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Abstract: Diabetes mellitus (DM) is characterized by the appearance of progressive kidney damage,
which may progress to end-stage kidney disease. The control of hyperglycemia is usually not
sufficient to halt this progression. The kidney damage is quantitatively and qualitatively different in
the two forms of diabetes; the typical nodular fibrosis (Kimmelstiel Wilson nodules) appears mostly
in type 1 DM, whereas glomerulomegaly is primarily present in type 2 obese DM. An analysis of the
different metabolites and hormones in type 1 and type 2 DM and their differential pharmacological
treatments might be helpful to advance the hypotheses on the different histopathological patterns of
the kidneys and their responses to sodium/glucose transporter type 2 inhibitors (SGLT2i).
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1. Introduction: Why Hyperglycemia Cannot Explain Everything in
Diabetic Nephropathy

Diabetes mellitus (DM) is defined as a chronic hyperglycemic state which is, among
the metabolic diseases, not only the most frequent one (422 million people worldwide
according to 2023 WHO) but also the state with the most significant amount of literature
(946,192 papers on Pubmed, compared to, e.g., 203,674 manuscripts for chronic kidney
disease and “only” 174,055 articles for “Atherosclerosis”).

This large amount of data and opinions contrasts with some mysterious aspects of this
hyperglycemic state.

The condition of chronic hyperglycemia includes two completely different diseases:
type 1 DM (T1DM) is due to a lack of insulin release and occurs in young, thin subjects,
whereas the type 2 (T2DM) hyperglycemic state occurs in adult, obese subjects with nor-
mal or even elevated insulin release (early T2DM). A third type could be considered the
advanced stage of T2DM (advanced T2DM), where endogenous insulin secretion decreases.
These three conditions differ in blood composition, the evolution of the disease, and their
treatment. Insulin injection is reserved mainly for T1DM and advanced T2DM, whereas
T2DM is treated with other hypoglycemic drugs.

Therefore, chronic hyperglycemia can have completely different manifestations and
treatments. Organ (brain, kidney, heart, eye) and vascular damage characterize all forms of
chronic hyperglycemia, but every type of DM has peculiar aspects.

One puzzling aspect of chronic hyperglycemia is that the vascular and organ damages
keep progressing, notwithstanding optimal glycemic control, with some evidence of even
an early worsening of vascular injury at the start of the glycemic control [1,2].

This raises a first doubt that hyperglycemia is the only cause of the organ/vascular
damage. Maybe we are not able to reach the optimal glycemic control needed to control
the disease, or other hormones/metabolites are giving organ damage, or perhaps the DM
organism has an internal dynamic that, once started, keeps advancing even in the absence
of the starting cause (see, e.g., cancer progression, which does not need the cancerogenic
factor to always be present).

J. Clin. Med. 2023, 12, 6848. https://doi.org/10.3390/jcm12216848 https://www.mdpi.com/journal/jcm

https://doi.org/10.3390/jcm12216848
https://doi.org/10.3390/jcm12216848
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-2425-6057
https://doi.org/10.3390/jcm12216848
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm12216848?type=check_update&version=1


J. Clin. Med. 2023, 12, 6848 2 of 15

When focusing on kidney damage during DM, the paradigm that diabetic nephropa-
thy is initiated and maintained only by hyperglycemia looks inadequate because of the
following main criticalities: (i) though chronic hyperglycemia characterizes T1DM and
T2DM, the kidney damage is qualitatively and quantitatively different in the two forms [3];
(ii) glycemic control through pharmacological treatment does not halt nephropathy pro-
gression [1,4], and insulin infusion does not stop glomerular hyperfiltration initiated by
DM [5]; (iii) control of hyperglycemia by insulin is less protective than other hypoglycemic
treatments in T2DM; and (iv) the major nephroprotective drugs for diabetic nephropathy
are the renin–angiotensin–aldosterone blockers, which do not modify hyperglycemia.

Hyperglycemia, of course, causes enzymatic and non-enzymatic alterations of several
proteins [6] and even neurotransmitters [7,8] and must be targeted during the treatment of
DM. However, as discussed below, glycemia could also be a marker of the DM state rather
than a direct cause of all the problems caused by DM.

Hyperglycemia is certainly directly toxic when very high levels of plasma glucose
are reached, a condition termed “hyperosmolar hyperglycemia”, which is an emergency
condition causing dehydration [9].

However, in the case of diabetic ketoacidosis (DKA), another emergency condition in
uncompensated diabetes, acidosis is not caused by hyperglycemia: it is even possible to
develop euglycemic DKA in patients treated with SGLT2 inhibitors [10].

DKA is a clear example of organ damage in DM not caused by hyperglycemia, where
high glucose is a biomarker of the disease state (valid for the treatment) rather than of
cause of damage [11].

Demonstrations of the direct effect of chronic hyperglycemia (apart from the apparent
impact on plasma osmolality) can be obtained, for example, by experimental chronic
infusion of glucose in animal models, which induces an 80% decrease in insulin sensitivity
already on the first day [12] and an increased number of insulin-releasing cells after just
four days of treatment [13]. Furthermore, prolonged infusion of high glucose solutions
in the peritoneum, as in peritoneal dialysis, slowly induces a state of fibrosis after many
years which is then a significant obstacle for peritoneal dialysis itself [14]. However, since a
significant insulin release is present in both cases, it is difficult to disentangle the effects of
hyperglycemia from the effects of insulin [15]. In peritoneal dialysis, for example, there is
substantial adsorption of glucose and a consequent hyperinsulinism. Using icodextrin as a
substitute for glucose in peritoneal dialysis reduces hyperinsulinism [16] and delays (but
does not halt) peritoneal fibrosis.

More direct evidence of glucose toxicity can be obtained in vitro by chronically ex-
posing cells to high glucose media without insulin, obviously considering the enormous
differences between cells in culture and in vivo conditions. In these conditions, endothelial
cells do not die or degenerate: they show more subtle responses such as faster senes-
cences (defined by biochemical parameters) than controls, starting at four weeks and up
to 60 days [17]; however, the behavior of cells in culture depends on a huge number of
parameters and on the cell line used, and therefore, under other conditions, endothelial cell
models in culture may actually respond to high glucose with an enhanced proliferation [18].
Which condition is better for modeling what happens in vivo in humans is, undoubtedly,
a hard question. Finally, intensive blood glucose control slows down, but does not halt
the T1DM and T2DM nephropathy, though, again, this might in part be interpreted in
terms of glucose as a biomarker of disease [19]. These are a few of the large amount of data
supporting the paradigm of a direct toxicity of high glucose; in any case, this paradigm
does not exclude the toxicity derived from other metabolites (see, e.g., the above example
of ketoacidosis).

In summary, if hyperglycemia is the cause of organ and vascular damage, why is its
control not sufficient to prevent the injury? Why there is a substantial difference between
the different forms of DM? Why hypoglycemic treatments are substantially different in
their outcomes? Why organ protection can be obtained by drugs not acting on glycemia?
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Even more puzzling is that the hyperglycemic animal models of T1DM (destruction
of pancreatic beta cells) do not develop atherosclerotic plaques, whereas T1DM patients
do develop atherosclerotic lesions. This problem cannot be dismissed by simply saying
that animal models are not good models or that they have different genes: the lack of
atherosclerotic lesions in T1DM rodents is totally unexpected because the paradigm of
hyperglycemic toxicity is expected to work precisely in the same way in humans and
rodents, particularly on the blood vessels, which have the same histological structure and
the same blood pressure (120/80 mmHg) in rodents and human beings. If hyperglycemia
is the major point, why does it not cause atherosclerosis in rodents? This issue may be
pivotal to understanding how to prevent organ damage. Maybe it is a matter of diet
(rodents eat mainly fibers), or maybe it is due to the different lipoprotein profiles in rodents
(large amounts of HDL). Indeed, only T1DM rodents without a lipoprotein receptor (ApoE
knock-out animals) develop atherosclerotic lesions after induction of T1DM [20]. This solid
observation, replicated several times in different laboratories, significantly supports the
idea that another prominent actor of atherosclerotic lesions in T1DM is dyslipidemia.

Accordingly, the site of formation of atherosclerotic plaques is different in T1DM
(non-overweight) vs. T2DM (overweight) patients: they are more distal in T2DM than
T1DM [21].

This difference might be consistent with the plasma lipoprotein profile of the two
conditions (obesity and dyslipidemia are present in 86–90% of T2DM in contrast with 62%
in T1DM [22]) and the hyperinsulinemia of early T2DM.

Furthermore, one should consider that the pancreas beta cells release several other
substances apart from insulin, such as C-peptide and amylin. Amylin secretion is reduced
in T1DM and normal in T2DM [22]. Therefore, the destruction of these cells in T1DM might
be accompanied by insufficient secretion of other hormones apart from insulin, which is not
occurring in T2DM. Apart from these, there are other hormonal systems that are interested
in T1DM, such as a Glucagon-like peptide 1 [23], or the growth hormone (GH), with the
latter being increased in T1DM (with resistance) and decreased in T2DM [24,25].

We shall also consider the off-target effects of insulin, as it is used as a therapy in
early T1DM and advanced T2DM: insulin lowers plasma potassium, stimulates growth,
and promotes lipid deposition. Insulin is also involved in the formation of foamy cells in
atherosclerotic plaques [26].

As a consequence, T1DM is characterized by the reduction of several hormones
released by beta cells (e.g., insulin, amylin, C-peptide), whereas T2DM is characterized
by glucose-independent metabolic abnormalities (dyslipidemia). In both cases, when
insulin treatment is initiated, the off-target effects of the treatment might explain part of the
phenomenology of DM.

To summarize, hyperglycemic toxicity is not expected to explain entirely diabetic
nephropathy: the lipoprotein (and amino acid, as shown below) profile, the off-target
effects of insulin, the absence of hormones produced by beta cells, and the effects of age
(discussed below) may come to shape the histological characteristics of the kidney.

Our analysis, therefore, will proceed as follows: we will analyze the differences in
diabetic nephropathy in T1 vs. T2DM vs. animal models of DM; these differences shall not
be explained by hyperglycemia and could be attributed to non-insulin hormones, hyper-
lipidemia, age, or off-target effects of insulin treatment; at variance, similarities in the two
forms might be attributed to hyperglycemia.

2. T1DM vs. T2DM Nephropathy: Epidemiological Aspects

Over time, DM is accompanied by microvascular changes in many organs, though
with different patterns and proportions in T1DM and T2DM. Thus, although the burden of
atherosclerotic plaques is similar between the two (65% in T1DM vs. 71% in T2DM) [27],
T2DM is characterized by obstructive, non-calcified, and distal plaques in comparison with
the calcified, non-obstructive, and proximal plaques of T1DM [21,27].
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Accordingly, the kidney is involved with different prevalences in T1DM and T2DM.
In a 2015 review, a greater prevalence of diabetic nephropathy in T2DM (about 50% of
patients) compared to T1DM (about 33% of patients) has been reported [28]. This has
been confirmed in a large population of 17,256 diabetic patients (diagnosed in the years
1965–1990): diabetic nephropathy was present in 44% of T2DM and in 20% of T1DM
patients [3]. These percentages do not reflect those of the twenty years before because of a
decreased prevalence of diabetic nephropathy in type 1 diabetes due to improved therapies.

The different prevalence of nephropathy in T1DM and T2DM cannot be explained by
a different burden of hyperglycemia and therefore might be linked to obesity, hypertension,
aging, or perhaps to the hyperinsulinism which characterizes T2DM (Table 1).

Table 1. Similarities and differences of nephropathy among hyperglycemic conditions cited in the text.

Characteristic T1DM T2DM

Obesity [22] 62% 86–90%
Age Young Old

Cause of death [29] End stage kidney disease Cardiovascular events
Hypertension [29,30] 14% (diastolic) 32–90% (systolic)

Plasma profile

Hyperglycemia Yes Yes
Dyslipidemia [22] Yes Yes

C-peptide [31] Low Normal or high
Amylin [32] Low Normal

Insulin treatment Yes No (only in late stages)
Endogenous Insulin [33] Low Normal or high (Low in advanced stage)

Aminoacids [34] Decreased Increased
Growth Hormone (GH) [24,25] Increased Decreased

Kidney Morphological changes

Tubular hypertrophy Yes (Data from animal models) Yes (Data from animal models)
Basement membrane thickening [35] Frequent (Data from animal models) Less frequent (Data from animal models)

Atherosclerotic plaques [21] Calcified, non-obstructive and proximal Obstructive, non-calcified and distal
Glomerulomegaly [35] Less frequent Frequent

Glomerulopathy 100% 50%
Kimmelstiel Wilson nodules Frequent Rare
Kidney hypertrophy [36–38] 22% 15%

Kidney Functional changes

Proteinuria Yes Yes

Hyperfiltration [22] Yes (10–67%) Yes (6–73%)

Diabetic nephropathy (proteinuria,
reduced eGFR) [28] 20–33% 44–50%

3. T1DM vs. T2DM Nephropathy: Macroscopic Aspects

It is largely known that the ultrasound feature of kidney nephropathy is an increase in
the size of the parenchyma (in terms of volume, maximum diameter, or parenchymal thick-
ness) in the early phase and reduced size in advanced disease. Kidney hypertrophy [36]
and kidney atrophy occur with a similar prevalence in T1DM and T2DM.

Indeed, in a cohort of T1DM patients observed on average nine years after the first
diagnosis, the kidney was larger (above 99th percentile) in 22% of patients (16% of those
without albuminuria, and 44% of those with albuminuria) [37]. At variance, in T2DM on
average, the kidney size is also larger than controls in both early (less than 5 years) and
advanced DM [39], with a prevalence of about 15% [38].

An analysis at later stages of DM shows that the kidneys are reduced in size (longitu-
dinal diameter less than 10.8cm) in about half of the patients in both T1DM and T2DM, and
this correlated with lower eGFR and reduced proteinuria (possibly because of a reduced
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number of glomeruli) [36]. The reduction in size starts about 10 years after the onset of
T2DM [40], whereas in the first 5 years, the kidney size may be greater than normal (14cm
on average).

While the reduction in size of the kidneys is shared by all forms of chronic kidney
disease [41], the increase in size (kidney hypertrophy) in the early phase is quite peculiar
(it is reported only in amyloidosis, renal lymphoma, single kidney or kidney transplant,
and obesity). The reason of the increased kidney size is unclear: it would be tempting to
hypothesize that it is linked to glomerulomegaly; however, it has been suggested that this
is rather due to tubular hypertrophy.

It is important to note that some alterations in kidney weight are acute and reversible.
In animal models of T1DM, the change in kidney weight can occur very rapidly:

10 days after treatment, the kidney is 55% heavier, with a larger size of all structures
(glomeruli, tubules), and insulin reduces the kidney weight in only four hours. These
modifications could to be linked to hyperglycemia only in acute changes: fasting reduces
the kidney weight by 30% in only 18 h, whereas acute hyperglycemia increases the kidney
weight by 22% in the same time [42]. These acute changes are very unlikely to mirror the
kidney hypertrophy in humans, which takes years to occur.

These acute changes might be interpreted in terms of a shift/retention of fluids. They
are very unlikely to mirror the kidney hypertrophy in humans, which takes years to occur.
Therefore, we are rather interested in changes that need years to appear and are stable
in time.

In uninephrectomized animals, the remaining kidney has a larger size and hyperfiltra-
tion. However, the reduction of filtration induced by empagliflozin induces an even larger
kidney size, suggesting that the kidney dimension does not depend on glomerulomegaly
but on tubular hypertrophy [43]. Furthermore, SGLT2 knockout mice also show tubular
hypertrophy with increased kidney size without alteration in GFR, and the induction of
diabetes in these animals further increases the kidney size without greatly modifying the
GFR [44]. Interestingly, SGLT2 inhibitors also prevent retinal microangiopathy [45].

Studies in animal models fed with a fat diet and with the absence of an insulin receptor
strongly suggest that insulin is by itself responsible for the kidney hypertrophy [45]. Thus
is tempting to attribute the larger kidney size in T2DM to the hyperinsulinism or to obesity,
because kidney weight increases according to the body mass index [40,46]. Furthermore,
obesity is accompanied by glomerulomegaly and tubular hypertrophy, in the absence of
diabetes [47].

In summary, kidney atrophy has a similar prevalence and interpretation in both
T1DM and T2DM, that is a reduction in the number of nephrons, as in all other chronic
kidney diseases.

In contrast, kidney hypertrophy is observed in a minority of cases of T1DM and
T2DM, suggesting that it might be linked to hyperglycemia, but this is not sufficient to
cause the kidney enlargement. Its similarity to that of obesity suggests that it is linked to
dyslipidemia (Table 1). However, the increased kidney size in the case of single kidney
and altered function of proximal tubules (in absence of dyslipidemia/hyperglycemia) may
suggest that a hormonal stimulus can induce kidney growth in all these conditions.

4. T1DM vs. T2DM Nephropathy: Microscopic Aspects

In contrast with kidney hypertrophy, nephropathy is quantitatively and qualitatively
different between T1DM and T2DM.

T1DM nephropathy is always characterized by damage to the glomerulus, whereas in
T2DM, nephropathy minimal glomerular lesions are present when proteinuria appears [48].
This conclusion derives from comparisons of separate studies and no study has systemati-
cally compared the kidney histology in the two conditions. According to a 2020 review, in
T1DM, glomerular lesions start 2 years after the onset of the disease, with the thickening of
glomerular basal membranes, followed by mesangial expansion, collagen IV deposition
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and formation of Kimmelstiel Wilson nodules, arteriolar hyalinosis, and tubular obstruction
with atubular glomeruli [49–53]. The glomerular volume is not increased [54].

At variance, in T2DM with proteinuria, diabetic glomerulopathy is present in 30–50%
of cases. In the other cases, no glomerular lesions can be detected in 10% of cases whereas
the remaining patients show prominent tubulointerstitial damage, arteriolar hyalinosis
atherosclerosis [55,56]. In the case of glomerulopathy, this is always accompanied by dia-
betic retinopathy, whereas the latter is present in only 50% of cases without glomerulopathy.
The glomerular volume is increased [35].

Several differences between T1DM and T2DM can explain the histological differences.
T2DM is usually accompanied by older age, obesity, and hypertension (up to 90% of cases,
compared to 14% of cases in T1DM [30,57]). The hypertension in T2DM is mostly systolic,
whereas the one in T1DM is diastolic; consistently, the cause of death in T1DM was end-
stage kidney disease, whereas cardiovascular disease dominates in T2DM [29]. Another
intriguing difference, though, pertains to medications: T2DM is not treated with insulin
at first, whereas this is the first choice in T1DM. This raises the possibility that part of the
lesion is caused by insulin itself.

Glomerulomegaly is more evident in T2DM than T1DM: on average, glomeruli are
larger in T2DM, with a greater mesangio-urinary surface, capillary length, and filtration
surface, without differences in the proportion of mesangial or matrix material or width of
the glomerular basement membrane [35].

It is important to note that the glomerulomegaly in T2DM could derive from obesity,
which often accompanies this hyperglycemic state: the glomerular volume increases as a
function of body mass index [58] or body surface area [59], even in the presence of another
glomerulopathy (e.g., IgA nephropathy) [60]. At variance, proximal tubule hypertrophy
seems to be related to proteinuria [47,61].

5. Glomerulomegaly versus Hyperfiltration

Glomerulomegaly is an increase in the size of the glomeruli, and it often accompanies
T2DM and less often T1DM. It is an anatomical modification that requires an increase in the
total number of cells. Usually, it is also accompanied by an increased filtration rate, which
derives from the larger filtration surface of the glomeruli. Glomerulomegaly is observed in
only a few conditions such as diabetes mellitus, single kidney, obesity, a low glomerular
number at birth, and glomerulosclerosis [62].

At variance, hyperfiltration is a functional term. It refers to an increase in the glomeru-
lar filtration rate and, usually, to a lower-than-expected level of plasma creatinine. Hyper-
filtration may derive from an anatomical enlargement of the glomerular filtration surface
as in diabetic glomerulomegaly, but more often, it derives from a change in the plasma
flow in the glomerulus: every day we have transient states of hyperfiltration after a meat
meal [63,64], which are not due to anatomical changes. Functional hyperfiltration occurs
after the infusion of amino acids, during sport, and during pregnancy. In DM, hyperfiltra-
tion has been observed in both T1DM and T2DM, with an increase in GFR in the range of
16–27% in both types of DM [22].

Some information about glomerulomegaly derives from observations on patients with
a single kidney. This enlarges by a great amount and this seems to be driven by a greater
flow of amino acids in the kidney and subsequent activation of mTOR [65].

Furthermore, a deletion of a protein in the proximal tubule, Pten, also induces glomeru-
lomegaly, because of the activation of mTOR [65]. Consistently, rapamycin, an mTOR
inhibitor, reduced glomerulomegaly.

6. T1DM vs. T2DM: Basement Membrane and the Kimmelstiel Wilson Nodules

Among the earliest histological/structural alterations that can be observed in DM are
the increased intima-media thickness, an altered vascular bed in the retina, and nodular
and interstitial fibrosis in the glomeruli (Kimmelstiel Wilson nodules).
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Kimmelstiel Wilson nodules are histological lesions that involve the mesangium and
its interface with endothelial cells, that is the basement membrane and extracellular matrix.
The presence of inter-capillary connective tissue was first noted in 1936 by the German
pathologist/biochemist Paul Kimmelstiel and the British nephrologist Clifford Wilson at
Harvard. They were trying to differentiate intra- and extra-capillary glomerulonephritis
from an “intercapillary glomerulosclerosis”, a hyaline lesion that resembled an amyloid or
aging kidney. They observed that the lesion was present in diabetic cases, though “only a
small proportion of cases of diabetes appears to show this lesion” [66]. The nodules are char-
acterized by nodular sclerosis (deposition of collagen in spherical or ovoidal, “onion-like”
structures in one or more glomerular lobules), mesangial sclerosis, arteriolar hyalinosis,
dilatation of capillaries (microaneurysms), exudation, and thickening of the glomerular
basement membrane. Animal models of T1DM (insulin deficiency after streptozotocin
treatment) do not develop these nodules. Early studies suggested that these lesions are not
linked to obesity [67].

Several mechanisms have been proposed to explain the nodular deposition of collagen
in lobules of the glomeruli. Early work suggested an origin different from mesangial
sclerosis [67], and that focal mesangiolysis [66] and the subsequent mesangial repair might
be an early feature of the lesions [68]. Considering the timing of histopathologic lesions,
the thickening of the basement membrane seems to occur first, followed by mesangial
expansion and arteriolar hyalinization; mesangiolysis follows with increased mesangial
matrix, and podocyte loss [68]. T1DM has the peculiarity to have sclerosis at the junction of
glomeruli and proximal tubule, leading to atubular glomeruli [68].

The presence of Kimmelstiel Wilson nodules often is paralleled by several other dia-
betes complications such as proliferative retinopathy [67]. In a large study on 256 patients,
Kimmelstiel Wilson nodules were associated with younger age, diabetic retinopathy, more
severe proteinuria and renal insufficiency, microaneurysms, tubular atrophy/interstitial
fibrosis, arteriosclerosis and arteriolar hyalinosis, and increased IgG/IgA; conversely, no
association was found with obesity, hypertension, or the amount of HbA1c [68]. The latter
would exclude that uncontrolled hyperglycemia causes these nodules. The association
between Kimmelstiel Wilson nodules and peripheral neuropathy has not been analyzed
systematically, though a strong correlation is known to exist between diabetic nephropathy
and neuropathy [68].

The molecular mechanism of nodular glomerulosclerosis has been difficult to under-
stand because classical models of DM do not show this alteration. However, recently,
the lesion has been produced in mice with T1DM by overexpressing VEGF-A in the
podocytes [69]. Podocytes are the main source of VEGF-A in the glomerulus. Alternatively,
T1DM mice can produce nodular glomerulosclerosis if eNOS is deleted, thereby hindering
the production of NO in endothelial cells [70]. Finally, mice overexpressing VEGF-A in the
podocytes and lacking eNOS also produce nodular glomerulosclerosis [66], in the absence
of hyperglycemia, diabetic milieu, or hypertension. This experimental model has suggested
that mesangiolysis coexists with glomerulosclerosis, the latter being caused by VEGF-A and
NO insufficiency. At present, the mechanism by which insulin, C-peptide, hyperglycemia,
dyslipidemia, or aging are altering the VEGF/NO balance in glomeruli is unknown.

One possible common feature among these three structural alterations is the increased
basement membrane thickness in all these districts.

The basement membrane can be considered a condensation of the connective tissue
adjacent to an epithelium such as the endothelium. It is composed of collagen type VII,
type III and type IV, fibrillin, perlecan, laminin, nidogen, integrins, entactins, and dystro-
glycans [71]. The basement membrane anchors the epithelium to the connective tissue:
any alteration will cause detachment of the epithelium with formation of atheroma (in
blood vessels), tubular atrophy, proteinuria, deposition of collagen under the capillaries
(Kimmelstiel Wilson nodules), and several other phenomena typical of diabetes. Further-
more, it is needed for endothelial cell differentiation and its damage causes endothelium
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de-differentiation. It also prevents the spread of malignant epithelial cells, and hence, its
damage may increase metastasis [72].

Though Kimmelstiel Wilson nodules were first observed in post-mortem kidneys,
the advent of kidney biopsies has also confirmed their relevance in living subjects [73].
New imaging methods on kidney biopsies, such as infrared spectroscopy, promise to give
detail about the composition of nodules [68]. Unfortunately, no techniques are available to
identify the nodules in vivo as their size is below the resolution of current imaging methods.

Proteome analysis of the basement membrane of arteries in T2DM shows an enrich-
ment of typical proteins in arteries [71,74], that is a basement membrane accumulation in
both small and large vessels.

Consistently, proteome analysis of glomeruli from diabetic patients has shown an in-
crease in several proteins of the basement membrane including Collagen Type VI, Collagen,
Type IV, Laminin, Fibrillin, perlecan, nidogen, and nephronectin, with the latter mediating
mesangial adhesion [75].

Proteomic analysis of the Kimmelstiel Wilson nodules in T2DM has shown accumu-
lation of collagen IV, but no change in fibrinogen, fibronectin, perlecan, or laminin [76].
Furthermore, these nodules contain proteins that do not pertain to basement membranes:
complement C9 and apolipoprotein E [76]. This intriguing result suggests that these
nodules have a substantially different composition from basement membranes.

Since these nodules are more often seen in T1DM than type 2, it is unlikely that
hyperglycemia is the only cause of their formation (see Table 1).

7. The Non-Glycemic Effects of Insulin Therapy

Apart from the largely known effect on glycemia, insulin has complex effects on
several other metabolites, electrolytes, and an intrinsic impact on tissue growth which may
be interesting when considering organ hypertrophy and vascular occlusion in DM.

Insulin has two primary receptors named IR-A and IR-B originating by alternate
splicing of a single gene, INSR. IR-B is ubiquitous and responsible for the regulation of
glucose, fat, and proteins in response to insulin. IR-B is also activated by IGF-I and IGF-II.

In obese subjects, tissues become less responsive to insulin because of a reduced
number of receptors or their biochemical modifications. However, not all organs and
tissues become insulin resistant at the same time and the term “tissue-specific insulin
resistance” is therefore used. Usually liver and adipose tissue are affected first by insulin
resistance, whereas the muscle develops resistance at a slower rate [77–79]. Even the brain
might be affected by insulin resistance [80,81]. This also means that insulin treatment
has different effects on different organs and some organs might be over-stimulated by an
insulin treatment that is titrated only on glycemia.

The insulin receptor is also expressed in the kidney, mostly in the tubules (70% of
positive cells) but also in the glomeruli (20% of positive cells) and fibroblasts (5% of
positive cells; data from The Human Protein Atlas database). Notwithstanding this ex-
pression, insulin treatment does not change kidney hemodynamics and GFR in normal
subjects [82]. However, in T2DM, insulin increases the albumin excretion and causes
hyperuricemia [83,84], and this effect persists when tissue-specific insulin resistance affects
other organs [82]. This provides strong support to the idea that some of the phenomena
observed in the kidney of T2DM is caused by insulin itself rather than by hyperglycemia.

A metabolome analysis of T2DM patients treated with insulin has shown an increase
in plasma amino acids (proline, glycine, serine, threonine, methionine, pyroglutamic acid,
glutamine, and lysine) [34]. By contrast, metformin treatment led to a different signature
with elevated levels of leucine/isoleucine and reduced carnitine, tyrosine, and valine [85].

At variance, in T1DM insulin treatment caused the reduction of acetate, allantoin,
ketones, plasma amino acids, and amino acid metabolites [86].

Though a systematic analysis of insulin effects on metabolome in T1DM and T2DM
is unavailable, these data confirm the numerous metabolic effects of insulin with possible
differential phenomena in T1 and T2DM.
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Insulin is also responsible for tissue architecture changes.

1. Insulin promotes subcutaneous fat deposition, which has been demonstrated in both
animal models [87] and patients [88]. The consequent increase in total body weight is
an adverse effect of insulin treatment [89]. Insulin is also involved in the formation of
foamy cells in atherosclerotic plaques [26]. Consistently, hyperinsulinaemia can result
in adiposity in the human fetus.

2. Insulin promotes growth in connective or musculoskeletal tissues [90]. Consistently,
hyperinsulinemia (diabetic mother) can result in increased body size of the fetus.
Insulin can also stimulate fibroblasts in vitro [91], inducing myocardial fibrosis in
animal models in vivo [92]. Insulin can also stimulate cancer cell growth, such as
human colon cancer cells [93]. Finally, insulin may have proangiogenic effects on
endothelial cells [94], though with some effect on faster senescence as discussed above.
This effect may explain the slower wound healing in T1DM, which is not present in
T2DM [95]. Therefore, at least, the latter phenomenon is not linked to hyperglycemia
toxicity.

8. Hyperinsulinism and Nephropathy

In T2DM treated with exogenous insulin, the endogenous insulin levels, indexed by
C-peptide levels, decrease over the years [33]. Notably, in these exogenous-insulin treated
patients, diabetic nephropathy is accompanied by higher levels of fasting C-peptide [33].
Similarly, in a study on 585 T2DM patients without exogenous insulin, the greater baseline
insulin levels and C-peptide are correlated to the development of retinal disease [96]. This
leads to the hypothesis that diabetic nephropathy emerges when insulin secretion is greater
than normal.

Premature insulin treatment in T2DM leads to weight gain [97] and a high C-peptide
concentration (indexing endogenous insulin release) may be related to microvascular
damage [31], chemiotaxis of inflammatory cells and smooth muscle cells, and proliferation
thus contributing to atherosclerosis [98]. A recent metanalysis suggested a link between
atherosclerosis and high C-peptide levels [99].

A more indirect indication of insulin concentration in T1DM and T2DM is the non-
glycemic effects of insulin: potassium, lipid accumulation, and glycogen stores. Unfortu-
nately, a systematic analysis of these effects is lacking. We know that potassium may be
more elevated in T2DM than controls in a population of patients with angina [100]. How-
ever, in this study, the patients with greater potassium already had a significant reduction
of glomerular filtration rate and no information is available on C-peptide levels.

In summary, it is tempting to speculate that glomerulomegaly in T2DM is not due
to hyperglycemia but to increased insulin levels. Conversely, the absence of C-peptide
replacement in T1DM might be linked to other phenomena.

Indeed, the addition of C-peptide to insulin infusion has some beneficial effects in
T1DM [101–103]. Furthermore, the short-term infusion of supraphysiological doses of
human C-peptide to diabetic rats resulted in the normalization of the glomerular filtration
rate (GFR).

In agreement with this hypothesis, a study in rodent models showed that the in-
fusion of C-peptide was able to decrease an acute form of glomerulomegaly caused by
pancreatic beta cells destruction [104]. In this case, no insulin treatment was initiated
in rats and glomerulomegaly was observed after only 14 days from the onset of disease
and albuminuria, starting as early as 4 weeks after the onset. This suggests that the
acute glomerulomegaly was not linked to hyperglycemia (the C-peptide had no effects
on glycemia).

9. Why the Diabetic Nephropathy Occurs at a Faster Pace in Mice or Rats or Cell
Cultures? Role of Aging

The analysis of results from animal models and cell cultures should take into account
the chronic manifestations of any treatment: indeed, as reported above, when consid-
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ering organ weights, these can be modified in as short a time frame as a few hours of
hyperglycemia. These acute changes have probably little if nothing to do with the chronic
changes observed in humans, which occur in a time-frame of years and require the change
in composition of basement membranes and cellular proliferation.

However, in animal models of DM, chronic changes appear after weeks or months,
faster than in human beings. There are various possible explanations. Maybe, we are able
to detect earlier changes in animals than in humans. Or maybe, the damage induced in
animals is much worse than that in humans.

It is instructive to compare this with animal models of other chronic, slow diseases. For
example, animal models of Alzheimer do not develop a reasonable brain alteration when
the human genes are inserted: one must induce a dramatic genetic change to obtain a model
that will produce brain damages in a few months (that is much faster than in humans).

Similarly, the ob/ob mice, a widely used model of obesity, indeed have a reduction
in their lifespan, as in humans, which means that the disease occurs at a faster rate in
this model [105]. However, these animals mimic a very rare, genetically determined and
extremely severe form of obesity in humans: they weigh about three times more than
control animals, which would correspond to a human being of 270 kg (or more, if one
considers the ratio body weight/body surface).

In experimental animals treated with streptozotocin (to destroy pancreatic beta cells)
and insulin, fibronectin deposition in the kidney occurs already after only 4 weeks, but
the kidney size remained the same [106]. When compared to human subjects, the same
study [3] confirms that in both T1DM and T2DM patients the nephropathy starts appearing
no less than 4 years after the beginning of the disease. Clearly, small rodents appear to
have a more rapid onset of the damage once the insulin deficit appears.

When considering in vitro systems, endothelial cells in culture show a response to
hyperglycemia after the same period as in small rodents: 4 weeks [17].

One simple hypothesis of the faster appearance of diabetic lesions in small rodents
and cell cultures is that mice/cells age at a faster rate. If this hypothesis is true, that is that
diabetic lesions require some aspects of aging, one should see less lesions in children.

This is true: While Kimmelstiel Wilson nodules are primarily associated with adults, be-
ing reported rarely in single cases of children and adolescents with diabetes (see, e.g., [107]).
These cases usually also present with hypercholesterolemia. Interestingly, one pediatric
case with Kimmelstiel Wilson nodules did not suffer from DM but from cystic fibrosis [108].

A second consequence would be that younger patients with T1DM should have a
reduced per year risk of undergoing hemodialysis. Indeed, a study involving a large cohort
of T1DM shows that ESRD was lowest in patients whose diagnosis occurred at younger
than 5 years: the prevalence of hemodialysis is less than 3% in 9-year-old children, and 4%
in children who are 14 years or older [109]. The same applies in mice: older mice or rats
treated with STZ exhibit more extensive kidney lesions than younger animals [110].

10. Conclusions: A Working Hypothesis

The overall picture derived from the analysis of differences between T1DM and T2DM,
the non-hyperglycemic damages in DM and the structural/biochemical alterations in DM
allows for proposing the following phenomena of diabetic nephropathy not mediated
by hyperglycemia:

1. Aging and dyslipidemia are relevant factors for the subsequent alterations; decreased
C-peptide in T1DM, hyperinsulinism, and hyper -aminoacidemia in T2DM contribute
to the different patterns of lesions in the hyperglycemic states.

2. Insulin induces an increased connective tissue growth and tubular hypertrophy.
3. Tubular hypertrophy induces an increased kidney size.
4. The connective tissue immediately adjacent to the endothelia, that is the basement

membrane, is altered, contributing to nodules in the glomeruli.
5. Greater plasma amino acid contents induced by insulin and mTOR activation induce

hyperfiltration and glomerulomegaly.
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