank 75 g (300 kcal) of either sugar
in 300 mL of cherry-flavored water, fol-
lowed by a 60-minute postdrink acqui-
sition and blood-sampling period. To as-
sess the effect of fructose and glucose
ingestion on appetite, participants com-
pleted a visual analog scale (score range,
0 to 10) before and after the scan. Par-
ticipants rated feelings of hunger, sati-
ety, and fullness on a scale from 1 to 10,
where 1 was “not at all” and 10 was “very
much.” Prior studies have demon-
strated good reproducibility and valid-
ity of visual analog scale scores for as-
sessing subjective sensations of hunger
and satiety.16

Blood samples were obtained for
measurement of plasma glucose, lac-
tate, insulin, leptin, ghrelin, peptide YY
(PYY), and GLP-1 levels at baseline (be-
fore drink ingestion) and at 10-
minute intervals during the MRI ses-
sions. Samples were obtained for
measurement of plasma fructose lev-
els at baseline and at 15, 25, and 65 min-
utes following glucose and fructose
ingestion.

The prespecified primary outcome
was relative changes in hypothalamus
cerebral blood flow in response to acute
glucose vs fructose ingestion. Second-
ary outcomes included (1) functional
connectivity analysis to investigate brain
regions with MRI signal responses that
were correlated with the hypotha-
lamic response; (2) use of whole-
brain analyses to explore brain areas
with relative increases or decreases in
regional CBF; and (3) changes in sys-
temic hormone levels and ratings of
hunger and satiety in response to the
acute ingestion of fructose and glucose.

Multiparticipant Analysis. A stan-
dard whole-brain template (Montreal
Neurological Institite [MNI] 1-mm)
was used for participant spatial nor-
malization of the individual data.
Participant integration and registra-

Table 1. Participant Characteristics

Characteristic Mean (SD)

Age, y 31 (7)

Sex, No.
Men 10

Women 10

Body mass indexa 22 (2.5)

HbA1c, % 5.1 (0.4)
Abbreviation: HbA1c, glycated hemoglobin.
aCalculated as weight in kilograms divided by height in

meters squared.
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tion were carried out using the
BioimageSuite software package
(http://www.bioimagesuite.org)17 for the
images under fructose and glucose con-
ditions. The 2 transformations calcu-
lated and used in multiple subject in-
tegration are included in the eMethods
available at http://www.jama.org.

Voxel-wise contrasts between con-
ditions were estimated in the common
space on the pooled participant data
using a t statistic to test for differences
in the regional CBF response to glu-
cose and fructose ingestion. Main-
effect group contrast maps were per-
formed separately for each condition
(fructose and glucose) by subtracting
after-drink from before-drink inges-
tion at a significance threshold set at
P� .05, 2-sided, with family-wise er-
ror (FWE) whole-brain correction. An-
other group comparison map was per-
formed comparing glucose with
fructose conditions (P� .05, 2-sided,
FWE whole-brain corrected). The as-
sociation of changes in circulating hor-
mones with brain CBF response to fruc-
tose and glucose was assessed using
whole-brain, voxel-based correlation
analyses.

Functional connectivity analysis was
performed to assess brain regions that
are temporally and thus functionally re-
lated.18 The hypothalamus was se-
lected as the seed region to assess con-
nections between the homeostatic
control region with other regions in-
volved in the regulation of feeding be-
havior. Significance threshold was set
at P� .05, 2-sided, with FWE whole-
brain correction. Details on imaging
procedures, parameters, and analysis
(preprocessing of images and calcula-
tion of CBF) are reported in the
eMethods.

An a priori region-of-interest analy-
sis of the hypothalamus regional CBF
response to fructose and glucose was
conducted using a mixed-model re-
peated-measures analysis (PROC
MIXED; SAS version 9.2, SAS Insti-
tute Inc). Fixed factors in the model in-
cluded drink type (glucose vs fruc-
tose), time (before vs after ingestion),
and period (ie, first or second session)

and their interactions. Interactions with
period were used to evaluate whether
the order of receiving glucose or fruc-
tose modified the differences between
glucose and fructose. No significant or-
dering effects were observed. A ran-
dom effect for participant was in-
cluded to accommodate correlation
between repeated measures. A linear
contrast with a significance threshold
of .05 was used to compare changes
from before to after ingestion between
glucose and fructose conditions. The
time series were collapsed across the
1-hour period (ie, CBF difference maps
to glucose or fructose ingestion aver-
aged across the 5 runs postdrink vs
baseline predrink run).

Our power calculations are based on
our prior study,19 which showed a dif-
ference in hypothalamus CBF be-
tween 2 conditions, euglycemia and hy-
poglycemia, at an effect size (ratio
between the mean difference and the
pooled standard deviation) between
0.72 and 0.96. A sample size of 18 par-
ticipants was required to detect a stan-
dardized effect of 0.72 at the 2-sided
P� .05 significance level with a power
of 80%. Twenty participants were en-
rolled to accommodate a 10% drop-
out. Given that this was an explor-
atory study, the clinical significance of
the results is uncertain.

Laboratory Analysis. Plasma glu-
cose levels were measured by an enzy-
matic reaction using glucose oxidase
(YSI Inc). Plasma insulin, ghrelin, PYY
(total), and leptin levels were mea-
sured with double-antibody radioim-
munoassay (Millipore). GLP-1 (ac-
tive) assays were performed by
Millipore services using enzyme-
linked immunosorbent assay. Plasma
fructose levels were measured using gas
chromatography–tandem mass spectro-
metry. Area under the curve was cal-
culated for metabolites and hormones
using the trapezoid method. Plasma me-
tabolite and hormone levels were ana-
lyzed using the mixed-model repeated-
measures analysis. The models included
fixed effects for drink type, time (0, 15,
25, 35, 45, 55, and 65 minutes), and pe-
riod, along with their interactions. A

random effect was included for partici-
pant along with a first-order autore-
gressive covariance pattern that was al-
lowed to vary with drink and period.
Linear contrasts were used to com-
pare glucose and fructose conditions at
each individual time point. P values
were adjusted for multiple compari-
sons using the Bonferroni correction.

Behavioral Ratings Analysis. The ef-
fect of treatment (ie, fructose and glu-
cose ingestion) on appetite ratings was
calculated by subtracting the score in
the fasted state from the score after in-
gestion. The change in appetite score
was analyzed using a mixed-model re-
peated-measures analysis. Fixed fac-
tors in the model included drink type,
period, and their interaction. Condi-
tions were compared with a signifi-
cance threshold of P� .05.

Animal Studies

In a series of complementary studies in
rodents, we infused fructose peripher-
ally and used microdialysis to mea-
sure fructose concentrations in hypo-
thalamic extracellular fluid as a means
to assess whether fructose crosses from
the blood into the brain and, more spe-
cifically, into the hypothalamus. In ad-
dition, we used polymerase chain re-
action to identify whether genes for
GLUT5, a fructose transporter, and ke-
tohexokinase, which is responsible for
the first step in the metabolism of fruc-
tose, are expressed in the hypothala-
mus. Principles of laboratory animal
care were followed, and experimental
protocols were approved by the Yale
University Institutional Animal Care
and Use Committee (methods used in
the animal experiments are detailed in
the eMethods).

RESULTS
Hypothalamus Region-of-Interest
Analysis: Hypothalamic CBF
Response to Glucose
vs Fructose Ingestion

Although there was no difference in
baseline hypothalamic CBF between the
glucose and fructose conditions (mean,
39.7 [SD, 2] vs 38.6 [SD, 4] mL/g per
minute, respectively), 15 minutes af-
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ter drink ingestion the hypothalamic re-
sponse toglucoseandfructosemarkedly
differed.Within15minutes,glucosesig-
nificantly reduced hypothalamic CBF,
whereas fructose did not (mean, �6.84
mL/g per minute [95% CI, �11.85 to
�1.84];P=.008vs5.10mL/gperminute
[95%CI,�0.67to10.88];P=.08,respec-
tively). There was a significant main ef-
fectofdrinkacrossalltimepointswhereby
therewasagreaterreductioninhypotha-
lamicCBFafterglucosevsfructose(�5.45
vs 2.84 mL/g per minute, respectively
[mean difference, 8.3 mL/g [95% CI of
mean difference, 1.87 to 14.70]; P=.01)
(FIGURE 1A).

Metabolic and Hormone Responses

Baseline levels of plasma glucose, fruc-
tose, insulin, GLP-1, PYY, leptin, ghre-
lin,andlactatewerenotdifferentbetween
the glucose and fructose conditions
(TABLE2).Glucose ingestioncausedsig-
nificantly greater elevations in plasma
glucose (mean difference, 41.0 mg/dL
[95% CI, 27.7-54.5]; P�.001), insulin
(49.6 �U/mL [95% CI, 38.2-61.1]
P�.001) (Figure 1B and C), and GLP-1
(2.1 pmol/L [95% CI, 0.90-3.2]; P=.01)
concentrations compared with fructose
ingestion, whereas plasma fructose, lac-
tate, and PYY levels were greater after
fructose ingestion compared with glu-
cose ingestion(Table2).Levelsof leptin
and ghrelin were not significantly dif-

ferent following ingestion of fructose
compared with ingestion of glucose.

Whole-Brain Regional CBF
and Connectivity Reponses
and Neuroendocrine Correlations

As shown in FIGURE 2 and eTable 1, re-
gional CBF within the hypothalamus,
thalamus, insula, anterior cingulate, and
striatum was significantly reduced after
glucose ingestion compared with base-
line (P� .05 significance threshold,
2-tailed FWE whole-brain corrected).
In contrast, fructose produced a sig-
nificant reduction in regional CBF in
the thalamus, hippocampus, posterior
cingulate cortex, fusiform gyrus, and vi-
sual cortex (P� .05 significance thresh-
old, 2-tailed FWE whole-brain cor-
rected) compared with baseline.
Glucose ingestion (compared with base-
line) increased functional connectiv-
ity between the hypothalamus (the seed
region) and the thalamus, caudate, and
putamen (FIGURE 3 and eTable 2),
whereas fructose ingestion resulted only
in increased connectivity between the
hypothalamus and thalamus (P� .05
significance threshold, FWE whole-
brain corrected). When whole-brain
contrast maps were directly compared
between fructose and glucose ses-
sions, no differences remained signifi-
cant following correction for multiple
comparisons.

Changes in levels of plasma insulin,
but not of other hormones, correlated
with changes in regional CBF in the cau-
date and putamen motivation/reward re-
gions in response to glucose ingestion
(r=�0.62, P=.005) (FIGURE 4). There
was no correlation between changes in
glucose or hormone levels with changes
in regional CBF in response to fruc-
tose ingestion.

Behavioral Ratings

There was no significant difference be-
tween glucose vs fructose ingestion on
predrink-postdrink changes in hunger
(mean difference, 0.7 [95% CI, �0.4 to
1.7]; P=.22), fullness (mean difference,
�0.9 [95% CI, �2.1 to 0.2]; P=.09), or
satiety (mean difference, �1.0 [95% CI,
�2.3 to 0.4]; P=.15). Glucose ingestion
resulted in a significant difference in
predrink-postdrink changes in fullness
(mean difference, 1.6 [95% CI, �0.6 to
2.7]; P=.005) and satiety (mean differ-
ence, 1.2 [95% CI, �0.1 to 2.3]; P=.03),
whereas fructose ingestion did not have
asignificanteffectonpredrink-postdrink
changes in fullness (meandifference,0.7
[95% CI, �0.4 to 1.7]; P=.20) or satiety
(mean difference, 0.3 [95% CI, �0.8 to
1.3]; P=.64).

Animal Studies. Intravenous infu-
sion of 20% fructose increased mean
plasma fructose levels from 0.16 (95%
CI, 0.1 to 0.3) mg/dL to 22 (95% CI,

Figure 1. Mean Change in Hypothalamic Cerebral Blood Flow, Mean Plasma Glucose Response, and Mean Plasma Insulin Response
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7.0 to 37.0) mg/dL (to convert to
�mol/L, multiply by 55.506) (P� .01)
(eFigure). This was accompanied by an
increase in the mean concentration of
fructose in dialysis fluid obtained from
the ventromedial hypothalamus from
0.13 (95% CI, 0.1 to 0.2) mg/dL to 0.30
(95% CI, 0.2 to 0.4) mg/dL (P� .02).
Neither plasma nor ventromedial hy-
pothalamus microdialysate fructose
concentrations changed during infu-
sion of saline. Both GLUT5 and keto-
hexokinase mRNA were expressed in
the hypothalamus as well as in the liver
and kidney (positive controls) but not
in the negative control lacking tem-
plate RNA.

COMMENT
Increases in fructose consumption have
paralleled the increasing prevalence of
obesity, and high-fructose diets are
thought to promote weight gain and in-
sulinresistance.1-3,20,21 Inthisstudy, inges-
tion of glucose but not fructose reduced
cerebral blood flow and thus activity in
specificbrainregions that regulateappe-
tite and reward processing. In keeping
with these data, ingestion of glucose but
not fructose produced increased ratings
of satiety and fullness.

Our results showing a reduction in hy-
pothalamic CBF in response to glucose
ingestion are consistent with prior fMRI
studies in healthy volunteers, which ob-
served a decrease in hypothalamic ac-
tivity in response to ingestion of glu-

cose13-15,22 or a liquid meal,23 a finding
posited to reflect a central biomarker of
satiety. Although 1 recent fMRI study did
not detect significant changes in hypo-

thalamic activity during intravenous ad-
ministration of glucose or fructose,24 this
could be related to the small sample size,
the mode of delivery, or both, because

Figure 2. Regional Cerebral Blood Flow Response to Ingestion of Glucose or Fructose
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ingestion. The images represent paired t tests for postdrink vs baseline for 20 participants. The blue regions
identify the areas in the brain with significantly decreased regional CBF after glucose or fructose ingestion com-
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Table 2. Metabolic and Hormonal Responses

Hormone or
Metabolite

Mean (95% CI)a

P
Valueb

Glucose Drink Fructose Drink

Baseline Peak AUC Baseline Peak AUC

Glucose, mg/dL 96 (83 to 108) 153 (140 to 166) 8539 (7446 to 9632) 94 (90 to 98) 112 (104 to 119) 7148 (8110 to 6185) �.001

Fructose, mg/dL 0.6 (�0.4 to 1.6) 1.2 (0.2 to 2.3) 36 (13 to 59) 0 (�2.2 to 2.1) 5.6 (3.4 to 7.7) 312 (191 to 433) .002

Insulin, �U/mL 9.6 (�1.0 to 20.3) 71.3 (60.4 to 82.2) 3294 (2629 to 3958) 9.1 (5.6 to 12.5) 21.7 (18.1 to 25.1) 1185 (967 to 1402) �.001

GLP-1, pmol/L 2.2 (1.0 to 3.5) 5.4 (4.2 to 6.7) 265 (189 to 341) 2.0 (0.8 to 3.2) 3.4 (2.1 to 4.6) 195 (155 to 235) .01

Lactate, mmol/L 0.8 (0.6 to 1.0) 1.4 (1.1 to 1.6) 54 (40 to 69) 0.8 (0.4 to 1.1) 2.4 (2.0 to 2.7) 101 (83 to 119) �.001

PYY, pg/mL 92 (76 to 109) 107 (83 to 131) 5515 (4045 to 6984) 92 (77 to 107) 130 (95 to 165) 7471 (5819 to 9124) .001

Ghrelin, pg/mL 854 (735 to 974) 655 (536 to 774) 800 (681 to 918) 635 (517 to 754) .74

Leptin, ng/mL 7.4 (4.7 to 10.0) 7.2 (4.5 to 9.8) 7.9 (5.2 to 10.6) 7.7 (5.0 to 10.4) .17
Abbreviations: AUC, area under the curve; GLP-1, glucagon-like polypeptide 1; PYY, peptide YY.
SI conversion factors: To convert glucose values to mmol/L, multiply by 0.0555; fructose values to �mol/L, multiply by 55.506; insulin values to pmol/L, multiply by 6.945.
aPlasma concentrations of metabolites and hormones after ingestion of 75-g glucose and fructose drink. Note that peak suppression of plasma ghrelin is shown in response to glucose

and fructose drink and that AUC for ghrelin and leptin are not presented because ghrelin and leptin levels decreased in response to ingestion of glucose and fructose.
bFor comparisons of mean peak fructose vs glucose levels.
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orally administered glucose has been
shown to inhibit hypothalamic activity
more effectively than an intravenous glu-
cose infusion.22 In our whole-brain analy-
ses, glucose ingestion produced a reduc-
tion in CBF within the thalamus, insula,
anterior cingulate, and striatum as well
as the hypothalamus—brain regions that
act in concert to “read” the metabolic
state of an individual and drive motiva-
tion and reward.

Brain responses markedly differed
following ingestion of an equivalent
amount of fructose. Not only did fruc-
tose fail to diminish hypothalamic ac-
tivity, but it instead induced a small,
transient increase in hypothalamic ac-
tivity, a response similar to insulin-
induced decrements in levels of circu-
lating glucose.25 Furthermore, unlike
glucose ingestion, fructose ingestion did
not result in deactivation of the stria-
tum. Hypothalamic and striatal deac-

Figure 3. Functional Connectivity Analysis
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tivation occur when initially hungry in-
dividuals reach satiety.23,26 Of note,
fructose ingestion reduced CBF in the
hippocampus. The hippocampus not
only plays an important role in memory
function but also influences emo-
tional responses to food intake,27 and
in rodents this brain region was found
to inhibit appetitive behavior.28

Homeostatic and hedonic brain re-
gions are tightly interconnected and
form an integrated network that dic-
tates feeding behavior. Functional con-
nectivity analyses were performed using
the hypothalamus as a seed region to
determine its functional connectivity to
other brain regions implicated in food
motivation and reward. Brain regions
with an MRI signal response that was
temporally and thus functionally cor-
related with the hypothalamic re-
sponse to glucose ingestion were the
thalamus, caudate, and putamen,
whereas fructose ingestion resulted only
in increased connectivity between the
hypothalamus and thalamus but not the
striatum. These findings suggest that in-
gestion of glucose, but not fructose, ini-
tiates a coordinated response between
the homeostatic-striatal network that
regulates feeding behavior.

It is notable that functional connec-
tivity increased throughout the
network, whereas regional CBF de-
creased within the network compo-
nents. More commonly, increases in
functional connectivity are accompa-
nied by increases in blood oxygen level–
dependent signal, which in turn is ac-
companied by increases in regional
CBF. Note that changes in synchrony
do not have to be directly coupled to
local changes in flow or metabolism.
There also could be an overall net re-
duction in connectivity to other cir-
cuits that is diffuse and thus subthresh-
old in concert with this increase in
connectivity within these highly local-
ized circuits. Recent work has focused
on variable rates of aerobic glycolysis
in different brain regions, and it is pos-
sible that modifications in the rate of
aerobic glycolysis under these differ-
ent conditions could account for these
signal changes.29

Our neuroimaging findings are con-
sistent with animal studies reporting
that the central administration of
fructose provokes feeding in rodents,
whereas centrally administered
glucose suppresses food intake.12 For
fructose to exert such effects under
physiological conditions it must first
cross the blood-brain barrier and be
metabolized. We used microdialysis to
measure fructose concentrations in
dialysate samples obtained from ven-
tromedial hypothalamus extracellular
fluid after peripheral infusion of fruc-
tose in rats. Fructose levels in ventro-
medial hypothalamus dialysate
samples immediately increased after
the start of the peripheral fructose
infusion. Given the relatively low effi-
ciency of fructose extraction by micro-
dialysis, it is likely that higher concen-
trations of fructose reached the brain
and thus could potentially directly act
to influence brain homeostatic
responses. Furthermore, the hypo-
thalamus was found to express both
Glut5 and ketohexokinase mRNA, the
necessary cellular machinery for fruc-
tose metabolism. Our findings are
consistent with studies showing that
fructose is metabolized in hippocam-
pal microglia30 and neurons in the cer-
ebellum31 and demonstrate the capac-
ity of fructose to cross the blood-brain
barrier32,33 into the hypothalamus,
where it can be metabolized and used
as an energy source.

As anticipated,10,11 fructose inges-
tion caused a smaller increase in lev-
els of plasma glucose, insulin, and
GLP-1 than glucose ingestion. Levels
of plasma fructose and lactate, on the
other hand, increased to higher levels
following fructose ingestion. Similar
fructose increases have been reported
in healthy volunteers who consumed
fructose loads between 0.5 and 0.75
g/kg34 and in individuals who con-
sumed fructose-sweetened beverages
with mixed meals.35 Leptin and ghre-
lin levels were indistinguishable fol-
lowing acute ingestion of glucose or
fructose, a finding possibly attribut-
able to the short time interval of ob-
servation; leptin levels typically change

4 to 6 hours after glucose administra-
tion.36 Although fructose was previ-
ously reported to be less effective than
glucose in suppressing ghrelin, such dif-
ferences may be attributable to the dif-
ferent conditions and timing of ghre-
lin measurements.10 Little is known
about the acute PYY response to fruc-
tose ingestion compared with glucose
ingestion, although 1 study in rats
found higher rather than lower PYY lev-
els after 24 hours of glucose but not
fructose feeding.11 Whether such dis-
parities are related to study design or
species differences remains uncertain.

Higher plasma insulin levels were
correlated with decreased regional CBF
in the striatum following glucose but
not fructose ingestion. This finding sup-
ports animal studies showing that in-
sulin acts centrally to reduce the re-
ward properties of food37 and suggests
that the human striatum may be re-
sponsive to hyperinsulinemia.

Limitations

The fMRI technology used provides an
exploratory method to evaluate changes
in neuronal activity associated with lo-
cal changes in blood flow and blood
oxygenation. It does not provide a di-
rect measure of neuronal activity, and
it cannot localize the activation of spe-
cific neurons. Instead, hemodynamic
changes are localized to brain regions
referred to as voxels or volume units of
brain tissue. Small brain structures,
such as the hypothalamus, require a
large change in blood flow to detect sig-
nificant differences between condi-
tions. In region-of-interest analysis, we
found that glucose and fructose pro-
duced significantly different hypotha-
lamic responses, and we observed that
different brain regions were respond-
ing to fructose and glucose ingestion in
whole-brain contrast mapping per-
formed separately for each sugar. When
whole-brain contrast maps were di-
rectly compared between fructose and
glucose sessions, fructose ingestion pro-
duced greater activation in the hypo-
thalamus and striatum, but these re-
gions did not survive whole-brain
correction analysis. It should be em-
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phasized that the clinical implications
of the fMRI-based outcomes reported
in this exploratory study remain to be
determined.

CONCLUSIONS
Glucose but not fructose ingestion re-
duced the activation of the hypothala-
mus, insula, and striatum—brain re-
gions that regulate appetite, motivation,
and reward processing; glucose inges-
tion also increased functional connec-
tions between the hypothalamic-
striatal network and increased satiety.
The disparate responses to fructose
were associated with reduced sys-
temic levels of the satiety-signaling hor-

mone insulin and were not likely at-
tributable to an inability of fructose to
cross the blood-brain barrier into the
hypothalamus or to a lack of hypotha-
lamic expression of genes necessary for
fructose metabolism.
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