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Abstract
Aims/hypothesis Exposure of endothelial cells to high glu-
cose levels suppresses responses to insulin, including induc-
tion of endothelial nitric oxide synthase activity, through
pro-inflammatory signalling via the inhibitor of nuclear
factor kappaB (IkB)α-nuclear factor kappaB (NF-kB)
pathway. In the current study, we aimed to identify
metabolic responses to glucose excess that mediate endo-
thelial cell inflammation and insulin resistance. Since
endothelial cells decrease their oxygen consumption rate
(OCR) in response to glucose, we hypothesised that
increased mitochondrial function would not mediate these
cells’ response to excess substrate.
Methods The effects of glycolytic and mitochondrial fuels
on metabolic intermediates and end-products of glycolytic
and oxidative metabolism, including glucose 6-phosphate
(G6P), lactate, CO2, NAD(P)H and OCR, were measured
in cultured human microvascular endothelial cells and
correlated with IkBα phosphorylation.
Results In response to increases in glucose concentration
from low to physiological levels (0–5 mmol/l), production
of G6P, lactate, NAD(P)H and CO2 each increased as
expected, while OCR was sharply reduced. IkBα activation
was detected at glucose concentrations >5 mmol/l, which

was associated with parallel increases of G6P levels,
whereas downstream metabolic pathways were insensitive
to excess substrate.
Conclusions/interpretation Phosphorylation of IkBα by
excess glucose correlates with increased levels of the
glycolytic intermediate G6P, but not with lactate generation
or OCR, which are inhibited well below saturation levels at
physiological glucose concentrations. These findings suggest
that oxidative stress due to increased mitochondrial respira-
tion is unlikely to mediate endothelial inflammation induced
by excess glucose and suggests instead the involvement of
G6P accumulation in the adverse effects of hyperglycaemia
on endothelial cells.
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PFK Phosphofructokinase
ROS Reactive oxygen species
TCA Tricarboxylic acid

Introduction

Chronically high levels of blood glucose and NEFA, as
seen in type 2 diabetes and obesity, are associated with
increased risk of cardiovascular disease. In endothelial
cells, excess NEFA activates the pro-inflammatory IKKβ–
nuclear factor kappaB (NF-kB) pathway (where IKKβ is a
kinase for IkB), via a mechanism that involves Toll-like
receptor 4 signalling, and this effect in turn causes cellular
insulin resistance and impaired nitric oxide production [1].
Exposure of endothelial cells to excess glucose also induces
inflammation and insulin resistance [2–4], but the underly-
ing mechanisms remain to be established. Most current
hypotheses are based on increased glucose use by various
metabolic pathways [5] leading to accumulation of pro-
inflammatory intermediates or by-products (such as
reactive oxygen species [ROS]). Candidate metabolic
pathways include glycolysis, the pentose shunt, hexos-
amine biosynthesis, the tricarboxylic acid (TCA) cycle,
and the coupled mitochondrial processes of electron
transport and oxidative phosphorylation. Of these path-
ways, increased (or overburdened) mitochondrial respira-
tion has been the most accepted model of generation of
oxidative stress [6]. However, a critical test of this hypo-
thesis, the demonstration that as a function of glucose
concentration, glucose use correlates with the known effects
of hyperglycaemia on signal transduction pathways and
pro-inflammatory responses in endothelial cells, has not
been carried out.

In many cell types, control of glucose use depends on
the efficiency of glucose transport relative to hexokinase
(HK) activity. In endothelial cells, glucose transport uptake
into endothelial cells involves facilitated diffusion through
the glucose transporter GLUT1 [7] and is insensitive to
insulin [8]. Endothelial cells express HK I [9], which has a
Km for glucose (0.05 mmol/l [10]) that is lower than that for
GLUT1 [11]. Thus, the rate of glucose use can be expected
to plateau at low-glucose concentrations unless the Vmax for
GLUT1 is much lower than that for HK I, a ratio that has
not been determined. Of great significance for this study,
endothelial cells are highly glycolytic and exhibit decreased
oxygen consumption rate (OCR) in the presence of glucose
(the Crabtree effect) [12]. The implication of glucose’s
inhibition of OCR is that mitochondrial energetics at
physiological glucose would be sub-maximal and this does
not support the notion that mitochondria are in an over-
burdened state in the face of hyperglycaemia. In order to

test this prediction, the current work was undertaken to
determine how metabolic fluxes in primary endothelial cells
respond to glucose concentrations above the physiological
range, and to relate metabolic flux to glucose-induced
inflammation.

Methods

Chemicals Krebs–Ringer bicarbonate solution (KRB) sup-
plemented with 20 mmol/l HEPES/NaHEPES (Roche,
Indianapolis, IN, USA) and 0.1% (wt/vol.) BSA (Sero-
logical Corporation, Norcross, GA, USA) was used for
the perifusion analysis and was made up as previously
described [13]. Antimycin A, KCN, and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP), were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). [14C]
Glucose was purchased from Perkin Elmer (Waltham,
MA, USA). Antibodies (anti-phospho-inhibitor of NF-kB
[IkB]α, anti-phospho-Akt and anti-phospho-endothelial
nitric oxide synthase [eNOS], and total Akt antibodies),
were obtained from Cell Signaling (Beverly, MA, USA);
anti-eNOS was obtained from Transduction Laboratories
(Becton Dickinson, Franklin Lakes, NJ, USA).

Culture of human microvascular endothelial cells (HMEC)
HMEC (a generous gift from F. J. Candal and T. Lawley,
Emory University, Atlanta, GA, USA) were cultured in
RPMI 1640 supplemented with 10% (vol./vol.) FBS
(Hyclone Laboratories, Logan, UT, USA) and 12 mg/ml
of bovine brain extract (Clonetics, Walkersville, MD, USA),
L-glutamine (2 mmol/l), sodium pyruvate (1 mmol/l) and
non-essential amino acids in the presence of penicillin
(100 U/ml) and maintained at 37°C in 5% CO2.

Western analysis of IkBα, a marker of IKKβ activity, and
assays for other markers of inflammation Prior to initiation
of these experiments, HMEC were cultured in DMEM
containing 0.1% (vol./vol.) FBS overnight and then for 3 h
in EBM (Clonetics). DMEM and EBM were supplemented
with either 5 or 25 mmol/l glucose for the indicated time
intervals. Western blots were performed using 40 μg total
protein for each condition and experiment. SDS gel
electrophoresis was performed using either a 9% (wt/vol.)
gel, or 4% by 20% gradient gel, transferred onto nitro-
cellulose and probed with an anti-phospho-IkBα antibody.
The phosphorylation level of IkBα is an indirect measure
of IKKβ activity as it has been found that IKKβ is the
primary kinase acting upon IkBα in the presence of excess
glucose [14].

IL-6 levels in supernatant fractions from treated HMEC
were measured by ELISA, and intercellular adhesion
molecule (ICAM) protein levels were determined by
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western blot analysis under non-reduced conditions using a
kit and an anti-human ICAM antibody, respectively, from
R&D Systems (Minneapolis, MN, USA). Total ICAM,
eNOS, phospho-eNOS, phospho-Akt and phospho-IkBα
levels were assessed using western blot analysis and were
quantified using Image J software (NIH). NF-kB activity
was determined using a Trans AM NF-kB p65 Kit (Active
Motif, Carlsbad, CA, USA).

Measurement of OCR and lactate production rate (LPR) A
flow culture system was used that concomitantly measures
OCR while collecting outflow fractions for subsequent
measurement of lactate (described previously [15–17]).
Oxygen tension was measured by detecting the phospho-
rescence lifetime (Tau Theta, Boulder, CO, USA) of an
oxygen-sensitive dye that was painted on the inside of the
perifusion chamber [13]. Lactate was measured using a kit
purchased from Invitrogen (Amplex Red Glucose/Glucose
Oxidase Assay Kit, Carlsbad, CA, USA) per manufacturer’s
instruction except that lactate oxidase was substituted for
glucose oxidase. OCR and LPR were calculated as the
product of the flow rate (approximately 150 μl/min) and the
difference between inflow and outflow levels of oxygen or
lactate, respectively. Inflow oxygen tension was determined
at the end of each experiment by inhibiting cellular
respiration with antimycin A [15, 18].

Imaging and quantification of NAD(P)H One hour prior to
these experiments, HMEC were trypsinised, plated onto
glass cover slips, and maintained in 5% CO2 at 37°C. The
cover slips were then placed into a temperature-controlled
perifusion dish (Bioptechs, Butler, PA, USA) that was
mounted onto the stage of a Nikon Eclipse TE-200 inverted
microscope (Melville, NY, USA), and KRB was pumped
through the dish at a flow rate of 150 μl/min. NAD(P)H
autofluorescence was detected at 460 nm by a Cool Snap
EZ camera (Photometrics, Tucson, AZ, USA) during
excitation at 360 nm. At the end of the experiments, the
steady-state fluorescence in the presence of KCN and
subsequently FCCP was measured (for 20 and 60 min,
respectively). The normalised fluorescence of NAD(P)H
was then calculated as:

reduced NADH %ð Þ ¼ 100� RFUtest � RFUFCCP

RFUKCN � RFUFCCP

where RFU is relative fluorescence units, and RFUFCCP and
RFUKCN equalled the average of the final ten time-points at
which each agent was present.

Measurement of CO2 production CO2 production was
quantified radiometrically based on the production of 14CO2

from [U-14C]glucose. HMEC were trypsinised and 5×105

cells were placed in 12 mm×75 mm test tubes containing

0.5 ml KRB with different concentrations of glucose at
37°C for 60 min. A piece of Whatman filter paper was
suspended in a plastic cup above the cell/buffer solution and
the vials were stoppered and gassed with 5% CO2/balance
air. The tubes were then stoppered and 74 kBq of [U-14C]
glucose was injected, and the cells were incubated for
exactly 60 min. Subsequently, CO2 production was deter-
mined as previously described [19].

Measurement of glucose 6-phosphate (G6P) Cells were
harvested and incubated in 12 mm×75 mm test tubes
(2×106 in 0.2 ml KRB) containing various concentrations of
glucose or pyruvate as indicated. At precise times, 0.16 ml
cold 0.6 mol/l perchloric acid was added, and extracts were
prepared as carried out previously [20]. G6P in the extracts
was measured by fluorometric detection of NADPH after
incubation with NADP and G6P dehydrogenase (Sigma-
Aldrich) as described [21].

Results

Effect of high glucose on IkBα phosphorylation and
endothelial inflammation To determine the time-course of
inflammation induced by excess glucose, the concentration
of glucose exposed to HMEC was changed from 5 to
25 mmol/l glucose media for time intervals ranging from 0
to 18 h (Fig. 1). Exposure to 25 mmol/l glucose increased
levels of phospho-IkBα, a measure of IKKβ activity
(Fig. 1a). This is consistent with previous results where
25 mmol/l glucose, but not mannitol, led to an increase in
phospho-IkBα [2]. A readily detectable increase of phospho-
IkBα levels occurred within 60 min, and remained elevated
after 18 h. In contrast, total IKKβ, as assessed by western
blots, did not change. Glucose-mediated increases in NF-kB-
dependent signalling (IL-6 and ICAM) occurred after 3 h of
exposure to 25 mmol/l glucose (Fig. 1b, c). To confirm
increased NF-kB activity directly, HMEC lysates treated
with 25 mmol/l glucose for 1 and 3 h were analysed for NF-
kB activity (Fig. 1d). Consistent with its role as a key trigger
of inflammation, IkBα activation preceded the increases
measured in the other three proteins.

Effect of NF-kB signalling on endothelial insulin signalling
In order to assess the impact of NF-kB on endothelial insulin
signalling, we next tested HMEC in which NF-kB signalling
was attenuated. HMEC transduced with a phosphorylation-
resistant IkBα (serine 32,36/Ala) [1] or green fluorescent
protein (GFP) were treated with 5 or 25 mmol/l glucose for
12 h, followed by stimulation with 100 nmol/l insulin for
15 min (Fig. 2). Insulin-mediated Akt and eNOS phosphor-
ylation was assessed by western blot analysis. As expected,
in GFP-transduced cells high glucose was associated with
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impaired insulin-mediated phospho-Akt and phospho-eNOS,
whereas in HMEC, with attenuated NF-kB signalling, this
effect was blocked (Fig. 2).

Continuous measurement of HMEC metabolism using a flow
culture system A flow culture system originally designed
for pancreatic islets was adapted for analysis of HMEC
metabolism in response to substrate availability [16, 17]. As
in many proliferative cells, OCR by HMEC measured in
20 mmol/l glucose was approximately 50% lower than
observed in media without glucose (the Crabtree effect)
recapitulating the observation that in the presence of glucose,
mitochondrial activity is sub-maximal (Fig. 3). Repeated
changes in perifusate glucose concentration produced virtu-
ally identical results, indicating that the decline in OCR was
not due to irreversible cell injury or death.

Lack of sensitivity of OCR and LPR to changes in glucose
between 5 and 25 mmol/l Having demonstrated the useful-
ness of the flow culture system to study HMEC metabolism,

we next considered the distribution of metabolic responses to
substrate with step changes in glucose concentration from 0
to 5 and from 5 to 25 mmol/l. Increased LPR accompanied
the reduction in OCR induced by elevated glucose concen-
trations (Fig. 4). Statistical analysis was carried out on the
steady-state values of LPR, OCR and NAD(P)H at 5 and
25 mmol/l glucose (calculated as the average of the final
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15min of data obtained during each concentration of glucose).
Using a Student’s t test, with paired data, the difference
between the two conditions for the three variables was not
significant. Since neither LPR nor OCR was significantly
affected by increasing glucose levels from 5 to 25 mmol/l,
these results demonstrated that the increment from 0 to
5 mmol/l glucose accounted for nearly all of the Crabtree
effect (increased LPR and NAD(P)H, and decreased OCR).
Thus, increasing glucose levels from normal (5 mmol/l) to
values seen in uncontrolled diabetes (25 mmol/l) leads to

rapid IKKβ activation in endothelial cells despite no
change of LPR or OCR, suggesting that the mechanism
linking glucose excess to cellular inflammation is indepen-
dent of both lactate production and mitochondrial substrate
oxidation.

Dose-dependent effects of glucose on G6P, LPR, CO2

production, NAD(P)H and OCR To identify glucose meta-
bolic pathways in HMEC that respond to glucose con-
centrations >5 mmol/l, we measured markers of glucose
phosphorylation (G6P), glycolysis (LPR), mitochondrial
activity (NAD(P)H and OCR) and cellular glucose use (CO2

production rate) as a function of glucose concentration
ranging from 0 to 25 mmol/l (Fig. 5). The full range of
glucose concentrations were tested in order to provide
positive controls for any negative findings occurring
between 5 and 25 mmol/l glucose. Maximal values of
OCR were clearly achieved at glucose concentrations
<1 mmol/l glucose, and OCR, NAD(P)H and LPR were all
insensitive to glucose concentrations >5 mmol/l. In contrast,
intracellular G6P levels increased by 37% in HMEC as
glucose increased from 5 to 25 mmol/l, and CO2 production
increased by 32% (Fig. 5e, f). Thus, complete glycolytic or
oxidative metabolism of glucose concentration required
for ATP production is not sensitive to glucose supply at
concentrations >5 mmol/l, whereas metabolic conversion
to G6P (the initial step in glycolysis) tracks with IKKβ
activity (Fig. 1).

Effects of pyruvate on IkBα, G6P and OCR To further test
the hypothesis that increased mitochondrial oxidative
phosphorylation is not a driving force for glucose-induced
IkBα activation, as suggested by the above analysis, we
next investigated the effect of increasing respiration
through addition of a mitochondrial fuel such as pyruvate.
As expected, we observed that media containing 10 mmol/l
pyruvate without glucose robustly increased HMEC OCR
(Fig. 6), but had no effect on IkBα activity (Fig. 7). As
predicted, therefore, increased mitochondrial substrate oxi-
dation is not a stimulus for cellular inflammation in HMEC.
Furthermore, in the absence of glucose, G6P was barely
detectable in either the presence or absence of pyruvate,
raising the possibility that cellular accumulation of G6P is
required for IkBα activation.

To test this hypothesis, we investigated whether con-
ditions that raise G6P can stimulate IkBα even at glucose
concentrations below those that trigger a cellular inflamma-
tory response. Pyruvate, as a respiratory substrate, increases
intracellular levels of both citrate and ATP, two well known
inhibitors of the glycolytic enzyme phosphofructokinase
(PFK) [22]. In the presence of glucose substrate, this feedback
inhibition can be anticipated to increase levels of the upstream
metabolite, G6P, and therefore pyruvate could be used as a
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tool to test the relationship between G6P and inflammation.
The addition of 1 mmol/l pyruvate did not affect G6P in
HMEC (data not shown). However, as expected, HMEC in the
presence of 10 mmol/l pyruvate and a physiological glucose
concentration (5 mmol/l) exhibited increased OCR and G6P
compared with the single substrates (Fig. 8). Furthermore,
IkBα activation was observed under these conditions
(Fig. 7). Taken together, these results demonstrate that
glucose-induced IkBα activation is independent of sub-
strate-induced oxidative phosphorylation or glycolytic flux,
but is consistently correlated with increased G6P. Glucose
excess (25 mmol/l glucose) or total substrate excess
(5 mmol/l glucose+10 mmol/l pyruvate) may therefore
promote pro-inflammatory signalling through a common
intermediate, G6P (Table 1).

Discussion

Excess substrate and pro-inflammatory signalling IKKβ
phosphorylates IkB proteins in the classic pathway of

NF-kB activation, whereby ubiquitin-mediated degradation
of IkB allows nuclear translocation of NF-kB, where it
functions as a key transcriptional regulator of cellular
inflammatory mediators. Among endothelial genes trans-
activated by NF-kB are those involved in inflammation (for
IL-1, TNF-α and IL-6) and leukocyte adhesion (for
E-selectin, ICAM-1 and vascular cell adhesion molecule-1)
[6]. Supraphysiological levels of glucose induce rapid and
sustained NF-kB activation in HMEC and bovine aortic
endothelial cells in vitro [2, 3], and these effects are both
necessary and sufficient to cause insulin resistance and
reduce nitric oxide production by these cells. In the present
study we recapitulated the findings that glucose increases
phospho-IkBα within 1 h, increases NF-kB activation and
NF-kB-dependent gene transcription within 3 h of exposure
to 25 mmol/l glucose, and impairs endothelial cell insulin
signalling. Subsequently, we endeavoured to understand the
mechanism mediating these effects of glucose excess.

One mechanism proposed to mediate glucose-sensing in
endothelial cells involves mitochondrial ROS generation as
a consequence of increased metabolic supply of pyruvate
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and reducing equivalents for mitochondrial respiration [6].
Our findings, however, are inconsistent with this mecha-
nism of glucose sensing. Specifically, raising glucose to
concentrations seen in uncontrolled diabetes (25 mmol/l)
did not result in changes in cellular NAD(P)H or OCR, and
at concentrations >5 mmol/l glucose, OCR is <50% of
maximal. Both of these results suggest that increased
mitochondrial substrate flux does not mediate cellular
inflammatory responses to high glucose. In contrast, both
G6P levels and IkBα phosphorylation increased upon
exposure to excess substrate (high glucose or low glucose+
pyruvate). Thus rapid phosphorylation of IkBα in response

to excess substrate correlates with accumulation of G6P but
not with measures of mitochondrial respiration. These
observations suggest that alternative metabolic pathways
using G6P, such as the pentose phosphate shunt, cytoplasmic
ROS generation (via NADPH oxidase) or hexosamine bio-
synthesis, are candidates for the glucose-sensing mechanism
involved in IkBα activation. The biochemical factors
pertinent to these interpretations are now discussed.

Mechanisms governing the relationship between glucose
use and glucose availability In muscle and fat, the rate of
glucose uptake is controlled by both transport and phos-
phorylation of glucose. Control by the former dominates in
the fasting state when insulin levels are low, while the latter
dominates after a meal when insulin-stimulated glucose
transport is increased by five- to tenfold [23]. Glucose
transport in HMEC is mediated by GLUT1 [7] and is not
insulin-sensitive [8]. Since the observed Km for G6P in
response to exogenous glucose was much greater (about
3.5 mmol/l) than reported for HK I (approximately
0.05 mmol/l), the Vmax for glucose transport in HMEC is
likely to be substantially lower than HK, allowing the Km

for glucose transport to control the rate of glucose conversion
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to G6P. Although glycogen breakdown may contribute to
G6P levels, endothelial cells have low glycogen stores, and
G6P is barely detectable in the absence of exogenous glucose.
Somewhat unexpectedly, we observed that NAD(P)H, lactate
and OCR responses are unchanged at glucose concentra-
tions >5 mmol/l. The robust increase of OCR that we
observed with media containing pyruvate in addition to
5 mmol/l glucose, indicated that the TCA cycle is not
saturated at 5 mmol/l glucose. Rather, metabolic flux during
hyperglycaemia appears to be constrained by a rate-limiting
step in glycolysis distal to G6P, perhaps involving inhibition
of PFK, which converts G6P to fructose 6-phosphate (F6P).

G6P as a signal of cellular energy state The accumulation
of G6P during incubation of endothelial cells in supra-
physiological glucose suggests that downstream metabolic
steps are rate-limiting. The similar response observed with
the addition of pyruvate, a respiratory substrate, to media
containing physiological glucose concentrations could be
explained by feedback inhibition of PFK, which is a known
consequence of increased energy state (ATP/ADP) from
substrate-driven ADP phosphorylation [24]. Pyruvate could
also exert this effect by increasing levels of citrate, an
allosteric inhibitor of PFK [25]. Inhibition of PFK would in
turn lead to increased levels of the upstream intermediate,
G6P. Increased ATP generated by excess substrate avail-
ability may also lead by mass action to glucose phosphor-
ylation, overcoming inhibition of HK by G6P [26], and
availability of glucose at concentrations that exceed
metabolic requirements would lead to similar restriction of

glycolytic flow. Since reduced PFK activity (high glucose
or low glucose+pyruvate) with or without increased HK
flux (high glucose) favours accumulation of G6P, intracel-
lular G6P concentration may constitute a cellular signal of
excess glycolytic or mitochondrial substrate.

Previous reports have attributed increased intracellular
F6P levels in 30 mmol/l glucose to inhibition of glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (66% de-
crease) [5]. However, the near-equilibrium state of the
GAPDH reaction [27], combined with the 30-fold overca-
pacity of GAPDH activity [28], suggests that the observed
reduction of GAPDH activity would not significantly
reduce glycolytic flux. Irrespectively, G6P and the other
phosphorylated hexoses (glucose 1-phosphate and F6P) in
equilibrium with G6P are at a metabolic crossroads, where
the relative Km and Vmax of PFK, G6P dehydrogenase,
glycogen synthase and glutamine:F6P amidotransferase
(GFAT) determine their metabolic fates. Therefore, changes
in G6P are strategically positioned to link cellular energy
state with regulation of multiple functions of the cell.

Coupling energy state to pro-inflammatory response by
G6P The observation of coincident increases of G6P concen-
tration and phospho-IkBα in response to excess metabolic
substrates raises the possibility that inflammatory IkBα/
NF-kB signalling is regulated by one of several non-
glycolytic pathways using G6P. One candidate is the
hexosamine biosynthesis pathway that ultimately affects
cellular function via post-translational modification of proteins
by O-glycosylation [29, 30]. In most cell types, F6P and G6P

Table 1 Relationship between changes in G6P and IkBα activation, but not between changes in OCR and IkBα activation, in the presence of
various concentrations of glucose and pyruvate

Conditions Change in OCR
(nmol min−1 [105 cells]−1)

p value Change in G6P
(pmol/105 cells)

p value IkBα
activation

No substrate 0.028±0.008 <0.02 −14.5 <0.001 No
0 mmol/l glucose+
10 mmol/l pyruvate

0.032±0.002 <0.005 >−14.5a No

5 mmol/l glucose+0 mmol/l
pyruvate

0 0 No

5 mmol/l glucose+
10 mmol/l pyruvate

0.055±0.008 <0.005 4.4±0.8 <0.005 Yes

25 mmol/l glucose+
0 mmol/l pyruvate

−0.002±0.001 NS 4.4±1.8 <0.05 Yes

Data are means±SEM
Summary of measurements of G6P and steady-state OCR (from Figs 5, 6 and 8), and IkBα phosphorylation (from Figs 1 and 7)
IkBα was considered to be activated if an increase of threefold or greater was observed. OCR and G6P results were normalised relative to values
obtained at 5 mmol/l glucose
Paired t tests were used to determine statistical significance of differences in group mean values using Kaleidagraph (Synergy Software, Reading,
PA, USA)
a G6P in the absence of glucose was below the detection limit of the assay (<0.5 pmol/105 cells) and since the increase of G6P in presence of
10 mmol/l pyruvate was not detectable with an n=2, no statistical analysis was performed
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exist in an equilibrium ratio of 0.27 [31]. So assuming that
105 cells contain about 0.08 μl, it can be estimated that the
concentration of G6P in HMEC cells at 25 mmol/l glucose=
25 pmol/0.08 μl or 300 μmol/l, and so F6P is approximately
85 μmol/l. GFAT regulates the flux control step from F6P in
the hexosamine biosynthesis pathway. Since the Km of F6P
substrate for GFAT is 0.2–1.0 mmol/l [32], the concentration
of intracellular F6P is well below GFAT saturation, and
changes in G6P and F6P pools will translate linearly into
changes in flux through the hexosamine biosynthesis
pathway. As hexosamine biosynthesis has been associated
with vascular inflammation [33], changes in G6P produced
by excess substrate could act as a driving force.

It was previously reported for bovine endothelial cells
that the pentose phosphate shunt is a greater source of CO2

than the TCA cycle [12]. The greater sensitivity of CO2

production and G6P levels to hyperglycaemia relative to
OCR are consistent with increased pentose phosphate
shunt activity. Plasma membrane NADPH-dependent oxi-
dase has been reported as a source of ROS in high-glucose
conditions [34, 35]. Thus our data suggest that the pentose
phosphate shunt could supply cytosolic NADPH [36] to
NADPH-dependent oxidase, resulting in a rate of genera-
tion of ROS in the cytosol that would increase during
hyperglycaemia.

Unique sensing of substrate by cells exhibiting the Crabtree
effect Endothelial cells exhibit a paradoxical decrease of
OCR in response to glucose concentrations >0.1 mmol/l, a
phenomenon known as the Crabtree effect [37]. Although
often described as a unique characteristic of tumour cells
[38], it appears that many proliferative cell types [39],
including lymphocytes [40], fibroblasts (M. Gilbert and I.
Sweet, unpublished observations) and endothelial cells [41]
display this phenomenon in cell culture. Since deleterious
effects of hyperglycaemia have also been noted for each of
these cell types, the importance of this mode of metabolic
regulation for glucotoxicity warrants further study. We
speculate that the dependency of adverse responses to excess
glucose on G6P, but not NADH or OCR, may be a general
characteristic of cells that display Crabtree behaviour.

The hallmark of cells displaying the Crabtree effect is a
high rate of glycolytic ATP generation relative to mito-
chondrial ATP production [42]. Interestingly, this only
occurred at concentrations >0.1 mmol/l glucose, perhaps
because the effect does not occur until the energy demands
of the cell are met. At physiological levels of glucose,
glycolytic production of ATP is substantial and the rate of
electron transport (OCR) and mitochondrial ATP synthesis
in these cells are strongly inhibited. As a consequence of
the increased contribution of glycolysis to cellular phos-
phorylation potential (ATP/ADP/inorganic phosphate), the
main driving force for mitochondrial electron transport and

oxidative phosphorylation is reduced [43]. These consid-
erations are at odds with evidence from other cell types that
mitochondrial generation of ROS increases in high-glucose
media [44–46]. Mitochondrial ROS generation occurs by
transfer of electrons directly to molecular oxygen at
complex 1 and 3 of the electron transport chain [47], and
is often associated with increased oxidation of mito-
chondrial fuels. The operation of the Crabtree effect would
appear to minimise the contribution of ROS by this mech-
anism and favour the contributions from other aspects of
cellular glucose metabolism [48, 49], including via
increased NADPH oxidase activity.

Summary Inflammatory signalling via the IKKβ-NF-kB
pathway is induced in endothelial cells within minutes of
exposure to excess metabolic substrate, and occurs despite a
paradoxical decrease of oxidative mitochondrial metabo-
lism known as the Crabtree effect. This metabolic response
is observed in a variety of proliferating cell types that are
susceptible to glucose-induced inflammation and cytotox-
icity. Whereas a large literature implicates mitochondrial
ROS generation in the pathogenesis of cellular glucotox-
icity, our findings suggest non-glycolytic use of G6P as a
candidate mediator of this effect in human endothelial cells.
Potential mechanisms whereby increased levels of G6P
could contribute to glucotoxicity include increased flux
through the hexosamine biosynthesis pathway and/or the
pentose phosphate shunt, or increased ROS generation
involving cytoplasmic NADPH oxidase. Clarifying possi-
ble G6P-dependent mechanisms for IkBα activation, and
examining whether pro-inflammatory signalling by excess
glucose supply is a general feature of cells exhibiting a
Crabtree effect, is an important priority for future work. At
present, the implications of the study are limited to the
canonical activation of NF-kB by IkBα phosphorylation,
whereas it has been shown that alternative pathways of
NF-kB activation exist, such as through IkBβ phosphory-
lation [50]. In addition, we cannot rule out the possibility
that the relationship between G6P and NF-kB activation is
only correlative and not causal.
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