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Fig. 2 Decision about ACEI continuance in case of mild increase of
serum creatinine and serum potassium due to the drug. *P < 0.0001

guidelines for chronic kidney disease (CKD) published by
the National Kidney Foundation, consultation and/or co-
management with a kidney disease team is recommended
for patients with stage 3 disease, and referral to a
nephrologist is recommended for patients with stage 4
disease [S]. Stage 3 is defined as creatinine clearance
between 30 and 59 ml/min/1.73 m* and stage 4 is defined
as creatinine clearance between 15 and 29 ml/min/1,73 m?.
The guideline for CKD treatment was also issued by the
Japanese Society of Nephrology in 2007 [9]. From the
point of renal function, physicians are recommended to
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consult nephrologists for treatment of patients with GFR
less than 50 ml/min/1.73 m>. However, as can be seen
from Table 1, most Japanese doctors used serum creatinine
as a marker of renal function in 2004. Only about one-third
of physicians in Japan use creatinine clearance tests for
outpatients. Moreover, many physicians work in areas with
small populations compared with areas covered by neph-
rologists. The average age of inhabitants of small towns in
Japan is generally much older than that of inhabitants of
large cities. As shown by Cockcroft’s equation, renal
function deteriorates with age, even if serum creatinine
level does not change [10]. Therefore, renal dysfunction
might be considerably underestimated by physicians in
Japan who use serum creatinine as a marker of renal
function. In other words, the referral gap between neph-
rologists and physicians might be larger than shown based
on figures for serum creatinine alone.

Although there are some limitations to our study, the
results clearly show that there is a difference between
decisions made by nephrologists and by general physicians
in Japan regarding treatment of renal insufficiency. Results
of previous studies also suggest that such a difference
exists in other countries. Kalra et al. [11], a nephrologist,
reported inappropriate use of ACEIs by general practitio-
ners in the UK. De Lusignan et al. [12] reported that there
have been many cases of overlooked renal insufficiency in
the UK, based on results of analysis of data from medical
databases. Akbari et al. [13] reported that the rate of
detection of renal disease by family doctors was increased
by 22.4% by using the equation for estimating creatinine
clearance. These findings suggest a similar difference
between nephrologists and physicians in other countries.
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Recently, several studies have shown that serum cysta-
tin C is a better indicator of renal function than not only
serum creatinine but also creatinine clearance [14, 15].
However, the superiority of cystatin C over creatinine is
controversial [16]. Moreover, the use of serum cystatin C
as a marker of renal function has not become widespread
due to the high cost of the test and lack of information.

Classical powerful tools such as calculated creatinine
clearance (CCr) and new renal markers such as cystatin C
can alert physicians to the possibility of renal dysfunction.
However, improvements in the sensitivity of methods for
detecting renal dysfunction will be meaningless without a
change in the perception of physicians. As we have shown
here, perception of physicians is significantly different
from that of nephrologists. Moreover, the recent CKD
guidelines also state the importance of proteinuria and
hematuria as referral condition to nephrologist: (1) spot
urine protein-to-creatinine ratio 0.5 g/g or positive dipstick
test of proteinuria (2+ or greater), (2) positive dipstick test
(1+ or greater) of both proteinuria and hematuria. Thus,
vigorous promotion of the CKD guidelines is essential. In
conclusion, there is significant difference between deci-
sions made by physicians and nephrologists regarding
treatment for patients with serum creatinine concentration
of 177 pmol/l. Further evaluation of the effectiveness of
CKD guidelines is needed.
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Abstract

Background/Aims: The information available concerning
the qualitative and quantitative clinical variables in cases
with pathologically defined diabetic glomerulosclerosis
(DGs) has been insufficient so far. In addition, the prevalence
and composition of nondiabeticrenal disease (NDRD)among
proteinuric diabetics still remain to be delineated. Methods:
The glomerular pathology, clinical correlates, and the preva-
lence of NDRD were retrospectively anatyzed in 50 type 2
proteinuric diabetics who underwent a renal biopsy be-
tween 1990 and 2006. The patients were divided into two
groups according to clinical and pathological features.
Thereafter, the diagnostic contribution of the laboratory and
clinical variables that were significant between the two
groups were determined by logistic regression analysis. Re-
sults: There were 34 cases with pure DGs and 15 cases (30%)
had NDRD with or without DGs. Although the difference in
the prevalence of microscopic hematuria between these
two groups was significant, it was no longer statistically sig-
nificant when the patients were limited to nephrotic cases.
We identified 14 hematuric cases with pathologically de-
fined DGs, and they all had a significantly lower renal func-

tion than nonhematuric patients with DGs. The prevalence
of nephrotic syndrome and retinopathy were significantly
higher in the cases with hematuric DGs than in the cases with
nonhematuric DGs. Based on a logistic regression analysis,
the presence of nephrotic syndrome and known duration of
diabetes were identified to be significant predictors for he-
maturia with DGs. Conclusions: Our observations suggest
that the presence of hematuria may be a common feature for
DGs with nephrotic syndrome.

Copyright © 2008 S. Karger AG, Basel

Introduction

Diabetic nephropathy (DN) is classically defined as a
progressive increase in urine protein excretion, accompa-
nied by a rising blood pressure and a persistent decline in
glomerular filtration, culminating ultimately in end-
stage renal failure [1]. Although there are no definitive
and specific morphological diagnostic hallmarks for DN,
diabetic glomerulosclerosis (DGs), including diffuse and
nodular lesions, tends to be the major pathological char-
acteristic of DN [2, 3]. In diabetics with overt proteinuria,
a diagnosis of DN could be made without pathological
confirmation by renal biopsy in the appropriate clinical
setting, such as the presence of diabetic retinopathy, a
long duration of diabetes, and hypertension [1]. There-

KARG E R © 2008 S. Karger AG, Basel
1660-2110/08/1093-0119$24.50/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch
wwiw.karger.com

Accessible online at:
www.karger.com/nec

Tetsu Akimoto

Division of Nephrology, Department of Internal Medicine, Jichi Medical School
3311-1 Yakushiji

Shimotsuke-Shi, Tochigi 329-0498 (Japan)

Tel. +81 285 58 7346, Fax +81 285 44 4869, E-Mail tetsu-a@jichi.ac.jp

- 116 -



fore, the information available concerning the qualitative
and quantitative renal morphologyin type 2 DM is sparse,
and the relationship to clinical renal parameters is still
insufficient [2-4].

On the other hand, performing renal biopsy has usu-
ally been considered when the presence of renal disease
other than DN is suggested by several clinical signs, such
as rapid deterioration of renal function, microscopic or
macroscopic hematuria, and proteinuria in newly diag-
nosed diabetics without retinopathy or neuropathy [5-9].
A large number of renal biopsy studies have shown the
concurrent presence of nondiabetic renal disease (NDRD)
in diabetics; however, there were great variations in the
prevalence and the composition of NDRD among the di-
abetic patients who underwent renal biopsy [5-9].

In the present study, we investigated the clinical and
pathological records obtained from the 50 overt protein-
uric type 2 diabetics who underwent renal biopsy because
they felt that the underlying pathological lesions were not
likely to be DGs and evaluated the prevalence of NDRD.
The relationships between clinical features and renal
morphology in the diabetics with pathologically defined
DGs were also analyzed.

Patients and Methods

This study included 50 type 2 DM patients (29 males and 21
females) admitted to Jichi Medical University Hospital for a renal
biopsy between 1990 and 2006. The onset of DM was defined as
the time when the presence of glycosuria or DM was first diag-
nosed by a physician, and the duration of DM was defined as the
period between the time of onset and renal biopsy. Of 50 patients,
no information was available about a previous history of type 2
DM in 9 cases. In these cases, the renal disorder and DM were
detected at the same time and the duration of DM was defined as
zero. All the patients manifested overt proteinuria (>0.5 g/day).
A percutaneous renal biopsy was performed because they were
suspected to have NDRD. The reasons for performing a biopsy
included short or obscure duration of DM, and/or absence of ret-
inopathy, and/or rapid decline in renal function, and/or presence
of microscopic hematuria. Tissue samples were routinely pro-
cessed for light microscopy, immunofluorescence and electron
microscopy. The biopsies were stained with hematoxylin and eo-
sin, periodic acid-Schiff and periodic acid-silver methenamine
for light microscopy. The biopsy samples were also analyzed im-
munchistochemically for the presence of IgG, IgA, IgM, comple-
ment C3, Clq and fibrinogen using immunofluorescence with
frozen tissue.

DN was diagnosed pathologically based on the presence of
DGs. DGs was classified into two types: namely, nodular and dif-
fuse [2, 3]. A Kimmelstiel-Wilson nodule was defined as a nodu-
lar-type DGs. The nodular type was characterized by the un-
equivocal presence of acellular nodules surrounded by a rim of
cell nuclei. The mesangial nodules were surrounded by patent

c120 Nephron Clin Pract 2008;109:c119-c126

glomerular capillaries. The diagnosis of diffuse type was estab-
lished by the absence of a nodular lesion and a diffuse segmental
or global increase in the mesangial matrix. Other glomerular fea-
tures, including a thickening of the basement membrane, exuda-
tive glomerular lesions such as hyaline caps and capsular drops,
arteriolar hyalinosis, and linear deposits of IgG in glomerular
basement membranes (GBM) on immunohistochemistry helped
identify DN. However, these findings were not useful in making
adiagnosis in the absence of DGs. Other renal abnormalities were
diagnosed using the standard pathological criteria [10].

The diabetic patients were divided into two groups: the group
that had typical diabetic lesions without other renal disease (DGs
group) and the group that had NDRD with or without diabetic
lesions (other = DGs group). The patients were also subdivided
according to the presence or absence of nephrotic syndrome, ret-
inopathy, and microscopic hematuria. The clinical parametersre-
corded for each patient on admission for renal biopsy included
sex, age, hemoglobin Alc (HbAlc), systolic and diastolic blood
pressure, urine protein (UP), creatinine clearance (Ccr), serum
creatinine (sCr), serum albumin (sAlb), presence or absence of
retinopathy and hematuria. Diabetic retinopathy was diagnosed
using direct opthalmoscopy, with pupils dilated by an ophthal-
mologist, and graded as absent, simplex (SDR), or proliferative
(PDR). Microscopic hematuria was defined as urine with >10 red
blood cells/ul.

The data are expressed as the mean * SD. The differences be-
tween the groups were analyzed using either the x* test or non-
paired Student’s t test. Clinical parameters that were significant
at the 0.05 levels were entered into a stepwise forward multivariate
logistic regression analysis in which the odds ratio and the 95%
CI were determined to evaluate their contributions to the patho-
logical diagnosis of DGs in the nephrotic cases. Their contribu-
tions to the presence of hematuria or diabetic retinopathy in the
cases with DGs alone were also explored. The statistical analysis
was performed using the StatView software program 5.0 for Win-
dows (SAS Institute, Cary, N.C., USA).

Results

Patients’ Profile at Renal Biopsy

There were a total of 50 cases analyzed, with 34 pa-
tients having isolated DGs and 16 patients having NDRD,
either alone or in combination with DGs. The histologi-
cal findings, deposits of immunoglobulins and comple-
ment fractions obtained by renal biopsy are shown in ta-
ble 1. Nineteen patients suffered from nodular DGs and
18 had diffuse DGs. Among 15 patients (30%) found to
have NDRD, 4 (8%) had membranous nephropathy (MN),
3 (6%) had IgA nephropathy (IgA-N), 2 (4%) had nephro-
sclerosis (NSc), and the remaining 3 patients had mem-
branoproliferative glomerulonephritis (MPGN), lupus
nephritis (LN) and focal segmental glomerulosclerosis
(FSGS), respectively. Two patients (4%) had MN and 1
(2%) had IgA-N associated with diffuse DGs. One patient
showed no glomerular lesion.

Akimoto/Ito/Saito/Takahashi/Takeda/
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Table 1. Renal pathology in 50 type 2 diabetic patients with overt proteinuria

Patient - Light and electron microscopy Immunofluorescence microscopy
No. diabetic non-diabetic glomerular lesion immunoglobulins.  complement- . location in glomeruli
glomerulosclerosis fractions
1 nodular absent no tissue
2 absent mesangial proliferative glomerulonephritis IgA C3 mesangium
3 diffuse mesangial proliferative glomerulonephritis IgA C3 mesangium
4 nodular absent none none
5 diffuse membranous nephropathy IgG, IgM C3 capillary
6 nodular absent 1gG none capillary
7 diffuse absent none none
8 nodular absent none none
9 absent membranous nephropathy 1gG, IgM none capillary
10 absent focal segmental glomerulosclerosis IgM none capillary
11 absent membranoproliferative glomerulonephritis ~ IgM, IgG C3 mesangium, capillary
12 absent membranous nephropathy 1gG, IgA C3 capillary
13 nodular absent none none
14 nodular absent IgA, IgM Clq capillary
15 absent nephrosclerosis none none
16 nodular absent none none
17 diffuse absent IgG, IgA none capillary
18 absent lupus nephritis type V IgG C3 mesangium
19 nodular Absent IgG none capillary
20 nodular absent IgG none capillary
21 diffuse absent IgA, IgM C3 capillary
22 nodular absent none none
23 nodular absent none none
24 diffuse absent none none
25 diffuse absent none none
26 diffuse absent none none
27 nodular absent 1gG, IgM C3 capillary
28 diffuse absent IgM none capillary
29 diffuse absent IgM none capillary
30 absent membranous nephropathy 1gG, IgM C3 capillary
31 absent minor none none
32 diffuse absent IgM none capillary
33 nodular absent none none
34 diffuse absent IgM none capillary
35 nodular absent 1gG none capillary
36 absent mesangial proliferative glomerulonephritis IgA C3 mesangium
37 diffuse absent IgM none capillary
38 absent mesangial proliferative glomerulonephritis IgA C3 mesangium
39 nodular absent none none
40 nodular absent IgA none capillary
41 diffuse membranous nephropathy IgG, IgM C3 capillary
42 nodular absent IgM none capillary
43 diffuse absent none none
44 diffuse absent none none
45 diffuse absent 1gG none capillary
46 diffuse absent IgA none capillary
47 absent nephrosclerosis none none
48 absent membranous nephropathy 1gG none capillary
49 nodular absent none none
50 diffuse absent IgM none capillary
Microscopic Hematuria and Diabetic Nephron Clin Pract 2008;109:c119-¢c126 cl21
Glomerulosclerosis
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Table 2. Clinical data in 50 type 2 DM with overt proteinuria

Glomerulopathy p value
diabetic glomerulosclerosis other * diabetic
glomerulosclerosis

Number, sex 12F/22 M 9F/7M

Age, years 52%12 5510

Hemoglobin Alc 73%23 67%1.2

Known duration of diabetes, years 5.8+5.4(0-20) 7.6 +5.6 (0-18)

Systolic blood pressure, mm Hg 162+28 15115

Diastolic blood pressure, mm Hg 89*15 84+11

Urine-protein, g/day 53%3.6 46+47

Creatinine clearance, ml/min 67.7 £41.7 71.3%37.0

Serum creatinine, mg/dl 1.1£04 1.2+0.7

Serum albumin, g/dl 3.0%08 3.1%09

Retinopathy, % 61 43

Hematuria, % 41 75 <0.05

Table 3. Clinical characteristics of the type 2 diabetics with nephrotic syndrome grouped as DGs and other +

DGs
Glomerulopathy p value
DGs other £ DGs

Number, sex 6F/12M 3F3M

Age, years 55%12 56%8

Hemoglobin Alc 74%3.0 69+1.1

Known duration of diabetes, years 7.41+3.0(0-20) 7.7%5.0 (0-18)

Systolic blood pressure, mm Hg 16930 14215

Diastolic blood pressure, mm Hg 92+17 78+8

Urine-protein, g/day 72129 8.1t64

Creatinine clearance, ml/min 459+17.9 67.4+£233 <0.05

Serum creatinine, mg/dl 13£05 09+04

Serum albumin, g/dl 24104 21%07

Retinopathy, % 83 33 <0.05

Hematuria, % 72 75

The clinical characteristics and pertinent laboratory
findings of the 50 type 2 diabetics are shown in table 2.
There were no differences between the two groups, i.e.
DGs and other £ DGs, with respect to the gender ratio,
age, HbAlc, known duration of diabetes, systolic and di-
astolic blood pressure, UP, Ccr, sCr, sAlb, and the preva-
lence of diabetic retinopathy. However, hematuria was
noted in 41% of the DGs group and in 75% of the other
+ DGs group (p < 0.05). All cases with hematuria were
microscopic and no case with macroscopic hematuria
was observed.

cl22 Nephron Clin Pract 2008;109:c119~c126

Among the 34 patients with DGs alone and the 16 pa-

tients with other renal disease with or without DGs, ne-
phrotic syndrome was revealed in 18 patients (53%) and
6 patients (38%), respectively. The clinical parameters of
these groups were then compared between the two groups
(table 3). In nephrotic patients, no significant difference
was observed in the prevalence of hematuria; however, a
significant difference was observed in Ccr and the preva-
lence of diabetic retinopathy. According to a stepwise for-
ward multivariate logistic regression analysis, only the
presence of retinopathy was identified to be an indepen-
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Table 4, Relative risks for the presence of

hematuria among patients with DGs Variables Odds ratio 95% CI p value
Presence of nephrotic syndrome 139.67 3.642-5356.386 0.0079
Known duration of diabetes, years 1.52 1.008-2.286 0.0458

Odds ratio of each variable was determined by a multivariate logistic regression anal-

ysis.

dent predictor of DGs (p = 0.0318), and the odds ratio was
10.0 (95% CI 1.222-81.828).

Relationship between DGs and Hematuria

Next, we analyzed about the differences in the clinical
characteristics between the 14 hematuric and 20 nonhe-
maturic patients with DGs alone. The gender ratio, age,
HbAlc, systolic and diastolic blood pressure, and UP,
were similar in both groups (data not shown). However,
when compared to the nonhematuric DGs, the hematuric
DGs had a longer known duration of DM (9.0 £ 5.8 vs.
3.6 * 3.8 years, p<0.01) and a higher level of sCr (1.4 *
0.5vs.0.9 = 0.4 mg/dl, p <0.01). Conversely, when com-
pared to the non-hematuric DGs, the hematuric DGs had
lower level of Ccr (45.2 *+ 14.9 vs. 83.3 * 47.8 ml/min,
p <0.01) and sAlb (2.5 * 0.4vs.3.2 £ 0.8 g/dl, p<0.01).
Significant increases in the prevalence of nephrotic syn-
drome (72 vs. 6%, p < 0.01) and retinopathy (57 vs. 15%,
p <0.01) were also found in the cases with hematuric DGs
but not in those with nonhematuric DGs. The prevalence
of nodular lesion was numerically higher in the patients
with hematuria (71%) than in the patients without hema-
turia (45%); however, this difference did not reach statis-
tical significance.

Using the variables that were significant between the
cases with hematuric DGs and those with nonhematuric
DGs, we then further evaluated their contributions in he-
maturia. A stepwise forward multivariate logistic regres-
sion analysis identified the presence of nephrotic syn-
drome and the duration of diabetes to be significant pre-
dictors for hematuria with DGs (table 4).

Impact of Diabetic Retinopathy on Renal Functional

and Structural Characteristics in Type 2 Diabetics

with Overt Proteinuria

In the overt proteinuric type 2 diabetics with retinop-
athy (7 female/15 male), DGs were pathologically con-
firmed in 75% of cases and the remaining 25% were
grouped as other = DGs. On the other hand, 59% were
confirmed to have DGs alone and the remaining 41%

Microscopic Hematuria and Diabetic
Glomerulosclerosis

were grouped as other £ DGs in the cases without reti-
nopathy (14 female/14 male). There were no significant
differences in the prevalence of DGs and other renal dis-
ease with or without DGs between the patients with reti-
nopathy and those without retinopathy. However, when
compared to the patients without retinopathy, the pa-
tients with retinopathy had a significantly higher preva-
lence of nephrotic syndrome (60 vs. 31%, p < 0.05) and a
significantly lower value of Ccr (54.6 + 26.0 vs. 86.9 £
47.2 ml/min, p < 0.01). None of these parameters, except
for Ccr, showed an association with the presence of reti-
nopathy in diabetics with overt proteinuria (odds ratio
0.984 [95% CI 0.970-0.999], p = 0.0354).

Next, the patients whose renal lesion was limited to
DGs alone were selected and the differences in the clini-
cal characteristics of the patients with or without reti-
nopathy were further analyzed. As shown in table 5, the
prevalence of nephrotic syndrome and hematuria were
significantly higher in the patients with retinopathy. On
the other hand, Ccr and sAlb were significantly higher in
the patients without retinopathy. The prevalence of nod-
ular lesions was significantly higher in the patients with
retinopathy (81%) than in the patients without retinopa-
thy (9%, p < 0.01). Among these five variables, the pres-
ence of a nodular lesion and Ccr was identified as inde-
pendent predictors for the presence of diabetic retinopa-
thy in the cases with DGs (table 6).

Discussion

Although the presence of hematuria has been consid-
ered one of the atypical features indicating the presence
of NDRD among proteinuric diabetics [11}, the clinical
significance of hematuria on the overall course of DN
may need to be evaluated more profoundly. Indeed, there
have been several reports suggesting that hematuria
could be a sign of DN [12, 13]. However, there has been
no available information about the relationship between
hematuria and renal function. In the present study, we

Nephron Clin Pract 2008;109:c119-c126 cl23
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Table 5. Clinical characteristics of the cases with pathologically diagnosed DGs

With retinopathy Without retonopathy p value
Number, sex 8F/13M 4F/9M
Age, years 54x11 4714
Hemoglobin Alc 74%27 70x1.5
Known duration of diabetes, years 7.1+6.1(0-10) 3.6%£3.4(0-10)
Systolic blood pressure, mm Hg 170£29 148+20 <0.01
Diastolic blood pressure, mm Hg 91+17 85+8
Urinary protein, g/day 62%28 3.7x45
Creatinine clearance, ml/min 483%19.6 98.6+49.2 <0.01
Serum creatinine, mg/dl 1.2%04 0.9%0.5
Serum albumin, g/dl 26+04 34%1.0 <0.01
Nephrotic syndrome, % 71 23 <0.01
Hematuria, % 57 15 <0.05
Table 6. Multivariate logistic regression . ;
analysis of relative risks for the presence Variables Odds ratio 95% CI p value
of retinopathy among the patients with ]
DGs Presence of nodular lesion 11.737 1.465-94.039 0.0204
Creatinine clearance, ml/min 0.97 0.942-0.998 0.0373

demonstrated for the first time that the cases with hema-
turic DGs had a more greatly reduced renal function
than the cases with nonhematuric DGs. Furthermore,
the presence of nephrotic syndrome and a long history
of diabetes were identified as significant predictors for
hematuria among the patients with pathologically de-
fined DGs. Since a reduced renal function and protein-
uria in the nephrotic range are common features of ad-
vanced DN [14, 15], our results suggest that hematuria
may therefore be a common feature for the patients with
late-stage glomerular damage due to diabetes, and it
might not be a useful predictor for NDRD among such
cases. Alternatively, the association of hematuria and re-
duced renal function also suggest the possibility that the
patients who have hematuria at the onset or early stage
of DGs might be at greater risk for reduction in renal
function.

The diabetics with retinopathy included in the present
study were more likely to have a reduced renal function
in comparison to diabetics without retinopathy. This dif-
ference was also the case in the selected patients whose
renal lesions were limited to DGs alone. These observa-
tions might be related to the previous findings that reti-
nopathy is a significant predictor of the progression of
renal damage in type 2 diabetics with proteinuria [16].
Similarly, Rossing et al. [17] also found that the degree of

cl24 Nephron Clin Pract 2008;109:c119-c126

diabetic retinopathy independently predicted the rate of
decline in renal function in a longitudinal analysis.

The greater rate of reduction in renal function in type
2 diabetics with retinopathy may be due to a more com-
plicated glomerular and the interstitial lesion, since there
are several observations indicating a positive correlation
between the presence of retinopathy and renal structure
abnormalities and functional impairment [4, 18, 19]. In
the present study, the presence of a nodular lesion was
identified as one of the significant variables for the pre-
diction of retinopathy. Similar observations showing ret-
inopathy to be associated with nodular lesions, but not
with mesangial sclerotic lesions, have also been reported
[3]. From these findings including our results, there might
be a latent relationship between nodular lesions and the
advanced stage of DGs. Indeed, the renal function of the
patients with nodular lesions was significantly lower than
those with diffuse lesions (data not shown).

Although the present study provides new information
on the presumable relationship between hematuria and
diabetic nephropathy, our results should be interpreted
within the context of its limitations. First, the number of
patients included in our study was relatively small. The
small sample size likely meant that the study might be
underpowered to detect the clinical significance of sev-
eral parameters such as hematuria or retinopathy. For in-

Akimoto/Ito/Saito/Takahashi/Takeda/
Ando/Muto/Kusano

- 120 —



stance, although the prevalence of hematuria was signif-
icantly higher in the cases with retinopathy than in the
cases without retinopathy, we failed to identify the pres-
ence of hematuria as a significant predictor for retinopa-
thy in the cases with pathologically diagnosed DGs. We
also found a significant difference in the prevalence of
retinopathy between the cases with hematuric and non-
hematuric DGs; however, the relative risk of the retinop-
athy for the hematuric DGs was not statistically signifi-
cant. Nevertheless, these observations led us to propose
the presence of a latent relationship between hematuria
and retinopathy. Obviously, further detailed analysis in-
cluding a higher number of cases with pathologically de-
fined DGs should be required.

Second, as observed in previous studies [5-9], the renal
biopsies in the present study were not performed on the
basis of research protocols but for clinical indications,
thereby involving an intrinsic selection bias. Therefore,
our findings that 15 of 50 type 2 DM patients (30%) with
overt proteinuria had various types of NDRD might be
overestimated, since the lower prevalence of NDRD (23%)
has been reported by a prospective study in which no spe-
cial selection criteria were applied [20]. Interestingly, Maz-
zucco etal. [21] have demonstrated that the policies applied

in nephrology centers for the selection of diabetic patients
to undergo a renal biopsy are related to the discrepancies
in the frequency of various types of glomerulopathy re-
ported in previous studies. A renal biopsy has also been
recommended for proteinuric type 2 diabetics without ret-
inopathy, since a separation between diabetic and nondia-
betic glomerulopathy was not possible in such patients
based on demographic, clinical and laboratory findings
[22]. Indeed, we could identify nondiabetic glomerular le-
sions in 41% of diabetics without retinopathy and confirm
the presence of DGs in 59% of the cases in the present
study. On the other hand, several recent studies have sug-
gested that a morphological analysis of the kidney would
be a valuable diagnostic procedure for the overall manage-
ment of patients with DN [2, 7, 23]. Therefore, the clinical
significance of a renal biopsy in the overall assessment for
proteinuric diabetics should be evaluated more carefully.
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Regulation of Megalin Expression in Cultured
Proximal Tubule Cells by Angiotensin Il Type 1A
Receptor- and Insulin-Mediated Signaling Cross Talk
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Asako Kobayashi, Akiyo Suzuki, Hideyuki Kabasawa, Aya Takeyama, Kenji lkuyama,
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Sciences, Niigata 951-8510, Japan; Center for Transdisciplinary Research (H.S.) and Niigata University Health
Administration Center (Y.5.), Niigata University, Niigata 950-2181, Japan; Department of Pharmacology (A.N.), Faculty
of Medicine, Kagawa University, Kagawa 761-0793, Japan; and Department of Pharmaceutical Sciences (T.J.T.), Texas
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Impairment of proximal tubular endocytosis of glomerular-filtered proteins including albumin
results in the development of proteinuria/albuminuria in patients with chronic kidney disease.
However, the mechanisms regulating the proximal tubular function are largely unknown. This
study aimed to investigate the role of angiotensin li type 1A receptor (AT, ,R)- and insulin-mediated
signaling pathways in regulating the expression of megalin, a multiligand endocytic receptor in
proximal tubule cells (PTCs). Opossum kidney PTC-derived OK cells that stably express rat AT, R but
are deficient in endogenous angiotensin Il receptors (AT, ,R-OK cells) were used for this study.
Treatment of the cells with angiotensin Il suppressed mRNA and protein expression of megalin at
3- and 24-h incubation time points, respectively. Cellular uptake and degradation of albumin and
receptor-associated protein, megalin’s endocytic ligands were suppressed 24 h after angiotensin
It treatment. The AT, ,R-mediated decrease in megalin expression was partially prevented by ERK
inhibitors. Insulin competed with the AT, R-mediated ERK activation and decrease in megalin
expression. Inhibitors of phosphatidylinositol 3-kinase (P13K), a major component of insulin sig-
naling, also suppressed megalin expression, and activation of the insulin receptor substrate (IRS)/
PI3K system was prevented by angiotensin Ii. Collectively the AT, R-mediated ERK signaling is
involved in suppressing megalin expression in the OK cell line, and insulin competes with this
pathway. Conversely, the insulin-IRS/PI3K signaling, with which angiotensin Il competes, tends to
stimulate megalin expression. in conclusion, there is AT, ,R- and insulin-mediated competitive
signaling cross talk to regulate megalin expression in cultured PTCs. (Endocrinology 150: 871--878,
2009)

roximal tubule cells (PTCs) reabsorb glomerular-filtered
Pproteins including albumin via receptor-mediated endocy-
tosis (1, 2). Proteinuria is generally assumed to be a result of
increased transit of serum proteins (mostly, albumin) through
glomeruli. However, it is also attributed to altered reabsorption
of the proteins by PTCs because it is estimated that in healthy
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adults, PTCs reabsorb 3-6 g of albumin on a daily basis (2).
Progressive proximal tubular impairment associated with
chronic kidney disease is likely to result in increased proteinuira/
albuminuria. Also, even at the early stages of diabetic nephrop-
athy, albumin reabsorption by PTCs has been found to be im-
paired (3, 4), which is primarily associated with the mechanism

Abbreviations: Ang i, Angiotensin Il; ATR, angiotensin i receptor; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GST, glutathione S-transferase; IRS, insulin receptor substrate; JAK,
Januskinase; INK, jun N-terminal kinase; MEK, MAPK or ERK kinase; PI3K, phosphatidylinositol
3-kinase; PKC, protein kinase C; PTC, proximal tubule cell; RAP, receptor-associated protein;
RAS, renin-angiotensin system; STAT, signal transducer and activator of transcription; TCA,
trichloroacetic acid.
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of microalbuminuria. The endocytic function of PTCs is likely to
be mediated by a variety of factors that act on the cells via specific
membrane receptors. Among these factors, angiotensin Il (Ang
IT) and insulin are the most likely to affect the function of the cells.

Ang I1 acts on the kidney via types 1 and 2 Ang Il receptors
(AT,R and AT,R), both of which are expressed in PTCs (5).
These receptors work in a counterbalanced manner, although
AT,R is more involved in pathological actions (6). In diabetes,
renal AT,R is down-regulated (7); thus, Ang II-mediated patho-
logical actions in the kidney become more evident via AT,R. In
rodents, there are two AT, R subtypes (AT, ;R and AT zR), but
AT, 4R is recognized as the primary subtype responsible for Ang
1 actions (8). It has been found that AT,R-mediated protein
kinase B activation modulates albumin endocytosis in PTCs
(9). However, the role of AT,R, the major Ang Il receptor
acting in the diabetic kidney, and its signaling pathways in-
volved in the endocytic functions of PTCs have not been thor-
oughly identified, despite the well-established effectiveness of
AT,R blockers for reduction of albuminuria in patients with
diabetic nephropathy (10).

Insulin-mediated signaling pathways also appear to play an
important role in the mechanisms of albuminuria because albu-
minuria is a well-known clinical characteristic of patients with
insulin resistance (11). Insulin-mediated signaling pathways are
likely to be involved in regulating endocytic functions of PTCs
because these cells are a major target of insulin (12, 13). Fur-
thermore, there is evidence for competitive cross talk between
Ang II- and insulin-mediated signaling pathways, which may be
associated with the pathogenesis of insulin resistance (14). How-
ever, the molecular mechanisms of Ang II- and insulin-mediated
signaling interactions involved in endocytic functions of PTCs
are undetermined.

Megalin, a high-molecular-mass (~600 kDa) member of the
low-density lipoprotein receptor family (15), is a major endo-
cytic receptor involved in proximal tubular uptake of glomeru-
far-filtered proteins including albumin (1). At clathrin-coated
pits, megalin internalizes its ligands into endocytic compart-
ments and is recycled to the cell surface. Megalin also plays a
critical role in vitamin homeostasis by metabolizing vitamin-
binding proteins, such as vitamin D-binding protein and retinol-
binding protein (16). Megalin knockout mice display symptoms
of Jow-molecular-weight proteinuria and albuminuria (17, 18).
Patients with Donnai-Barrow and faciooculoacousticorenal syn-
dromes, caused by mutations in the megalin gene, were also
found to show massive urinary excretion of albumin and low-
molecular-weight proteins (19). Decreased expression of mega-
lin in PTCs has been found in the early stages of diabetes in
experimental animals (20). It is also suggested that the functions
of megalin are likely to be impaired in patients in the early stages
of diabetes because low-molecular-weight proteinuria, as well as
albuminuria, are frequently observed in patients at these stages
(21, 22). However, the mechanisms regulating megalin expres-
sion have been largely unknown to date.

To investigate specific functions of AT, R solely, a kidney cell
line derived from opossum PTC has been established (23). This
cell line is deficient in endogenous Ang Il receptors but manually
incorporated with functional rat AT, \R. The characteristic of

Endocrinology, February 2009, 150(2):871-878

this cell line would allow us to examine the role of the type 1
receptors without interference by the function of type 2 recep-
tors. In this study, we took advantage of the nature of this cell line
to analyze AT, AR~ and insulin-mediated signaling mechanisms
that regulate the expression of megalin in vitro.

Materials and Methods

Materials

Ang 1l and insulin were purchased from Sigma-Aldrich (St. Louis,
MO). A rabbit polyclonal antibody was raised against the rat megalin
cytoplasmic tail as described previously (24). A monoclonal antibody to
B-actin was purchased from Abcam (Cambridge, MA). Antibodies to
phosphorylated ERK1/2 {Thr202/Thy204) and (total) ERK1/2 were ob-
tained from Cell Signaling Technology (Beverly, MA). Antiinsulin re-
ceptor substrate (IRS) 1, anti-IRS2 and antiphosphatidylinositol 3-ki-
nase (PI3K) p85 antibodies were purchased from Upstate Biotechnology
(Lake Placid, NY). A monoclonal antibody to phosphorylated tyrosine,
p-Tyr, was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
LY 294002, U0126, and SB 203580 were purchased from Promega
(Madison, WI). Wortmannin, PD 98059, bisindolylmaleimide I,
$P600125, and AG490 were purchased from Calbiochem (La Jolla, CA).
The AT, R blocker CV-11974 was kindly provided by Takeda Chemical
Industries, Ltd. (Osaka, Japan).

Cell culture

A subline of OK cells that do not express endogenous Ang Il receptors
but stably express transfected cDNA encoding rat AT, 4R (designated as
AT, AR-OK cells in this study) were maintained in DMEM/F12 (17.5 mm
glucose) supplemented with 10% fetal calf serum and 200 pg/ml G418
(Sigma-Aldrich) at 37 C and 5% CO, (23). The cells were washed twice
with DMEM/F12 and serum starved for 24 h. Cells were then treated
with Ang Il and/or insulin and incubated for specified time periods under
serum-free culture conditions to investigate the expression of megalin or
examine Ang - and insulin-mediated signaling pathways. Cell culture
reagents were obtained from Invitrogen (Carlsbad, CA) except where
indicated. All signaling-pathway inhibitors were added to culture media,
1 hbefore Ang Il and/or insulin treatment, at the standard concentrations
used for experiments with OK cells in previous reports (25, 26).

SDS-PAGE and immunoblotting

Cultured cells and rat kidneys were solubilized in lysis buffer {0.5%
Triton X-100, 20 mm HEPES, 150 mm NaCl, 1X complete protease
inhibitor (Roche, Basel, Switzerland) (pH 7.4)] and centrifuged at
1500 X g at 4 C for 30 min. Protein concentrations were determined
using the bicinchoninic acid assay kit (Pierce, Rockford, IL). Samples
were resolved by SDS-PAGE under reducing conditions and transferred
to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Her-
cules, CA). Membranes were first blocked in a buffer containing 25 mm
Tris-HCl {(pH 7.4), 137 mm NaCl, 2.7 mm KCl, 0.05% Tween 20, and
5% fetal calf serum for 1 h and then incubated with primary antibodies
for either 2 h at room temperature or overnight at 4 C, followed by
incubation with horseradish peroxidase-conjugated secondary antibod-
ies for 1 h. Immunoreactive proteins were detected by enhanced chemi-
luminescence (Super Signal; Pierce). Immunoblots were quantitated us-
ing B-actin expression as an internal control with National Institutes of
Health Image] software (available at http://rsb.info.nih.gov/nih-image/,
last accessed June, 2007).

Preparation of glutathione S-transferase (GST) fusion
proteins

Rat receptor-associated protein (RAP) was prepared as a fusion pro-
tein with GST as described previously (27). Also, cDNA encoding the rat
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megalin cytoplasmic tail was prepared by RT-PCR using rat kidney
RNA, cloned in the pGEX-KG vector, and expressed as a GST-fusion
protein, as described previously (28).

RNA extraction and real-time RT-PCR

RNA was extracted from AT, \R-OK cells following the standard
ISOGEN method {Nippon Gene Co., Ltd., Tokyo, Japan) and resus-
pended in autoclaved diethylpyrocarbonate-treated water. Extracted
RNA concentrations were determined using GeneQuant (Biochrom Ltd.,
Cambridge, UK) and equalized to 1 ug/ul. Two separate amplicons,
located on the megalin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) loci, were reverse transcribed and quantified using the same
template RNA for relative quantification analysis, using a one-step real-
time RT-PCR kit (RNA-direct SYBR, Green Realtime PCR master mix;
Toyobo Co., Ltd., Osaka, Japan) and LineGene (BioFlux, Tokyo, Japan).
The final reaction mixture {20 pl total volume) contained 2.5 mm
Mn(OAc),, 10 pl recombinant Thermus thermophilus DNA polymer-
ase, deoxynucleotide triphosphates, and SYBR Green I in a single master
mix, S00 nM each of forward and reverse primers (for the megalin am-
plicon: forward, 5’-aggcteccttetgecatceette-3’ and reverse, §'-geagaatct-
ggtccaaaacctgacac-3'; for the GAPDH amplicon: forward, 5'-gagatget-
ggagecgagra-3' and reverse, S’ -gtggttcacceccatcac-3') and 2 pg of RNA
template. The enzyme was first activated at 90 C for 30 sec, followed by
reverse transcription at 61 C for 20 min. After denaturation of the syn-
thesized cDNA from the template RNA strand at 95 C for 30 sec, 40
amplification cycles of 95 C for 15 sec and 55 C for 15 sec were per-
formed. The fluorescence signal data were collected at 74 C for 30 sec at
the end of each amplification cycle. The melting curve analysis followed
the amplification cycles, from 74 C to 94 C with a step rate of 0.5 C. All
cycling steps were performed with a ramp rate of 4 Cfsec. Each set of runs
included a megalin subset and its parallel GAPDH subset, with a corre-
sponding standard curve for each amplicon. The resulted outcome was
normalized for each sample subset with the corresponding standard
curve, using the LineGene software (BioFlux) with the second derivative
method. Each sample was tested in duplicates.

Immunoprecipitation

Cultured cells were solubilized inlysis buffer [0.5% Triton X-100, 20
mM HEPES, 150 mm NaCl, 10 mm NaF, 1 mM sodium orthovanadate,
1% complete protease inhibitor (Roche) (pH 7.4})] and centrifuged at
15,000 X g at 4 C for 30 min. Nonspecific binding proteins were pre-
cleared by incubating approximately 500 pg of each cell lysate with 30
ul Protein G Plus/protein A agarose beads (Calbiochem) for 30 min. The
supernatant from this preclearing precipitation was then incubated with
4 pg anti-IRS1 IgG or 4 pl anti-IRS2 IgG at 4 C overnight. Another 30
ul of Protein G Plus/protein A agarose beads were added to the same
supernatant to bind antibodies and associated proteins, and the beads
were washed three times with lysis buffer and twice with PBS. Bound
immune complexes were eluted from the beads by denaturation in 1X
Laemmli sample buffer at 95 C for 3 min and then resolved by SDS-
PAGE, followed by immunoblotting with anti-PI3K p85 and tyrosine,
p-Tyr antibodies. TrueBlot antirabbit IgG immunoprecipitation beads
and horseradish peroxidase-conjugated antirabbit IgG system (eBio-
science, San Diego, CA) were used when the anti-p85 antibody was
applied to minimize nonspecific binding to the heavy and light chains of
the antibodies used for immunoprecipitation.

Radioiodination

Rat albumin (Sigma-Aldrich) and GST-RAP were radioiodinated us-
ing 1 mCi Na-'#*] (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
and one lodo-Bead (Pierce) according to the manufacturer’s instructions.
Free Na-'**1 was removed from the labeled proteins by binding to a
PD-10 column (Bio-Rad Laboratories). Specific activities of the resulting
purified '*’I-albumin and ***I-RAP were 2.4 X 10° and 1.0 X 10° cpm/
ug, respectively.

endo.endojournals.org 873

Cellular degradation assays

Cells were grown to confluence (1 X 10° cells/well) on 12-well tissue
culture plates. The cells were washed twice with DMEM and serum
starved for 24 h. Cells were then treated with Ang Il (100 nM) or its
vehicle and incubated for 24 h under serum-free condition. The culture
media were then replaced with DMEM containing 0.1% ovalbumin and
1251.albumin or **’I-RAP (1.0 pg/ml). After 3 h incubation, the culture
media were mixed with trichloroacetic acid {TCA) at a final concentra-
tion of 15% to precipitate the labeled proteins, and the radioactivity level
of the TCA-soluble degradation products was quantified by y-counting.
To correct for iodine liberated from '*%I-labeled ligands, the level of
TCA-soluble radioactivity in the medium incubated without cells was
subtracted from that found in the samples.

Statistics

Data are expressed as means * sb. The comparison between two
experimental groups was made using Student’s ¢ test for unpaired data,
For multiple comparisons, one-way ANOVA with Bonferroni/Dunn
analysis was used. P < 0.0§ was considered statistically significant.

Results

Ang il suppresses mRNA and protein expression and the
endocytic function of megalin in AT, ,R-OK cells

Initially, the specificity of the polyclonal antibody raised
against rat megalin cytoplasmic tail-derived peptide sequence
was confirmed on the lysates of opossum PTC-derived OK cells
stably expressing rat AT, 4R (AT ,R-OK cells), the parental OK
cells and rat kidney by competitive assays with recombinant rat
megalin cytoplasmic tail proteins (supplemental Fig. 1, pub-
lished as supplemental data on The Endocrine Society’s Journals
Online web site at http:/fendo.endojournals.org).

Protein expression of megalin was suppressed 24 h after treat-
ment of AT ,R-OK cells with Ang Il that had been serum starved
for 24 h, but the expression was not reduced in OK cells similarly
treated (Fig. 1A). The Ang lI-mediated decrease in megalin ex-
pression in AT, \R-OK cells was reversed by incubation with
CV-11974, an AT R blocker, indicating that the effect of Ang II
was mediated via the AT, 4R (Fig. 1B). No suppression of mega-
lin protein expression was found at either 3- or 8-h incubation
time points {data not shown). Such a long onset time for the effect
of Ang II suggests that decreased megalin expression is likely to
be regulated at the transcriptional level. In face, RT-PCR analysis
of the cells 3 h after treatment with Ang Il showed that mRNA
expression of megalin was decreased, indicating that Ang Il sup-
pressed megalin expression at the transcriptional level (Fig. 1C).

Twenty-four hours after treatment with Ang IL, changes in the
endocytic function of megalin in AT, ,R-OK cells were investi-
gated by cellular degradation assays using the megalin endocytic
ligands '**I-lableled albumin and RAP. As shown in Fig. 2, deg-
radation of these ligands in the cells was found to be significantly
suppressed by Ang Il treatment.

Ang ll-mediated ERK activation is involved in the
signaling pathway that suppresses megalin expression
Ang 1 has been shown to activate the ERK-mediated signal-
ing pathway in vascular smooth muscle cells (29) and primary
cultured PTCs (30). As shown in Fig. 3, A and B, Ang Il was also
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FIG. 1. Ang Il suppresses protein and mRNA expression of megalin via AT, R in
AT, AR-OK cells. A, immunoblotting shows that protein expression of megalin
was suppressed 24 h after treatment of 24-h serum-starved AT, ,R-OK cells with
Ang I, whereas the expression level was unchanged in OK cells. B, CV-11974 (1
M), an AT, R blocker, abolished Ang It (100 nm)-mediated reduction of megalin
pratein expression in AT, ,R-OK cells, indicating that the Ang Il effect is mediated
via the AT, 4R. The upper panel shows representative immunoblotting results. in
the lower panel, megalin bands were quantified and normalized with the
endogenous B-actin control (n = 4). C, Real-time RT-PCR analysis of the cells
after 3 h of incubation with Ang il showed a decrease in mRNA expression of
megalin, indicating that Ang 1l suppressed megalin expression at the
transcriptional level. The upper panel shows representative RT-PCR resuilts on
agarose gel electrophoresis. in the Jower panel, the gene expression level of
megalin was quantified with reference to that of the endogenous control GAPDH
(n = 10). Values are expressed as mean * sp. The differences between values
associated with different letters are all statistically significant (P < 0.05).

found to activate the ERK-pathway in 24-h serum-starved
AT, AR-OK cells. We therefore tested whether Ang II-mediated
ERK activation plays a role in the AT, JR-mediated signaling
that suppresses the expression of megalin. As shown in Fig. 3, C
and E, an MAPK or ERK kinase (MEK)-1/2 inhibitor, U0126,
significantly but not completely counteracted Ang II-mediated
suppression of megalin mRNA and protein expression at the 3-
and 24-h incubation time points, respectively. The counteraction
to the Ang II-mediated suppression of megalin mRNA by
PD98059, another MEK1/2 inhibitor, was also significant at
both the 3- and 8-h incubation time points. However, this re-
versing effect was smaller at the 8-h incubation time point and
was far from a complete setback (Fig. 3, F and G); this phenom-
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FIG. 2. Ang il suppresses the endocytic uptake and degradation of albumin and
RAP in AT, 4R-OK cells. Treatment of 24-h serum-starved AT, 4R-OK cells with
Ang it (100 nm) for 24 h decreased the degradation of endocytic megalin ligands,
1251 Jableled albumin (A), and RAP (B). Values are expressed as mean = . *, P <
0.05n=6;**, P<0.01,n=4,
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FIG. 3. Ang ll-mediated ERK activation is involved in the signaling pathway that
suppresses megalin expression in AT, AR-OK cells. Treatment of 24-h serum-
starved AT, AR-OK cells with Ang I (100 nwm) for 5 min was found to induce ERK
activation, as shown by immunoblotting with anti-ERK 1/2 (total ERK) and anti-
phospho-ERK 1/2 (pERK) antibodies. This effect was virtually abolished when the
cells were treated with MEK1/2 inhibitors U0126 (10 ) (A) or PDI8059 (25 um)
(B) starting 60 min before the Ang Il treatment. Suppression of megalin protein
expression abserved when the cells were treated with Ang #f (100 nm) for 24 h
was significantly but not completely reversed by the similar pretreatment of the
cells with 10 um U0126 (C, n = 3) or 25 um PDIBOSI (D, n = 5). Suppression of
megalin mRNA expression in the cells by Ang !l treatment for 3 h was also
significantly but not completely reversed by the pretreatment of the cells with 10
m UO126 (E, n = 10), as shown by real-time RT-PCR. Similarly, the pretreatment
of the cells with 25-pm PD98059 significantly reversed the effect of Ang i
suppressing megalin mRNA expression after 3 h of incubation (F, n = 4), but the
reversing effect attenuated in 8 h (G, n = 4). Values are expressed as mean = s.
The differences between values associated with different letters are all statistically
significant (P < 0.05).

enon might explain the significant but incomplete inhibition of
Ang II-mediated suppression of megalin protein expression by
PD98059 at the 24-h incubation time point (Fig. 3D). These data
indicate that Ang II-mediated ERK activation is very likely to be
involved at some point in the signaling pathway that suppresses
megalin expression in AT, ,R-OK cells.

AngIlis also known to activate signaling pathways mediated
via Jun N-terminal kinase (JNK}, p38, protein kinase C (PKC),
or Janus kinase (JAK}-signal transducer and activator of tran-
scription (STAT) in vascular smooth muscle cells (29). However,
inhibitors of these signaling pathways, used at standard exper-
imental concentrations in OK cells (25, 26), did not alter the
ability of Ang II to suppress megalin protein expression (supple-
mental Fig. 2). Collectively, the ERK signaling pathway is in-
volved in Ang II-mediated suppression of megalin expression in
AT, ,R-OK cells, but other Ang Il-mediated signaling path-
way(s) may be also present which are different from JNK, p38,
PKC, and JAK-STAT pathways.
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Insulin competes with the Ang H-ERK signaling pathway
involved in suppression of megalin expression

We next investigated the effect of insulin on megalin expres-
sion in AT;,R-OK cells because insulin-dependent signaling
pathways are likely to be involved in the mechanisms of albu-
minuria and endocytic functions of PTCs. Treatment of 24-h
serum-starved AT, ,R-OK cells with 100 nM insulin did not
change megalin protein expression levels at the 24-h incubation
time point (Fig. 4A). However, insulin reduced the inhibitory
effect of Ang 11 on megalin protein expression after 24-h of in-
cubation (Fig. 44). The suppression of megalin mRINA expres-
sion by Ang Il was also significantly inhibited by insulin at the 3-h
incubation time point (Fig. 4B), indicating that insulin competes
with the effect of Ang Il at the level of regulating the megalin gene
transcription. Insulin was also found to compete with Ang Ii-
mediated ERK activation in the cells (Fig. 4C).

Tounveil the reason thatinsulin alone did not change the level
of megalin expression in AT, ,R-OK cells, we investigated the
relationship between the glucose concentration in the culture
media and the effect of insulin on the cells. Under the culture
condition with a lower glucose concentration (7.5 mm), the base-
line leve! of megalin protein expression in the cells was found to
be low but significantly increased by the addition of 100 nm
insulin (supplemental Fig, 3). These results suggest that the base-
line megalin expression in the cells might have been at its max-
imal level under the original culture condition with the glucose
concentration at 17.5 mm. The effect of insulin, provided that it
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FIG. 4. Insulin competes with the Ang 1I-AT, \R-ERK signaling pathway involved
in suppression of megalin expression. AT, 4R-OK cells serum starved for 24 h
were treated with 100 nm Ang 1l and/or 100 nm insulin. Insulin significantly
reduced the inhibitory effect of Ang Il on megalin protein expression at the 24-h
incubation time point (A, n = 6) and on MRNA levels at the 3-h incubation time
point (B, n = 8). Treatment of AT, ,R-OK cells with insulin (100 nu) did not
change megalin protein or MRNA expression level at these time points. C,
AT, AR-OK cells serum starved for 24 h were treated with 100 nm Ang l and/
or 100 nm insulin for 30 min. Insulin was also found to compete with Ang
H-mediated ERK activation in the cells (n = 5). Values are expressed as

mean =+ sb. The differences between values associated with different letters
are all statistically significant (P < 0.05).
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was to up-regulate megalin expression in the cells, could not have
surpassed what was already abundantly expressed to its maximal
amount, whereas such an effect was clearly observed when ma-
galin expression had been suppressed by other factors such as
Ang IL

Insulin is likely to compete with the Ang II-mediated ERK
signaling pathway that suppresses megalin expression. It is also
possible that insulin may compete with other undetermined sig-
naling pathway(s) that may be involved in Ang Il-mediated sup-
pression of megalin expression in the cells.

The IRS/PI3K system, with which Ang Il competes, acts
to maintain megalin expression

To further elucidate the role of insulin-mediated signaling
pathways in stimulating or maintaining megalin expression,
we analyzed the function of the IRS/PI3K system, a major
component of the insulin signaling pathway. As shown in Fig.
5, A and B, treatment of AT, ,R-OK cells with the PI3K in-
hibitors LY294002 and wortmannin suppressed megalin ex-
pression after 24 h of incubation. Furthermore, these inhibi-
tors were found to suppress megalin mRNA expression at the
8-h incubation time point (Fig. 5, C and D}, and these effects
were competed by insulin. We also found that the treatment
of AT, ,R-OK cells with Ang II suppressed insulin-mediated
IRS/PI3K activation (Fig. 6).

These results indicate that the steady-state level of the IRS/
PI3K activation in the cells plays a role in maintaining megalin
gene expression under the culture condition. However, when the
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FIG. 5. Insulin reverses PI3K inhibitor-induced suppression of megalin expression
in AT, AR-OK cells. Suppression of megalin protein expression in 24-h serum-
starved AT, AR-OK cells was observed when the cells were treated for 24 h
with 10 um LY294002 (A, n = 3) and 100 nM wortmannin (B, n = 3), as
shown by immunoblotting. The effects were significantly, but not completely,
reversed by the treatment of the cells with insulin (100 nm) starting 30 min
before the treatment with LY294002 or wortmannin. Suppression of megalin
mRNA expression observed when the cells were treated for 8 h with 10 um
LY294002 (C, n = 4) and 10 uM wortmannin (D, n = 4) was significantly, but
not completely, reversed by similarly preincubating the cells with insulin (100
nwm), as shown by real-time RT-PCR. Values are expressed as mean * sp. The
differences between values associated with different letters are all statistically
significant (P < 0.05).
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FIG. 6. Ang !l suppresses insulin-mediated IRS/PI3K activation in AT, ,R-OK cells.
AT, AR-OK cells serum starved for 24 h were treated with either Ang It (100 nm)
for 10 min, insulin (100 nwm) for 7 min, or Ang #f for 3 min followed by 7 min
insulin treatment. Cell lysates were immunoblotted (IB) with either an anti-IRS (A)
or IRS2 (B) antibady, or with an anti-pY antibody (A and B) after
immunoprecipitation (IP) with either anti-IRS1 (A} or IRS2 (B) antibody. A, n = 5;
B, n = 3. Similarly, the lysates were immunoblotted with an antibody against the
p85 subunit of PI3K (p85) after IP with either anti-IRS1 (C) or IRS2 (D) antibody.
C, n=3; D, n=5. Values are expressed as mean * so. The differences between
values associated with different letters are all statistically significant (P < 0.05).

IRS/PI3K signaling is affected to suppress megalin expression,
insulin competes with the effects and reverses suppressed mega-
lin expression. Also, Ang Il and insulin competitively regulate the
levels of the IRS/PI3K activation, and the counterbalanced levels
of the activated IRS/PI3K pathway are likely to regulate megalin
expression.

The possible nature of the cross talk between Ang II- and
insulin-mediated signaling pathways in the regulation of megalin
expression in AT, ,R-OK cells is outlined in Fig. 7.

Discussion

We have found that Ang Il suppressed mRNA and protein ex-
pression of megalin in an OK cell line that is deficient in endog-
enous Ang Il receptors but stably expresses rat AT, R. This
action of Ang 11, which was completely suppressed by an AT R
blocker, is mediated partly by ERK activation. Inhibitors of the
JNK-, p38-, PKC- and JAK-STAT-mediated signaling pathways
did not alter the ability of Ang II to lead decrease in megalin
expression, suggesting that other undetermined Ang II-mediated
signaling pathway(s) may be involved in suppressing megalin
expression.

Insulin inhibited the AT, \R-ERK-mediated suppression of
megalin expression. As reported in previous studies using cul-
tured PTCs (31, 32), we also found that insulin alone tended to
stimulate ERK activation in AT, ,R-OK cells. However, the ef-
fect was not statistically significant, and insulin, adversely, sup-
pressed Ang Il-mediated ERK activation. This finding in our
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AT,,R Insulin
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Ny J- /

Megalin expression

—- Stimulates or maintains

——| Inhibits

- - --» Possibly stimulates or maintains

----1 Possibly inhibits
FIG. 7. Proposed scheme to illustrate the cross talk between Ang H-AT, sR- and
insulin-mediated signaling pathways in regulation of megatin expression. The
Ang II-AT, s\R-ERK-mediated signaling pathway suppresses megalin expression in
AT, AR-OK cells, and insulin competes with this pathway. Other unknown Ang
1I-AT, sR-mediated signaling pathway(s) may be present to suppress megalin
expression, which may be also competed by insulin. Conversely, Ang I-AT 4R-
mediaed signaling competes with the insulin-mediated IRS/PI3K signaling
pathway that acts to stimulate or maintain megalin expression.

study could be suggesting that insulin might intercept signal-
ing events rather in the upstream part of Ang II-mediated ERK
pathways in the cells, which may act more dominantly than
insulin’s own ERK activation signaling in AT, ,R-OK cells. A
similar finding for such competitive cross talk between Ang II-
and insulin-mediated ERK pathways in murine PTCs has been
also reported, in which insulin-mediated ERK activation is
suppressed by Ang II (32).

Treatment of the cells with insulin alone did not change the
level of megalin expression under the original culture condition,
but it significantly increased megalin expression at a lower glu-
cose concentration. Also, PI3K inhibitors, which interfere with
the IRS/PI3K system and work as antagonists of insulin-medi-
ated signaling pathways, suppressed megalin expression, and the
effects were reversed by insulin. These results indicate that in-
sulin-IRS/PI3K signaling pathway has a stimulatory effect on
megalin expression. Furthermore, Ang II was found to inhibit
insulin-mediated IRS/PI3K signaling.

Collectively, cross talk occurs between the AT ,R-ERK and
insulin-IRS/PI3K signaling pathways to competitively regulate
megalin expression in AT, ,R-OK cells. It is also possible that
AT, \R-mediated unknown signaling pathway(s) may be in-
volved in suppressing megalin expression and may be interacted
with insulin-mediated signaling pathways (Fig. 7). This study is
the first demonstration of Ang II- and insulin-mediated signaling
cross talk in kidney cells, which is involved in regulating an im-
portant membrane receptor in PTCs.

Impairment of PTC functions is evident even at the early
stages of diabetes and often predisposes to apparent glomerular
damage (33). Decreased reabsorption of glomerular-filtered pro-
teins by PTCs was found in diabetic patients at the microalbu-
minuricstage (3). In diabetes, Ang Il appears to be a crucial factor
in phenotypic changes of PTCs (34), and the intrarenal renin-
angiotensin system (RAS) is activated, whereas the circulating
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RAS tends to stay normal or suppressed (35). PTCs play a central
role in regulating the intrarenal RAS because these cells express
all of the components required to synthesize Ang II, including
renin, angiotensinogen, and angiotensin-converting enzyme
(36). Our finding regarding the role of the Ang II-AT,R-ERK
system in the down-regulation of megalin expression makes a
significant contribution to further understanding of the patho-
logical actions of Ang Il on PTCs and mechanisms of postglo-
merular albuminuria in diabetes.

Albuminuria is also a frequent symptom of patients with in-
sulin resistance associated with metabolic syndrome (11). It has
been suggested that in such patients, insulin-mediated signaling
pathways are inhibited at the level of the IRS/PI3K system (37).
Activation of RAS is likely to be involved in the process (14, 38),
and Ang Il thus may act to inhibit the insulin signaling to reduce
megalin expression in PTCs of patients with metabolic syn-
drome. In models of insulin resistance, such as obese Zucker rats
and those on a high-fat diet for several weeks, renal expression
of the insulin receptor subunits was found to be down-regulated
compared with respective controls (39). This also suggests that
insulin signaling is altered in the kidney during insulin resistance,
and this may also relate to the pathogenesis of impaired endo-
cytic functions of PTCs and the mechanisms of postglomerular
albuminuria. The manner of Ang II- and insulin-mediated sig-
naling cross talk in the kidney remains to be further elucidated,
such as how and when RAS activation and insulin resistance
occur and interrelate in PTCs in the course of metabolic syn-
drome or type 2 diabetes.

Megalin has been also found to mediate lysosomal biogenesis
in PTCs (40). Therefore, the deficiency in megalin function that
is often found in diabetes may be involved in the hypertrophic
changes of PTCs, which predispose to subsequent deterioration
of kidney function (41). Also, megalin is known as an endocytic
receptor for vitamin D-binding protein (17), and its impaired
function is likely to be associated with vitamin D deficiency,
especially in patients with diabetes (42). Therefore, treatment of
diabetic patients with AT,R blockers may be useful for main-
taining various megalin actions, in addition to the reduction of
albuminuria. The clinical efficacy of pioglitazone, an insulin-
sensitizing peroxisome proliferator-activated receptor-y ago-
nist, in decreasing urinary excretion of albumin and liver-type
fatty acid binding protein (43) (endocytic ligands of megalin) in
type 2 diabetic patients (44) may also suggest that it could im-
prove megalin function.

In conclusion, we have identified competitive cross talk be-
tween AT, sR- and insulin-mediated signaling pathways in reg-
ulating megalin expression in cultured PTCs. The data obtained
in this study may facilitate development of novel strategies for
preventing the progression of proteinuria/albuminuria. Analysis
of the megalin gene promoter and enhancer would be required to
clarify the mechanisms of regulation of megalin gene expression.
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Abstract

Aims/hypothesis There is currently insufficient evidence to
recommend a low-protein diet for type 2 diabetic patients with
diabetic nephropathy, We assessed whether a low-protein diet
could prevent the progression of diabetic nephropathy.
Methods This was a multi-site parallel randomised controlled
trial for prevention of diabetic nephropathy progression
among 112 Japanese type 2 diabetic patients with overt
nephropathy. It was conducted in Japan from 1 December
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participants and investigators were not blinded to the
assignment. The primary outcomes were the annual change
in estimated GFR and creatinine clearance, the incidence of
doubling of serum creatinine and the time to doubling of
baseline serum creatinine.
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