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Context: The concept of a “metabolic memory,” that is of diabetic vascular stresses persisting after
glucose normalization, has been supported both in the laboratory and in the clinic and in both type
1 and type 2 diabetes.

Evidence Acquisition: Using PubMed, we searched for publications on diabetic micro- and mac-
rovascular complications using terms such as persistence, prolongation, sustained, and “memory”
and focusing on the mechanistic basis behind this metabolic memory.

Evidence Synthesis: We found that as early as the mid-1980s this memory phenomenon was
described in diabetic animals and isolated cells exposed to high glucose followed by normalized
glucose and then, beginning around 2002, in results from large clinical trials such as the Diabetes
Complications and Control Trial–Epidemiology of Diabetes Interventions and Complications and
the United Kingdom Prospective Diabetes Study. Furthermore, mechanisms for propagating this
memory appear focused on the nonenzymatic glycation of cellular proteins and lipids and on an
excess of cellular reactive oxygen and nitrogen species, in particular originating at the level of
glycated mitochondrial proteins and perhaps acting in concert with one another to maintain stress
signaling independent of glucose levels.

Conclusions: The emergence of this metabolic memory suggests the need for early aggressive
treatment aiming to “normalize” metabolic control together perhaps with the addition of agents
which reduce cellular reactive species and glycation in order to minimize long-term diabetic
complications. (J Clin Endocrinol Metab 94: 410–415, 2009)

The epidemic of diabetes is a serious and growing public
health problem that results in reduced life expectancy and

increased morbidity due to disease-specific vascular complica-
tions. Despite significant recent advances in hyperglycemia treat-
ment, blood glucose monitoring, and markers of glycemic con-
trol, debilitating vascular complications remain in most diabetic
patients. In particular, whereas the role of glycemic control in
preventing the development of microvascular complications of
diabetes is clear for both type 1 and type 2 diabetes (1, 2), its role
for prevention of cardiovascular disease seems to be established
in type 1 diabetes but is still a matter of debate in type 2 diabetes.

Most recently, the results of the ADVANCE and the AC-
CORD trials raise the debate about whether extremely tight glu-

cose control is beneficial at all in diabetes (3, 4). Specifically, the
ADVANCE trial found that tight glucose control in type 2 dia-
betic patients involving gliclazide only resulted in decreased ne-
phropathy with no change in the incidence of retinopathy or
macrovascular complications (3). The results of the ACCORD
trial found that tight glucose control resulted in increased mor-
tality in high-risk type 2 diabetic patients (4). Conversely,
whereas the results of the United Kingdom Prospective Diabetes
Study (UKPDS) where unable to show a significant effect of strict
glycemic control on myocardial infarction (2), a recent follow-up
to the same study seems to confirm the utility of long-term hy-
perglycemic control in type 2 diabetes in preventing cardiovas-
cular disease (5).
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However, the question seems to be more complex and is not
simply related to the control of hyperglycemia. What is emerging
is that hyperglycemia has long-lasting deleterious effects both in
type1and type2diabetes and that glycemic control, if not started
at a very early stage of the disease, is not enough to completely
reduce complications.

In this review we seek to begin to address this question, first
with clinical and experimental evidence, then with a potential
mechanistic explanation, and finishing with a list of possible
agents that may be useful for therapeutic intervention.

Evidence for a Metabolic Memory of Vascular
Stress after Glucose Normalization

One way to explain this apparent discrepancy between glycemia
and diabetic complication incidence and severity is what has
been termed the “metabolic memory” (6), the idea that early
glycemic environment is remembered in the target organs (i.e.
eye, kidney, heart, extremities). The first investigation of such a
memory was reported over 20 yr ago by the laboratory of Kern
(7) in the retina of diabetic dogs who were switched to good
glucose control after either 2 months or 2.5 yr of poor control
and then analyzed at 5 yr after beginning the study. The animals
switched to good glucose control at 2 months had little evidence
of retinopathy, as did their control counterparts receiving good
glucose control throughout the study. In contrast, the animals
switched to good control at 2.5 yr had a similar incidence of
retinopathy as their control counterparts who received poor glu-
cose control throughout the 5-yr study. Just after this first study
was published, the laboratory of Lorenzi (8) showed that there
was a memory of basement membrane (collagen IV, fibronectin)
mRNA induction in isolated endothelial cells and in the kidneys
of streptozotocin (STZ)-induced diabetic rats 1 wk after glucose
normalization after 2 wk of high glucose. Hammes et al. (9) next
found that in a sucrose-fed diabetic rat model, islet transplan-
tation at 6 wk, but not 12 wk, after the onset of diabetes could
rescue aspects of diabetic retinopathy.

This metabolic memory phenomenon emerged, clinically,
when the results of a large type 1 diabetes clinical trial, the Di-
abetes Complications and Control Trial (DCCT) and its fol-
low-up Epidemiology of Diabetes Interventions and Complica-
tions (EDIC) trial, came to light. In the DCCT, type 1 diabetic
patients were placed on either standard or intensive treatment
regimens to normalize their glucose levels. Because the progres-
sion of microvascular complications was so profoundly reduced
in patients with intensive glucose control, the DCCT ended early
after a mean time of 6.5 yr and all patients were placed onto
intensive therapy (1). Then in the EDIC follow-up trial with the
same patient population, it was found that patients on the stan-
dard treatment regimen during the DCCT still had a higher in-
cidence of microvascular diabetic complications such as ne-
phropathy and retinopathy compared with their counterparts
receiving intensive therapy throughout the trial several years af-
ter switching to intensive therapy, despite the fact that the mean
glycated hemoglobin A1c levels of the groups were nearly equiv-
alent (10, 11). Furthermore, recent data from the EDIC also

suggest a persistent influence of early glycemic control on the
progression of macrovascular complications such as carotid in-
tima-media thickness and cardiovascular disease (6, 12).

The metabolic memory has also been shown to be present in
type 2 diabetes. Data from the follow-up of the UKPDS have
shown that type 2 diabetic patients, like type 1 diabetic patients
in the DCCT-EDIC, who were on the standard treatment regi-
men during the study still have a higher incidence of microvas-
cular and cardiovascular complications compared with their
counterparts receiving intensive therapy throughout the trial and
the follow-up period (5). This suggests that early metabolic con-
trol has enduring beneficial effects also in type 2 diabetes.

A Potential Link between Oxidative Stress and
the Metabolic Memory

The laboratory of Brownlee (13) has recently pointed to a rela-
tionship between an excess of superoxide anion (O2

�), a reactive
species associated with oxidative stress, in the mitochondria of
endothelial cells in response to hyperglycemia with the formation
of diabetic complications. This new insight further links this
hyperglycemia-driven superoxide excess with four key pathways
suggested to be involved in the development of diabetic compli-
cations—increasedpolyolpathway flux, increasedadvancedgly-
cation end-product (AGE) formation, activation of protein ki-
nase C, and increased hexosamine pathway flux—forming a
unifying hypothesis for the formation of diabetic complications
(reviewed in Ref. 14).

An apparent discrepancy between the hypothesis of super-
oxide excess and the metabolic memory phenomenon is that of
time. Superoxide, like most reactive species, is a fleeting molecule
with a half-life of at most minutes, whereas the metabolic mem-
ory can last years. A potential answer to this discrepancy is that
there are a number of cellular biochemical targets for superoxide
and similar reactive species including nucleic acids, proteins, and
lipids/lipoproteins with a long half-life. Once modified by reac-
tive species, these molecules can exert an altered cellular function
over a prolonged time.

As mentioned above, Brownlee (13) found that superoxides
emanating from the mitochondria were responsible for the del-
eterious effects of hyperglycemia on the vasculature. It is well
known that the mitochondria are the “powerhouses” of the cell,
and theyhave through theirproductionof energyasATPallowed
for the existence of large multicellular organisms such as humans
and have arguably allowed for us to exist in the oxygen-rich
environment of the earth’s atmosphere. The electron transfer
chain (ETC) or respiratory chain is responsible for this produc-
tion of ATP, and as its name implies, electrons are transferred
between the protein complexes of the ETC as part of energy
production. When the ETC becomes uncoupled or dysfunc-
tional, as in response to high glucose, electrons can be transferred
to molecules like oxygen (O2) forming superoxide (O2

�) and
other reactive species. These reactive species can interact with
mitochondrial proteins such as those of the ETC, and it has been
shown that certain reactive species such as peroxide (H2O2) and
peroxynitrite (ONOO�) can cross membranes and damage mac-
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romolecules in other parts of the cell (reviewed in Ref. 15). In-
deed, increased levels of 3-nitrotyrosine (3-NT), a reactive spe-
cies protein adduct, have been shown to be a marker of oxidative
stress in diabetic complications (16). Another unique property of
the mitochondria is mitochondrial DNA (mtDNA), which unlike
nuclear DNA is not tightly wound and compacted by chromatin,
but exists instead in a rather open conformation, making it es-
pecially susceptible to damage from reactive species (reviewed in
Ref. 17).

However, if excess reactive species are central in the devel-
opment of hyperglycemia-related diabetic complications, could
this excess explain the persistence of the risk for complications
even when hyperglycemia is reduced or normalized?

Indeed, there is a growing mass of evidence supporting the
role of oxidative stress in the metabolic memory phenomenon. In
STZ-induced type 1 diabetic rats, the laboratory of Kowluru (18)
has shown that reinstitution of good glucose control for 7
months after 2 months of poor control inhibited elevations in
retinal oxidized lipids but failed to have any beneficial effect on
3-NT induction. However, institution of good glucose control
for 7 months after 6 months of poor control had no significant
effect on retinal oxidative stress and 3-NT levels. In a similar
study, the same group (19) showed that caspase-3 activity, a
measure of apoptotic cell death, and nuclear factor �B (NF-�B),
a key oxidative stress inducible inflammatory marker, were in-
duced in the retina of diabetic rats kept in poor control for 13
months. Furthermore, reinstitution of good glycemic control af-
ter 2 months of poor control partially normalized the hypergly-
cemia-induced activation of caspase-3 and NF-�B, whereas the
reinstitution of good control after 6 months of poor control had
no significant effect on the activation of either caspase-3 or
NF-�B (19). More recently, Kowluru et al. (20) have further
supported and extended these findings by showing that 6 months
of poor glycemic control followed by 6 months of good glycemic
control showed no significant reduction in 3-NT levels in the
retina of STZ-induced diabetic rats compared with counterparts
receiving poor glycemic control throughout the study.

Furthermore, the functional role of oxidative stress in main-
taining the metabolic memory was recently confirmed by our
laboratories (21). Using the same design of the Roy et al. (8)
memory studies almost 20 yr earlier, namely 14 d of high glucose
followed by 7 d of normal glucose, data in endothelial and retinal
cells and in the retinas of STZ-induced diabetic rats show that an
overproduction of oxidative stress persists after the normaliza-
tion of glucose levels. Furthermore, this oxidative stress excess is
accompanied by a prolongation of the induction of the diabetic
complication markers protein kinase C-�, reduced nicotinamide
adenine dinucleotide phosphate oxidase, Bax, collagen and fi-
bronectin, in addition to 3-NT (21). For the first time, it was
definitively shown in endothelial cells that reducing intracellular
production of free radicals, particularly at the mitochondrial
level, was capable of switching off the metabolic memory (21).
Similar results have also been reported in diabetic rats, where the
antioxidant �-lipoic acid was given during the glucose normal-
ization period (21). Interestingly, a recent paper has described
how transient hyperglycemia (6 h) induces long-lasting activa-
tion of epigenetic changes in the promoter of the NF-�B subunit

p65 in aortic endothelial cells both in vitro and in nondiabetic
mice, leading to increased p65 gene expression (22). Both the epi-
genetic changes and the gene expression changes persist for at least
6 d of subsequent normal glycemia, as do NF-�B-mediated in-
creases in monocyte chemoattractant protein 1 and vascular cell
adhesion molecule 1 expression (22). Furthermore, hyperglycemia-
induced epigenetic changes and increased p65 expression were pre-
vented by reducing mitochondrial superoxide production or super-
oxide-induced �-oxoaldehydes (22). These data are consistent with
apreliminary report showing thatoscillatingperiodsof12hofhigh
glucose induce extensive levels of oxidative stress mediated through
NRF2,NQO1,BAXandTIGARinendothelial cells, and this stress
results in a cellular memory effect (23).

A recent study from our laboratory (24) has confirmed in type
1 diabetic patients that endothelial dysfunction, a causative
marker of diabetic complications (reviewed in Ref. 25), persists
even after normalizing glycemia. For the first time, this study has
also been able to show that combining antioxidant therapy (vi-
tamin C) with the normalization of glycemia can be used to
almost interrupt endothelial dysfunction (24). The role of oxi-
dative stress in this phenomenon appeared crucial: after 12 h of
normalization of glycemia alone or after 12 h of vitamin C
treatment alone, 3-NT levels remained increased and endo-
thelial function was still altered, whereas combining glycemic
control with vitamin C treatment normalized 3-NT levels and
endothelial function (24). A similar memory effect has also
been reported in a human study looking at the impact of glu-
cose fluctuation on endothelial function and oxidative stress
generation (26). Two periods of high glucose (10 and 15
mmol/liter) were able to induce a memory in endothelial dys-
function in normal subjects (26).

Role of AGEs in the Metabolic Memory

As mentioned above, it is reasonable to begin with the mito-
chondria as important players in propagating the metabolic
memory. Along with oxidative stress, chronic hyperglycemia is
thought to alter mitochondrial function through the glucose
modification (glycation) of mitochondrial proteins. Specifically,
levels of methylglyoxal (MGO), a highly reactive �-dicarbonyl
by-product of glycolysis, are increased in diabetes (27). MGO
readily attacks cellular proteins (28) and nucleic acids (29), in-
ducing the formation of a variety of what are termed “advanced
glycation end-products” (AGEs), known to play a causative role
in diabetic complications (reviewed in Ref. 30). Furthermore,
MGO has been shown to inhibit mitochondrial respiration, and
MGO-induced modifications have been shown to target specific
mitochondrial proteins (31). These premises are important be-
cause a recent study for the first time has described a direct
relationship between the AGE modification of mitochondrial
proteins, the decline in mitochondrial function, and the excess
formation of mitochondrial reactive species (32).

Specifically, mitochondrial respiratory chain proteins that
underwent glycation were prone to produce more superoxide,
independent of the level of hyperglycemia (32). Finally, oxidative
stress may alter mitochondrial protein expression (33, 34) and
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turnover (35), and AGEs are capable of inducing reduced nico-
tinamide adenine dinucleotide phosphate, which in turn can gen-
erate more free radicals (36).

Turning back to the clinical scenario, in the DCCT trial, AGE
formation was examined in type 1 diabetic patients who under-
went a skin biopsy 1 yr before the close of the trial (37). Com-
pared with conventional treatment, intensive treatment was as-
sociated with significantly lower levels of AGEs. Furthermore,
the 10-yr incidence of retinopathy and nephropathy were sig-
nificantly associated with the levels of AGEs in the EDIC (37).
Another important point is the clinical evidence that the incli-
nation of proteins, particularly collagen, to be glycated was
found to be independent of the actual ambient glucose level (38).
Although glycated hemoglobin A1c may be partially enzymati-
cally deglycated, such a reaction has not yet been found for other
AGEs (38). Therefore, it is possible that mitochondrial AGE
formation is an essentially irreversible phenomenon and could be
responsible for the long-term nature of the metabolic memory.

Finally, evidence suggests that AGEs and the receptor for AGE
called “RAGE” may be involved in the metabolic memory. There
is a growing body of evidence that engagement of RAGE with
AGEs elicits oxidative stress (39). Binding of AGEs to RAGE
results in generation of intracellular reactive oxygen species
(ROS) generation and subsequent activation of the redox-sen-
sitive transcription factor NF-�B in vascular wall cells, which
promotes the expression of a variety of vascular damage genes
including RAGE itself (40). Taken together, AGE modification
of mitochondrial respiratory chain proteins can lead to excess
reactive species. As mentioned in the oxidative stress section
above, this can lead to a catastrophic cycle of mtDNA damage as
well as functional respiratory chain decline, which further trig-
gers reactive species generation and cellular injury. This aids in
maintaining the activation of the pathways involved in the
pathogenesis of diabetic complications via a metabolic memory
nowindependentof glucose levels.Thishypothesis is represented
in Fig. 1.

FIG. 1. Intracellular hyperglycemia induces overproduction of superoxide, a ROS, at the mitochondrial level as a possible cause of the metabolic memory of
hyperglycemic stress after glucose normalization. Overproduction of ROS is the first and key event in the activation of all other pathways involved in the pathogenesis
of diabetic complications, such as polyol pathway flux, increased AGE formation, activation of protein kinase C, and increased hexosamine pathway flux. Mitochondrial
proteins are glycated in hyperglycemia, and this effect induces mitochondria to overproduce superoxide anion, a condition that does not depend on glycemic levels.
Binding of AGEs to RAGE results in generation of intracellular ROS generation, which promotes the expression of RAGE themselves. mtDNA may influence gene
expression and at the same time may contribute to an overgeneration of free radicals at the mitochondrial level. These self-maintaining conditions, leading to a
persistent oxidative stress generation independent of the actual glycemic levels, may contribute to the appearance of the metabolic memory.
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Therapeutic Implications and Future Prospects

The possibility of “switching off” the metabolic memory could be,
in the near future, an important strategy for the prevention of dia-
betic complications. Because oxidative stress seems to be a key
player in the phenomenon, the use of antioxidants would be theo-
retically useful. However, it is well established that clinically avail-
able antioxidants do not have any beneficial effects in diabetes, at
least at doses used in the available trials (41). However, it has al-
ready been suggested that a new therapeutic strategy would be the
prevention of the overproduction of free radicals rather than scav-
enging those already produced (42). In this scenario, a possible
strategy might be to reduce AGE formation, RAGE expression, and
oxidative stress generation concomitant with glucose normaliza-
tion. Several clinically used compounds have already shown the
capacity of blocking AGE formation. The antidiabetic agents met-
formin and pioglitazone have been shown in vitro to prevent AGE
formation (43). Furthermore, the antihypertensive drugs angioten-
sin-convertingenzyme inhibitors andangiotensin receptor-1block-
ers (ARBs) are also capable of reducing AGE formation (44). In-
deed, telmisartan, an ARB, has been shown to down-regulate
RAGE mRNA levels and subsequently inhibit generation of super-
oxide (45). Interestingly, thesedrugsalsoworkasantioxidants, and
at least for the ARBs, there is evidence that a specific action exists
against hyperglycemia-induced oxidative stress and the metabolic
memory (46, 47). Additionally, an oral antidiabetic compound,
gliclazide, themaindrugused in theADVANCEstudy (3),mayalso
be potentially beneficial in abolishing the memory, as has been
found in cultured endothelial cells (48). Finally, an interesting op-
tion would be the use of benfotiamine, a B vitamin (thiamine) de-
rivative, which has been capable both in vitro and in vivo of inhib-
iting the activation of the pathways induced by superoxide in
response to high glucose (49, 50).

Putting this together, one could envision a future strategy
consisting not only in an early aggressive treatment of hypergly-
cemia, but with the simultaneous use of compounds active on
AGE formation, together with compounds capable of specifi-
cally targeting mitochondrial reactive species. This strategy,
which clearly must be validated with further studies, has the
potential to reduce the deleterious metabolic memory effect of
hyperglycemia on diabetic complications.
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