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Abstract

Glomerular tuft immune reactive Ezrin surface area (EzA) and fraction of
EzA to total glomerular tuft area significantly increased, indicating podocyte
growth, rounding and altered cytoskeletal interactions at 1 week of STZ di-
abetes. Podocyte number per glomerulus (WT1+ nuclei) did not change in-
dicating no detachment, but density decreased due to tuft hypertrophy.
Treatment with PLZ or Insulin for one week, prevented increase in proteinu-
ria and hyperglycemia but not the decrease in podocyte density. PLZ but not
Insulin prevented increase in ezrin positive area in glomeruli and per podo-
cyte. In podocytes in culture neither 25 mM glucose with or without PLZ (2.5
or 25 uM) altered Ezrin expression measured in western blots. In summary,
the Ezrin positive glomerular surface area increase seen after 1 week of STZ
diabetes, reflects altered podocyte morphology and cytoskeletal interactions,
prevented by PLZ but not by insulin. Ezrin area increase preceded podocyte
detachment and in podocytes in culture is not associated with increases in
podocyte Ezrin protein expression. It is a likely precursor of shape changes in
podocytes and of alterd interactions with basement membrane that contri-
bute to detachment and thickening. Glomerular capillary tuft hypertrophy
and reduced podocyte density persisted despite PLZ or insulin treatments,
independently of levels of glycemia and of proteinuria.
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1. Introduction

Podocytes are the major cells responsible for selectivity of the glomerular filtra-
tion barrier [1] and are the target of many pathophysiological processes resulting
in glomerular disease. Their complex and delicate architecture, wrapping around
glomerular capillaries and defining the filtration slit diaphragms plays a critical
role in determining the perm-selectivity of the glomerular barrier [2].

In diabetes mellitus, glomerular pathology is a main and early result of the mi-
crovascular component of the disease, often translating in hypertrophy, hyperfil-
tration and micro albuminuria [3] and evolving into glomerulosclerosis, overt
proteinuria and renal failure [4].

Normalization of blood glucose is a major but difficult goal to achieve during
treatment of diabetes which has recently been approached with the use of oral
analogues of phlorizin, inhibitors of Na*-Glucose cotransporter (SGLT2), as ad-
jutants in diabetes therapy [5] and effective at reducing morbidity and mortality
in diabetics [5].

Previous studies indicate that alleviating hyperglycemia with phlorizin pre-
vented the development of hyperfiltration and proteinuria despite persistent
glomerular capillary tuft hypertrophy [6].

In the present study, structural changes in glomerular podocytes early during
diabetes and the effects of phlorizin and insulin on these changes are evaluated.
In particular, ezrin, a cytoskeletal-membrane linker protein involved in epitheli-
al cell morphogenesis, adhesion and signal transduction [7] and of Wilms tu-
mor-1 a protein typical of podocyte nuclei [8] were measured by immunohisto-
chemistry to assess changes in the podocyte membrane-cytoskeleton and in their
number, respectively, in diabetic and phlorizin or insulin-treated diabetic rats.
Ezrin expression was measured in western blots of podocytes in vitro exposed to
5 or 25 mM glucose and with or without PLZ.

Increase in the glomerular podocytes ezrin positive area was found to be re-
versed by PLZ but not by insulin, while proteinuria and hyperglycemia were
blunted by both treatments [6]. No changes in Ezrin expression were found in

the cultured podocytes.

2. Materials and Methods

1) Animals

Male Fischer rats (8 weeks old) were kept in a room with an 8:00 - 20:00 light,
20:00 - 8:00 dark cycle, at 22.3°C £ 0.3°C and 31.2% * 0.8% humidity. Rats had
free access to water and standard rat chow. All animals were cared for in accor-
dance with the Guide for the Care and Use of Laboratory Animals and all expe-

rimental protocols were approved by the Research Administration at Kuwait

DOI: 10.4236/jdm.2020.102003

28 Journal of Diabetes Mellitus


https://doi.org/10.4236/jdm.2020.102003

S. Malatiali et al.

University. Five groups were used: Control rats (C), diabetic rats (D), diabetic
rats treated with insulin (DI) or Phlorizin (DPLZ), and diabetic rats treated with
propylene glycol, the vehicle for PLZ (DPG).

2) Induction of diabetes and treatments

Diabetes was induced by intra-peritoneal (i.p) injection of 55 mg/kg Strepto-
zotocin (STZ, S-0130, Sigma, USA), dissolved in 55 mM trisodium-citrate buffer,
pH = 4.5. Controls received the citrate buffer (vehicle) alone. After STZ injec-
tion, animals were placed in metabolic cages and development of diabetes was
confirmed 16-hrs later by measuring blood glucose concentration from samples
taken from the tail vein and using a gluco-meter (GLUCOTREND 2, Roche,
Germany).

3) Phlorizin treatment

Phlorizin is a well-known inhibitor of renal glucose reabsorption that interacts
mainly with the SGLT2 type of glucose transporters. Recently, a number of its
derivatives that can be given orally have been developed and are being exten-
sively used in the treatment of diabetes. Diabetic rats (DPLZ) were treated with
phlorizin (P-3449, Sigma, USA), 400 mg/kg/day, starting 16 hrs after STZ injec-
tion, as described earlier [6]. Vehicle treated diabetic rats (DPG) were given 0.1
ml propylene glycol. Blood glucose levels were measured twice daily in
PLZ-treated and diabetic rats. At day 7 before animal sacrifice; fasting blood
glucose levels were measured in all groups, using Glucotrend 2 Roche.

4) Insulin Treatment.

Diabetic rats were treated with insulin (DI), (Mixtard 30 HM, Novo Nordisk,
Denmark) (30%, 70%, 100 IU/ml), starting twenty-four hours after STZ injec-
tion. The rats were given subcutaneous (s.c.) injection of 1 - 2 units of insulin
(dissolved in 0.1 - 0.3 ml of sterile 0.9% NaCl) at 8:00 p.m. just before feeding
and 0.5 - 1 units at 8:00 a.m. when needed, for six days.

5) Protein Excretion Rate.

Protein excretion rate (PER) was calculated from urinary protein concentra-
tion (Up, mg/ml) and urine volume collected in metabolic cages for 24 h (ml/24
hrs), as previously described [6].

6) Perfusion fixation of rat kidneys.

Rat left kidneys were perfusion-fixed with 10% neutral-phosphate buffered
formalin, embedded in wax, cut into 5-micron thick sections and mounted on
APES-coated slides for immuno-histochemical studies.

7) Immunohistochemistry.

Kidney tissue sections were immunostained with two antibodies to podocyte
markers: a) Rabbit polyclonal anti-ezrin antibody (Upstate Biotechnology, USA),
against a synthetic peptide corresponding to amino acids 479 - 498 of human
ezrin, which is 17/20 amino acids identical to those of rat ezrin and is specific for
the 81 kDa ezrin, a podocyte cytoskeletal marker [7]. b) Rabbit polyclonal an-
ti-Wilm’s tumor-1 antibody (WT-1, Sigma, USA), which is specific for the 52
kDa Wilms’ tumor nuclear protein exclusively expressed in nuclei of podocytes

in the glomerulus [9].
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The immunostaining procedure used was the LSAB2 system from DACO (K
0609, Denmark) using a biotinylated anti-rabbit antibody and streptavi-
din-conjugated horseradish peroxidase (HRP), especially developed for rat tis-
sues to minimize background and cross-reactivity. The substrate for the HRP
enzyme was di-aminobenzidine (DAB, Denmark).

8) Immunostain with Anti-ezrin Antibody.

The sections were hydrated, and then treated with 3% v/v H,O, for 10 min to
inhibit endogenous peroxidase activity. For antigen retrieval, sections were
placed in 11 mM Na'-citrate buffer, pH = 6 and heated in a microwave oven at
950 watts for 10 min.

The sections were then blocked with 10% v/v goat serum (DACO, Denmark)
for 15 min, and then incubated with anti-ezrin antibody (diluted 1:50) overnight
at 4°C in a hydrated chamber. After washing with tris-buffered saline (TBS:
NaCl: 8.1 g, Tris: 0.6 g, 4.2 ml 1M HCI per liter, pH = 7.6), 100 ul of the second-
ary biotinylated antibody reagent were added on each section for 30 min, washed
again with TBS, and then exposed to 100 pl of streptavidin-HRP reagent for
another 30 min. Finally, 100 pl of DAB (1 mg/ml in TBS) were added to the sec-
tions.

9) Immunostain with Anti-WT-1 antibody.

The immunostaining procedure followed with the anti WT-1 antibody was
similar to that described for the anti-ezrin antibody, however, the antibody was
diluted 1:100 and pressure-cooking for 8 min was used for antigen retrieval.

10) Morphometric Measurements in immunostained tissues.

Immunostained glomeruli showed clear contours, which could be manually
traced to measure the glomerular tuft area (GTA, pm?) of each glomerular mid-
section. Fifteen to 20 glomeruli midsections were measured for each rat. All
morphometric measurements were done using the CAS 200 (Becton & Dickin-
son Image Cytometry Systems, USA). Glomerular tuft volume (GTV) was esti-
mated from the GTA and the measured section thickness, as described pre-
viously [6].

11) Ezrin positive area.

The glomerular tuft ezrin positive area (EzA) was measured using a threshold
method and taken as an estimate of the total podocyte area. Podocyte ezrin posi-
tive area (um?) was normalized to total glomerular capillary tuft area (um?®) or
dividing the Ezrin positive area measured in each glomerular midsection by the
number of podocyte nuclei observed in each mid-section. The threshold of stain
intensity in each glomerular tuft section considered positive for ezrin was set at a
level such that glomerular parietal cells showed clear and sharp brown stain and
their whole cell body was visible. Parietal cells’ ezrin stain did not differ in
groups C, D, DI, DPG or DPLZ and served as internal control for each glome-
rulus.

12) Number of podocytes and podocyte density.

The number of nuclei within the glomerular tuft that stained positive for anti

WT-1 was counted in each glomerular midsection. Fifteen to twenty glomeruli
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per section were counted per animal. The ezrin area per podocyte was calculated
from the ratio of the total ezrin positive tuft area per glomerular midsection to
the number of counted WT-1 positive nuclei per glomerular cross Section (8, 9).
The total number of podocytes per glomerulus was derived from the number of
WT-1 positive nuclei counted in each glomerular tuft midsection, the glomeru-
lar tuft area, the measured section thickness [9], and the glomerular tuft volume
as described earlier [6].

Podocyte density was the ratio of calculated number of WT-1 positive nuclei
per glomerulus to the glomerular tuft volume.

13) Podocytes

Podocytes were cultured in vitro as described before [10] [11]. Proteins were
extracted after 7 or 10 days exposure to 5 or 25 mM glucose and with or without
2.5 or 25 uM PLZ. Western blots were done in the protein extracts of the cul-
tures, using anti Ezrin antibody, were stained and scanned to measure the ex-
pression of Ezrin [6] [11]. Cultures in each codition were in triplicate.

14) Statistical Analysis

All results were expressed as mean + SE and were analyzed by one way
ANOVA to establish differences between groups. When F statistics was signifi-
cant, comparisons between any two groups was further tested using unpaired
two-tailed students #test for equal or unequal variances according to the equali-
ty of variance test. The software used was SPSS 11 for Windows. For all statistic-

al tests, a Pvalue of less than 0.05 was considered significant.

3. Results

One week STZ diabetes caused a significant increase in blood glucose concentra-
tion, measured with Gluctrend, 2 Roche, (26.39 + 1.17 mM, vs. 5.28 + 0.47 mM,
p < 0.001) and protein excretion rate (20.17 = 1.73 mg/day, vs. 6.43 + 0.89
mg/day, p < 0.001), when compared to controls (Table 1). Treatment with PLZ
reduced blood glucose concentration to 5.7 £ 0.56 mM, near control levels, and
prevented proteinuria (8.97 + 1.07 mg/day). Insulin treatment also prevented the
development of hyperglycemia (5.14 + 0.37 mM) and proteinuria (8.85 + 0.99
mg/day).

1) Podocyte changes in STZ diabetes

There was a significant (p < 0.001) increase in immunostained GTA with di-
abetes (Figure 2, Table 2), confirming our earlier finding using PAS stain [6].
Glomerular hypertrophy was accompanied by a significant increase in im-
mune-stained ezrin positive tuft area (EzA). The relative increase in EzA was
higher than that of the glomerular tuft as indicated by the significant increase of
the ratio of EzA to GTA (Table 2).

The number of WT-1 positive nuclei per glomerular tuft midsection area was
significantly (p < 0.05) lower in diabetic rats compared to controls (Figure 1,
Table 3). However, the number of podocytes per glomerulus in one-week di-
abetic rats was not significantly different from their controls (Table 3). There

were significant increases (p < 0.001) in ezrin area and volume (2 < 0.05 per
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Table 1. Blood glucose and protein excretion rate in all experimental groups.

Group BG (mM) PER (mg/day)
C(n=12) 528 + 0.47 6.43 + 0.89
D(n=7) 26.39 + 1.17+** 20.17 + 1.73%**

DI (n=11) 5.14 + 0.37% 8.85 + 0.99™%
DPG (n=10) 30.32 + 1.67%* 18.14 + 3.5%
DPLZ (n=15) 5.7 + 0.56"° 8.97 + 1.07™8

Blood Glucose, PER = Protein excretion rate, C = control, D = Diabetic, DPG = Propylene glycol-treated
diabetic, DPLZ = Phlorizin-treated diabetic rats. Results are expressed as mean *+ SE and compared using
unpaired two-tailed students’t test.*= p < 0.05, ** = p < 0.01, *** = p < 0.001 compared to control.

Table 2. Glomerular ezrin positive area in insulin and phlorizin-treated diabetic rats.

C D DI DPG DPLZ
n=4,N=60 n=6,N=288 n=7,N=92 n=>5N=62 n=>5N=64

GT um? 5324 + 86 5898.5 £ 87.1*** 5940.5 £ 115%**  6156.2 £ 97.5 6428.2 £ 97.5%**
Ezrin Areaum? 3124 +10.6  487.1 £ 13.1" 4745+ 17.9*%  442.1 + 18.5% 360.2 £ 12.8*

EzA/Tuft A % 59+0.2 8.3 £0.2%** 7.9 £0.2%%* 7.2 £0.25% 56+0.2

C = Control, D = Diabetic, DI = Inulin-treated diabetic, DPG = Propylene glycol-treated diabetic, DPLZ =
Phlorizin-treated diabetic rats, n = No. of rats, N = Total no. of observations. GTA = Glomerular tuft area,
EzA = Ezrin positive area. All variables were analyzed using one way ANOVA, and then compared using
unpaired two-tailed student’s #test. * = p 0.05, ¥** = p < 0.001, compared to control. * = p < 0.05, ** = p<
0.001, compared to diabetic. = p < 0.001, compared to DPG.

Table 3. Podocyte number, density and ezrin volume in insulin and phlorizin-treated di-
abetic rats.

C D DI DPG DPLZ
n=4,N=60 n=6N=8 n=7,N=92 n=5N=62 n=5N=64
Pod no./
glomerulus 157.8 £2.3 1532+ 1.8 160.4 £ 2.8 160.7 + 2.6# 158.4 £4.5

Pod no/GTV x 10° 327.3+4.7 277.2 £ 9** 269.9 + 8.6 271.7+£11.5 256.0 + 8.6***

Total ezrin +ve

! % 10° 5 284%15 47.75 + 2.5%%* 46.8 + 4.9* 42.0+3.7 34.8 +2.8
volume um

Ezrin +ve

olume/Pod um? 180.1 £10.1 298.6 £ 16.3*** 291.4 £29.1* 262.2+25.1 222.0£22.5
volu. u.

C = Control, D = Diabetic, DPG = Propylene glycol-treated diabetic, DPLZ = Phlorizin-treated diabetic
rats. n= No. of rats, N = Total no. of observations. GTV = Glomerular tuft volume, Pod = Podocyte, Pod
no/GTV = Podocyte density. Podocyte number was derived from Wilm’s tumor-positive nuclei corrected
for double counting, tissue loss and actual section thickness (9). Results are expressed as mean + SE. ** = p
<0.01,*** = p<0.001 compared to controls.

podocyte one week after the induction of diabetes (Table 4). Glomerular hyper-
trophy at one-week diabetes is accompanied by podocyte changes as indicated by
the increases in EzA and ezrin area and volume per podocyte.

With the increases in GTV and the constant number of podocytes per glome-
rulus, the volume density of podocytes (number per unit GTV) was significantly
(p < 0.01) lower at one week-diabetes than that in controls (Table 3).
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CONTROL. DIABETIC

Figure 1. Glomerular morphological changes due to one-week di-
abetes in Fischer rats. There was an increase in ezrin-positive area in
one-week diabetic rats (B) compared to controls (A). There was a
decrease in the number of WT-1 positive nuclei per glomerular
midsection in diabetic rats (D) when compared to controls (C), but
no change in podocyte number per glomerulus after one week di-
abetes (see text) (A, B, C, D: 4 m, paraffin sections, immunoperox-
idase for anti-ezrin antibody (A, B) and for anti-WT-1 antibody
(x400).

Table 4. Glomerular podocytes in insulin- and phlorizin-treated diabetic rat.

C D DI DPG DPLZ
n=4 n=6 n=>5 n=>5 n=5

Ezrin A um? 312.4+19.2 4869 + 30.8** 461.6 £50.3* 431.6+£397.6 357.7£27.4

Podocyte no.
16.7 £ 0.2 15.52 £ 0.3* 15.8 + 0.2 159+0.4 15.4 + 0.5*
per GTA
EzA/Pod 18.7+1.1 31.3 £ 2%+ 29.4 +3.4* 27.3+2.6 23.5+2.5

EzA = Ezrin positive area, GTA = Glomerular tuft area. EzA/Pod = Ezrin positive area per podocyte. DI=
Inulin-treated diabetic, DPG = Propylene glycol-treated diabetic, DPLZ = Phlorizin-treated diabetic rats.
All variables were analyzed using one way ANOVA, and then compared with control using unpaired two
tailed student’s #-test. * = p 0.05, ** = p < 0.001, compared to control. = p < 0.05.

2) Effect of phlorizin treatment on diabetic glomerular changes

Phlorizin treatment significantly (p < 0.001) decreased the glomerular EzA
(Figure 2, Table 2) compared with that observed in diabetic rats treated with PG
(DPG group). However phlorizin did not completely prevent growth of EzA in
diabetic rats, since EzA was still significantly (p < 0.05) larger in DPLZ than in
control rats. However, EzA as percent of GTA (Table 2) and EzV per podocyte
(Table 4) in the PLZ-treated diabetic group were not significantly different from
those in controls. With phlorizin treatment, podocyte density per glomerulus
was significantly (p < 0.001) lower than that in controls (Table 3), since PLZ
treatment did not alter podocyte number per glomerulus (Table 3) nor pre-
vented glomerular tuft growth (Table 2).

3) Effect of insulin treatment on diabetic glomerular changes
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Insulin did not prevent the growth of glomerular tuft seen in one week di-
abetic rats: GTA and GTV were significantly (p < 0.001) larger in DI rats than in
controls and were not different from those observed in untreated diabetic rats
(Figure 1, Table 2 & Table 3). In addition, insulin treatment did not prevent
diabetes-induced podocyte changes. The ezrin positive glomerular area and its
percent to total GTA were significantly (p < 0.001) higher in DI rats than in
DPG controls and not different from those observed in untreated one-week di-
abetic rats (Figure 1, Table 2).

Estimated podocyte number per glomerulus in DI rats was not different from
that in untreated diabetics or controls. This led to a significantly (p < 0.01) lower
podocyte density per glomerular volume in DI rats than in controls, since their
GTYV were larger than controls (Table 3). The ezrin area/podocyte (Table 4) and
the ezrin positive volume per podocyte (Table 3) in DI rats were significantly
larger than in controls and not different from that in untreated diabetic rats. The
podocyte changes with insulin or PLZ treatments are summarized in Figure 3.

4) Ezrin expression in cultured podocytes.

There were no differences in ezrin expression in triplicate western blots from
protein extracs of podocytes grown for 7 (or 10) days in 25 or in 5 mM glucose
and with or without 2.5 or 25 uM PLZ (Figure 4).

4. Discussion

The close association of increases in ezrin positive area with hyperglycemia and
its reversal on treatment with the hypoglycemic agent PLZ may be a direct one

Figure 2. Glomerular morphological changes with one-week
phlorizin treatment of diabetic Fischer rats (DPLZ). Ezrin ex-
pression was lower in DPLZ rats (B) than propylene gly-
col-treated diabetic rats (DPG) (A). There was no change in
number of Wilm’s tumor-1 (WT-1) positive nuclei per glome-
rular midsection in DPLZ rats (D) when compared with DPG
(C). (A, B, C, D: 4 um, paraffin sections, immunoperoxidase
for antiezrin antibody (A), (B) and for anti-WT-1 antibody
(C), (D), x400).
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Figure 3. Glomerular podocyte changes in Diabetic (D), insulin (DI) or Phlorizin
(DPLZ) treated diabetic, and Polyethylene glycol vehicle treated Diabetic (DPG)
compared to control (C) rats.*p < 0.05, **p < 0.01, ***p < 0.001 vs. C. ¢ p < 0.05
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Figure 4. Expression of Ezrin and GDPH n podocyte cultures in vitro,
exposed to 5 or 25 mM glucose with and without 2, 5 or 25 uM PLZ.

Le. it may involve changes in glucose entry into podocytes. Podocytes express
GLUT2, GLUT4 [10] and SGLT1, but not SGLT2 [11]. PLZ blocked 20% of glu-
cose uptake into rat podocytes in culture [10]. 80% of glucose entry is via facili-
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tated diffusion mainly through GLUT2. Glucose entry into podocytes triggers
activation of various signaling pathways [12]. SGLT inhibitors may reduce glu-
cose entry and this may be critical for the reversal of observed podocyte changes.
Entry of STZ, used to induce diabetes may be reduced by PLZ and thus help to
reduce oxidative stress that may cause the observed increase in glomerular ezrin
positive area.

Alternatively increased ezrin expression may reflect an indirect effect of
hyperglycemia (for example through changes in glomerular filtration or pres-
sure) which is also reversed with PLZ treatment [6]. The relationship seems in-
dependent of insulin or C-peptide levels since PLZ reversed the changes but is
not known to alter the blood levels of these peptides. Because increases in ezrin
area also occur in other forms of glomerular hypertrophy such as that following
5/6 nephrectomy [7] it is likely that the increase in ezrin positive area is a general
response to podocyte stress rather than a specific effect of the elevated glucose
level in uncontrolled diabetes. Indeed, insulin reduces blood glucose to normal
but does not alter glomerular ezrin. In the subtotal nephrectomy model of glo-
merular growth and in diabetes, podocyte hypertrophy has been documented
[13] and corresponds well in time with the increases in ezrin positive area that
we observed in podocytes.

Changes in cross-linker protein ezrin may be related to changes in size, shape
or cytoskeletal rearrangements in podocytes and its foot processes [7] that may
be precursors to their later described effacement and rounding [14], altered in-
tegrin expression and basement membrane interactions [15] that can lead to
their detachment and to membrane thickening.

Ezrin changes can also affect the distribution of charged membrane proteins
such as podocalyxin in the filtration slits [14] or the structure of macromolecular
complexes that influence the perm-selectivity of the slit diaphragms [15]. Insulin
treatment did not prevent the podocyte changes (increased ezrin positive area,
reduced density) observed early in diabetes but prevented the development of
mild proteinuria. We have previously shown that proteinuria early in diabetes, is
mainly related to hyperfiltration, which accounts for 60% of the variance in PER
observed [6]. Both PLZ and insulin [6] [16] prevent hyperfiltration yet only PLZ
prevents the increase in Ezrin positive area. PLZ affects filtration by normalizing
tubulo-glomerular feedback [17]. Such signaling or metabolic effects of SGLT2
inhibitors [5] may be critical for reversal of increases in podocyte ezrin positive
area by PLZ. By contrast, insulin promotes oxidative stress in podocytes [18] and
this may contribute to the persistent increase in ezrin poitive area present in in-
sulin-treated diabetic rats.

There was no overexpression of Ezrin in western blots of podocytes grown in
culture with high compared to normal glucose, with or without PLZ suggesting
that the Ezrin changes observed in glomeruli of STZ rats are not related to high
glucose and suggesting that they may reflect changes in the cell distribution of
Ezrin in STZ diabetes, prevented by PLZ binding to its membrane receptors.

However we did not measure the amounts of Ezrin protein expression in podo-
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cytes in vivo.

In diabetes of more prolonged duration, decreases rather than increases in
Ezrin areas in the glomeruli has been found associated with podocyte effacement,
detachment, basement membrane thickening and overt proteinuria [19]. Decreas-
es in ezrin expression also occur in kidneys of children with severe proteinuria
nephrotic syndrome [20], particularly in steroid resistant cases. Since ezrin is a
cytoskeletal cross-linker, it is not surprising that rearrangements of the mem-
brane-cytoskeletal structures in the podocytes occur with changes in actin asso-
ciated proteins [21] and that excess or deficits of ezrin are associated with
changes in permeability of the glomerular filtration barrier. Early in diabetes,
when there is increase in ezrin positive area, the proteinuria is mild and related
to hyperfiltration [6]. By contrast, later in diabetes and in nephrotic syndromes
with severe proteinuria, severe podocyte detachment and reduced expression of
ezrin occur (20, 21). PLZ and other SGLT-inhibitors that specifically reverse in-
creases in podocyte ezrin area may be useful to prevent podocyte detachment
and disease progression.

Reduced glomerular podocyte density observed early in diabetes was entirely
due to growth of the glomerular capillary tuft which persisted with PLZ treat-
ment despite normalization of glycemia, of the ezrin area per podocyte and the
reduction in proteinuria. Thus the reduced glomerular podocyte density ob-
served is not responsible for the mild proteinuria seen early in diabetes. In more
advanced disease when podocyte density is severely reduced due to loss of podo-
cytes from the glomeruli [20], low podocyte density contributes more to proteinu-
ria [21]. Persistent glomerular tuft growth early in diabetes, despite normal EzA
per podocyte and normal mesangial matrix area [6] with PLZ treatment, indicates
that it is due to growth/enlargement of capillary endothelial cells. Tuft growth is
not due to dilation of capillaries since PLZ treatment normalizes GFR [6] but
not tuft growth. Podocytes secrete vascular endothelial growth factor VEGF [22]
and stromal cells derived growth factor [23]. Capillary endothelial cells have the
receptors for these growth factors [23]. VEGF is elevated in diabetic nephropa-
thy and blocking it improves renal structure and function [24]. Tuft growth is
not due to lack of insulin since insulin treatment does not prevent it [25] [26].
Persistent lack of C-peptide despite PLZ or insulin treatments can contribute to
glomerular capillary tuft growth since its replacement is known to prevent glo-
merular hypertrophy [27]. C-peptide signaling occurs through a G protein
coupled receptor, PLC, L-type Ca** channels, PKC, and ERK to control cell pro-
liferation and angiogenesis [27] [28]. Glomerular tuft growth may be important
for progression of disease to glomerular sclerosis as some cases are known to
evolve without proteinuria or very low GFR [29]. In conclusion, this study shows
that the sodium-glucose transport inhibitor phlorizin but not insulin, reduces
redistribution of ezrin to the surface of glomerular podocytes of STZ rats, early
in diabetes, contributing to slow morphological changes and progression of

nephropathy.
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