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ABSTRACT: Recent evidence indicates that fructose is a pro-
inflammatory molecule. Oral fructose induces serum and kidney
inflammatory intercellular adhesion molecule-1 (ICAM-1) in rats.
Fructose also induces ICAM-1 expression in human aortic endothe-
lial cells (HAEC) and monocyte chemoattractant protein-1 in prox-
imal tubular renal cells. It is not known whether fructose may directly
promote inflammation on the intestinal microcirculation. Accord-
ingly, using intravital microscopy we studied the effect of topical
fructose and dextrose on leukocyte adherence to the mesenteric
venule of the rat. Leukocyte adherence was determined during a
control period and after fructose was added to the mesentery, in the
presence or absence of the NO donor spermine NONO-ate (SNO),
and after i.v. injection of the antioxidant lipoic acid (LA). In separate
experiments, we examined the effect of topical dextrose on leukocyte
adherence to the mesenteric venule. Venular shear rate was calculated.
Fructose, but not dextrose, induced significant inflammation indepen-
dent of shear rate. This effect was completely blocked by SNO and LA,
suggesting that fructose induces inflammation via reactive oxygen spe-
cies (ROS) generation. These results suggest that fructose present in
formulas may adversely affect the intestinal microcirculation of prema-
ture infants and potentially contribute to the pathogenesis of necrotizing
enterocolitis (NEC). (Pediatr Res 67: 352–356, 2010)

Considerable evidence indicates that necrotizing enteroco-
litis (NEC), a life-threatening complication of very low

birth weight infants, occurs more frequently in infants fed
formulas than in those fed human breast milk (1,2). The
protective effect of human breast milk can be observed even
when infants are fed human breast milk and formula in equal
proportions (3). Although the pathogenesis of NEC is com-
plex, inflammation of the intestinal mucosa plays a significant
role in perforation of the intestinal mucosa (4). The protective
effects of human milk include, among others, its anti-
inflammatory properties (5). To the best of our knowledge, the
possible role of fructose in the pathogenesis of NEC has not
been explored. Fructose is only present in formulas as sucrose
or high fructose corn syrup. Recent evidence indicates that
fructose is a potent pro-inflammatory molecule. Fructose
when fed to rats in physiologic concentrations increases serum
intercellular adhesion molecule (ICAM-1) concentration and
also induces ICAM-1 expression in the kidney and in HAEC

by reducing NO, a potent anti-inflammatory molecule (6). In
addition, fructose induces monocyte chemo-attractant protein
in human renal proximal tubular cells (7) and promotes acti-
vation of antioxidant enzymes (8).
To the best of our knowledge, the effect of fructose on the

intestinal microcirculation has not been explored. Accord-
ingly, using intravital microscopy, we sought to determine
whether fructose may cause inflammation as expressed by
increased leukocyte adherence to the vascular endothelium of
the mesenteric venule of the rat and if reactive oxygen species
(ROS) generation may be involved in this response. We also
tested the effect of dextrose on leukocyte adherence in the
mesenteric microcirculation.

METHODS

All procedures involved in this study were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Kansas. Male
adult Sprague-Dawley rats, weighing 200–275 g, were anesthetized with
sodium pentobarbital (50 mg/kg intramuscularly). The animal’s body temper-
ature was maintained at 36–37°C via a homeothermic blanket system con-
nected to an intrarectal temperature probe (Harvard Apparatus). Polyethylene
cannulas (PE-50) were inserted into a jugular vein and carotid artery, and a
tracheotomy was performed, with a PE-240 then inserted into the trachea.
Intra-arterial blood pressure was measured throughout the experiment via the
carotid artery cannula connected to a digital blood pressure monitor (Micro-
Med, Louisville, KY). The animals spontaneously breathed room air via the
tracheotomy tube throughout the experiments.

An abdominal incision (�1.5� long) was made along the midline, and a
loop of small intestine was carefully exteriorized. The rat was placed on a
Plexiglas tray, and the small intestine was arranged so that a section of
mesentery was positioned over a glass coverslip in the bottom of the tray. This
arrangement allowed solutions �i.e. saline, fructose, dextrose, and spermine
NONO-ate (SNO)� to be added topically directly on the surface of the section
of the exposed mesentery. The tray was then placed on the stage of a Zeiss
Axiovert inverted microscope to view the mesenteric microcirculation (40�
objective). Images of mesenteric venules were continuously recorded
throughout experiments on a Sony mini-digital recorder using a Panasonic
video camera with a time-date generator.

Unbranched mesenteric venules, 20–40 �m in diameter and at least 100
�m in length, were chosen to study leukocyte-endothelial cell adhesive
interactions, if �3 adherent leukocytes were present during control periods,
and the venule had no adjacent lymphatic vessels (9). Venule diameter was
measured using a video caliper (Microcirculation Research Institute, College
Station, TX). An optical Doppler velocimeter (Microcirculation Research
Institute) was used to measure center line red blood cell velocity. Average red
blood cell velocity was calculated as center line velocity/1.6. Wall shear rate,
the tangential force generated at the vessel inner wall by movement of blood,
was calculated as 8� (average red blood cell velocity/venule diameter). The
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number of leukocytes per 100 �m length, adherent to the mesenteric venule
as defined by being stationary for �30 s were counted off line at the end of
control periods and during the last minute of each intervention. Shear rate was
also calculated at the same intervals, as shear rate affects the leukocyte-
endothelial cell adhesive interactions. Adherent cells were counted by one
experienced observer aware of the experimental conditions whose intraob-
server reliability was assessed by raw percent agreement.

Fructose and lipoic acid (LA) were purchased from Sigma Chemical Co.
Chemical and SNO from Cayman Chemical. SNO was prepared in buffer at
pH 8.5.

Experimental protocols. Separate groups of animals were used for each
experimental protocol.

Effect of fructose on leukocyte adherence (n � 5 animals). In each
animal, after a 20-min control period in which the mesentery was superfused
with saline, 1 mL of fructose in increasing isosmolar concentrations of 1
mg/dL (0.05 mM), 10 mg/dL (0.5 mM), and 100 mg/dL (5.5 mM) was then
added topically to the mesentery. Each dose was added in equal volumes 3
times at 10 min apart. The number of adherent leukocytes within the mesen-
teric venule and venular shear rate were determined at the end of the control
period and during the last min of each intervention.

Effect of dextrose on leukocyte adherence (n � 5 animals). In each
animal, after a 20-min control period in which the mesentery was superfused
with saline, 1 mL of dextrose in increasing isosmolar concentrations of 1
mg/dL (0.05 mM), 10 mg/dL (0.5 mM), and 100 mg/dL (5.5 mM) was then
added topically to the mesentery. Each dose was added in equal volumes 3
times at 10 min apart. The number of adherent leukocytes within the mesen-
teric venule and venular shear rate were determined at the end of the control
period and during the last min of each intervention.

Effect of superfusion of the NO donor SNO (100 �M) on fructose-
induced leukocyte adherence (n � 6 animals). In each animal, after a 10-min
control period, SNO (100 �M) (10) was added topically to the mesentery and
after 20 min, 1 mL of SNO plus 100 mg/dL (5.5 mM) fructose was added 3
times at 10 min apart. The number of adherent leukocytes within the mesen-
teric venule and venular shear rate were determined at the end of the control
period and during the last min of each intervention.

Effect of LA (2 mg/kg i.v.) on fructose-induced leukocyte adherence (n �
6 animals). In each animal, after a 10-min control period, 2 mL of LA (2
mg/kg) (10) were given i.v. as a bolus via the jugular vein cannula. After 20
min, 1 mL of 100 mg/dL (5.5 mM) fructose was added to the superfusate 3
times at 10 min apart. At 40 min, a 1-mL boost of LA was given i.v. The
number of adherent leukocytes within the mesenteric venule and venular
shear rate were determined at the end of the control period and during the last
min of each intervention.

Data analysis. Leukocyte adherence and venular shear rate were measured
in a single venule from each rat of all experimental groups. Values represent
the average number of adherent leukocytes (means � SEM) determined
during the last minute of the control period and of each intervention for all
animals studied. The effects of fructose on leukocyte adherence and shear rate
were compared with control values. The effects of SNO and LA were
compared with their respective control values. Comparison within and among
groups were analyzed by the one-tailed t test for paired samples. A p � 0.05
was considered to indicate a statistically significant difference.

RESULTS

Effect of fructose on leukocyte adherence. Figure 1 shows
representative images of a mesenteric venule from one exper-
iment. The black dots are part of the optical Doppler velocim-
eter used to measure center line red blood cell velocity. Panel
A shows an image from a control period with one adherent
leukocyte (indicated by a black arrow). Panel B shows a
marked increase in the number of adherent leukocytes after
100 mg/dL (5.5 mM) fructose was added topically to the
mesentery. Fructose induced statistically significant increases
in leukocyte adherence at concentrations of 1 mg/dL, 10
mg/dL, 100 mg/dL (0.05, 0.5, and 5.5 mM, respectively)
when compared with control values with all p � 0.05 (Fig.
2). This effect of fructose was independent of changes in
shear rate as shear rate during fructose was not statistically
significant compared with control values: control, 219 � 26
s�1; fructose 1 mg/dL (0.05 mM), 250 � 27 s�1 (p 	 0.43

versus control), 10 mg/dL (0. 5 mM), 260 � 32 s�1 (p 	
0.35 versus control); and 100 mg/dL (5.5 mM), 245 � 21
s�1 (p 	 0.46 versus control).

Effect of dextrose on leukocyte adherence. Topical admin-
istration of dextrose at concentrations of 1 mg/dL, 10 mg/dL,
100 mg/dL (0.05, 0.5, and 5.5 mM, respectively) did not result
in statistically significant changes in leukocyte adherence
compared with control values (n 	 5 animals): control, 2.6 �
0.4 per 100 �m; dextrose 1 mg/dL (0.05 mM), 3.4 � 0.9 per
100 �m (p 	 0.44 versus control); 10 mg/dL (0. 5 mM), 2.2 �
0.3 per 100 �m (p 	 0.44 versus control); and 100 mg/dL (5.5
mM), 2.6 � 0.2 per 100 �m (p 	 0.99 versus control). In
addition, dextrose did not produce statistically significant
changes in venular shear rate compared with control values:
control, 330 � 37 s�1; dextrose 1 mg/dL (0.05 mM), 307 �
32 s�1 (p 	 0.65 versus control); 10 mg/dL(0. 5 mM), 331 �
42 s�1 (p 	 0.98 versus control); and 100 mg/dL (5.5 mM),
355 � 22 s�1 (p 	 0.58 versus control).
Effect of superfusion of the NO donor SNO (100 �M) on

fructose-induced leukocyte adherence. In Fig. 3, Panel A
shows a marked increase in leukocyte adherence when 100
mg/dL (5.5 mM) fructose was added topically to the mesen-
tery. Panel B, taken from a separate experiment, shows com-
plete inhibition of fructose-induced leukocyte adherence by

Figure 1. This figure shows representative images of a mesenteric venule
from one animal. Panel A shows an image from a control period with one
adherent leukocyte (indicated by a black arrow). Panel B shows a marked
increase in the number of adherent leukocytes within the same venule after
100 mg/dL (5.5 mM) fructose was added topically to the mesentery. The
white bars are 100 �m apart, and the magnification is approximately 1320�.
Only the leukocytes within the 100 �m length of venule that were counted as
adherent are shown by the black arrows. The black dots are part of the optical
Doppler velocimeter used to measure center line red blood cell velocity.

Figure 2. Cumulative results showing dose-related effects of topical fructose
on leukocyte adherence in mesenteric venules (n 	 5 animals). Values
represent the average number of adherent leukocytes (means � SEM) deter-
mined during the last minute of the control period and of each intervention for
all animals studied. *indicates p � 0.05, **indicates p � 0.01, and §indicates
p � 0.001 vs control respectively.
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SNO (100 �M). Figure 4 shows bar graphs of the number of
leukocytes adherent to the mesenteric venule at control, after
SNO alone (100 �M) was added to the superfusate, and after
the addition of one ml of fructose, 100 mg/dL (5.5 mM), plus
SNO. The number of adherent leukocytes after SNO plus
fructose were added to the superfusate did not differ from that
of control, indicating that SNO completely inhibited fructose-
induced leukocyte adherence. This effect was independent of
changes in shear rate as shear rate during SNO plus fructose
was not statistically significant compared with control: con-
trol, 380 � 56 s�1; SNO, 374 � 47 s�1 (p 	 0.94 versus
control); SNO plus fructose, 332 � 49 s�1 (p 	 0.54 versus
control).
Effect of LA (2 mg/kg i.v.) on fructose-induced leukocyte

adherence. In Fig. 5, Panel A shows the effect of 100 mg/dL
(5.5 mM) fructose on leukocyte adherence from one experi-
ment, whereas Panel B shows complete inhibition by LA of
fructose-induced leukocyte adherence in another animal. Fig-
ure 6 shows bar graphs of the number of leukocytes adherent
to the mesenteric venule at control, after i.v. injection of LA
(2 mg/kg), and after 1 mL of fructose, 100 mg/dL (5.5 mM),
was added topically to the mesentery. The number of adherent
leukocytes after LA was given i.v. and after fructose was
added topically to the mesentery did not differ from that of

control, indicating that LA completely inhibited fructose-
induced leukocyte adherence. The slightly higher shear rate
observed after the initial i.v. injection of LA was probably due
to bolus effect. However, shear rate after LA plus fructose was
not significantly different from at control: control, 283 � 31 s�1;
LA alone, 352 � 22 s�1 (p 	 0.10 versus control); and LA plus
fructose, 284 � 27 s�1(p 	 0.98 versus control).

DISCUSSION

We used intravital microscopy to study leukocyte endothe-
lial cell adhesive interactions in the mesenteric microcircula-
tion to determine whether fructose may induce inflammation
and if so, by which mechanisms. This technique has been
extensively used in our laboratory to study the effect of
systemic hypoxia on microvascular inflammation in rat mes-
enteric venules (9–11).
Our study shows for the first time, that fructose, but not

dextrose, when superfused over the mesenteric venule of the
rat, promotes significant leukocyte adherence to the vascular
endothelium, a sign of inflammation. We showed that fructose
induced significant leukocyte adherence in the mesenteric
microcirculation at concentrations of 0.05, 0.5, and 5 mM. The
concentrations used in our study are similar to circulating
levels achieved in humans after a fructose meal. Serum fruc-

Figure 3. Panel A shows a marked increase in leukocyte adherence when
100 mg/dL (5.5 mM) fructose was added to the mesentery. Panel B, taken
from a separate experiment, shows complete inhibition of fructose-induced
leukocyte adherence by SNO (100 �M). The white bars are 100 �m apart, and
the magnification is approximately 1320�. Only the leukocytes within the
100 �m length of venule that were counted as adherent are shown by the black
arrows. The black dots are part of the optical Doppler velocimeter used to
measure center line red blood cell velocity.

Figure 4. Number of adherent leukocytes with SNO (100 �M) plus fructose
100 mg/dL (5.5 mM) is not significantly different from that of SNO alone and
of control (n 	 6 animals). Values represent the average number of adherent
leukocytes (means � SEM) determined during the last min of the control
period and of each intervention. *indicates p 
 0.05 for SNO alone and SNO
plus fructose vs control. §indicates p 
 0.05 for SNO plus fructose vs SNO
alone.

Figure 5. Panel A shows the effect of 100 mg/dL (5.5 mM) fructose on
leukocyte adherence from one experiment, whereas Panel B shows complete
inhibition by LA (2 mg/kg i.v.) of fructose-induced leukocyte adherence in
another animal. The white bars are 100 �m apart, and the magnification is
approximately 1320�. Only the leukocytes within the 100 �m length of
venule that were counted as adherent are shown by the black arrows. The
black dots are part of the optical Doppler velocimeter used to measure center
line red blood cell velocity.

Figure 6. Number of adherent leukocytes with LA plus fructose 100 mg/dL
(5.5 mM) is not significantly different vs LA alone (2 mg/kg i.v.) and control
(n 	 6 animals). Values represent the average number of adherent leukocytes
(means � SEM) determined during the last minute of the control period and
of each intervention for all animals studied. *indicates p 
 0.05 for LA alone
and LA plus fructose vs control. §indicates p 
 0.05 for LA plus fructose vs
LA alone.

354 MATTIOLI ET AL.



tose levels have been shown to rise to 0.4 mM (12) and 0.8
mM within 30 min (13) after ingestion of fructose. Our results
are in agreement of those of Gersch et al. (7) who showed, in
rats fed 60% fructose diets, greater recruitment of monocytes
within the kidney compared with rats fed 60% dextrose or
normal diets. Our results are also consistent with those of
Glushakova et al. (6) who showed that fructose, even at a dose
of 0.25 mM, induced ICAM-1 expression to HAEC.
Our results further show that both SNO and LA block

fructose-induced leukocyte adherence. The inhibitory effect of
SNO on fructose-induced leukocyte adherence suggests that
fructose induces depletion of endogenous NO reserve, a find-
ing in agreement with those of Glushakova et al. (6), who
showed that NO donors inhibit fructose-induced ICAM-1
expression in HAEC. NO is a potent anti-inflammatory mol-
ecule that inhibits the expression of endothelial cell adhesion
molecules. In its absence, leukocytes bind to the surface
receptors of adhesion molecules and begin the process of
inflammation. The inhibitory effect of LA on fructose-induced
leukocyte adherence may indicate that NO depletion results
from fructose-induced ROS burden.
Our study cannot determine the mechanism with which

fructose increases ROS levels. In all likelihood, fructose in-
duces uric acid synthesis within the mesentery endothelial
cells by dephosphorization of ATP, an obligatory step in the
synthesis of fructose-1 monophosphate. The resulting ADP is
metabolized to uric acid and, in the process, ROS are gener-
ated. Fructose decreases intracellular ATP (6), and induces
intracellular uric acid synthesis and ROS generation in human
kidney proximal tubular cells (14). Uric acid reduces NO
reserve in human umbilical vein endothelial cells (HUVEC)
(15), stimulates vascular smooth muscle cell proliferation
(16), and induces C-reactive protein expression in human
vascular smooth muscle cells (17). Monosodium urate, in
addition, promotes neutrophil adherence to osteoblast-like
cells (18), rat intestinal epithelial cells, and HUVEC (19).
Alternatively, the carbonyl group of fructose may bind

directly to the ONH2 group of the endothelial antioxidant
enzymes protein, disabling their functional properties and
depleting the antioxidant reserve (8). In our study, there were
no statistically significant changes in wall shear rate within
groups, so increased leukocyte adherence during fructose was
independent of shear rate. Shear rate is an important determi-
nant of leukocyte rolling and adherence. At low shear rate,
leukocyte rolling and adherence increases. At high shear rate,
leukocyte adherence is inhibited as shear rate induces release
of NO. Studies both in animals (20) and in humans (21) have
confirmed that NO is released from endothelial cells at high
shear rate.
In contrast to fructose, dextrose did not induce significant

leukocyte adherence in our study, in all likelihood due to the
low concentrations used. In mice with type 1 diabetes, in-
creased extracellular glucose (30 mM) has been shown to
rapidly stimulate intracellular ROS generation (22), and high
glucose concentration also increases superoxide generation in
HAEC (23). In normal subjects, acute hyperglycemia even in

a concentration of approximately 15 mM was shown to in-
crease the cytokines IL-6, IL-18, and tumor necrosis factor-�,
an effect blocked by glutathione, suggesting an oxidative
mechanism (24).
It is widely recognized that diabetes promotes ROS gener-

ation (25) and advanced glycation end products have been
shown to selectively induce adhesion molecule expression and
cytokine production in human peripheral blood mononuclear
cells (26). To the best of our knowledge, however, a pro-
inflammatory effect of high glucose on the mesenteric micro-
circulation has not been demonstrated.
In summary, fructose, but not dextrose, directly added to the

rat mesentery induces marked and rapid inflammation. The
effect of fructose may be mediated by an increase in oxidative
burden, which in turn could decrease endogenous NO levels.
This inflammatory effect of fructose is completely prevented
by SNO and LA. The results of our study raise the possibility
that formulas sweetened with sucrose or HFCS may ad-
versely affect the intestinal microcirculation of the very
small premature infant at risk of developing NEC. NEC
occurs more frequently in infants fed formulas than in those
fed human milk (1,2), and inflammation plays a vital role in
the pathogenesis of NEC (4). However, further studies are
needed to confirm this possibility.
Study limitation: leukocytes adherent to the vascular endo-

thelium were counted by a single experienced observer aware
of the experimental conditions, whose intraobserver agree-
ment was 97% � 0.04.
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