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ABSTRACT

Chronic kidney disease of diabetic cause is a highly
prevalent complication in diabetes mellitus patients.
Complex phenotypes of the disease start to be recog-
nized, such as albuminuria (micro- or macroalbuminu-
ria) and non-albuminuric phenotype reduced glomer-
ular filtration rate <60 mL/min/1.73m?. Numerous
pathogenic pathways contribute to the development
of this disorder, as follows: the alterations of glucose
metabolism with excess degradation of glucose on al-
ternative pathways, hemodynamic changes, glomerulo-
sclerosis, inflammation. As this review demonstrates
once more, all these pathophysiological modifications
can be linked to hyperglycaemia. Both glomerular and
tubular interstitial lesions occur and contribute to dis-
ease progression. Adequate glycaemic control and an
early diagnosis of diabetes mellitus are key measures in
preventing this complication.
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REsumE

Epidémiologie et mécanismes pathophysiologiques
impliqués dans la modification de la fonction glomé-
rulaire chez les patients diabétiques

La maladie rénale chronique de cause diabétique est
une complication trés répandue chez les patients dia-
bétiques. Des phénotypes complexes de la maladie
commencent a étre reconnus, tels que I'albuminurie
(micro- ou macro-albuminurie) et le phénotype non
albuminurique réduit du taux de filtration gloméru-
laire <60 mL/min/1,73m?. De nombreuses voies pa-
thogenes contribuent au développement de ce trouble,
comme : les altérations du métabolisme du glucose
avec une dégradation excessive du glucose sur des
voies alternatives, les modifications hémodynamiques,
la glomérulosclérose, I'inflammation. Comme cette re-
vue le démontre une fois de plus, toutes ces modifica-
tions physiopathologiques peuvent étre liées 4 une hy-
perglycémie. Des lésions de I'interstice glomérulaire et
tubulaire se produisent et contribuent a la progression
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Abbreviations list

ACEI - angiotensin converting enzyme inhibitors
AGE - advanced enzymatic glycosylation

ARB - angiotensin receptor blockers

CKD - chronic kidney disease

DAG - diacylglycerol

DCCT- Diabetes Control and Complications Trial
DHAP - dihydroxyacetone phosphate DHAP

DM - diabetes mellitus

GFR - glomerular filtration rate

NF-kB - nuclear factor kappa activator of light chains
of activated B cells

NHANES - National Health and Nutrition
Examination Survey

PDGE-B - factor B subunit platelet-derived growth fac
tor

PKC - protein kinase C

SGLT2 - sodium-glucose type 2

TGFE-B1 - transforming growth factor-§1

TNF-a - tumour necrosis factor-o

UKPDS - United Kingdom Prospective Diabetes
Study

VEGF - endothelial vascular growth factor

INTRODUCTION. GENERAL ASPECTS REGARDING
CHRONIC KIDNEY DISEASE OF DIABETIC CAUSE

Chronic kidney disease (CKD) of diabetic cause
means loss of renal function as a consequence of
diabetes mellitus (DM), being defined as progressive
impairment of renal function in a diabetic patient
that can be documented by progressive albuminuria,
decreased glomerular filtration rate (GFR), increased
systolic blood pressure and/or diastolic blood pres-
sure and the occurrence over time of important
macrovascular complications such as acute coronary
event or stroke?. CKD of diabetic cause is a lead-
ing cause of disease burden in patients with diabe-
tes, considered in developed countries as the most
important cause of chronic end-stage renal disease,
with need for haemodialysis or renal transplant!?. In
type 1 DM patients, CKD generally is identified after
about 10 years of evolution of diabetes, while in type
2 DM patients, CKD can already be identified in 3%
of patients at the time of diagnosis'. The importance
of the permanent epidemiological, pathophysiologi-
cal, diagnostic and treatment research of CKD of
diabetic cause lies in its high prevalence, of over 40%
in patients from the United States of America (USA)
and the enormous costs it generates on the healthcare
systems of all countries?, being estimated that in the
USA, in 2011, the costs for patients with DM and
CKD were $ 25 billion (1). CKD of diabetic cause

is an ongoing challenge for researchers in diabetes

de la maladie. Un controle glycémique adéquat et un
diagnostic précoce du diabéte sucré sont des mesures
clés pour prévenir cette complication.

Mots-clés: ¢épidémiologie, diabéte, maladie rénale
chronique, fonction glomérulaire, insuline.

and kidney disease. If only recently the albuminuria
was considered absolutely necessary for the diagnosis
of diabetic kidney disease, today there are more and
more data about two phenotypes, an albuminuric
one, characterized by increased urinary excretion of
albumin, and a non-albuminuric one, characterized
by decreased GFR’. Also, in a patient with diabetes
there may be certain pathologies that produce CKD
independent of diabetes®. For the diagnosis of CKD,
the GFR should be calculated on the ground of se-
rum creatinine using a validated formula, preferably
the CKD-EPI equation"?. To identify a possible rapid
decrease in the GFR, this should be repeated at least
annually over a period of 3-5 years"?,

The diagnosis of CKD of diabetic cause is a
clinical one, based on the presence of persistent al-
buminuria (micro- or macroalbuminuria) and/or per-
sistent low GFR (<60 mL/min/1.73 m?), which cor
responds to the fact that the absence of albuminuria
is common in patients with renal dysfunction. Renal
biopsy is indicated in atypical presentations that sug-
gest the presence of other renal diseases’. The known
phenotypes of CKD of diabetic cause are depicted in
Figure 1.

The purpose of our review is to highlight the
most important mechanisms involved in the patho-
genesis of CKD of diabetic cause, and to present sev-
eral epidemiological aspects related to it, emphasizing
the need for permanent research in this field, given
the growing prevalence of the disease. Bibliography
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CKD of diabetic cause

Figure 1. Phenotypes of chronic kidney disease (CKD) of diabetic cause

has been gathered using PUBMED database, using
key words related to the main concepts presented in
this paper (CKD and DM).

EpripEmioLocY oF CKD DUE TO DIABETES

Patients with diabetes are about two times more
likely to suffer from CKD than people who do not
have diabetes®. In the National Health and Nutrition
Examination Survey (NHANES), in patients evalu-
ated from 2009 to 2014, the prevalence of CKD in
this category of patients was 26.2%, the diagnostic
criterion being the albuminuria presence®. In patients
over 605 years of age, the prevalence of low GFR was
higher than in young patients, while albuminuria
had comparable prevalence in both categories. The
prevalence of CKD in patients with diabetes in 2008
in Shanghai, China was 33.5%’. In Singapore, the
prevalence of CKD in patients with diabetes was
53%, in 21% of patients a GFR <60 mL/min/1.73
m? was identified, 48% had albuminuria >30 mg/g,
and 28% had diabetic retinopathy’. The parameters
that were associated with diabetic kidney disease were
the presence of diabetic neuropathy, hypertension,
hypertriglyceridemia, increased BMI, increased dura-
tion of diabetes, HbA1c>8% and the presence of car-
diovascular disease®. In Europe, epidemiological data
reveal that the occurrence of CKD in this category of
patients is 2 to 5 times higher in patients with diabe-
tes than in the nondiabetic population. The preva-
lence is different, depending on the country, being

14.1% in the Netherlands, 26.3% in Norway, 39.7%
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in Germany and 22.1% in Spain®. Normal albumin
excretion is common in patients with CKD and dia-
betes. Therefore, we note that the epidemiological
studies studied above include in the category of pa-
tients with CKD both patients with albuminuria and
those with low GFR. In the 1998-2004 NHANES
study, 30% of participants with type 2 DM over 40
years of age or older and with low GFR did not have
albuminuria or diabetic retinopathy’.

The United Kingdom Prospective Diabetes
Study (UKPDS) study reported that 38% of newly di-
agnosed patients with diabetes had albuminuria over
a 15-year follow-up period, 29% had reduced GFR (the
renal function was estimated by the Cockroft-Gault
equation <60 mL/min /1.73 m?) or more than two
times the plasma creatinine, and 14% developed as
well albuminuria and low GFR!. In the Diabetes
Control and Complications Trial (DCCT) study,
moderate albuminuria cumulative incidence (urinary
albumin/creatinine ratio between 30-300 mg/g) was
14% (at 10 years), 33% (at 20 years) and 38% (at 30
years) of type 1 DM duration, in people with conven-
tional hypoglycaemic treatment (mean HbAlc value
of 9.6%). The incidence of albuminuria was lower, of
10%, 21% and 25% in patients with intensive treat-
ment of hyperglycaemia!'. At 18 years from the end
of the DCCT study, those in the diabetes intensive
care group had a 57% lower risk of moderate albumi-
nuria and an 84% lower risk of severe albuminuria
(albumin/creatinine ratio >300 mg/g) compared to
those who did not receive intensive treatment, which
suggests a lasting benefit of intensive treatment of
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hyperglycaemia to prevent the development of CKD
of diabetic cause!?. Patients with CKD of diabetic
cause have a much higher risk of premature mortal-
ity compared to the general population®. According
to epidemiological data, in the adult population of
the USA, the cumulative mortality of any cause at 10
years standardized by age was 7.7% in people without
DM and without CKD (albumin/creatinine ratio >30
mg/g in urine and/or GFR<60 mL/min/1.73 m?),
11.5% in those with DM without CKD and 31.1%
in those with DM and CKD". In another group of
patients (representing 16% of all patients with type 1
DM in Finland) that was included in the FinnDiane
study, the diagnosis and severity of kidney disease
was a major predictor of mortality from any cause'*.
Moderate levels of albuminuria (urinary albumin
excretion between 20-200 mg/min) were correlated
with a 3 times higher risk of mortality compared to
the entire population. CKD of diabetic cause has a
prevalence in a continuous increase, which corre-
sponds to the overall increase in the prevalence of
DM. Data show that globally 1 in 3 patients with DM
suffer from CKD®. Of concern is the fact that screen-
ing for CKD is performed in about 50% of patients
with diabetes',

PATHOPHYSIOLOGY

The most important pathophysiological mecha-
nism involved in the reduction of glomerular func-
tion and the occurrence of CKD of diabetic cause
is hyperglycaemia'®. Hyperglycaemia is obviously fol-
lowed by the metabolism of excess glucose which ac-
tivates the following alternative metabolic pathways:
the pathway of polyols, the pathway of hexosamines,
the formation of advanced glycosylation products
(AGE), the activation of protein kinase C (PKC)*.
The glucose that is present in excess is converted un-
der the action of aldose reductase into sorbitol, with
the consumption of NADPH. Low levels of NADPH
block the regeneration of reduced glutathione, an
important intracellular antioxidant substance, which
will increase the level of oxidative stress'”. The final
product of the fructose pathway appears to have an
important nephrotoxic effect, in experimental animal
models being associated with albuminuria”. By hex-
osamine pathway the metabolite fructose-6-phosphate
is converted to glucosamine-6-phosphate, the conver-
sion being mediated by the enzyme fructose-6-phos-
phate aminotransferase. Glucosamine-6-phosphate
activates the excess secretion / transcription of in-
flammatory cytokines, like tumour necrosis factor-o
(TNF-a), transforming growth factor-f1 (TGF-B1),
the latter further causing renal hypertrophy and the
development of components of the mesangial matrix,

two very important mechanisms implied in the devel-
opment of diabetic kidney disease!®!,

AGE products are a result of non-enzymatic
glycosylation of proteins as consequence of excess
glycaemia with numerous negative metabolic conse-
quences. They appear in the 4th stage of glycolysis.
AGEs action both extracellularly and intracellularly'®.
Glycation of extracellular matrix proteins has been
demonstrated to occur due to hyperglycaemia at the
renal level by altering laminin and IV collagen and
increasing glomerular permeability'®. AGE presence
also increases fibronectin and collagen I and IV
expression at the glomerular level, which increases
the density and expansion of the extracellular ma-
trix'®. AGE interacts with various cellular receptors,
specifically the AGE receptors, which will influence
the transcription rate of various pro-inflammatory
cytokines including interleukins IL-6 and/or IL-1,
factors such as TNF-a, TGE-B1, endothelial vascular
growth factor (VEGF), factor B subunit platelet-de-
rived growth factor (PDGF-B)Y. Like AGE, PKC
activation occurs in the fourth stage of glycolysis.
The conversion of glyceraldehyde-3-phosphate to di-
hydroxyacetone phosphate (DHAP) and eventually
to diacylglycerol (DAG) is caused by hyperglycaemia,
which is a cofactor of PKC activation. PKC activation
causes the overproduction of substances such as pros-
taglandin E and nitric oxide'™". Thus, vasodilation
will occur in the afferent arteriole of the glomerulus,
at the same time angiotensin I causes vasoconstric-
tion in the efferent arteriole of the glomerulus, which
will lead to glomerular hyperfiltration. PKC activa-
tion also causes the accumulation of fibronectin and
type IV collagen, in excess which will lead to thick-
ening of the glomerular basement membrane and
extracellular matrix leading to a reduced capacity of
plasma filtration'’.

At the renal level, the glomerulus is the first af-
fected component, after the diagnosis of DM being
demonstrated that incipient glomerular lesions occur
after an interval of 0-3 years. Pathological lesions spe-
cific for CKD of diabetes cause at the glomerular level
are well documented in the literature and include po-
docyte injury, thickening of the glomerular basement
membranes, extension of the mesangial matrix and
loss of renal fenestration'®*°, These modifications
lead to a marked increase in microvascular perme-
ability and damages of the glomerular filtration bar-
rier which will result in increased albumin excretion.
Among these above-mentioned pathological changes,
thickening of the glomerular membrane is an early
morphologic modification in those suffering of CKD
of diabetic cause?’. Abnormal turnover and changes
in the extracellular matrix produced by endothelial
cells and podocytes are the causes of the increase of
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glomerular membrane thickness. Thickening of the
glomerular basement membrane is considered an ear-
ly sign of podocyte activation®’'. Mesangial cells prolif-
eration is activated in the presence of excess glucose,
they produce excess extracellular matrix, which is the
mechanism for glomerulosclerosis. Hyperglycaemia
causes non-enzymatic glycation of proteins in the
mesangial matrix. This pathological process causes
lesions characteristic of CKD of diabetic cause,
Kimmelstiel- Wilson nodules?®*!. These nodules that
can be identified microscopically are represented by
hyaline pink material surrounded by capillary clumps
in the renal glomeruli*?. The tubulo-interstitial com-
partment has been largely neglected in CKD of dia-
betic cause, in contrast to numerous research and
studies on the lesions that diabetes causes at the
glomerular level. Recently, research has shifted from
the glomerular paradigm to tubulopathy in CKD of
diabetic cause?’. As a highlight, tubulo-interstitial
changes are now considered a determining factor in
impaired renal function with a greater impact than
glomerular changes. Renal biopsy specimens showed
significant changes in the renal tubules, the largest
renal cell population, as well as in the interstitium?’.

Regarding hemodynamic renal changes, glomer-
ular hyperfiltration is the main mechanism that leads
to CKD of diabetic cause’®. Excess glucose activates
an increase of transcription of vasoactive mediators
such as nitric oxide, endothelial vascular growth fac-
tor, glucagon, insulin-like growth factor 1 and prosta-
glandin will cause dilation of the afferent arteriole of
the glomerulus. On the other hand, there are altera-
tions in renal tubular function that are very severe in
the evolution of diabetes. Due to the large amount of
glomerular filtered glucose, at the tubular level the
reabsorption of glucose and sodium is increased due
to the increased expression of sodium-glucose type
2 (SGLT-2) receptor transporter at the level of the
proximal convoluted tube of the nephron. Therefore,
the amount of sodium ions that arrive at the level
of the macula densa of the nephron is low, which
will cause the process of vasodilation in the afferent
arteriole. At the same time, the increase in angioten-
sin Il production will cause vasoconstriction of the
efferent arteriole, which will lead to the appearance
of glomerular hypertension and hyperfiltration in
the early staged of CKD, a mechanism known to in-
duce glomerular stress and to accelerate the process
of glomerular sclerosis’*?. Excess glucose, resistance
to insulin action in target tissues’® and compensatory
hyperinsulinemia determine endothelial dysfunction
by activating pathological cellular mechanisms like
increased oxidative stress, PKC activation and the
generation of AGE that activate, all of these will
promote the activation of signalling pathways with
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pro-inflammatory effect. The interaction of media-
tors produced by endothelial cells is altered. Among
these mediators, endothelin-1 is a peptide with im-
portant vasoactive proprieties produced by endothe-
lial cells. At the endothelial level, hyperinsulinism
increases endothelin production, which will lead to
vasoconstriction’*?”. Endothelin receptor activation
generates not only vasoconstriction, but also with
podocyte inhibition, increased oxidative stress, in-
creased inflammation and fibrosis***®,

Both ischemia and inflammation are other ex-
tremely important mechanisms in the complex physi-
opathology of CKD of diabetic cause. Glomerular
and vascular lesions specific for CKD of diabetic
cause are determined by an increase in the produc-
tion of nitric oxide, which causes an increase in the
oxygen demand of the residual nephrons?. Excess
free radical production and excess hypoxia-induced
factor production occur as failure to cover this in-
creased need for oxygen at the glomerular level.
Hyperglycaemia interferes with the production of this
factor and causes fibrosis®.

Experimental data prove that inflammation has
a relevant function in the pathophysiology of CKD of
diabetic cause. The nuclear factor kappa activator of
light chains of activated B cells (NF-kB) represents an
important regulator of inflammatory factors implied
in the glomerular alteration in CKD of diabetic cause.
In diabetic kidney disease, increased TNFE- and reac-
tive oxygen species activate NF-kB phosphorylation,
which is in relation with increased proteinuria and
inflammatory cell infiltration of the renal interstiti-
um’®?!, Innate immune system activation is caused by
the increase in renal oxidative stress, with consecutive
increased secretion of chemokines and/or cell adhe-
sion molecules and molecular patterns correlated with
a state of stress??. The beginning of the innate renal
immune response is done by recruiting macrophages.
As hyperglycaemia progresses, AGE and oxidized li-
poproteins will cause the immune complexes forma-
tion. These immune complexes will be deposited at
the renal level and will further amplify the immune
response by activating the complement system. At the
glomerular level, the activated complement system eas-
es the affiliation of new mast cells and leukocytes's*°.
As CKD of diabetic cause progresses, the risk of de-
veloping renal ischemia increases, which exacerbates
kidney inflammation by increasing infiltration of re-
nal neutrophils and macrophages®.

Hyperglycaemia and AGE induce renal angioten-
sin expression in the kidney by increasing oxidative
stress and kidney-specific G protein-coupled with the
metabolic receptor GPR91?2%. Moreover, increased
salt intake, specific for diabetic patients with meta-
bolic syndrome, may decrease the antihypertensive
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Figure 2. Pathological mechanisms induced by hyperglycaemia in chronic kidney disease (CKD) of diabetic cause

and proteinuria-lowering effect of angiotensin con-
verting enzyme inhibitors (ACEI) and/or angiotensin
receptor blockers (ARB) by activating the renin-angi-
otensin system. Renin-angiotensin plasmatic system
activation is one of the most important mechanisms
implied in the pathophysiology of CKD of diabetic
cause’*®, Both TNF-$ and angiotensin II are media-
tors involved in the process of renal fibrosis, which
can include renal tubule dysfunction and/or their
atrophy, reduction in the number of small vessels or
hypoxia. Excess aldosterone also plays an important
role in CKD of diabetic cause by regulating gene ex-
pression and activating pro-fibrotic growth factors
(i.e. plasminogen-1 and/or TGF-B), and by increasing
renal macrophage infiltration with the development
of consecutive fibrosis?®.

The main aspects that were highlighted in this
paper are summarized in Figure 2.

CONCLUSIONS

Hyperglycaemia is the main factor that activates
pathogenetic pathways that lead to modifications of
renal structure and functioning in CKD of diabetic
cause. Complex hemodynamic changes, increased
angiotensin production, pathologic modifications in
glucose metabolism with generation of toxic products,

activation of inflammatory pathways and renal fibro-
sis are the most important mechanisms involved in
CKD of diabetes cause. Our review presents prove
that CKD of diabetic cause is a disease of high com-
plexity and without their understanding no advance
can be done in its prevention or management.
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