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Abstract
Aims/hypothesis Damage persists in HUVECs exposed to a
constant high glucose concentration long after glucose
normalisation, a phenomenon termed ‘metabolic memory’.
Evaluation of the effects of exposure of HUVECs to
oscillating high glucose on the induction of markers of
oxidative stress and DNA damage (phospho-γ-histone
H2AX and PKCδ) and onset of metabolic memory, and
the possible role of the tumour suppressor transcriptional
factor p53 is of pivotal interest.
Methods HUVECs were incubated for 3 weeks in 5 or
25 mmol/l glucose or oscillating glucose (24 h in 5 mmol/l
glucose followed by 24 h in 25 mmol/l glucose) or for 1 week
in constant 5 mmol/l glucose after being exposed for 2 weeks
to continuous 25 mmol/l high glucose or oscillating glucose.
Transcriptional activity of p53 was also evaluated in the first
24 h after high glucose exposure.
Results High constant glucose upregulated phospho-γ-
histone H2AX and protein kinase C (PKC)δ compared
with control. Oscillating glucose was even more effective
than both normal and constant high glucose. Both constant
and oscillating glucose resulted in a memory effect, which
was more pronounced in the oscillating condition. Tran-

scriptional activity of p53 peaked 6 h after glucose
exposure, showing a predicted oscillatory behaviour.
Conclusions/interpretation Exposure to oscillating glucose
was more deleterious than constant high glucose and
induced a metabolic memory after glucose normalisation.
Hyperactivation of p53 during glucose oscillation might be
due to the absence of consistent feedback inhibition during
each glucose spike and might account for the worse
outcome of this condition.
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Abbreviations
ATM Ataxia–telangiectasia mutated
γ-H2AX γ-Histone H2AX
HG High glucose
HG-M High glucose memory
NG Normal glucose
OSG Oscillating glucose
OsG-M Oscillating glucose memory
PKC Protein kinase C
PTEN Phosphatase and tensin homologue
PUMA p53 upregulated mediator of apoptosis
MDM2 Murine double minute oncoprotein
ROS Reactive oxygen species
TIGAR TP53-induced glycolysis and apoptosis

regulator

Introduction

Since vascular tissue is unable to regulate passive inflow of
glucose in a hyperglycaemic environment, the more glucose
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the endothelial cell is exposed to, the more is transported
within the cell [1, 2]. Glucose metabolism in hyper-
glycaemic conditions ultimately triggers the formation of
a very high number of electron donors, such as NADH and
FADH2 [3]. Inflow of such an elevated number of electrons
to the mitochondrial respiratory chain leads to an increase
in the voltage gradient across the mitochondrial membrane
and its default. Electrons at this point are donated to
molecules of oxygen, triggering the formation of a high
number of superoxide anions [2, 3]. These highly reactive
oxygen species (ROS) are then converted by the cellular
antioxidant machinery into other oxidants, such as hydro-
gen peroxide (H2O2) and peroxynitrite [4]. These molecules
propagate oxidative damage to all cellular compartments,
leading to lipid and protein oxidation [4].

Not surprisingly, one of the first consequences of
excessive superoxide formation at the mitochondrial level
is mitochondrial and genomic DNA damage [5, 6]. One of
the first cellular markers of DNA damage is phospho-γ-
histone H2AX (γ-H2AX) [7]. Its formation is induced by
activated protein kinase C (PKC) and ataxia–telangiectasia
mutated (ATM) proteins [8, 9]. This histone becomes
extensively phosphorylated within 1–3 min of DNA
damage and evidence strongly supports its role in focus
formation at sites of double-strand breaks [10]. Interesting-
ly, changes in chromatin structure accompanying double-
strand break repair are also related to the presence of this
phosphorylated histone [11].

ATM activation following genotoxic stress leads not
only to formation of phospho-γ-H2AX, but also to p53
phosphorylation [12, 13]. The role of the well known
tumour suppressor transcription factor p53 in diabetes has
long been undervalued. Research has recently focused on
p53 activation in human endothelial cells exposed to high
glucose levels [14], showing how p53-induced cellular
senescence in vascular cells might contribute to accelerated
ageing and atherosclerosis [15, 16]. Furthermore, studies
showed that inhibition of p53 activity in mouse adipose
tissue markedly decreased the expression of proinflamma-
tory cytokines and improved insulin resistance in mice with
type 2 diabetes-like disease. Conversely, upregulation of
p53 in adipose tissue caused an inflammatory response that
led to insulin resistance [17].

Activation of p53 triggers upregulation of genes
involved in apoptosis, such as PUMA (p53 upregulated
mediator of apoptosis; also known as BBC3) and PTEN
(phosphatase and tensin homologue) [18, 19], and in
senescence, such as p21 (also known as CDKN1A) [20],
and of its feedback inhibitor, murine double minute
oncoprotein (MDM2) [21]. Recently, it has also been shown
that p53 regulates glucose metabolism via Tp53-induced
glycolysis and apoptosis regulator (TIGAR) [22] and
insulin sensitivity via PTEN, the main negative regulator

of phosphorylation of the serine/threonine protein kinase
AKT [17]. Moreover, studies suggest that p53 might
perform its senescence and pro-apoptotic functions by
directly signalling the mitochondria and inducing cyto-
chrome c release [23, 24]. These data were confirmed by
experiments showing p53 mobilisation to the mitochon-
drial membrane during oxidative stress induced by hyper-
glycaemia, leading to changes in mitochondrial membrane
potential [25].

Interestingly, it has been shown that normalising the
external glucose level does not switch off this intracellular
pro-oxidant environment. This effect has been defined as
‘metabolic memory’ [26]. Studies on the metabolic memory
began some decades ago, when persistence in the high
production of basement membrane components (fibronec-
tin, collagen IV), long after high glucose levels were
normalised was shown in endothelial cells [27]. More
recently, Ihnat et al. [28] have shown in cultured endothelial
cells and in diabetic animals a ROS-mediated cellular
persistence of vascular stress after glucose normalisation,
involving persistent upregulation of markers of oxidative
stress and pathways consistently involved in the pathogen-
esis of diabetic complications.

All these studies involved prolonged exposure of
endothelial cells to constant high glucose levels. However,
oscillations in glucose levels, like those daily experienced
by diabetic patients, have been shown to have the most
deleterious effects on the vascular endothelium in various
studies [29, 30]. For this reason, assessing p53 activation
after prolonged exposure to constant and oscillating high
glucose might give us insights into the mechanisms by
which oscillations in glucose levels represent a more
detrimental condition compared with constant high glucose
exposure. Finally, this study also aims to evaluate whether
prolonged exposure to glucose oscillations might generate,
as well as constant high glucose, a metabolic memory when
glucose levels are normalised.

Methods

Subjects and ethics HUVECs were extracted from ten
umbilical cords obtained from patients of the Warwick
University Hospitals with written informed consent, in
accordance with local research ethics committee guidelines
and with local ethics committee approval.

Cell culture and glucose treatment HUVECs were grown
in MCDB-131 medium (Gibco Life Technologies, Grand
Island, NY, USA) with 15% (wt/vol.) FBS (Biosera,
Ringmer, UK), epidermal growth factor (10 ng/ml; Invi-
trogen, Paisley, UK), fibroblast growth factor (5 ng/ml;
Invitrogen) and penicillin/streptomycin (Invitrogen). Cells
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were incubated in five different conditions: (1) 3 weeks in
5 mmol/l glucose (normal glucose, NG), (2) 3 weeks in
25 mmol/l glucose (high glucose, HG), (3) 3 weeks in
oscillating glucose (24 h in 25 mmol/l glucose media
followed by 24 h in 5 mmol/l glucose; oscillating glucose
condition, OsG), or (4) 1 week in normal glucose (5 mmol/l)
after 2 weeks in oscillating high glucose (24 h in
25 mmol/l followed by 24 h in 5 mmol/l glucose;
oscillating glucose memory condition, OsG-M) and (5)
1 week in normal glucose (5 mmol/l) after being exposed
for 2 weeks to continuous high glucose (25 mmol/l; high
glucose memory condition, HG-M). In the controls,
20 mmol/l of mannitol (Sigma, St Louis, MO, USA)
was added to normalise osmolarity. Fresh medium was
added to the cells every day and 12 h before the end of
the experiments. Protein from the OsG conditions was
collected while the cells were in HG medium. This
design is described in Fig. 1.

Western blotting Whole-cell lysates were made using M-
PER lysis buffer (Pierce, Rockford, IL, USA) and contain-
ing protease inhibitor cocktail (EMD Bioscience, Gibbs-
town, NJ, USA) and phosphatase inhibitors (Sigma). Equal
amounts of protein lysates (20 or 30 μg); determined using
the Micro BCA Protein Assay Kit (Pierce) were separated
using 8–12% (wt/vol.) SDS-PAGE gels, transferred to
0.2 μmol/l nitrocellulose (Schleicher and Schuell, Keene,
NH, USA), blocked in SuperBlock (Pierce), incubated with
primary antibodies, either overnight at 4°C or for 2 h at

room temperature, washed three times in Tris-buffered
saline to which 0.25% Tween-20 secondary antibodies (Cell
Signaling Technology, Danvers, MA, USA) had been
added, washed again with 0.25% Tween-20, to which Super-
Signal Dura chemiluminescence substrate (Pierce Chemical)
had been added and subjected to digital imaging using a
charge-coupled device camera. In all cases, equal loading was
confirmed by probing blots against β-actin. Primary anti-
bodies and dilutions used were as follows: phospho p53 ser15
(1:800; Cell Signaling Technology); PUMA (1:1,000; Cell
Signaling Technology); p21 (1:1,000; Cell Signaling Tech-
nology); TIGAR (1:500; Abcam, Cambridge, MA, USA);
PKCδ (1:1,000; Cell Signaling Technology); phospho-γ-
H2AX (1:800; Cell Signaling Technology); and Actin
(1:2,000; Cell Signaling Technology).

Extraction of RNA and quantitative RT-PCR RNA was
extracted from whole cells (RNeasy Lipid Tissue Kit;
Qiagen, Crawley, UK), which included a DNase (Sigma)
digestion step to remove any contaminating genomic DNA.
RNA (1 mg) from each sample was reverse transcribed
according to the manufacturer’s instructions. Real-time
PCR was performed in a reaction buffer containing TaqMan
Universal PCR Master Mix (Applied Biosystems, Carlsbad,
CA, USA), 150 ng cDNA and a pre-optimised primer and
probe Gene Expression Assay (Applied Biosystems) spe-
cific for the genes. All reactions were multiplexed with the
housekeeping gene 18S, provided as a pre-optimised
control probe (Applied Biosystems). Data were obtained
as Ct values.

ROS fluorescence assay On the day preceding the end of
the experiment, HUVECs were plated at a density of 7,000
cells (70% confluence) on to white 96-well microplates
with clear bottoms in 5 mmol/l medium. At the end of the
experiment, medium was removed from the cells and
2 μg/ml of the cell-permeable CM-H2DCFDA probe
(Molecular Probes-Invitrogen, Eugene, OR, USA) in
Hanks’ balanced salt solution was added to each well of
the plates and incubated for 15 min at 37°C as previously
described [31]. Background levels of the CM-H2DCFDA
probe were assessed and subtracted from each reading.
Fluorescence intensity was then measured using a plate
reader (BMG Labtech, Durham, NC, USA) using 488 nm
excitation and 530 nm emission filters.

Statistical analysis SPSS version 14.0 (SPSS, Woking,
UK) was used to analyse data. Results are expressed as
mean±SD. Groups were compared using two-way
ANOVA, and the Bonferroni–Dunn post hoc test was
performed on raw data. The two-tailed Student’s t test
was used to assess differences between control and treated
samples. p<0.05 was considered statistically significant. At

14 days

High glucose Normal glucose

7 days

21 days

Oscillating glucose

21 days

Normal glucose or high glucose

Normal glucose

5. Continuous high glucose + NG: HG-M

3. Oscillating glucose (24 h HG/24 h NG): OsG 

1/2.  Continuous normal glucose (NG) or high glucose (HG)

14 days

Oscillating glucose

7 days
4. Oscillating glucose (24 h HG/24 h NG) + NG: OsG-M 

Experimental design

Fig. 1 Schematic representation of the five different conditions
examined in this study. Cells were exposed to (1) 3 weeks in
5 mmol/l glucose (NG); (2) 3 weeks in 25 mmol/l glucose (HG); (3)
3 weeks in oscillating glucose, i.e. alternating 24 h periods in HG and
NG (OsG); (4) 2 weeks of OsG followed by 1 week of NG (OsG-M);
(5) 2 weeks in HG followed by 1 week in NG (HG-M)
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least three independent experiments were performed in
triplicate to ensure reproducibility.

Results

Assessment of p53 activation in HUVECs exposed to
continuous high or oscillating glucose and its persistence
after glucose normalisation Initial Western blotting experi-
ments examined whether HUVECs exposed to chronic
oscillating glucose (OsG) would mediate differential upre-
gulation of the active form of p53 and downstream
signalling factors, compared with endothelial cells exposed
to NG and/or continuous HG. Additional studies examined
whether this upregulation in p53 would persist after 1 week
of glucose normalisation. We therefore measured p53
phosphorylation on serine 15, phosphorylation being
generated by ATM as a consequence of DNA damage
[13] (Fig. 2a). Changes in the following p53 downstream
signalling factors were measured: PTEN (Fig. 2a), a
mediator in apoptosis and the main cellular inhibitor of
AKT activation [19]; PUMA (Fig. 2c), which is involved in
apoptosis [18]; p21 (Fig. 2d), involved in the regulation of
growth and cellular senescence [20]; and TIGAR (Fig. 2e),
involved in apoptosis and the regulation of glucose
metabolism [22].

In the HG condition significant phosphorylation of p53
on serine 15 was observed compared with cells treated with
NG. Exposure of cells to OsG induced significant upregu-
lation of the phosphorylated form of p53 in comparison

with cells treated with HG (p<0.01) or NG (p<0.001). p53
activation remained significantly upregulated after 1 week
of glucose normalisation in cells previously exposed to
OsG-M (p<0.05), but not in cells exposed to HG-M.

Consequently, all p53-induced proteins examined
(PTEN, p21, PUMA and TIGAR) remained significantly
upregulated in cells treated with HG (PTEN, p<0.01;
PUMA, p21 and TIGAR, p<0.001) and OsG (p<0.001)
compared with cells exposed to NG. For PUMA, p21 and
TIGAR, significant protein expression upregulation was noted
in cells exposed to OsG compared with cells treated with HG
alone (p<0.01). With the only exception of PTEN, for which
significant upregulation compared with NG once glucose
levels were normalised was present in OsG-M (p<0.05) but
not in HG-M, all the p53-induced proteins examined were still
significantly upregulated compared with NG in both OsG-M
(p<0.01) and HG-M (PUMA p<0.03; p21 and TIGAR, p<
0.01). In particular, PUMA upregulation was significantly
higher in OsG-M compared with HG-M (p<0.02).

Assessment of oxidative stress markers in HUVECs exposed
to continuous high or oscillating glucose and their
persistence after glucose normalisation Western blotting
was used to assess other markers of oxidative stress
independently of p53. These studies examined the phos-
phorylated form of γ-H2AX on serine 139 [7] (Fig. 3a), as
a marker of DNA damage, and PKCδ, an isoform of PKC,
which has been shown to be upregulated following a
hyperglycaemic event that also induces oxidative stress [32]
(Fig. 3b).
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Both phospho-γ-H2AX (Fig. 3a) and PKCδ (Fig. 3b)
were significantly upregulated in cells treated with HG and
OsG compared with cells treated with NG (p<0.001). The
two oxidative stress markers also showed significant
upregulation in cells treated with OsG compared with cells
treated with HG (phospho-γ-H2AX, p<0.01; PKCδ, p<
0.05). Phospho-γ-H2AX remained significantly upregu-
lated after glucose normalisation in both OsG-M and HG-M
(p<0.01). Interestingly, phospho-γ-H2AX also showed
significant upregulation in cells treated with OsG-M
compared with cells treated with HG-M (p<0.05). PKCδ
remained significantly upregulated in OsG-M (p<0.001)
and HG-M (p<0.01) compared with cells treated with NG.

p53 transcriptional activity and MDM2 feedback inhibition
after glucose exposure To assess whether p53-induced gene
upregulation is limited in time by its feedback inhibition,
we investigated the expression of MDM2 and other p53-

induced genes (p21, PUMA and TIGAR) in the first 24 h
after constant HG exposure (Fig. 4). All genes induced by
p53 that were analysed in this experiment showed signif-
icant upregulation at 3, 6 (p<0.01) and 9 h (p<0.05)
compared with the control (0 h time point), and at 6 h
compared with 3, 9, 12 and 24 h (p<0.05). Significant
upregulation compared with the control was still present at
12 h for MDM2 and at 24 h for PUMA (p<0.05).

Intracellular ROS production in continuous high and
chronic oscillating glucose and after glucose normal-
isation Cells grown for 21 days in HG and OsG showed
significant upregulation of ROS production compared with
the control (Fig. 5; p<0.001). Significant upregulation of
ROS production was also observed in OsG compared with
HG (p<0.05).

ROS remained significantly upregulated compared with
the control following glucose normalisation in HG-M (p<
0.01). However, ROS production remained increased after
glucose normalisation even when cells were previously
exposed to oscillating glucose (OsG-M, p<0.001), showing
significant upregulation compared with HG-M (p<0.05).

Discussion

This study was able to confirm that a persistence, or cellular
memory, of high glucose stress exists after glucose levels
are normalised in endothelial cells, for oxidative stress
(ROS production, phosphorylated form of histone γ-H2AX
on serine 139, and PKCδ). However, this study shows for
the first time the persistence of oxidative stress even when
endothelial cells are exposed to a period of oscillating
glucose. Moreover, it also demonstrated that chronic high
glucose and oscillating glucose activate the tumour sup-
pressor p53 and several proteins that are regulated by p53.
This upregulation, except for PTEN, was more enhanced in
oscillating glucose than in constant high glucose. The
upregulation of p53 and of the related proteins persisted
even when cells were grown in normal glucose after
exposure to oscillating high glucose. Finally, it was evident
that 6 h of high glucose was enough to induce the activation
of p53 and of several related proteins.

Interestingly, this study confirmed that exposure to
chronic oscillation in the glucose level represents a more
detrimental condition for human endothelial cells compared
with constant high glucose [29, 30]. We observed that ROS
production and subsequently markers of DNA damage and
oxidative stress (other than those involved in the p53
pathway), such as phospho-γ-H2AX and PKCδ, are
significantly upregulated in oscillating glucose compared
with constant high glucose. Moreover, in endothelial cells
where glucose was normalised after prolonged exposure to
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oscillating high glucose, we observed higher expression of
these markers compared with cells that had been exposed to
constant high glucose levels.

It has been shown recently that intermittent high glucose
exacerbates the aberrant production of adiponectin and
resistin through mitochondrial superoxide overproduction
in adipocytes [33]. What generates this persistent dysfunc-
tion in the mitochondria after prolonged exposure to high
glucose levels and especially after glucose oscillations is
still not well understood.

Understanding the mechanism underlying the deleterious
effect of glucose oscillations on vascular cells is of pivotal
importance. While treatment in diabetic patients would help
to minimise daily marked oscillations in plasma glucose
values, in non-diabetic people glucose plasma concentra-
tions are always within a narrow range [34]. This has raised
the hypothesis that glucose variability, particularly after
meal ingestion, may favour the development of complica-
tions in diabetes [35, 36]. Furthermore, our data suggest
that glucose variability may also induce an even more
deleterious metabolic memory compared with constant high
glucose exposure. Persistence of epigenetic changes after a
period of days during which cells were exposed in vitro to
high glucose for only 16 h was first suggested by El-Osta et
al. [37], and by our group in vivo; in normal participants we
observed a carry-over effect of oscillating glucose in terms
of endothelial dysfunction and nitrotyrosine generation
[38]. While El-Osta et al. analysed the impact of the
memory effect after a spike of high glucose lasting a few
hours, we have tried to reproduce what might happen in

poorly controlled diabetic patients, in whom consecutive
long-lasting oscillations in glucose values are observed.

Interestingly, our data show hyperactivation of p53
during glucose oscillations and the study of p53 regulation
is therefore of particular interest during oscillating glucose
conditions. This transcription factor, as shown previously, is
characterised by oscillatory activity [39–41], due to p53-
induced upregulation and its feedback inhibitor MDM2. As
the data in Fig. 4 show, cells exposed to prolonged constant
high glucose adapt to this condition following activation of
the feedback inhibitor MDM2. On the other hand, glucose
oscillations, where MDM2 feedback inhibitory activity
cannot be sustained over time, are associated with signif-
icantly upregulated p53 activity and increased protein levels
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of p21, PUMA, PTEN and TIGAR. These proteins have
been shown to be responsible for cell growth arrest and
induction of apoptosis. In summary, in constant high
glucose, after a certain time and a certain number of p53/
MDM2 oscillations, a steady state is reached for these two
proteins, whereas under oscillating glucose conditions each
glucose spike results in strong p53 transcriptional activity
in the absence of established MDM2 inhibition. Interest-
ingly, upregulation of p53-induced proteins persisted even
after glucose normalisation and was higher when glucose
was normalised after exposure to oscillating glucose rather
than after exposure to constant high glucose. This might
occur because overactivation and subsequent increased
localisation of p53 in mitochondria [23, 24] during glucose
oscillations might induce worse mitochondrial function,
leading to greater mitochondrial dysfunction, subsequent
ROS production and DNA damage that persists even when
glucose levels are normalised.

Mitochondrial DNA damage persists after glucose
normalisation [42]. It is therefore possible that the persistent
upregulation of oxidative stress and DNA damage markers,
once the glucose level is normalised, might be caused by
the action of p53 on the mitochondria and thereby be
increased by glucose variability.

In conclusion, large randomised studies have established that
early intensive glycaemia control reduces the risk of diabetic
complications—both microvascular and macrovascular—in
both type 1 and type 2 diabetes [43]. However, epidemiological
and prospective data support a long-term influence of early
metabolic control on clinical outcomes [43]. This phenomenon
has recently been described as ‘metabolic memory’ [28].
Furthermore, evidence suggests that glucose variability may
also be an independent risk factor for cardiovascular
complications in diabetes [35, 36, 44–46]. In this study
we show that prolonged exposure to oscillating glucose
generates a more detrimental condition in terms of ROS
production, oxidative stress and DNA damage, leading to
a memory effect of higher intensity than exposure to
constant high glucose. We also show that p53 is over-
activated by glucose oscillation, probably due to subopti-
mal feedback inhibition during the low glucose phases,
and that its activation persists after glucose normalisation.
The effect of p53 activity on mitochondrial function,
which could be the cause of persistent damage when
glucose is normalised, should be further investigated.
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