










(1.63 � 0.40%) or ALT-711 (1.53 � 0.46%) had no effect on
glomerular lipid accumulation.

Macrophage Infiltration
In the nondiabetic animals, macrophage infiltration, as assessed

by F4/80-positive cells, was observed in the interstitium with
virtually no macrophages detected in glomeruli (Figure 2). Dia-
betes was associated with increased interstitial and glomerular
infiltration of macrophages in both mouse strains (Figure 2).
Treatment with aminoguanidine or ALT–711 was associated with
a significant decrease in macrophage infiltration in both the glo-
merulus and the tubulointerstitium (Figure 2).

Expression of �-SMA–Positive Cells
In the nondiabetic mouse, renal immunostaining for �-SMA

was essentially confined to renal arterioles and arteries, with only
a little staining observed in the peritubular interstitium (Figure 3).
Nondiabetic apo E-KO mice showed a slight increase in �-SMA
expression in glomeruli and the tubulointerstitium when com-
pared with C57BL/6 mice (Figure 3). In kidneys of diabetic mice,
�-SMA expression was increased in glomeruli and in the tubu-
lointerstitium when compared with nondiabetic mice. There was

Figure 2. F4/80-positive macrophage staining in frozen section of the
kidneys. (A) Quantification. (B) Representative pictures. Diabetic apo
E-KO mice show increased macrophage infiltration in the glomerulus
and the interstitium. Treatment with aminoguanidine or ALT-711
reduced macrophage infiltration. Data are shown as mean � SEM.
**P � 0.01 versus appropriate nondiabetic control group; ##P � 0.01
versus diabetic apo E-KO mice. Magnification, �200 in B.

Figure 3. Quantification (A) and representative pictures (B) of im-
munohistochemistry for �-smooth muscle actin in the kidneys. Data
are shown as mean � SEM. *P � 0.05, **P � 0.01 versus appro-
priate nondiabetic control group; †P � 0.05 versus appropriate
C57BL/6 group; ##P � 0.01 versus diabetic apo E-KO mice; §§P �
0.01 versus diabetic apo E-KO mice treated with aminoguanidine.
Magnification, �400 in B.
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no significant difference between diabetic apo E-KO mice and
diabetic C57BL/6 mice. In the diabetic kidneys, �-SMA–positive
cells were detected in virtually all glomeruli, particularly in the
mesangial cells as well as in the interstitium and occasionally in
tubular cells. Treatment with ALT-711 prevented the increase in
�-SMA–positive cell expression in diabetic apo E-KO mice (Fig-
ure 3). By contrast, aminoguanidine treatment had no effect on
this parameter.

Type I and IV Collagen Expression
There was no difference in collagen type I expression be-

tween nondiabetic C57BL/6 and apo E-KO mice (Figure 4, A
and B), whereas collagen type IV was increased in nondiabetic
apo E-KO when compared with nondiabetic C57BL/6 mice

(Figure 4, C and D). The induction of diabetes was associated
with a similar increase in collagen type I and type IV protein
expression in both mouse strains (Figure 4). The increase in
collagen expression in diabetic kidneys was predominantly
detected in the glomeruli as well as in the peritubular intersti-
tium (Figure 4). Treatment with aminoguanidine or ALT-711
reduced accumulation of collagen type I and type IV, with
ALT-711 treatment being associated with a more prominent
reduction in collagen type I and IV protein expression than
aminoguanidine treatment (Figure 4).

Fluorescence AGE in Serum
Fluorescence-labeled serum AGE levels were higher in nondi-

abetic apo E-KO than in nondiabetic C57BL/6 mice (Figure 5A).

Figure 4. Immunohistochemistry for type I collagen (quantification [A] and representative pictures [B]) as well as type IV collagen
(quantification [C] and representative pictures [D]) expression in the kidneys.. Data are shown as mean � SEM. **P � 0.01 versus appropriate
nondiabetic control group; †P � 0.05 versus appropriate C57BL/6 group; ##P � 0.01 versus diabetic apo E-KO mice; §§P � 0.01 versus
diabetic apo E-KO mice treated with aminoguanidine. Magnification, �400 in B and D.
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Diabetes was associated with increased serum AGE levels in both
mouse strains, with the highest levels detected in the diabetic apo
E-KO group. Aminoguanidine and ALT-711 treatment decreased
serum AGE to levels similar to those observed in nondiabetic apo
E-KO mice (Figure 5A).

AGE Immunostaining in the Kidney
AGE immunostaining (CML) was detected in the kidneys of

C57BL/6 mice and was mainly observed in proximal and distal tubuli

(Figure 5, B through D). In apo E-KO mice, there was in increase in
AGE staining in tubuli, and some AGE staining was also detected in
glomeruli (Figure 5, B through D). Induction of diabetes in both
strains was associated with a marked increase in AGE immunostain-
ing in both the glomerulus and the tubulointerstitium. Renal AGE
immunostaining was significantly higher in diabetic apo E-KO mice
than in diabetic C57BL/6 mice. Renal AGE expression was reduced
to control apo E-KO levels by treatment with either aminoguanidine
or ALT-711 (Figure 5, B and C).

Figure 5. Quantification of fluorescence advanced glycation end products (AGE) in serum (A) and AGE immunostaining (carboxymethyll-
ysine) in the kidneys (glomerulus quantification [B]; tubulus quantification [C]; representative pictures [D]). Data are shown as mean � SEM.
**P � 0.01 versus appropriate nondiabetic control group; †P � 0.05, ‡P � 0.01 versus appropriate C57BL/6 group; ##P � 0.01 versus diabetic
apo E-KO mice; §§P � 0.01 versus diabetic apo E-KO mice treated with aminoguanidine. Magnification, �200 in D.
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Renal AGE Receptor Expression
Gene expression of the AGE receptors RAGE and AGE R-3

was increased in diabetic kidneys in both mouse strains to a
similar degree (Table 2). No changes in renal AGE R-2 gene
expression in diabetic kidneys were detected (Table 2). Immu-
nohistochemical analysis showed that RAGE protein was in-
creased in glomerular and tubular cells of nondiabetic apo
E-KO mice. Induction of diabetes caused a further increase in
RAGE immunostaining, but there was no difference between
the diabetic groups of both strains (Table 2).

Treatment with aminoguanidine or ALT-711 was associated
with decreased renal RAGE and AGE R-2 gene expression
when compared with the untreated diabetic apo E-KO mice
(Table 2). No significant effect on AGE R-3 gene expression
was detected with either treatment (Table 2). Both treatments
decreased RAGE protein expression when compared with un-
treated diabetic apo E-KO mice (Table 2).

Renal TGF-�1 Expression
In the kidneys of nondiabetic C57BL/6 mice, there was

minimal staining for TGF-�1 (Figure 6). In nondiabetic apo
E-KO mice, positive staining for TGF-�1 was seen in the
glomeruli as well as in the tubulointerstitial areas (Figure 6).
Diabetes was associated with a prominent increase in renal
TGF-�1 immunostaining, which was seen in the glomerular
epithelial and mesangial cells as well as in the tubulointersti-
tium. Tubulointerstitial TGF-�1 staining was significantly
higher in diabetic apo E-KO mice than in diabetic C57BL/6
mice, whereas no difference in glomerular TGF-�1 staining
was observed between these two diabetic groups (Figure 6).
Treatment with ALT-711 or aminoguanidine reduced TGF-�1
expression in the glomeruli as well as in the tubulointerstitium
(Figure 6) to levels similar to that observed in nondiabetic apo
E-KO mice.

Discussion
The present study has demonstrated accelerated renal injury

in a model of experimental diabetic nephropathy in the apo
E-KO mouse. The renal injury was attenuated by inhibition of
AGE accumulation by either an inhibitor of AGE formation or
by a cross-link breaker, suggesting that AGE may play a
pivotal role in diabetic renal injury in this model. Furthermore,
attenuation of renal injury by AGE inhibitors was associated
with reduced expression of a range of profibrotic and proin-
flammatory parameters.

AGE accumulation in both the serum and the kidney was
increased in diabetic apo E-KO mice when compared with
mice with diabetes or hyperlipidemia alone. In the serum,
fluorescence AGE peptides, and in the kidney, increased dep-
osition of the specific nonfluorescence AGE, CML, using an
immunohistochemical approach were observed. CML has been
reported to be the major AGE in mesangium, glomerular
basement membrane, and tubular basement membrane (25) and
has been shown to correlate with the severity of nephropathy in
diabetic patients (25,26). CML is considered by some investi-
gators to be a highly relevant and pathogenic advanced glyca-
tion/lipoxidation end product and is formed by both glucose- T
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and lipid-dependent mechanisms (27). It is interesting that
renal as well as circulating AGE were increased not only in
diabetic animals but also in apo E-KO mice when compared

with C57BL/6 mice both with and without diabetes. This
suggests not only that the AGE in this model are derived from
glucose-dependent pathways but also that lipids may contribute

Figure 6. Quantification of TGF-�1 protein expression in the glomeruli (A) and the tubulointerstitium (B) as well as representative pictures
of the kidneys (C; top, glomeruli; bottom, tubulointerstitium) after TGF-�1 immunostaining. Data are shown as mean � SEM. **P � 0.01
versus appropriate nondiabetic control group; ‡P � 0.01 versus appropriate C57BL/6 group; ##P � 0.01 versus diabetic apo E-KO mice; §§P
� 0.01 versus diabetic apo E-KO mice treated with aminoguanidine. Magnification, �400.
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to the accumulation of these AGE. Indeed, recent evidence has
emphasized the importance of lipids as an important source of
chemical modification of tissue proteins, even in the absence of
hyperglycemia, leading to production of advanced lipoxidation
products and consequently to renal injury (28). These chemi-
cally modified proteins include CML, which is also a major
AGE. It is hypothesized that these AGE/advanced lipoxidation
products, which accumulate in settings such as hyperlipidemia
and chronic hyperglycemia, can induce renal injury by cross-
link formation with collagens in the ECM, glomerular
basement membrane, and tubular basement membrane or by
inducing activation of a range of cellular processes via recep-
tor-dependent pathways (28,29).

The renal injury in diabetic apo E-KO mice was associated
with functional changes, including increased albuminuria and
elevated serum urea and creatinine concentrations as well as
various structural changes in both the glomerulus and the
tubulointerstitium. Although diabetes per se in both mouse
strains was associated with a range of abnormalities, including
increased collagen accumulation and �-SMA expression, as
well as functional and structural injury, not all of these param-
eters were increased in diabetic apo E-KO versus diabetic
C57BL/6 mice. The major differences between the two strains
with the induction of diabetes included increased albuminuria,
glomerular injury index, tubulointerstitial injury, and tubular
TGF-�1 immunostaining in the setting of a marked increase in
renal AGE staining in these diabetic apo E-KO mice. The other
major differences between the two diabetic strains, which had
similar levels of glycemic control, were an increase in lipids
and AGE in the diabetic apo E-KO mice. This suggests that
AGE and lipids may play important roles in amplifying injury
in the context of diabetes.

In the clinical context, the link between diabetic hyperlipid-
emia and renal damage has been postulated on the basis of a
number of observations. For example, in subjects with diabetes
with microalbuminuria or with overt proteinuria, plasma tri-
glyceride levels are elevated compared with those without
nephropathy (2). Furthermore, elevated serum cholesterol lev-
els have been reported to be a predictor of rapid loss of renal
function in patients with type 1 diabetes (3). The importance of
hyperlipidemia in the development of diabetic nephropathy is
further supported, albeit indirectly, by recent findings of a
correlation between apo E gene polymorphisms and nephrop-
athy in individuals with diabetes (30,31). However, the role of
apo E polymorphism in diabetic nephropathy still remains
controversial (32,33).

In addition to its effects on lipoprotein clearance, it has been
suggested that apo E may confer protective renal effects inde-
pendent of its effect on lipids (34). Mesangial cells are the
major source of apo E in the kidneys, and apo E inhibits
mesangial cell proliferation in an autocrine manner (34). Al-
though the aggravated renal injury observed in diabetic apo
E-KO mice in the present study most likely occurred as a result
of the combination of diabetes and hyperlipidemia, these lipid-
independent effects of apo E deficiency cannot be excluded in
the progression of the disease.

The synergistic effects of hyperlipidemia and diabetes on the

development of renal injury observed in the present study
further extends our knowledge of the role of hyperlipidemia as
an aggravating factor for diabetic nephropathy. Although dia-
betes was associated with renal damage in both C57BL/6 and
apo E-KO mice, the hyperlipidemic animals with diabetes
displayed a more extensive and severe degree of renal glomer-
ular and tubulointerstitial injury as well as higher levels of
urinary albumin excretion when compared with the normolipi-
demic diabetic animals. An earlier renal study using diabetic
apo E-KO mice reported that relatively short-term diabetes (6
wk) resulted in increased renal expression of RAGE in asso-
ciation with infiltration of inflammatory cells (14). That study
suggested that long-term diabetes might lead to accelerated
renal disease in diabetic apo E-KO mice (14). Indeed, the
present study has demonstrated that long-term diabetes leads to
accelerated renal injury in diabetic apo E-KO mice.

The development of diabetic renal disease in hyperlipidemic
animals in the current study is in agreement with studies using
obese Zucker rats with diabetes (35). Because diabetic apo
E-KO mice and Zucker rats are models of insulin deficiency
and resistance, respectively, it is likely that the renal injury in
these models is related to hyperglycemia per se.

The apo E-KO mouse is the most common experimental
model currently used in the study of atherosclerosis. Renal
pathology in this model has recently been characterized in
detail, albeit in the absence of concomitant diabetes (4). As
these mice get older, they develop mild progressive renal
injury with spontaneous glomerular lesions with foam cells and
widening of the mesangial area resembling the renal changes
seen in human type III hyperlipoproteinemia (4). The present
study has confirmed that hyperlipidemia alone does not cause
significant renal impairment or major pathologic alterations in
these animals, with only mild glomerular changes and negli-
gible tubulointerstitial injury detected in the nondiabetic apo
E-KO mice.

The interventional arm of the current study demonstrated
that inhibitors of AGE accumulation conferred renoprotective
effects, as assessed by a range of functional and structural
parameters. These findings support the view that AGE play a
pivotal role in the development and progression of renal injury
in the diabetic apo E-KO mouse. In earlier studies, it was
shown that soluble RAGE is able to confer renal protection in
apo E-KO mice with short-term diabetes (14) as well as in
genetically diabetic db/db mice (36). It needs to be appreciated
that RAGE cannot be considered a highly specific AGE recep-
tor because not only do AGE interact with other receptors, but
also RAGE itself has multiple ligands, including S-100, which
is itself a proinflammatory molecule (37). The present study
provides further evidence to emphasize the role of advanced
glycation and is consistent with the view that at least some of
the renoprotective effects of approaches such as soluble RAGE
are via effects on inhibiting AGE-dependent pathways.

The renoprotective effects of inhibition of AGE in experi-
mental diabetic nephropathy have been previously described,
albeit not in the context of hyperlipidemia. The prototype
inhibitor of AGE formation, aminoguanidine, was shown to
attenuate albuminuria and mesangial expansion in diabetic rats
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(9). Because aminoguanidine is also an inhibitor of the induc-
ible form of NO synthase (iNOS), subsequent studies using
agents that are either iNOS inhibitors alone or more selective
inhibitors of AGE formation (ALT-946) (38) that do not sig-
nificantly affect NOS have also been examined. These studies
have shown that the renoprotective effects of aminoguanidine
relate to its AGE inhibitory action and not its ability to inhibit
NOS (38). More recently, ALT-711 was shown to confer
renoprotection in experimental type 1 diabetes (8) and in
preliminary reports in the db/db mouse, a model of type 2
diabetes (39,40).

Increased renal accumulation of AGE in diabetic apo E-KO
mice compared with nondiabetic apo E-KO mice was associ-
ated with overexpression of the prosclerotic growth factor
TGF-�1. Furthermore, expression of TGF-�1 was ameliorated
by treatment with either aminoguanidine or ALT-711. It is
likely that the elaboration of TGF-�1 occurs partly as a result
of AGE-induced expression of these proteins via receptor-
dependent pathways (29). Indeed, both mesangial (12) and
proximal tubular epithelial cells (13,41) have been demon-
strated to express TGF-�1 upon exposure to AGE, which in
turn induces rapid accumulation of ECM. Production of
TGF-�1 may at least partly be in response to binding of AGE
to their receptor RAGE (13). The effects of other AGE recep-
tors have not been investigated as extensively, although the
changes observed with respect to these receptors in response to
both the diabetic milieu and the antiglycation therapies is
consistent with these receptors’ also playing an important role
in the development of renal injury. The increase in renal AGE
R3 expression observed in the present study in the diabetic
kidney is in agreement with similar observations by our group
in the diabetic rat heart (42).

Induction of diabetes in apo E-KO mice was associated with
increased renal type I and IV collagen expression compared
with nondiabetic apo E-KO mice. Blockade of the glycation
pathway with aminoguanidine or ALT-711 was associated with
a significant reduction in collagen I and IV immunostaining
with a possible superiority of ALT-711 over aminoguanidine
treatment. Previous studies by our group in a nonhyperlipi-
demic model of diabetic nephropathy have shown reduced
expression of both type I and IV collagen with aminoguanidine
or ALT-711 treatment (8,43). It is possible that the reduction in
type I collagen expression is an important manifestation of the
reduced tubulointerstitial injury seen with the antiglycation
therapies. However, there was no difference in type I or IV
collagen expression between diabetic C57BL/6 and diabetic
apo E-KO mice despite the differences in renal structural and
functional parameters, suggesting that the change in the ex-
pression of collagens is more closely linked with the diabetic
milieu than to concomitant dyslipidemia.

Increased renal expression of �-SMA–positive cells in dia-
betic kidneys of C57BL/6 and apo E-KO mice observed in our
study is in agreement with increasing evidence of the role of
�-SMA–positive myofibroblasts, or activated fibroblasts, as
well as activated mesangial cells in the pathogenesis of diabetic
glomerulosclerosis and tubulointerstitial fibrosis (44,45). It has
been shown that myofibroblast expression is markedly in-

creased in areas of interstitial fibrosis (44), and this increased
expression has been specifically demonstrated in human dia-
betic nephropathy (13).

ALT-711 treatment reduced expression of �-SMA–positive
cells in both the glomeruli and the interstitium, whereas ami-
noguanidine had no effect on this parameter. This was an
unexpected finding because both drugs had similar effect on
AGE accumulation in both the kidney and the serum in the
setting of renoprotection and reduced collagen deposition as
well as attenuated TGF-�1 overexpression. The underlying
explanation for this difference is unknown but may be related
to the different mechanisms of action of these drugs. As
mentioned previously, in addition to its principal action as an
inhibitor of AGE formation, aminoguanidine has inhibitory
action on NOS, particularly the inducible form (iNOS) (46).
The effects of ALT-711 on �-SMA expression have been
previously demonstrated by our group (13). Indeed, in those
studies, it was shown that AGE per se promote tubulointersti-
tial transition as assessed by �-SMA immunostaining and that
this phenomenon seems to act via RAGE- and TGF-�1–de-
pendent pathways. The present study further extends these
findings to the in vivo context linking AGE accumulation,
RAGE, and TGF-�1 expression to the presence of �-SMA-
positive cells, not only in the tubulointerstitium but also in the
glomerulus.

It should be noted that not all molecular and cellular param-
eters assessed in this study were increased in diabetic apo
E-KO mice when compared with diabetic C57BL/6 mice. This
lack of effect of the addition of dyslipidemia to hyperglycemia
on various parameters including macrophage infiltration and
glomerular TGF-�1 and collagen expression is consistent with
some of these pathways being more closely linked to glucose-
rather than lipid-dependent pathways. Indeed, glucose pro-
motes end-organ injury via a number of additional pathways to
advanced glycation, such as activation of the renin-angiotensin
system, induction of certain protein kinase C isoforms, promo-
tion of mitochondrial oxidative stress, and increased flux via
the hexosamine pathway (47,48). Although beyond the scope
of this study, it is likely that some of these putative pathogenic
mechanisms were induced by the diabetic milieu and amplify
renal injury induced by AGE-dependent pathways.
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