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Apoptosis of Tubular Epithelial Cells in Glycogen
Nephrosis During Diabetes
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SUMMARY: The important problem of the fate of glycogen-accumulating clear cells in glycogen nephrosis is still unsettled. In
this study, we examine whether apoptosis plays a relevant role in the development of diabetic glycogen nephrosis and explore
the involvement of the Fas/Fas-L system and the activation of the caspase cascade. Diabetes was induced in rats by
streptozotocin injection. Glycogen-accumulating clear cells were identified in renal tissues of hyperglycemic rats. They were
found to be concentrated in the thick ascending limbs and distal tubules. Large cellular glycogen accumulations were confirmed
by biochemical assays and enzyme-gold cytochemistry. Clear cells displayed apoptotic features such as Annexin V binding,
nuclear TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling), and the simulta-
neous occurrence of Fas, Annexin V, and TUNEL positivity. Western blot analysis demonstrated enhanced expression of Fas
receptor/ligand and the activation of the caspase cascade in these cells because cleaved forms of the caspase-3, -8, and -9 were
detected. Furthermore, active caspase-3 was located in nuclei by immunoelectron microscopy. Our results indicate that epithelial
cells in thick ascending limbs and distal tubules that develop glycogen nephrosis in response to hyperglycemia undergo
Fas/Fas-L mediated cell death. Thus, apoptosis could be playing a significant role in renal epithelial cell deletion during diabetes.

(Lab Invest 2003, 83:1069-1080).

poptosis is a specific type of cell death crucial for

maintaining the appropriate number of cells in well-
organized tissues (Hengartner, 2000). It occurs as a
normal event during kidney development and following
injuries. In diabetes mellitus, the abnormal metabolic
environment has a major influence on renal pathologic
alterations, including acute tubulo-epithelial cell hyper-
trophy, chronic glomerular nephropathy associated with
tubular epithelial cell atrophy, and interstitial fibrosis
(Nyengaard et al, 1993; Rasch, 1984; Ziyadeh and Gold-
farb, 1991). The deletion of individual renal tubular cells
by apoptosis could well be a mechanism underlying
tubular atrophy (Schumer et al, 1992; Woo, 1995). Ortiz
et al (Ortiz et al, 1997) suggested that the metabolic
changes occurring in diabetes modulate the expression
of apoptosis-regulatory genes so as to induce renal
proximal tubular epithelial cell death.

The glycogen nephrosis, characteristic of diabetic
nephropathy, has been extensively investigated
(Holck and Rasch, 1993; Meyer et al, 1998; Nannipieri
et al, 2001; Rasch, 1984, 1991). Rasch and Holck
(Holck and Rasch, 1993; Rasch, 1984, 1991) reported
that the lesion is confined to the distal tubules, includ-
ing the thick ascending limbs (TALs) in the cortex and
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the outer stripe of the outer medulla (OSOM). The
cytoplasm of most abnormal cells is loaded with
glycogen particles, and the lesion could be prevented
by insulin treatment (Rasch, 1991; Rasch and
Cotzsche, 1988). The glycogen deposition has been
detected in cells of the cortical TAL of diabetic rat
kidney as early as 24 hours following injection of
streptozotocin and increased steadily afterward (Hen-
nigar et al, 1987). An important and still unsettled
problem concerning this lesion is the fate of the
abnormal cells. These cells may die either by necrosis
or apoptosis. Because recent studies have shown that
multiple cytotoxic stimuli, well known to cause necro-
sis, can lead to apoptosis in certain conditions (Lieber-
thal and Levine, 1996), we attempted to investigate
the eventuality of apoptosis in glycogen nephrosis
during diabetes.

The factors that initiate and regulate programmed
cell death in the kidney are just beginning to be
studied. A series of protein systems appear to regulate
apoptotic events. Fas/Apo-1/CD95, a transmembrane
protein of the TNF receptor family, leads to apoptosis
when activated by its ligand. In normal kidney, Fas
antigen is expressed at very low levels mainly by
proximal tubular cells (Lorz et al, 2000; Schelling et al,
1998). Despite previous studies demonstrating that
Fas-mediated renal tubular cells apoptosis leads to
chronic renal failure (Schelling et al, 1998; Schelling
and Cleveland, 1999), no report concerning its in-
volvement in diabetic glycogen nephrosis has been
put forward.

The purpose of the present study is to assess
whether apoptosis plays a role in the development of
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the diabetic nephropathy, and if so, to explore the
cascade of the signaling pathway leading to the apo-
ptotic cell-death process.

Results

The diabetic animals displayed significantly higher
blood glucose levels and lower body weights than the
age-matched controls and streptozotocin-injected
normoglycemic animals. Blood glucose levels aver-
aged 30.5 = 2.6 mmol/L for the diabetic rats versus
6.2 = 0.7 mmol/L for the age-matched control rats;
body weight averaged 210 = 38 g for the diabetic
animals versus 510 + 58 g for the controls (n = 10).
We examined renal tissues of streptozotocin-injected
animals (12 weeks) that did not respond to the drug
and did not develop hyperglycemia (body weight 530
+ 44 g, glycemia 7.1 = 1.9 mmol/L). In such tissues no
clear cells were detected, and the renal glycogen
concentration was similar to that of control animals
(172 = 61 ng/g versus 153 = 20 ug/g kidney wet
weight). Thus, the streptozotocin-injected normogly-
cemic rats were considered as one of our controls
indicating that streptozotocin per se does not induce
glycogen accumulation.

Characteristics of Glycogen Nephrosis

By light microscopy, glycogen nephrosis in diabetic
animals was characterized by the presence of tubular
epithelial cells displaying intact cell membrane, vacu-
olated cytoplasm, chromatin condensation, and even
nuclear pyknosis. We refer to these epithelial cells as
“clear cells” (Fig. 1). No inflammatory response was
detected around the lesion. The nephrosis occurred
predominantly at the level of the TAL and distal
tubules in the cortex and outer medulla (Fig. 1, A and
B) but not in the inner medulla. Normoglycemic ani-
mals did not display such glycogen nephrosis.

Evaluation of the extent of glycogen nephrosis in the
cortex and in outer medulla by morphometry demon-
strated that the area of clear cells represents 7.1 =+
0.6% of the cortex, 10.5 = 0.9% of the OSOM, and
4.4 = 0.4% of the inner stripe of the outer medulla.

Electron microscopy revealed large amounts of gly-
cogen granules distributed throughout the cytoplasm
of clear cells that contained only few organelles,
mostly located close to the cell membrane (Fig. 1C).
By applying enzyme-gold cytochemistry (Bendayan,
1984), the cytoplasm was labeled by the amylase-gold
complex (Fig. 1D), confirming the glycogen nature of
the deposits. Pyknotic nuclei were found in clear cells
(Fig. 1E).

Characterization of Renal Fractions

Fractions of thick ascending limbs and distal tubules
(DTF) were isolated from normal and diabetic rat
kidneys. To assess the enrichment of these fractions,
we analyzed by Western blot the expression of Tamm-
Horsfall protein (THP), a marker of TAL and distal
tubules (Rasch et al, 1995), and compared it to glo-
merular fractions and to total renal tissues (Fig. 2A).
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THP expression in the DTF displayed approximately a
2.5-fold increase when compared with the entire kid-
ney and a 16-fold increase when compared with
glomerular fractions from the same animals. These
results are good indication of the purity of our DTF.
Glycogen concentration in the different renal frac-
tions is shown in Figure 2B. DTF from diabetic animals
display approximately a 6-fold increase in glycogen
concentration as compared with those from control
animals and a 60-fold increase when compared with
the glomerular fractions from the same diabetic ani-
mals. These data clearly indicate that the DTF isolated
from diabetic animals are significantly enriched in
glycogen. It also reflects on the purity of the DTF.

Glycogen Synthase Kinase 3-3

The levels of phosphorylated GSK3-B in DTF from
diabetic animals were significantly lower than in those
from control animals (p < 0.001) (Fig. 2C). The
changes in GSK3-B phosphorylation could not be
explained by differences in GSK3-B protein content
because the latter, as determined by Western blot, did
not differ from the DTF of control animals (Fig. 2D).

Detection of Apoptosis: Annexin V and TUNEL

Figure 3 shows light and electron microscopy images
of renal sections from diabetic animals labeled for
apoptotic markers. Upon injection of Annexin V in
renal artery, a large number of clear cells displayed
strong membranous signals for Annexin V (Fig. 3A),
which binds to phosphatidylserine groups transposed
to the outer membrane leaflet during the early stages
of apoptosis. This was confirmed by electron micros-
copy (Fig. 3B). In normal animals, the apical mem-
brane of few tubular cells, particularly in TAL, was
labeled for Annexin V, but in contrast to tissues from
diabetic animals, the intensity of this staining was low
and sparse (Fig. 4A). Control experiments using
antigen-preadsorbed antibodies confirmed the speci-
ficity of the immunocytochemical signals at the light
and electron microscope levels (not shown).
Numerous TUNEL (terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-
end labeling)-positive nuclei were assigned to clear
cells in diabetic rat kidney, some showing margination
of their condensed chromatin (Fig. 3C), whereas very
few TUNEL-positive cells were observed in TAL and
distal tubules of control animals (Fig. 4B). There was
no morphologic difference between tissues from the
left or the right kidney, which indicates that clamping
blood flow for about 3 to 5 minutes after injecting
Annexin V-FITC had no effect on TUNEL staining.

Fas and Fas-L Expression

To determine whether clear cells undergo apoptosis
by a Fas-dependent mechanism, kidney sections
were examined for Fas. Almost all of the clear cells
displayed strong membrane immunostaining for Fas
(Fig. 3D), which was confirmed by electron micros-
copy (Fig. 3E). The double-stainings of Annexin
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Figure 1.

Characteristics of the glycogen-accumulating clear cells. (A) Light microscopy. Renal cortex from a diabetic rat. Clear cells are characterized by a vacuolated cytoplasm
at the level of the distal tubules and thick ascending limbs (TALs) due to extraction of glycogen during tissue processing (hematoxylin and eosin, x250). (B) Light
microscopy. Renal outer (0S) and inner (IS) stripes of the outer medulla from a diabetic rat. Arrows indicate clear cells in the IS (hematoxylin and eosin, x120).
(C) Electron microscopy. Cortical TAL from a diabetic rat kidney. The tissue was fixed by the one-step fixation-staining method. The cytoplasm of the cell is filled
with glycogen particles (G). N = nucleus; L = lumen of distal tubules (x6000). (D) Electron microscopy. Renal distal tubule from a diabetic rat. Amylase-gold
cytochemical labeling of a clear cell. The glycogen deposits are labeled by gold particles. Cellular organelles such as mitochondria (M) are devoid of labeling
(x12,000). (E) Electron microscopy. Renal distal tubule with clear cells from a diabetic rat. Many of these cells have pyknotic nuclei (arrows) (x3100).

V/TUNEL (Fig. 5A), Fas/TUNEL (Fig. 5B), and Fas/
Annexin V (Fig. 5, C to E) revealed the simultaneous
occurrence of Annexin V, Fas, and TUNEL reactions in
clear cells.

To further evaluate whether Fas expression is reg-
ulated in diabetes, Fas protein levels were determined
by Western blot in DTF. Figure 6A shows an increase
in Fas protein levels in DTF isolated from diabetic
animals as compared with age-matched controls.

To investigate whether these cells express Fas-L,
DTF were probed for Fas-L by Western blot. Figure 6B
demonstrates that DTF from diabetic animals display a
3-fold increase in Fas-L levels as compared with those
of control animals. These data clearly indicate that Fas
and Fas-L expression are enhanced in clear cells.

We also assessed whether Bcl-2 protein expression
is modulated in clear cells. Figure 6C shows that Bcl-2
levels are decreased significantly in DTF from diabetic
animals, which suggests that the antiapoptotic pro-
teins are down-regulated in glycogen-accumulating
clear cells.

Caspases Activation

To test whether the caspase cascade is activated in
clear cells, DTF were processed for Western blot
analysis using specific polyclonal antibodies that rec-
ognize the proform and cleaved products of the indi-
vidual caspase-3, caspase-8, and caspase-9. Immu-
noblot analysis of caspase-8 (Fig. 6D) showed the
appearance of the smaller bands 25-kd and 12-kd,
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(A) Solubilized glomerular fractions (GF), thick ascending limb and distal tubules fractions (DTF), and total kidney (TK) proteins from control animals were resolved
by 7.5% SDS-PAGE and analyzed by immunoblotting with an anti-Tamm-Horsfall protein antibody. Representative immunoblot (left) and densitometry evaluation
(right), respectively. The THP expression in the DTF displayed approximatively a 2.5-fold increase when compared with the TK (tp < 0.05) and a 16-fold increase
when compared with the GF fractions (“p < 0.001). Results are representative of three independent experiments in which tissues from three rats were pooled. (B)
Glycogen content in GF, DTF, and TK from control (CTL, gray bars) and diabetic rats (DIA, black bars). The glycogen content is expressed as ug/g renal fraction wet
weight. TDL fractions from diabetic animals displays approximately a 6-fold increase in glycogen concentration as compared with the TDL fractions from control
animals (*p < 0.001), a 60-fold increase when compared with the GF (1p < 0.001), and a 2-fold increase when compared with TK from diabetic animals (3p < 0.001).
Results are representative of five independent experiments. (C), (D) Solubilized DTF proteins from control (CTL, gray bars) and diabetic rats (DIA, black bars) were
resolved by 12.5% SDS-PAGE and analyzed by Western blot with anti-phospho-GSK3-g (Ser-9) antibody (C) or anti-GSK3-g antibody (D). The levels of
phosphorylated GSK3-g in DTF from diabetic animals were significantly lower than those from control animals (*p < 0.001), whereas total GSK3-3 protein content
is similar in the DTF from control and diabetic animals (p = 0.07). Results are representative of three independent experiments in which tissues from three rats were
pooled.

with a concurrent reduction of the amount of the diabetic animals, whereas only 22% was cleaved in

procaspase enzyme p55 and the receptor-associated
43-kd in the TDL fractions from diabetic animals.
Densitometry evaluation showed that 74% of 43-kd
was cleaved in the TDL fractions from diabetic ani-
mals, whereas only 2.5% of 43-kd was cleaved in the
DTF from control animals.

The anti-caspase-9 antibody that we used detects
50-kd and 36-kd proteins corresponding to the pro-
form of caspase-9 and the processed large subunit,
respectively. Immunoblot analysis showed that 79%
of the procaspase-9 was cleaved in the DTF from
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those from control animals (Fig. 6E).

Immunoblot analysis of caspase-3 using a poly-
clonal antibody detecting both the proform enzyme
and the processed large subunit revealed an increase
in the large 20-kd subunit in the DTF isolated from
diabetic animals, with a concurrent reduction in the
amounts of procaspase-3 (Fig. 6F). In fact, densitom-
etry evaluation showed that 63% of caspase-3 was
cleaved in the TDL fractions from diabetic animals,
whereas only 18% was cleaved in those from control
animals. The consistent 30-kd band detected in our



Figure 3.

(A) Light microscopy. Annexin V=FITC staining of renal tissue of a diabetic rat.
No counterstaining was applied. The clear cells show Annexin V-FITC labeling
at the plasma membrane (arrows). Some nuclei display a nonspecific staining
(arrowhead, %250). (B) Electron microscopy. Clear cell in the renal tissue of
a diabetic rat. Localization of Annexin V=FITC by the protein A-gold technique.
The gold particles revealing Annexin V-FITC are present on the membrane of
the basal infoldings (arrows, Bl). Mitochondria (M) are devoid of labeling
(x17,000). (C) Light microscopy. Renal tissue of a diabetic rat. TUNEL-
positive nuclei are present in the distal tubules and thick ascending limbs.
Some nuclei show margination of this condensed chromatin (arrows). One of
the distal tubular cells is clearly a characteristic clear cell (arrowhead). No
counterstaining was applied (x260). (D) Light microscopy. Diabetic rat
kidney. Clear cells are positively stained with the anti-Fas antibody (arrow,
%120). (E) Electron microscopy. Apical membrane of clear cells in renal tissue
of a diabetic rat. Localization of Fas by the protein A-gold technique. Gold
particles revealing Fas antigenic sites are associated with the apical membrane
(arrows). MV = microvilli; G = glycogen particles (x31,000).

samples is not caspase-3 because it was detected in
MCF?7 cells, which lack caspase-3 protein (Kirsch et al,
1999). Densitometry evaluation of this band showed
equivalent amounts in DTF from control and diabetic
animals (Fig. 6F). Immunoblot analysis of DTF using an
antibody that recognizes specifically the active form of
caspase-3 revealed that the 18-kd subunit is only

Apoptosis in Diabetic Glycogen Nephrosis

Figure 4.

(A) Light microscopy. Normal rat kidney. Labeling for Annexin V is sparse and
mainly located at the surface of some thick ascending limbs and distal tubular
cells (arrows, x120). (B) Light microscopy. Normal rat kidney. Very few
TUNEL-positive cells are observed, some of them presenting margination of
their condensed chromatin (arrow, x200).

detected in DTF from diabetic animals (not shown).
Immunocytochemistry using the same antibody was
able to locate this cleaved caspase-3 in clear cells.
The labeling was concentrated in nuclei (Fig. 6G).
Quantitative evaluation (Table 1) demonstrated that
the labeling on nuclei of clear cells was 4.5-fold higher
than that on nuclei of nonclear cells (distal tubule cells
that do not accumulate glycogen) in renal tissues of
diabetic animals and 6.5-fold higher than that on
nuclei of distal tubule cells of control animals.

Discussion

Apoptosis is an important cause for cell death in acute
and chronic renal diseases (Schumer et al, 1992; Woo,
1995). In the present study, we demonstrate that
glycogen-accumulating clear cells do undergo apo-
ptosis. The combination of Annexin V labeling and
TUNEL technique proved to be efficient in detecting
apoptotic cells in renal tissue (Ansari et al, 1993;
Blankenberg et al, 1998). The variety of nuclear mor-
phology in the abnormal cells, which included normal
profile, chromatin condensation, and even pyknosis,
indicates that the cells are at different stages of cell
death.

The Fas signaling pathway system for apoptosis
was the focus of the present investigation because it is
involved in the pathogenesis of tissue injury, particu-
larly in renal tubular epithelial cells (Porter et al, 2000;
Schelling et al, 1998; Schelling and Cleveland, 1999).
The enhanced Fas receptor/ligand expression, to-
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Figure 5.

(A) Double-labeling of Annexin V and TUNEL in a renal tissue section of a diabetic rat. Many clear cells show Annexin V-FITC labeling at the plasma membrane (blue
staining). Some cells are double-labeled for Annexin V and TUNEL (arrow), whereas few nonclear cells are only TUNEL positive (arrowheads, <250). (B)
Double-labeling of Fas and TUNEL in a renal tissue section of a diabetic rat. A large number of clear cells show Fas labeling at the plasma membrane (blue staining).
Some cells are double-labeled for Fas and TUNEL (arrows). Few nonclear cells are only TUNEL positive (arrowheads, x750). (C), (D), and (E) Double-
immunofluorescence staining visualized by confocal laser scanning microscopy. Renal tissue from a diabetic rat. Separate scannings in the same focal plane for
fluorescein green staining (revealing Annexin V-FITC immunoreactive cells, C) and for rhodamine red staining (revealing Fas immunoreactive cells, D). (E) Merging
C and D. Strong simultaneous occurrence (yellow staining) of both Annexin V-FITC and Fas (x600).
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Solubilized thick ascending limb and distal tubules fraction proteins from control (gray bars) and diabetic rats (black bars) were resolved by 16.5% SDS-PAGE and
analyzed by immunoblotting with anti-Fas (A), anti-Fas-L (B), anti-Bcl-2 (C), anti-caspase-8 (D), anti-caspase-9 (E), and anti-caspase-3 (F) antibodies. Representative
Western blots (left) and densitometry evaluations (right), respectively (“p < 0.001 vs control; p < 0.05 vs control). Results from three independent experiments.
CTL = control rats; DIA = diabetic rats. (G) Electron micrograph. Active caspase-3 immunolabeling of clear cells nuclei from diabetic rat kidney (left) x3600.
Enlargement of small area of the nucleus of one clear cell. Gold particles are present over the nuclei of clear cells (right) x63,000.
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Table 1. Immunolabeling Density for Active Caspase-3 in Nuclei of Renal Epithelial Tubular Cells in Normal and

Diabetic Rats (gold particles/um?2)

Diabetic animals?

Normal animals?

TAL cells Clear cells

Control of specificity?

Nonclear cells Clear cells

11 +02 7.7 £13°

15 +05 11 x02

TAL, thick ascending limb.
4 Mean values + sp, n = 3 animals per group.

bp < 0.001 diabetic vs control animals; p < 0.001 diabetic vs nonclear cells of diabetic animals.

gether with the cleavage of caspase-8, support Fas-
dependent mechanism-mediated apoptosis. In fact,
stimulation of Fas results in aggregation of its intracel-
lular death domain, leading to the recruitment of two
proteins, FADD and procaspase-8. These, together
with Fas receptor, form the death-inducing signaling
complex (DISC) (Boldin et al, 1996). By association
with Fas DISC, procaspase-8 is cleaved, leading to
the release of the active subunits in the cytosol
(Medema et al, 1997). The Fas signaling pathway has
been shown to involve activation of additional
caspases, such as caspase-1 and caspase-3 (Enari et
al, 1996). Caspase-3, which appears to play an impor-
tant role in the apoptosis effector pathway (Hengart-
ner, 2000), was found to be activated in clear cells.
Active caspase-3 cleaves many vital substrates lead-
ing to the morphologic changes of apoptotic cells
(Nufez et al, 1998). DNA fragmentation into nucleoso-
mal fragments is the most recognizable biochemical
feature in apoptosis. DNA fragmentation does occur in
most clear cells as detected by the TUNEL reaction.
Active caspase-3 was located in nuclei of these cells.
In fact, caspase-3 is primarily in the cytoplasm and
once activated is transported into the nucleus during
apoptosis to gain access to its nuclear substrates,
such as lamin B and nuclear pore complex proteins
(Buendia et al, 1999). Other studies have already
shown the presence of activated caspase-3 in the
nucleus (Kuida et al, 1998; Namura et al, 1998).

The cleavage and activation of caspase-9 in clear
cells is of interest because this caspase could be
activated by the Fas-mediated apoptosis that has
been reported to occur in so-called “type Il cells.”
Many data support the type I/type Il concept of Fas
signaling (Li et al, 1998; Luo et al, 1998; Scaffadi et al,
1998). In so-called “type | cells” (Scaffadi et al, 1998),
the death signal is propagated by a caspase cascade
initiated by the activation of caspase-8 at the DISC,
followed by cleavage of caspase-3 and other
caspases. On the other hand, in type Il cells, hardly
any DISC is assembled, and the caspase cascade
cannot be propagated but is amplified via the mito-
chondria. Thus, caspase-8 cuts Bcl-2 family member
Bid and truncated Bid activates mitochondria (Li et al,
1998), which in turn releases cytochrome c. The latter
associates with Apaf-1 and procaspase-9 in the cyto-
plasm forming the apoptosome (Hengartner, 2000).
This complex is then responsible for the cleavage of
caspase-9, which activates further downstream
caspases leading to cell death (Hengartner, 2000). We
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propose that clear cells are type Il cells because we
have demonstrated that not only caspase-9 is acti-
vated but also that the antiapoptotic protein Bcl-2 is
down-regulated. Scaffadi et al (1998) have shown that
in contrast to type | cells, in type Il cells, cleavage of
caspase-8 and caspase-3 was completely blocked by
overexpression of Bcl-2. Other studies (Shimizu et al,
1996; Yang et al, 1997) have demonstrated that over-
expression of Bcl-2 can block all mitochondrial activ-
ities during apoptosis. The decrease of Bcl-2 levels in
renal epithelial cells that may facilitate the activation of
mitochondria and the formation of apoptosome in
these cells was also reported by Ortiz et al (Ortiz et al,
1997). They have shown that high ambient glucose
and diabetic state modulate the expression of
apoptosis-regulatory genes leading to a decrease of
the Bcl-2:Bax ratio in renal cortex. Ortiz and his
colleagues have proposed that tubular epithelial cells
are type Il cells (Ortiz et al, 2000b) because they
demonstrated in transfected cells that preventing the
decrease in Bcl-xL, the antiapoptotic member of the
Bcl-2 family, protects against apoptosis induced by
nephrotoxins and lethal receptors (Lorz et al, 1998;
Ortiz et al, 2000a).

We have shown that clear cells may undergo apopto-
sis by the Fas/Fas-L system. However, the pathway by
which glycogen accumulation triggers the apoptotic ma-
chinery remains unclear. GSK3 is an unusual serine/
threonine kinase because it is inactivated by phosphor-
ylation. GSK3 was initially identified as an enzyme that
regulates glycogen synthesis. It phosphorylates and
inactivates the glycogen synthase (GS), the final enzyme
in glycogen biosynthesis (Embi et al, 1980). There are
two closely related isoforms GSK3-a and GSK3-8,
which are expressed ubiquitously in mammalian tissues
(Woodgett, 1990). Inhibition of GSK3 by insulin results
from its phosphorylation at N-terminal serine residues
(serine 21 in GSK3-«a and serine 9 in GSK3-p) (Cross et
al, 1995). Thus, in response to insulin, the inhibition of
GSK3 promotes the dephosphorylation and activation of
GS, contributing to the stimulation of glycogen synthe-
sis. Recently, GSK3 has interestingly been implicated in
regulation of apoptosis. Pap and Cooper (1998) found
that overexpression of GSK3 induces apoptosis in PC12
and Rat-1 cells, whereas overexpression of a catalyti-
cally inactive mutant of GSK3 prevents apoptosis in-
duced by a phosphatidylinositol 3-kinase inhibitor. Re-
cent work in neurons (Cross et al, 2001; Hetman et al,
2000) has lent support to the hypothesis that GSK3-
may play a role in the regulation of apoptosis. In clear



cells, phosphorylation levels of GSK3-3 are decreased,
which leads to increase in GSK3-B active form. The
increase of active GSK3-B would normally result in a
decrease in GS activity, which would lead to a decrease
in glycogen synthesis. However, we have found that
glycogen accumulation in these cells is extensive. One
possibility consists in the allosteric modulation of GS.
The glycogen synthase is regulated by phosphorylation
and dephosphorylation. When the active form GS(l) is
phosphorylated by protein kinases such as GSK3, GS(l)
is converted into the less active form GS(D) (Chock et al,
1980). This form is modulated allosterically and becomes
active when stimulated by its allosteric modulator glu-
cose 6-phosphate (Chock et al, 1980). Along this line,
Khandelwal et al (1979) have demonstrated that in dia-
betic rats, the increase in kidney glycogen is associated
with increases of the D form of GS and of its allosteric
activator, the glucose 6-phosphate. It is tempting to
speculate, therefore, that the decrease of GSK3- phos-
phorylation in clear cells may contribute not only to
glycogen accumulation but also to increased rates of
apoptosis leading to the development of diabetic
tubulopathy.

In our study, tubular apoptosis was found to be
associated with glycogen accumulation but there may
be other factors of the diabetic milieu that could be
involved in the induction of tubular cell death. Other
studies have shown the implication of the renin-
angiotensin system (Kelly et al, 2002) and oxidative
stress in the induction of apoptosis in tubular epithelial
cells, both in culture under high-glucose conditions
and in diabetes (Verzola et al, 2002; Zhang et al, 1997).

In conclusion, we provide evidence that high levels
of apoptosis are present in glycogen nephrosis during
diabetes and that Fas/Fas-L system may participate in
the deletion of renal epithelial cells. The increased
apoptosis in glycogen accumulating cells may contrib-
ute to renal tubular atrophy, the hallmark feature of
end-stage diabetic nephropathy.

Materials and Methods
Materials

Routine reagents and secondary antibodies were from
Sigma (Oakville, Canada). Antihuman THP antibody,
mouse anti-Fas antibody, and anti-FITC antibody
were from Cedarlane (Hornby, Canada). Anti-Bcl-2
antibody, rabbit anti-Fas, and anti-Fas-L antibodies
were from Santa Cruz Biotechnology Inc. (Santa Cruz,
California). Annexin V-FITC and antiactive caspase-3
antibody were from R&D Systems (Minneapolis, Min-
nesota). Anti-caspase-3, -8, and -9 antibodies were
from StressGen (Victoria, Canada). Anti-GSK3- anti-
bodies were from New England Biolabs (Beverly,
Massachusetts).

Animals

An experimental diabetic state was induced in 100-g
Sprague-Dawley male rats by a single intraperitoneal
injection of streptozotocin (70 mg/kg body weight). The
rats became hyperglycemic within the first 72 hours and
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remained as such for 12 weeks. No insulin treatment was
required. Regular measurements of glycosuria and body
weight were carried out. At the time of death, body
weight and tail vein plasma glucose were measured.
Blood glucose levels were determined by using test
stripes of the AccuSoft Monitoring System (Roche Diag-
nostics, Laval, Canada).

Tissue Preparation

At the end of the experimental time, animals were
anesthetized with urethane (0.2 ml/100 g body
weight). The kidneys were treated as follows. For the
right kidney, approximately 30 wl of Annexin V-FITC
(25 g/l) was injected into the renal artery in 10 to 20
seconds. Then the main renal vessels were clamped
for about 3 to 5 minutes. The kidney was removed and
cut into three transversal blocks. Two of these blocks
were prepared for light microscopy as described be-
low for the left kidney. The third segment was cut and
fixed in 1% glutaraldehyde in 0.1 mol/L phosphate
buffer (pH 7.4) for 24 hours at 4° C. It was embedded
in Lowicryl K4M at —20° C and processed for immu-
nocytochemistry (Bendayan, 1995). Other fragments
from this segment were fixed by the one-step fixation-
staining method (Simionescu et al, 1972) and embed-
ded in Epon. The left kidney was excised and decap-
sulated. The tissue was fixed by immersion for 24
hours in 4% paraformaldehyde in 0.1 M HEPES buffer
7.4 pH containing 1.5 mol/L NaCl, 0.05 mol/L KClI,
0.01 mol/L MgCI2, and 0.018 mol/L CaClI2 at 4° C and
embedded in paraffin. Serial sections were cut, and
the first slide was stained with hematoxylin and eosin.

Light Microscopy Immunohistochemistry

For detecting Annexin V-FITC, the second tissue slide
of each serial section from the right kidney was
deparaffinized, rehydrated, and incubated with a rab-
bit anti-FITC antibody (1/50) at room temperature for
90 minutes. After rinsing 3 to 5 minutes in PBS,
sections were incubated at room temperature with an
antirabbit Ig G conjugated to alkaline phosphatase
(1/200) for 60 minutes, washed with PBS, and devel-
oped in freshly prepared 5-bromo-4-chloro-3-indolyl
phosphate and nitro-blue tetrazolium chloride sub-
strate for 10 to 15 minutes with microscope
monitoring.

For DNA fragmentation staining, the third tissue
slide of each serial section was used to detect apo-
ptotic nuclei by the TUNEL technique (Gavrieli et al,
1992) according to manufacturer’s instructions (Roche
Diagnostics). After deparaffinization and rehydration,
the tissue sections were briefly quenched with H,0, in
methanol, digested with proteinase K (25 g/l) for 15
minutes, and washed. DNA fragments were elongated
and labeled with fluorescein-dUTP, introduced by
terminal deoxynucleotidyl transferase. Finally, bound
fluorescein was stained by antifluorescein antibody
conjugated with peroxidase, developed with nickel-
enhanced diaminobenzidine substrate with micro-
scope monitoring.
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For Fas detection, the fourth tissue slide of each serial
section was quenched with 0.3% H,O,, for 30 minutes at
room temperature, washed in PBS, blocked with 1%
ovalbumin, and incubated overnight at 4° C with a rabbit
anti-Fas antibody (1/300). This was followed by a rinse
with PBS and incubation at room temperature with a
biotinylated goat antirabbit Ig G secondary antibody
(1/200) for 60 minutes. The bound anti-Fas-IgG-biotin
was visualized using the avidin-biotin complex method
with horseradish peroxidase-conjugated avidin. Diami-
nobenzidine was used as a substrate. Alternatively, an
antirabbit Ig G conjugated to alkaline phosphatase was
used for 60 minutes and developed in freshly prepared
5-bromo-4-chloro-3-indolyl phosphate and nitro-blue
tetrazolium chloride substrate for 10 to 15 minutes with
microscope monitoring. All of the sections were
mounted with Eukitt without counterstaining and were
examined using a Leitz Orthoplan microscope (Leica,
Montreal, Canada).

Double-Labeling

Tissue sections labeled for Annexin V or Fas were
subjected to TUNEL staining. The double-staining of
Annexin V and Fas was performed using a rabbit
anti-FITC antibody and a mouse anti-Fas antibody,
followed by the FITC-conjugated goat antirabbit Ig G
and the TRITC-conjugated goat antimouse Ig G. The
sections were scanned in the same focal plane for
rhodamine and fluorescein stainings with a Bio-Rad
MRC 600 confocal microscope (Cambridge, Massa-
chusetts). Images of double-immunofluorescence
were collected and digitized. Fluorescein and rhoda-
mine stainings were visualized in green and red,
respectively, and the colocalization of both probes
under the limits of the transverse resolution of light
microscopy (~0.25 mm) resulted in an orange-yellow
staining according to the intensities of the individual
labelings.

Electron Microscopy Enzyme-Gold and Protein-A
Gold Cytochemistry

The enzyme-gold cytochemical and the protein A-gold
immunocytochemical techniques (Bendayan, 1984,
1995) were applied for the ultrastructural localization
of glycogen, Annexin V, Fas, and active caspase-3.
For the localization of glycogen deposits, the amylase-
gold complex was prepared using human salivary
amylase (EC 3.2.1.1) and a colloidal-gold (15 nm)
suspension at 7.5 pH as described previously (Ben-
dayan, 1984). Thin sections of Epon-embedded tis-
sues were incubated for 15 minutes at room temper-
ature with the amylase-gold complex. Grids were
stained with uranyl acetate and lead citrate. Control
experiments using a nonenzyme-gold complex, the
albumin-gold, were carried out.

For Annexin V, Fas, and active caspase-3 detection,
Lowicryl thin sections of rat renal tissues were first
incubated on drop of 1% ovalbumin in PBS for 10
minutes. Subsequently, the grids were incubated on a
drop of the primary antibodies rabbit anti-FITC (1/
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50), rabbit anti-Fas (1/200), and rabbit antihuman
active caspase- 3 (1/40) overnight at 4° C. After
rinsing with PBS, the grids were further incubated for
30 minutes with the protein A-gold complex. Finally,
grids were stained with uranyl acetate prior observa-
tion with a Philips 410 electron microscope. To assess
the specificity of the immunolabelings, control exper-
iments were carried out by omitting the primary anti-
body and when possible by adsorption experiments
with corresponding antigens.

Morphometric Analysis

Areas of clear cells were evaluated on the hematoxy-
lin-eosin—stained sections, and results are expressed
as percentage of cortex, OSOM, and inner stripe of
the outer medulla areas by applying a computer-
controlled video microscope image-processing sys-
tem (Carl Zeiss, Toronto, Canada). For each animal
(n = 5) and each renal zone, 135 fields from at least
three tissue slides were recorded randomly.

The active caspase-3 labeling on nuclei was evalu-
ated on 30 to 35 micrographs per animal (n = 3).
Nuclei surface and number of gold particles were
recorded and the labeling density reported in number
of gold particles/um? + standard deviation.

Renal Fractions

For each fractionation experiment, tissues from three
rats were used and pooled. The kidneys were re-
moved surgically and placed in ice-cold PBS (7.4 pH).
For the isolation of thick ascending limb and distal
tubule fractions (DTF), the area comprising the OSOM
and the inner cortex was excised and minced. The
tissue was resuspended in a lysis buffer (20 mm Tris
pH 7.5; 150 mm NaCl; 1 mm EGTA; 1% Triton X-100;
2.5 mm sodium pyrophosphate; 1 mm 3 glycerol phos-
phate; 1 mm sodium orthovanadate; 0.2 mg/ml
phenyl-methyl sulfonyl fluoride, and protease inhibitor
cocktail containing serine and cysteine proteases in-
hibitors [50 mm EDTA, 50 um leupeptine, 15 um
aprotinin, 100 mm AEBSF, 6.5 mm bestatin, 70 um E
64]) and homogenized. Upon centrifugation at 8000
Xg, protein concentration was determined using the
bicinchoninic acid method (Brown et al, 1989). The
isolation of glomerular fractions was carried out as
described previously (Regoli and Bendayan, 1999).

Glycogen Determination

Glycogen contents in the total kidney homogenates
and in the different fractions were determined enzy-
matically using Sigma Diagnostics glucose kit (115),
after alkaline destruction of free glucose and enzy-
matic hydrolysis of glycogen with a-amyloglucosidase
(EC 3.2.1.3) (Lust at al, 1975). The glycogen content is
expressed as ug/g renal fraction wet weight. To as-
sess the efficiency of the destruction of free endoge-
nous glucose in the tissues, glucose was measured
before and after the alkaline treatment. Destruction of
free glucose was found to be efficient to 95.6% =+
2.9%.



Western Blot

Twenty pg of renal tissue proteins were heated for 5
minutes at 100° C in a sample buffer (62.5 mm Tris-HCI
pH 6.8, 10% glycerol, 2% SDS, 0.05% bromophenol,
and 5% pB-mercaptoethanol). Then they were resolved
by electrophoresis on 7.5%, 12.5%, or 16.5% SDS-
polyacrylamide gels. The resolved proteins were trans-
ferred to a nitrocellulose membrane. The blots were
blocked for 2 hours at room temperature with gentle
agitation in the blocking buffer (5% nonfat milk powder in
TBS and 0.1% Tween 20), washed, and incubated with
gentle agitation overnight at 4° C with the primary anti-
bodies. The dilution of the antibodies in the blocking
buffer was as follow: anti-THP (1/200), anti-Fas (1/1000),
anti-Fas-L (1/1000), anti-Bcl-2 (1/1000), anti-caspase-3
(1/5000), anti—caspase-3 active (1/600), anti-caspase-8
(1/1000), anti-caspase-9 (1/600), and anti-GSK3-8 an-
tibodies (1/1000). Detection was achieved with the ap-
propriate secondary antibodies coupled to horseradish
peroxidase, followed by enhanced chemiluminescence
Lumi-Light™s Western blotting kit. The gels were
scanned and band densities evaluated by Image Quant
V1.26 program (NIH).

Statistical Analysis

Student’s t test was used for statistical analysis.
Results are expressed as mean values * standard
deviation. A p value < 0.05 was considered statisti-
cally significant.
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