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The results of large‑scale clinical trials of key im‑
portance to contemporary diabetology, including 
DCCT (Diabetes Control and Complications Tri‑
al), UKPDS (United Kingdom Prospective Diabe‑
tes Study) and STENO‑2, have provided evidence 
that intensive treatment of chronic hyperglyce‑
mia started in the initial stage of diabetes melli‑
tus yields beneficial outcomes of long‑term du‑
ration.1‑3 In patients who had been previously in‑
tensively treated, a significant decrease in the rate 
of chronic diabetes complications has been ob‑
served. On the other hand, a delay in effective 
treatment of hyperglycemia in a diabetic patient 
may cause a wide spectrum of adverse bio logical 
reactions in vascular endothelial cells. These 
processes cannot be stopped at later stages even 
if normal glucose levels are achieved. They lead 
to endothelial dysfunction, and to the irrevers‑
ible morpho logical alterations typical for diabet‑
ic micro‑ and macroangiopathy.

This particularly negative phenomenon has 
been defined as metabolic memory.4,5 Potential 
existence of such memory was suggested in the 
1980s.6 These reports indicated that hypergly‑
cemia‑induced meta bolic stress left permanent 
vascular abnormalities in the target organs (e.g. 
the retina, kidneys, heart and lower extremities) 

despite achieving good glycemic control. Since 
then, the hypothesis of meta bolic memory has 
been supported by the results from numerous 
experimental and clinical studies involving pa‑
tients with types 1 and 2 diabetes.

Preclinical evidence One of the first trials which 
suggested a prolonged negative effect of hyper‑
glycemia on blood vessels despite achieving tight 
glycemia control was conducted by Engerman 
and Kern.6 The aim of this study was to evaluate 
whether improved meta bolic control could inhibit 
the progression of retinopathy in dogs with allox‑
an‑induced diabetes mellitus. Diabetic dogs were 
categorized into three groups according to gly‑
cemic control: the first with poor control for 5 
years, the second with hyperglycemia for 2.5 years 
and with good control for the next 2.5 years, and 
the third with good control achieved by insulin 
administration and maintained during 5 years of 
observation. The reference group comprised non‑
diabetic dogs. It was observed that the introduc‑
tion of intensive glucose level lowering treatment 
during 2 months since diabetes induction inhibit‑
ed the development of microaneurysms and oth‑
er histopatho logical lesions in the retinal vessels. 
However, such response was not observed when 
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AbsTRACT

There is growing evidence that early, intensive treatment of new‑onset diabetes mellitus aimed at tight 
glucose control reduces the risk of micro‑ and macrovascular complications. Metabolic memory is 
a term used to describe beneficial effects of immediate intensive treatment of hyperglycemia and 
the observation that they are maintained for many years, regardless of glycemia in the later course 
of diabetes. This phenomenon was first observed in preclinical studies and was later confirmed in large 
clinical trials. It has been suggested that early glycemia normalization can halt hyperglycemia‑induced 
patho logical processes associated with enhanced oxidative stress and glycation of cellular proteins 
and lipids. The phenomenon of meta bolic memory suggests that antioxidants and agents degrading 
advanced glycation end products in addition to strict hypoglycemic treatment can be used to prevent 
chronic diabetic complications.
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concentrations increased by 30% in the animals 
after 12 months of poor glycemic control and was 
2.5‑fold higher in isolated retinal microvessels 
compared to non diabetic rats. In the poorly con‑
trolled animals almost 4‑fold increase in the num‑
ber of acellular capillaries, 50% decrease in su‑
peroxide dismutase activity and 25% decrease 
in total antioxidant capacity were noted. Achieve‑
ment and maintenance of normoglycemia after 6 
months of poor meta bolic control did not reverse 
patho logical changes in retinal vessels induced by 
prolonged hyperglycemia. These observations sug‑
gest that apart from excess of free radicals and ox‑
idative stress, peroxynitrite accumulation, protein 
nitration in the whole retina and in the capillar‑
ies, as well as impaired ability to neutralize free 
radicals generated in response to high glucose lev‑
els in the mitochondria of endothelial cells, play 
a significant role in the phenomenon of meta bolic 
memory. Normalization of carbohydrate meta‑
bolism after a few‑month exposure of the retina 
to high glucose levels did not inhibit the devel‑
opment of hyperglycemia‑induced histopatho‑
logical lesions in the capillaries.

An inter esting study by Kowluru et al. con‑
firmed the association between the time needed 
to achieve normal blood glucose level and the per‑
sistence of bio chemical changes induced by hy‑
perglycemia in rats.9 There were no marked dif‑
ferences in the levels of oxidative stress mark‑
ers in the renal cortex and urine of the rats with 
good metabolic control achieved shortly after in‑
duction of diabetes, compared to nondiabetic rats. 
Achievement of good control after 6 months did 
not change the values of evaluated para meters. 
These results suggest that oxidative stress in tis‑
sues and organs of diabetic animals could be 
prevented by early initiation of tight glycemic 
control.9

In a study on diabetic, sucrose‑fed rats Hammes 
et al. demonstrated that transplantation of isolat‑
ed Langerhans islets after 6 weeks since the on‑
set of disease inhibited diabetic retinopathy. Is‑
let transplantation after 12 weeks of diabetes did 
not have equally positive effects. These findings 
confirm what other researchers have already sug‑
gested, namely that the earlier and more effec‑
tive meta bolic control, the lower the risk of neg‑
ative effects of meta bolic memory and of vascu‑
lar complications.10

The hypothesis of meta bolic memory has been 
supported by another experiment involving dogs 
on a 30% galactose diet. After 24 months, one 
group returned to a standard diet and the second 
continued to receive galactose. After 60 months 
the animals were sacrificed and their retinas ex‑
amined. Patho logical changes typical of diabetic 
retinopathy occurred despite completion of ga‑
lactose administration.11

A study by Robinson et al. corroborates 
the above findings showing that thickening 
of retinal capillary basement membrane in rats  
on a 4‑ or 8‑month 50% galactose diet was in‑
hibited when a potent aldose reductase inhibitor 

strict meta bolic control was introduced after 2.5 
years of hyperglycemia. The results indicate that 
progression of diabetic retinopathy may be in‑
hibited when the treatment of diabetes mellitus 
is initiated as early as possible. 

A study conducted by Kowluru et al. in Wistar 
rats yielded similar results. The aim of the study 
was to investigate whether achieving good gly‑
cemic control after a relatively short exposure 
to high glucose levels alters the level of oxida‑
tive stress in the retina.7 Diabetes mellitus was 
induced by intraperitoneal streptozocin admin‑
istration and the rodents were protected against 
ketoacidemia and body mass loss by insulin in‑
jections. In two groups of rats the treatment was 
administered to maintain poor meta bolic con‑
trol (glycated hemoglobin [HbA1c] >11%) for 2–6 
months. Subsequently, the insulin therapy was 
intensified so that satisfactory meta bolic control 
could be achieved (HbA1c <5.5%) and maintained 
for the next 7 months. The reference groups in‑
volved rodents that remained under poor or good 
meta bolic control for 13 months. The experiments 
demonstrated an increase in lipid peroxide levels 
and a significant decrease in glutathione levels 
in the retinas of rodents with poor meta bolic con‑
trol. Additionally, poor meta bolic control was ac‑
companied by an increase in nitric oxide (NO) lev‑
els, inducible NO synthase (iNOS) expression and 
peroxynitrite formation. Reinstitution of good 
meta bolic control improved retinal lipid perox‑
ide and NO levels in the rats which were hyper‑
glycemic for 2 months. A further decrease in glu‑
tathione levels in the retina and a significant ef‑
fect on nitrotyrosine levels were not observed. 
Normalization of glucose meta bolism in rats that 
were hyperglycemic for 6 months did not have 
a significant effect on the levels of oxidative stress 
markers and NO in the retina. The iNOS expres‑
sion and nitrotyrosine accumulation in the ret‑
inas of these animals were ≥80% greater than 
in the groups with good control. The data con‑
firmed that patho logical lesions in retinal capil‑
laries, induced by hyperglycemia‑related oxida‑
tive stress and by nitrogen molecules, might occur 
after a relatively short exposure to high glucose 
(after 6 months these changes become irrevers‑
ible). The data also indicated that hyperglycemia‑

‑induced bio chemical alterations in the retina 
were hardly reversible. A chance of achieving such 
a beneficial effect depends on the duration of poor 
meta bolic control prior to its improvement.

Another trial which might further support 
the theory of meta bolic memory was performed 
on Lewis rats with streptozocin‑induced diabe‑
tes.8 One group of animals was subjected to 12 
months of poor glycemic control (HbA1c >12%). 
In the other group, 6 months of poor glycemic 
control was followed by 6 months of tight con‑
trol (HbA1c <6%). The reference group comprised 
nondiabetic rats. At the end of the study, the ni‑
trotyrosine level, total antioxidant capacity and a 
number of acellular capillaries in the retina were 
measured. It was shown that total nitrotyrosine 
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years of follow ‑up. In patients intensively treat‑
ed with sulphonylureas and insulin, the rate 
of microangiopathic complications was reduced 
by 24% (p = 0.001), macroangiopathic compli‑
cations by 9% (p = 0.04), myocardial infarction 
by 15% (p = 0.01) and all‑cause death by 13% 
(p = 0.007). In obese patients treated with met‑
formin, the incidence of any diabetes‑related end‑
point decreased by 21% (p = 0.01), myocardial in‑
farction by 33% (p = 0.005) and death from any 
cause by 27% (p = 0.002). It should be emphasized 
that as early as after 1 year of the extended phase, 
there were no significant differences in HbA1c lev‑
els between intensive and conventional treatment 
groups. It indicates that the positive effects ob‑
served in the extended phase of the UKPDS tri‑
al were not closely associated only with HbA1c 
levels. Most likely, the memory of good meta‑
bolic control in the initial stage of type 2 diabe‑
tes mellitus was one of the most important fac‑
tors. Holman et al. defined the phenomenon ob‑
served in the extended phase of UKPDS trial as 
the “legacy effect”. It refers to the extended pos‑
itive effects of good meta bolic control achieved 
in the early stage of type 2 diabetes mellitus.14 
The legacy effect augments the patients’ chance 
for a significant reduction in micro‑ and macro‑
vascular risk.

The results from the extended phase of the 
STENO‑2 trial provide compelling evidence that 
an effective management of hyperglycemia, ele‑
vated blood pressure and lipid disorders has ben‑
eficial effects.15 The study showed that despite 
the lack of significant differences in cardiomet‑
abolic risk factors, including HbA1c, systolic and 
diastolic pressure, triglyceride, total cholesterol 
and LDL‑cholesterol levels, a substantial differ‑
ence in the incidence of defined endpoints was 
maintained over many years, with much better 
outcomes in the intensive treatment group.15

Another study which indicated the relevance 
of early good glycemic control was conducted 
by Chen et al. on patients with new‑onset type 
2 diabetes. After 10–14 days of intensive insu‑
lin therapy, the patients were scheduled for fur‑
ther treatment with insulin or oral antidiabetic 
drugs. At 6 months, the HbA1c level was signif‑
icantly lower and β‑cell function more efficient 
in the insulin group compared to the oral treat‑
ment group.17

A coincidence of results, indicating the bene‑
ficial effect of early intensive therapy on the rate 
of chronic complications in types 1 and 2 dia‑
betes, leads to the concept that the phenom‑
enon of meta bolic memory is now not merely 
a hypothesis but a clinically relevant bio logical 
mechanism.

Clinical evidence suggests that it is easier 
to prevent the unwanted effect of meta bolic mem‑
ory in patients with type 1 diabetes than in those 
with type 2 diabetes. It results from the fact that 
type 2 diabetes is preceded by a long period of pre‑
diabetes, usually lasting a few years, and then 
by asymptomatic phase of diabetes mellitus. Over 

in combination with galactose (primary preven‑
tion) was used. If the administration of aldose 
reductase inhibitor or withdrawal of the galac‑
tose diet occurred after 4 or 8 months (second‑
ary prevention), the effects of such inter vention 
were less pronounced and considerably delayed. 
These findings support the concept of the benefi‑
cial effect of a rapid, preventive reduction of hy‑
perglycemia, and indicate that delayed aggressive 
inter vention is far less effective.12

Clinical evidence The results of the extended 
phases of the landmark clinical trials13‑15, which 
included patients with types 1 or 2 diabetes mel‑
litus, also indicate that meta bolic memory does 
exist as previously suggested by the results of in‑
terventional studies (TAbLE 1).

The purpose of DCCT study sought to investi‑
gate whether intensive insulin therapy had advan‑
tage over conventional treatment in terms of its 
impact on the chronic complication rate in type 
1 diabetes. The researchers decided to pretermi‑
nate the trial after approximately 6.5 years when 
they observed that the incidence of retinopathy 
was significantly lower in the intensive treat‑
ment group compared to that on conventional 
treatment. The risk of retinopathy progression 
was reduced by 78.5% in patients who under‑
went primary prevention and by 64.5% after im‑
plementation of secondary prevention.16 A sig‑
nificant percentage of these patients took part 
in an 11‑year follow‑up study – EDIC (Epidemi‑
ology of Diabetes Interventions and Complica‑
tions).13 The study results showed that the inci‑
dence of the first composite cardiovascular end‑
point and the first non‑fatal myocardial infarc‑
tion, stroke or cardiovascular death was lower by 
42% and 57%, respectively, in patients undergo‑
ing intensive insulin therapy from the beginning 
compared to those treated conventionally. Such 
a substantial difference was observed despite sim‑
ilar HbA1c levels in the two groups.13

Evidence for the existence of the meta bolic 
memory was also provided by the extended 
phases of the UKPDS and STENO‑2 trials per‑
formed in patients with type 2 diabetes.14,15 The 
UKPDS study demonstrated that beneficial effects 
of 10‑year intensive glycemic control on microan‑
giopathy were maintained for the subsequent 10 

TAbLE 1 Major clinical trials supporting the hypothesis of metabolic memory – 
basic trial and extended phase

Trial Basic trial  Extended phase

mean duration (years) mean duration (years)

DCCT/EDIC 6.5 years (DCCT) 11 (EDIC)

UKPDS  10 (10.7)a 10

STENO‑2 7.8 5.5

a  Patients treated with sulphonylurea derivatives or insulin were followed for 
10 years, whereas the group treated with metformin was followed for 10.7 years.

Abbreviations: DCCT – Diabetes Control and Complications Trial, EDIC – Epidemiology 
of Diabetes Interventions and Complications, UKPDS – United Kingdom Prospective 
Diabetes Study
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intensifies expression of various adhesive mol‑
ecules, proinflammatory cytokines and growth 
factors. It also stimulates nuclear factor κB (NF‑
κB), which subsequently activates over 150 proin‑
flammatory genes in vascular cells, including tu‑
mor necrosis factor β (TNF‑β), inter leukin (IL)‑1, 
IL‑6, IL‑8, cyclooxygenase 2 and nitric oxide 
synthase.27,28

With an increased level of oxidative stress, syn‑
thesis of the extracellular matrix and production 
of plasminogen activator inhibitor‑1 increases, 
while production of prostacyclin decreases. Adhe‑
sion of leucocytes and platelets to the endotheli‑
um is accelerated. Activation and then migration 
of macrophages and lymphocytes into the sub‑
endothelial space is another factor that triggers 
the release of free radicals as well as hydrolytic 
enzymes and proinflammatory cytokines, includ‑
ing TNF‑α and IL‑1. Interaction of reactive oxy‑
gen species with NO leads to peroxynitrite pro‑
duction. This compound has strong oxidizing ef‑
fect on thiol and thioether groups and nitration 
effect on proteins, such as mitochondrial com‑
plexes I and IV, MnSOD (manganese superox‑
ide dismutase), GAPDH (glyceraldehyde 3‑phos‑
phate dehydrogenase) and voltage‑dependent 
anion channel. Furthermore, it decreases intra‑
cellular glutathione concentration and dam ages 
DNA strands.

Hyperglycemia and oxidative stress increase 
expression and serum concentration of meta llo‑
proteinases MMP‑2 and MMP‑9, which heightens 
the risk of chronic inflammation. All these pro‑
cesses worsen vascular contraction and relaxation, 
increase platelet activity and stimulate prolifer‑
ation of vascular smooth muscles. This in turn 
contributes to the development and progression 
of micro‑ and macroangiopathic lesions.29‑33

It has been demonstrated that high blood 
glucose levels inhibit endothelial production 
of NO, which causes abnormal vascular reactivi‑
ty and worsens perfusion of tissues and organs.34 
On the other hand, it was established that hyper‑
glycemia and the related oxidative stress increase 
iNOS activity, accelerating NO synthesis.35 It cre‑
ates conditions conducive to the damage of pro‑
teins of the mitochondrial electron transfer and 
reduction of peroxide detoxication and, conse‑
quently, glucose meta bolism is directed to polyol 
and hexokinase pathways. At the same time, in‑
tensified protein and lipid glycation, endotheli‑
al cell apoptosis, and vascular reactivity impair‑
ment occur.36,37 The toxic effect of hyperglycemia 
on tissues and organs is also associated with en‑
hanced AGE formation, which is often an irre‑
versible process.38 These molecules are formed 
as a result of non‑enzymatic reaction of reduced 
glucose with free amine groups of proteins, lip‑
ids and nucleic acids.

Intracellular protein glycation and AGE for‑
mation modify transcription of numerous 
genes, which increases mitochondrial produc‑
tion of free radicals as in the case of hyperglyce‑
mia.39 AGEs may create cross bonds with proteins 

several years, glucose levels exceed normal, which 
facilitates passive, insulin ‑independent intracel‑
lular transport of higher amounts of glucose, es‑
pecially in the endothelium, immune system as 
well as the central and peripheral nervous system 
cells. Typical clinical symptoms in type 1 diabe‑
tes mellitus usually develop rapidly, allowing ear‑
lier inter vention and normalization of glycemia. 
Thus, it may be assumed that the risk of “encod‑
ing” of hyperglycemic stress exerted on blood ves‑
sels in type 1 diabetes mellitus is probably lower 
than it is in type 2 diabetes mellitus.

Pathogenesis of meta bolic memory Many inves‑
tigators seek an answer to the question of why 
the effect of good glycemic control at an early 
stage of diabetes mellitus is maintained over 
many years after its discontinuation. A number 
of hypotheses have been developed (TAbLE 2).

It is believed that chronic hyperglycemia in dia‑
betic patients creates environment in which close‑
ly related patho logies may lead to the develop‑
ment of chronic diabetic complications (FIGURE). 
One of the key factors responsible for compli‑
cations in diabetes mellitus is an excessive pro‑
duction of free oxygen radicals in the mitochon‑
dria of the endothelial cells and an increase in ox‑
idative stress.18‑20 As it was mentioned above, 
the higher glucose levels in extracellular space, 
the higher the levels in the endothelial cells. High‑
er amount of glucose is meta bolized in the mi‑
tochondria of these cells, and more free radi‑
cals are produced. In these conditions, and with 
a simultaneous lower activity of endogenous 
systems that protect cellular structures against 
damage by these extremely active molecules, es‑
pecially peroxides, the level of oxidative stress 
increases.

A considerable amount of data support the fact 
that excessive production of the reactive oxy‑
gen species in the mitochondria is the first stage 
in a cascade of inter connected events leading 
to the development of chronic complications in di‑
abetes mellitus. Ceriello et al. defined this phe‑
nomenon as the vicious circle of meta bolic mem‑
ory.21 Free radicals released in excess in the mito‑
chondrial respiratory chain trigger many intra‑
cellular pathways, including activation of protein 
kinase C (PKC), increased polyol and hexamine 
pathway fluxes and increased advanced glyca‑
tion end products (AGEs) formation. In addition, 
free radicals may change expression of a number 
of genes involved in the pathogenesis of chron‑
ic diabetic complications.22‑26 Activated PKC 

TAbLE 2  Major hypotheses that account for the presence of metabolic memory

poor control of glycemia – an increased risk for tissue and organ damage 
as a result of enhanced oxidative stress or augmented production of advanced 
glycation end products

poor control of glycemia – an increased risk for renal damage, which in turn 
heightens the risk of cardiovascular events

poor control of glycemia – an increased risk for mitochondrial DNA damage 
by oxygen and nitrogen free radicals and advanced glycation end products



REVIEW ARTICLE  The role of “meta bolic memory” in the natural history of diabetes mellitus 497

normalization, may further reduce the produc‑
tion of free radicals and oxidative stress mark‑
ers in human endothelial cells and in the retina 
of diabetic rats. It was also demonstrated that 
the compounds inhibiting free radical generation 
outside the mitochondria only partially prevent 
the effect of meta bolic memory.20

Considering the phenomenon of meta bolic 
memory it has to be emphasized that not only 
uncontrolled hyperglycemia but also the abnor‑
mal values of other bio chemical (lipids) and hemo‑
dynamic (blood pressure) para meters play a cru‑
cial role in the development of diabetic compli‑
cations in the later stage of diabetes. Howev‑
er, substantial evidence shows that insufficient 
meta bolic control in the past causes numerous 
bio chemical reactions, which cannot be prevented 
later despite achieving normoglycemia. Numer‑
ous investigators including the Polish diabetolo‑
gist, Artur Czyżyk, strongly emphasized the ne‑
cessity of prompt preventive glucose lowering 
in patients with hyperglycemia.46

The most recent data indicate that some oral an‑
tidiabetic drugs exert a beneficial effect on the de‑
velopment of good meta bolic memory. Glyclaz‑
ide may serve as an example. A study on the en‑
dothelial cell culture collected from the human 
umbilical vein demonstrated that a few‑day expo‑
sure to elevated glucose levels (30 mmol/l) leads 
to increased reactive oxygen species, 8‑OHdG, 
nitrotyrosine, and caspase‑3 levels and reduced 
Bcl‑2 expression. Despite normalized glucose lev‑
el in the environment (to 5 mmol/l), the adverse 
effects of hyperglycemia were not abolished. How‑
ever, these effects were counteracted if glyclaz‑
ide was added to the culture prior to the expo‑
sure to a very high glucose concentration. A sim‑
ilar beneficial effect was not achieved by means 
of glibenclamide. Likely, the difference resulted 
from specific antioxidant properties of glyclaz‑
ide.23 Recent experimental studies have shown 
that some compounds that have the ability to 
decrease free radical and AGE production or in‑
crease AGE degradation may be even more effec‑
tive than free radical scavengers.47 It was report‑
ed that these compounds might have retino‑ and 
nephroprotective activity.45 

It is suggested that a number of drugs current‑
ly used in diabetic patients may probably prevent 

of the extracellular matrix, and thus change its 
function and structure. By binding to a suitable 
receptor (advanced glycation end product recep‑
tor, RAGE) in various cells, they send a signal 
for NF‑κB activation, which influences expres‑
sion of genes associated with diabetic complica‑
tions.23,35 Of note, AGEs may modify LDL choles‑
terol so that this lipid molecule undergoes oxida‑
tion more easily, becoming more atherogenic.40

Mitochondrial respiratory chain protein glyca‑
tion seems to be especially important in the con‑
cept of meta bolic memory.41 Excessive inflow 
of glucose and retention of AGEs in the mito‑
chondria activate and maintain overproduction 
of reactive oxygen species.

The results of a limited number of studies con‑
ducted to date indicate that AGEs accumulated 
in the skin of diabetic patients are a strong pre‑
dictor of survival. Elevated serum levels of AGEs 
correlate with heart failure and major cardio‑
vascular events, total mortality and mortality 
related to coronary artery disease.42 The EDIC 
study showed that incidence of retinopathy and 
neuropathy positively correlated with the level 
of AGEs. Based on this finding it has been sug‑
gested that AGEs reveal higher prognostic sig‑
nificance than duration of diabetes mellitus and 
HbA1c levels. It is because the risk associated with 
the accumulation of AGEs in the human body 
probably represents cumulative burden of hy‑
perglycemia, dyslipidemia, oxidative stress, and 
chronic inflammation.43,44 

Once the role of AGEs in meta bolic memo‑
ry and chronic diabetic complications was dem‑
onstrated, researchers were prompted to devel‑
op methods of AGE determination in different 
tissues and their elimination from the body (e.g. 
fluorescence, bio chemical, immuno logic, and 
mass spectrometry techniques). The latter may 
be achieved by using inhibitors of the cross‑links. 
One such inhibitor, aminoguanidine, has been 
found to inhibit neuropathy and retinopathy de‑
velopment in a diabetic rat model.45

The cycle of events in the vascular cells might 
suggest that oxidative stress, associated with 
delayed therapeutic intervention, is essential 
in the phenomenon of meta bolic memory.5 It was 
shown that the use of antioxidants, acting at mi‑
tochondrial level (e.g. α‑lipoic acid) after glycemia 

oxidative stress

hyperglycemia AGEs

protein (e.g. collagen) cross‑links
lipoprotein binding

interaction with RAGE

decrease in NO bioavailability 
increase in proinflammatory cytokine secretion

NTF oxidative
stress

chronic diabetic
complications

FIGURE  The vicious 
circle of metabolic 
memory. 
Abbreviations: AGE 
– advanced glycation 
end product, NO – nitric 
oxide, NTF – 
neurotrophic factors,  
RAGE – advanced 
glycation end product 
receptor



POLSKIE ARCHIWUM MEDYCYNY WEWNĘTRZNEJ  2009; 119 (7‑8)498

Gaede P, Lund‑Andersen H, Parving HH, et al. Effect of a multifactori‑15 
al inter vention on mortality in type 2 diabetes. N Engl J Med. 2008; 358: 
580‑591.

Diabetes  Control  and  Complications  Trial  (DCCT)  Research  Group. 16 
The relationship of glycemic exposure (HbAlc) to the risk of development 
and progression of retinopathy in the diabetes control and complications 
trial. Diabetes. 1995; 44: 968‑983

Chen HS, Wu TE, Jap TS, et al. Beneficial effects of insulin on glycae‑17 
mic control and β‑cell  function  in newly diagnosed type 2 diabetes with 
severe hyperglycemia after short‑term intensive insulin therapy. Diabetes 
care. 2008; 31: 1927‑1932.

Brownlee M. Biochemistry and molecular cell bio logy of diabetic com‑18 
plications. Nature. 2001; 414: 813‑820.

Brownlee M. The pathobiology of diabetes complications: an unifying 19 
mechanism. Diabetes. 2005; 54: 1615‑1625.

Ihnat MA, Thorpe JE, Kamat CD, et al. Reactive oxygen species me‑20 
diate a cellular  ‘memory’ of high glucose stress signalling. Diabeto logia. 
2007; 50: 1523‑1531.

Ceriello A,  Ihnat MA, Thorpe JE. Clinical review 2: The „metabolic 21 
memory”: is more than just tight glucose control necessary to prevent dia‑
betic complications? J Cin Endocrinol Metab. 2009; 2: 410‑415.

Quagliaro L, Piconi L, Assaloni R, et al. Intermittent high glucose en‑22 
hances apoptosis related to oxidative stress in human umbilical vein en‑
dothelial cells: the role of protein kinase C and NAD(P)H‑oxidase activation. 
Diabetes. 2003; 52: 2795‑2804.

Drzewoski J. Gliclazide, inflammation and atherosclerosis. Anti‑Inflam‑23 
matory & Anti‑Allergy Agents in Medicinal Chemistry. 2008; 3: 224‑230.

Wu WS, Tsai RK, Chang CH, et al. Reactive oxygen species mediated 24 
sustained activation of protein kinase C alpha and extracellular signal‑reg‑
ulated kinase for migration of human hepatoma cell Hepg2. Mol Cancer 
Res. 2006; 4: 747‑758.

Stitt AW. The role of advanced glycation in the pathogenesis of dia‑25 
betic retinopathy. Exp Mol Pathol. 2003; 1: 95‑108.

Xia P, Inoguchi T, Kern TS, et al. Characterization of the mechanism for 26 
the chronic activation of diacylglycerol‑protein kinase C pathway in diabe‑
tes and hypergalactosemia. Diabetes. 1994; 9: 1122‑1129.

Yereni KK, Bai W, Khan BV, et al. Hyperglycemia‑induced activation 27 
of nuclear  transcription  factor kappaB  in vascular smooth muscle cells. 
Diabetes. 1999; 48: 855‑861.

Marik PE, Raghavan M. Stress‑hyperglycemia,  insulin and immuno‑28 
modulation in sepsis. Intensive Care Med. 2004; 30: 748‑756.

Kowluru RA, Tang J, Kern TS. Abnormalities of  retinal meta bolism 29 
in diabetes and experimental galactosemia. VII. Effect of long‑term admin‑
istration of antioxidants on the development of retinopathy. Diabetes. 2001; 
50: 1938‑1942.

Koltai MZ, Hadhazy P, Posa  I, et al. Characteristics of coronary en‑30 
dothelial dysfunction in experimental diabetes. Cardiovasc Res. 1997; 34: 
157‑163.

Behar‑Cohen FF, Heydolph S FV, Droy‑Lefaix MT, et al. Peroxynitrite 31 
cytotoxicity on bovine retinal pigmented epithelial cells in culture. Biochem 
Biophys Res Commun. 1996; 226: 842‑849.

Halliwell B. What nitrates tyrosine? Is nitrotyrosine specific as a bio‑32 
marker of peroxynitrite formation in vivo? FEBS Lett. 1997; 411: 157‑160.

Kowalczyk E, Kopff A, Kopff M, et al.:  [Nitrogen oxide meta bolism]. 33 
Wiad. Lek. 2006; 59: 889‑893. Polish.

Marik PE, Raghavan M. Stress‑hyperglycemia,  insulin and immuno‑34 
modulation in sepsis. Intensive Care Med. 2004; 30: 748‑756.

Du X, Eldestein D, Dimmler S, et al. Hyperglycemia inhibits endotheli‑35 
al nitric oxide synthase activity by posttranslational modification at the Akt 
site. J Clin Invest. 2001; 108: 1341‑1348.

Sennlaub F, Courtois Y, Goureau O. Inducible nitric oxide synthase me‑36 
diates retinal apoptosis  in  ischemic proliferative retinopathy. J Neurosci. 
2002; 22: 3987‑3993.

Aulak KS, Koeck T, Crabb JW, et al. Dynamics of protein nitration 37 
in cells and mitochondria. Am J Physiol Heart Circ Physiol. 2004; 286: 
30‑38.

Wu X, Monnier VM. Enzymatic deglycation of proteins. Arch Biochem 38 
Biophys. 2003; 419: 16‑24.

Mullarkey CJ, Edelstein D, Brownlee M. Free radical generation by ear‑39 
ly glycation products: a mechanism for accelerated atherogenesis in diabe‑
tes. Biochem Biophys Res Commun. 1990; 173: 932‑939.

Lee AY, Chung SS. Contributions of polyol pathway to oxidative stress 40 
in diabetic cataract. FASEB J. 1999; 13: 23‑30.

Ihnat MA, Thorpe JE, Kamat CD, et al. Reactive oxygen species me‑41 
diate a cellular  ‘memory’ of high glucose stress signalling. Diabeto logia. 
2007; 50: 1523‑1531.

Genuth S, Sun W, Cleary P, et al. DCCT Skin Collagen Ancillary Study 42 
Group: Glycation and carboxymethyllysine  levels  in skin collagen predict 
the risk of future 10‑year progression of diabetic retinopathy and nephrop‑
athy in the diabetes control and complications trial and epidemiology of di‑
abetes inter ventions and complications participants with type 1 diabetes. 
Diabetes. 2005; 11: 3103‑3111.

AGE formation. These include pioglitazone, met‑
formin, benfotiamine, vitamin B derivatives, lipo‑
ic acid, acetylsalicylic acid and angiotensin II re‑
ceptor antagonists.19,48,49 However, clinical trials 
conducted to date have not provided sufficiently 
strong evidence for their efficacy and safety. 

In summary, the mechanism(s) of meta bolic 
memory have not been fully clarified. However, 
it has been well documented that poor metabol‑
ic control at the onset of diabetes leads to exces‑
sive generation of free oxygen radicals in the mi‑
tochondria of endothelial cells and overproduc‑
tion of AGEs. These changes activate a number of 
cellular pathways, which in turn increase the risk 
of micro‑ and macroangiopathic diabetic compli‑
cations. The meta bolic memory might be “pro‑
grammed” by early, intensive treatment of hy‑
perglycemia. A prompt and aggressive manage‑
ment of glycemia, blood pressure and lipid dis‑
turbances may significantly reducte the risk of 
chronic complications and premature death in 
diabetic patients. 
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sTREszCzEnIE

Coraz więcej danych wskazuje, że wczesne intensywne leczenie niedawno wykrytej cukrzycy, ukierun‑
kowane na rygorystyczną kontrolę glikemii, zmniejsza ryzyko powikłań o charakterze mikro‑ i makro‑
angiopatii. Korzyści wynikające z wczesnego  rozpoczynania  intensywnego  leczenia hiperglikemii 
i utrzymywanie się ich przez wiele lat, niezależnie od glikemii w dalszym okresie leczenia cukrzycy, 
określono mianem „pamięci meta bolicznej”. Zjawisko to, zaobserwowane początkowo w badaniach 
przed klinicznych, potwierdzono w dużych próbach klinicznych. Sugeruje się, że wczesna normalizacja 
glikemii prowadzi do zahamowania procesów pato logicznych zainicjowanych hiperglikemią, związa‑
nych ze zwiększeniem stresu oksydacyjnego oraz glikacją białek i lipidów komórkowych. Zjawisko 
pamięci meta bolicznej sugeruje możliwość wykorzystania anty oksydantów i środków rozbijających 
zaawansowane produkty końcowej glikacji w połączeniu ze ścisłą kontrolą hiperglikemii w prewencji 
przewlekłych powikłań cukrzycy.

sŁoWA KLUCzoWE
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produkty zaawanso‑
wanej glikacji, 
pamięć meta boliczna, 
stres oksydacyjny


