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Kidney aging is a slowly progressive process that is
postulated to be accelerated by intervening diseases,
such as diabetes, due in part to the addition of exces-
sive stress and inflammation from the intervening
disease to the underlying aging process. This hypoth-
esis was tested by inducing diabetes with streptozoto-
cin in 18-month-old, aging mice. After 4 months of
diabetes, these mice developed severe albuminuria,
elevated creatinine levels, and renal lesions including
extensive apoptotic cell death, glomerulosclerosis, af-
ferent and efferent hyalinosis, and tubulointerstitial
inflammation and fibrosis. These symptoms were as-
sociated with elevated oxidative stress. The presence
of endoplasmic reticulum (ER) stress in 22-month-old
diabetic kidneys resulted in up-regulation of C/EBP
homologous protein (CHOP), which may play a role
in increasing kidney lesions because CHOP-deficient
proximal tubular cells were resistant to ER stress-
induced cell death, and CHOP-deficient mice were
protected from diabetic nephropathy. Moreover ,
CHOP-deficient mice did not develop albuminuria as
they aged. Inflammation, another key component of
progressive diabetic nephropathy, was prominent in
22-month-old diabetic kidneys. The expression of tu-
mor-necrosis factor-� in 22-month-old diabetic kid-
neys may play a role in inflammation, ER stress, and
apoptosis. Thus, diabetes may accelerate the underly-
ing kidney aging process present in old mice. (Am J
Pathol 2010, 176:2163–2176; DOI: 10.2353/ajpath.2010.090386)

The prevalence of chronic and end-stage kidney disease
increases with age.1 According to the Fourth US National
Health and Nutrition Examination Survey (1999–2004),
23.8% of individuals older than 60 years of age and
37.8% of individuals older than 70 years of age had a
moderate to severe decline in renal function (http://www.
cdc.gov/nchs). Reduced renal function in aging could be
a significant health issue because it is a known risk factor
for kidney failure and cardiovascular disease.2 The cause
of declining renal function in some aging people is not
clear. A process of natural biological aging may play an
important role because 13% of older individuals had
reduced renal function in the absence of obvious disease
such as diabetes and hypertension. Excessive oxidative
stress (OS) is critically involved in the overall aging pro-
cess.3 There is a strong correlation between renal func-
tion and the levels of OS in aging. In addition, the levels
of OS are increased in the kidneys of old animals.4 Inter-
ventions that reduce OS, ie, caloric restriction and ge-
netic manipulations to overexpress antioxidants, prolong
life span and prevent aging-related pathological changes
in kidney of animals.5–8 Thus, OS may also play an es-
sential role in kidney aging. The presence of intervening
disease such as diabetes may accelerate the kidney
aging process because of the addition of hyperglycemia-
induced OS. Hyperglycemia stimulates mitochondrial re-
active oxygen species generation and increases the for-
mation of advanced glycation end-products (AGEs)
intracellularly and extracellularly.9 Because AGEs also
promote OS, a cycle of AGE formation and reactive oxy-
gen species generation may ensue.10,11 Thus, the sever-
ity of kidney disease would be increased in aged mice
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rendered diabetic due partly to the superimposition of OS
caused by diabetes onto the underlying aging process.
We tested this hypothesis in C57B6 mice, a mouse strain
that is relatively resistant to chronic kidney diseases in-
cluding diabetic nephropathy at a young age but slowly
develops kidney lesions with aging.12,13 We found that
the induction of diabetes in perimenopausal 18-month-
old C57B6 mice caused excessive OS and resulted in
severe kidney lesions, with many features of diabetic
nephropathy suggested by the Animal Models of Dia-
betic Complications Consortium.14 Because endoplas-
mic reticulum (ER) stress has also been shown to play an
important role in aging-related diseases such as athero-
sclerosis and neurodegenerative diseases,15 we also ex-
amined whether ER stress was present in the aging dia-
betic kidney.

Inflammation is a key component of all forms of pro-
gressive chronic kidney diseases including diabetic ne-
phropathy.16 There were severe inflammatory lesions in
the aging diabetic kidney. The expression of tumor ne-
crosis factor-� (TNF-�) in the aging diabetic kidney may
contribute to inflammation.

Materials and Methods

Animals

Four- and 17-month-old female C57B6 mice were ob-
tained from the National Institute on Aging and were
injected with streptozotocin to induce diabetes.12,14 Mice
were given 50 �g/g streptozotocin every 3 days, for a
total of five to eight injections. A total of 250 to 400 �g/g
streptozotocin was sufficient in most mice to induce sta-
ble hyperglycemia (�250 mg/dl). The streptozotocin
dose required to establish stable diabetes was similar
between 17- and 4-month-old mice. There was less than
10% mortality in both age groups of diabetic mice with
this streptozotocin protocol. Dead mice were excluded
from further study. Female C57B6 mice were chosen
because we have previously documented the onset and
nature of their renal lesions in aging.13 They develop
irregular, lengthened estrous cycles at approximately 10
to 14 months of age, and the cycles usually cease at 18
months of age.13 Mice with stable diabetes at 5 or18
months of age were selected. Both age groups of dia-
betic mice were followed for 4 months without insulin
treatment. Body weight and blood glucose levels were
monitored weekly. Urine albumin excretion was mea-
sured biweekly using an ELISA kit (Bethyl Laboratories
Inc., Houston, TX) as described previously.13 Urine cre-
atinine levels were measured in the same samples, and
the urine albumin excretion rate was expressed as the
ratio of albumin to creatinine. Blood urea nitrogen levels
and serum creatinine levels were examined at sacrifice.
High-performance liquid chromatography was applied
for determining serum creatinine levels using the method
described by Yuen et al.17 In addition, to explore the role
of ER stress in diabetic nephropathy, 5-month-old female
C/EBP homologous protein (CHOP)-deficient mice, ob-
tained from The Jackson Laboratory (Bar Harbor, ME)

were also made diabetic by streptozotocin (n � 5).
CHOP�/� mice with stable diabetes were followed for 4
months.

Moreover, male CHOP�/� mice (n � 6) were followed
for up to 20 months of age to examine whether they
developed albuminuria as seen in wild-type aging male
mice (n � 10). The levels of urine albumin excretion were
determined by enzyme-linked immunosorbent assay.
Urine samples from 20-month-old CHOP�/� and wild-
type mice were also loaded onto 10% SDS-polyacryl-
amide gels and separated by electrophoresis. The
amount of sample loading from different mice was ad-
justed based on urine creatinine levels. Gels were
stained with Coomassie Blue overnight, destained, and
photographed.

Renal Histology and Morphometry

Mice were sacrificed 4 months after stable hyperglyce-
mia was established. The kidneys were perfused with a
saline solution, and subsequently one kidney was perfu-
sion-fixed in situ with 4% paraformaldehyde for histolog-
ical studies.13 The tissues were embedded in glycol
methacrylate or low melting paraffin and stained with
periodic acid-Schiff (PAS) and Masson’s trichrome. Tis-
sues were also postfixed for 1 hour in 1.0% osmium
tetroxide, prestained in 1.25% uranyl acetate for 1 hour,
dehydrated through a series of graded alcohol solutions,
and embedded in EPON epoxy resin for electron micros-
copy. The glomerular volume and mesangial area were
determined by examining plastic-embedded sections us-
ing a digitizing tablet and video camera.12,13 The relative
mesangial area was expressed as mesangial/glomerular
surface area. Glomerular cell number was determined by
counting the nuclear number in at least 30 glomeruli of
each section. The glomerular basement membrane thick-
ness was measured by the orthogonal intercept method
on electron microscopic images. To determine the num-
ber of glomerular fenestrae, the length of fenestrated or
unfenestrated glomerular capillary endothelial cytoplasm
was measured. Fenestrated endothelial cell cytoplasm
was generally thin, whereas the thickness of the unfenes-
trated endothelial cell cytoplasm was increased twice or
more.18 Tubulointerstitial lesions were scored from 0 to 4
(0, no changes; 1�, changes affecting �25% of the
sample; 2�, changes affecting 25 to 50% of the sample;
3�, changes affecting 50 to 75% of the sample; and 4�,
changes affecting 75 to 100% of the sample) based on
tubular atrophy, increase in the thickness of basement
membranes and interstitial area, and clusters of inflam-
matory cells.19

Immunohistochemistry

Paraffin sections from nondiabetic and diabetic mice
were deparaffinized before staining for apoptosis, mark-
ers for inflammation such as macrophages (F4/80, 1:100,
Caltag Laboratories, Burlingame, CA) and phosphory-
lated nuclear factor (NF)-�B (p65 [Ser-276], 1:25, Cell
Signaling Technology, Inc., Danvers, MA), markers for
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oxidative stress, ie, nitrotyrosine (1:140, Upstate Biotech-
nology Inc., Billerica, MA) and malondialdehyde (MDA)
(1:100, Alpha Diagnostic International Inc., San Antonio,
TX), and markers for ER stress, ie, phosphorylated pan-
creatic ER kinase (PERK) (1:5, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) and phosphorylated eukaryotic
initiation factor 2� (eIF2�) (1:50, Stressgen Bioreagents
Corp., Norwalk, CT).

Digital Quantitation of Immunostaining

Stained sections were examined under light microscopy
(Axioskop, Carl Zeiss GmbH, Jena, Germany). The cor-
tical area of the kidney was digitized under �10 objective
low power with a Sony 3CCD color video camera and a
meta imaging series software (Molecular Devices, Down-
ingtown, PA). The area of positively stained tubules and
glomeruli was measured and expressed as the percent-
age of total cortical area. The intensity of the staining was
also assessed using the color differentiation program.

Renal Tissue AGEs

The amount of AGEs in kidney was determined by a
competitive enzyme-linked immunosorbent assay, using
monoclonal antibody reacting with N-(carboxymethyl)-
lysine (4G9, Alteon, Northvale, NJ), and values were cor-
rected to the protein concentration in the samples. N-
(Carboxymethyl)-lysine-bovine serum albumin was used
as a standard for quantitation.6

Oxyblot

The oxyblot protein oxidation detection kit (Chemicon
International, Temecula, CA) was used for the measure-
ment of overall carbonyl groups introduced into the pro-
tein side chain by oxidative modification in renal tissues.
2,4-Dinitrophenylhydrazine derivatization was performed
for 15 minutes following the manufacturer’s instructions
on 10 �g of protein obtained from the kidney tissue
lysate. The dinitrophenylhydrazine-derivatized protein
samples were separated by 12% SDS-polyacrylamide
gel electrophoresis. Proteins were transferred to polyvi-
nylidene difluoride membranes, stained by Ponceau Red,
and then probed with an anti-dinitrophenylhydrazine an-
tibody. Blots were developed using a chemilumines-
cence detection system. No visible bands were seen in
samples without reaction with 2,4-dinitrophenylhydrazine
before Western blots (data not shown).

mRNA Levels

Total RNA was isolated from renal cortex using a PureYield
RNA Midiprep kit (Promega, Madison, WI). The preparation
was free of DNA contamination, and 500 ng of total RNA
from each sample was reverse-transcribed as described
previously.12,13 The levels of monocyte chemoattractant
protein-1 (MCP-1), c-x-c motif ligand 1 (CXCL1), macro-
phage inflammatory protein 2 (MIP2), regulated on activa-

tion, normal T cell expressed and secreted (RANTES), in-
tracellular adhesion molecule 1 (ICAM-1), glucose
regulatory protein 78 (GRP78), CHOP, and interleukin 6
(IL-6) mRNA were determined by real-time PCR. The prim-
ers used for the measurement were: MCP-1, forward
5�-AATTACCAGCAGCAAGTGTCC-3� and reverse 5�-
GGGTCTGCACAGATCTCCTT-3�; RANTES, forward
5�-TTCCCTGTCATCGCTTGCTCT-3� and reverse 5�-CG-
GATGGAGATGCCGATTTT-3�; CXCL1, forward 5�-CTT-
GAAGGTGTTGCCCTCAG-3� and reverse 5�-AAGG-
GAGCTTCAGGGTCAAG-3�; MIP2, forward 5�-TCCA-
GAGCTTGAGTGTGACG-3� and reverse 5�-TTCAGG-
GTCAAGGCAAACTT-3�; ICAM-1, forward 5�-TGCTGCA-
GATGCTGTGAGAGT-3� and reverse 5�-AAACCCTCGAC-
CCATGTGATC-3�; endothelial nitric-oxide synthase (NOS),
forward 5�-TACGCACCCAGAGCTTTTCT-3� and reverse
5�-CTTGGTCAACCGAACGAAGT-3�; GRP78, forward
5�-TACTCGGGGCCAAATTTGAAG-3� and reverse 5�-
CATGGTAGAGCGGAACAGGT-3�; and CHOP, forward 5�-
TATCTCATCCCCAGGAAACG-3� and reverse 5�-GGACG-
CAGGGTCAAGAGTAG-3�. mRNA levels were corrected by
the levels of �-actin or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA. The expression of TNF-�
mRNA in kidney was determined by both real-time and
regular PCR using the following primers: forward 5�-
GCGACGTGGAACTGGCAGAAG-3� and reverse 5�-
GGTACAACCCATCGGCTGGCA-3�. GAPDH and �-actin
mRNA levels were measured in the same sample.

CHOP and ER Stress-Induced Apoptosis in
Proximal Tubular Cells

To determine whether CHOP played a role in ER stress-
induced renal cell death, primary proximal tubular cells
were isolated from 2-month-old CHOP�/� and wild-type
mice using a method described by Sheridan et al.20 In
brief, kidneys were perfused with a phosphate buffer
solution and Dynabeads M-450 (5 � 105 beads/ml, In-
vitrogen, Carlsbad, CA). Cortices were then cut into small
pieces and incubated with 0.1% collagenase and 100
units/ml DNase at 37°C for 40 minutes. After tissues were
pressed through a 100-�m cell strainer (BD Biosciences,
Bedford, MA) with a syringe plunger, glomeruli were re-
moved by a magnetic concentrator. The remaining tis-
sues were collected with a 40-�m cell strainer, washed,
and cultured with medium containing Dulbecco’s modi-
fied Eagle’s medium/F12 (1:1), 5 �g/ml transferrin, 5
�g/ml insulin, 50 nmol/L hydrocortisone, 5% fetal bovine
serum (FBS), and 100 units/ml each of penicillin and
streptomycin. Cells isolated by this method were pre-
dominantly of proximal tubular origin (�90%) and were
characterized by their cobblestone appearance and by
positive staining for aquaporin-1 and megalin (Santa
Cruz Biotechnology, Inc.). Cells (1 � 104/well in a 24-well
plate) from CHOP�/� and wild-type mice were exposed
to 0.6 to 1.2 �g/ml of tunicamycin. Twenty-four hours
later, cells were gently washed and stained with trypan
blue, and the number of live cells from each well was
counted.
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TNF-�-Induced Expression of Proinflammatory
Genes, ER Stress, and Apoptosis in Proximal
Tubular Cells

A proximal tubular cell line obtained from mice transgenic
for Simian virus 40 T antigen was grown in Dulbecco’s
modified Eagle’s medium containing 10% FBS.21 For the
measurement of TNF-�-stimulated gene expression, 1 �
105 proximal tubular cells were transferred to each well of
a six-well plate. After the cells were placed in 0.1% FBS
medium for 24 hours, 10 ng/ml of TNF-� was added to
test wells. Total RNA was isolated from all wells 4 hours
later. MCP-1, RANTES, CXCL1, MIP-2, ICAM-1, and in-
ducible NOS mRNA levels were determined by real-time
PCR as described above and corrected by �-actin mRNA
levels. TNF-�-stimulated MCP-1 and RANTES production
and release into the medium were measured in TNF-� (10
ng/ml)-treated and control cells at 24 hours. The amount
of MCP-1 or RANTES in the medium was measured by
ELISA (Invitrogen).

To determine whether TNF-� induced ER stress in
proximal tubular cells, 1 � 106 cells were transferred to
4-cm2 Petri dishes. After medium was switched from 10%
to 0.1% FBS, some dishes were treated with TNF-� (25
ng/ml). Total RNA and protein were collected from cells at
4, 12, and 24 hours. GRP78 mRNA levels were deter-
mined by real-time PCR. CHOP and phosphorylated and
total eIF2� protein levels were measured by Western
blots using the antibodies shown above.

The effect of TNF-� on apoptotic cell death was deter-
mined by adding increasing concentrations of TNF-� (5
to 25 ng/ml) to cultured proximal tubular cells under
normal serum conditions (10% FBS). Here 2 � 105 prox-
imal tubular cells were transferred to each well of a six-
well plate, and some cells were treated with TNF-�. Cells
in both supernatants and attachment were collected 24
hours later and stained for annexin V. The number of
annexin V-positive cells in the total cell population was
counted by flow cytometry. Negative controls included
cells stained without the first or the second antibody or
without antibody. DNA and protein were also collected
from cells in the media and from the plate for assessing
DNA laddering and for blotting to determine whether
caspase 3 was activated (1:1000, Cell Signaling Tech-
nology, Inc.).

TNF-�-Induced Increase in Albumin
Permeability in Podocytes

Podocytes (1 � 105) were seeded onto collagen-coated
transwell filters (0.4 �mol/L pore size, Corning Inc., Corn-
ing, NY) placed in the top chamber of each well of a
24-well plate. After cells reached confluence, some wells
of cells were treated with TNF-� (20 ng/ml) in 2% FBS
medium for 8 hours. Then the medium from both the top
and bottom chambers was completely removed, cells
were washed twice with PBS, and the top chamber was
refilled with 0.2 ml of 2% FBS medium supplemented with
0.5 mg/ml fluorescein isothiocyanate (FITC)-labeled bo-
vine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MI),
whereas the bottom chamber was refilled with 0.6 ml of
2% FBS medium supplemented with 0.5 mg/ml unlabeled
BSA. At different time points, 100-�l aliquots were col-
lected from the bottom chamber, and fluorescence was
measured by a fluorescence spectrophotometer (485 nm
excitation and 535 nm emission). The concentration of
FITC-BSA passing through the monolayer was deter-
mined by reference to a set of standard dilutions of
FITC-BSA. The value of albumin flux through the un-
treated monolayer was arbitrarily defined as 100%.

Statistical Analysis

Values are expressed as means � SD. Analysis of vari-
ance or a two-tailed unpaired t-test was used to evaluate
the differences between the means. Significance was
defined as P � 0.05.

Results

General

Body weight was slightly decreased in both 9- and 22-
month-old diabetic mice (Table 1). There was a signifi-
cant increase in the heart weight/body weight ratio in
22-month-old nondiabetic mice compared with that in
9-month-old nondiabetic mice (Table 1). The presence of
hyperglycemia for 4 months increased the heart weight/
body weight ratio in both 22- and 9-month-old diabetic
mice. There were no differences in the kidney weight/
body weight ratio between diabetic and nondiabetic
mice. The serum creatinine levels in 22-month-old dia-

Table 1. General Characteristics of Diabetic Mice

Measurements

Young mice (9 months) Old mice (22 months)

Control (n � 6) Diabetic (n � 7) Control (n � 10) Diabetic (n � 11)

Body weight (g) 23.4 � 2.8 21.4 � 3.2 25.7 � 1.4 24.4 � 0.5
Heart weight (mg) 116 � 11 121 � 12 167 � 19 169 � 23
Kidney weight (mg) 197 � 16 194 � 22 218 � 11 225 � 19
Glucose (mg/dL) 124 � 28 397 � 42 106 � 34 301 � 36
Blood urea nitrogen (mg/dL) 19.1 � 4.5 20.6 � 7.3 15.8 � 2.5 24.5 � 8.9
Serum creatinine (mg/dL) 0.119 � 0.01 0.121 � 0.04 0.109 � 0.03 0.138 � 0.02*

*P � 0.05 versus old mice control.
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betic mice were significantly higher than those in age-
matched nondiabetic mice. The blood urea nitrogen lev-
els were increased in 4 of 11 22-month-old diabetic mice
(�35 mg/dl) but were normal in 22-month-old nondia-
betic and in 9-month-old diabetic mice.

Albuminuria

As reported previously, young C57B6 mice were rela-
tively resistant to diabetic nephropathy.12,22 There was a
mild increase in urine albumin excretion in 9-month-old
diabetic mice (albumin/creatinine ratio: diabetic 61 � 25
�g/mg creatinine versus nondiabetic 30 � 10 �g/mg
creatinine, P � 0.05) (Figure 1A). On the other hand,
22-month-old diabetic mice developed progressively se-
vere albuminuria. After 2 months of diabetes the albumin/
creatinine ratio was already higher in 20-month-old dia-
betic mice than in either 22-month-old nondiabetic or
9-month-old diabetic mice, and it continued to increase
after 4 months of diabetes, reaching levels that were 11-fold
higher than in 9-month-old diabetic mice (Figure 1B).

Renal Histology

Compared with 9-month-old normal mice (Figure 2A),
9-month-old diabetic mice exhibited diffuse, mild glomer-
ular lesions, characterized by glomerular hypertrophy
and a small increase in the mesangial areas (Figure 2B).
There were no tubulointerstitial or vascular lesions in
9-month-old diabetic mice. As reported previously, 22-
month-old nondiabetic mice had prominent glomerular
hypertrophy, a slight increase in the mesangial areas,
and a largely normal tubulointerstitium (Figure 2C).13 In
contrast, 22-month-old diabetic mice developed severe
glomerular, tubulointerstitial, and vascular lesions (Figure
2, D–F). There was also an increase in overall glomerular
cell number (49.5 � 4.9 nuclei/glomerulus versus 43.7 �
8.5 nuclei/glomerulus in 22-month-old control, P � 0.05).
The mesangium was diffusely and markedly enlarged
(Figure 2, D–F). The basement membranes of Bowman’s
capsules were markedly thickened and duplicated and
obsolescent glomeruli were more frequently encountered
than in age-matched 22-month-old nondiabetic mice.
There was a decrease in the size of most glomerular
vascular spaces, although dilated loops were occasion-

ally encountered. The walls of afferent and efferent glo-
merular arterioles were noticeably thickened by a prom-
inent increase in homogeneous PAS-positive materials,
ie, hyalinosis (Figure 2E, arrows).The walls of small arte-
rioles had a significantly increased width due to fibrosis
and/or an increased cell number, including foam cells
(Figure 2D, arrow). Morphometric analysis revealed that

A B

ar
y 

A
lb

um
in

 
g.

cr
ea

tin
in

e) 22m/DN

*

**

80
100
300
500
700
900

600

800

1000

y 
A

lb
um

in
 

cr
ea

tin
in

e)

**

U
rin

a
(µ

g/
m

g

0
20
40
60
80

9m/DN
22m
9m

0

200

400

9m/DN        22m/DN

U
rin

ar
y

(µ
g/

m
g.

c

Before            2                3                4

month after diabetes

Figure 1. Progressive increase in urine albumin
excretion in 22-month-old diabetic mice. A: 22-
month-old (22m) C57B6 female mice did not
have obvious albuminuria. Urinary albumin was
slightly but significantly elevated in 9-month-old
diabetic mice (9m/DN); 22-month-old diabetic
mice developed severe and progressive albu-
minuria (22m/DN). *P � 0.05 versus 9-month-
old nondiabetic mice (9m); **P � 0.01 versus 9m/
DN. B: The levels of albuminuria in 22-month-old
mice after 4 months of hyperglycemia were 11-fold
higher than those in 9-month-old mice after 4
months of hyperglycemia.

Figure 2. Severe nephropathy in 22-month-old diabetic mice. A: 9-month-
old mice: normal glomeruli and tubulointerstitium (PAS; original magnifica-
tion, �200). B: 9-month-old diabetic mice: increased glomerular size and
mesangial areas (PAS; original magnification, �200). C: 22-month-old mice:
increased glomerular size (PAS; original magnification, �200). D: 22-month-
old diabetic mice: enlarged glomeruli with significant expansion of mesan-
gial areas are seen (PAS; original magnification, �200). Bowman’s capsule
and tubular basement membranes are thickened. The width of arteriolar
walls is increased (arrow). There are tubular atrophy and widened interstitial
spaces. E: 22-month-old diabetic mice: the walls of afferent (upper arrow)
and efferent (lower arrow) arterioles are thickened and filled with homo-
geneous PAS-positive materials. There is a prominent expansion of mesan-
gial area (PAS; original magnification, �400). F: The mesangial area, ex-
pressed as a percentage of total glomerular area, was increased in the
kidneys of both 22-month-old control mice and 9-month-old diabetic mice,
but it was more prominent in the kidneys of 22-month-old diabetic mice.
*P � 0.05 versus 9m. **P � 0.01 versus 9m/DN or 22m.
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the glomerular volume was increased in 9-month-old di-
abetic mice and was further increased in 22-month-old
nondiabetic and 22-month-old diabetic mice. There was
no difference in glomerular volume between 22-month-
old diabetic mice (3.8 � 0.7 � 105 �m3) and 22-month-
old control mice (3.3 � 0.7 � 105 �m3). However, the
mesangial area was significantly enlarged (Figure 2F),
and glomerular basement membranes appeared thick-
ened in 22-month-old diabetic mice (Figure 2, D and E).

Examination of electron micrographs revealed that the
thickness of glomerular basement membranes was gen-
erally, but irregularly, increased in 22-month-old mice
and further increased in 22-month-old diabetic mice (Fig-
ure 3, A–C). Fusion of podocyte foot processes was seen
in some peripheral loops of 22-month-old diabetic mice
(Figure 3B, arrows). The number of fenestrae in glomer-
ular capillary endothelial cells was significant decreased
in 22-month-old diabetic mice (Figure 3, B and D). Tubu-
lar atrophy and loss of tubular structures were prominent
changes, in association with expansion of the interstitial
space due to loss of tubules, fibrosis, and an extensive,
diffuse infiltration of inflammatory cells (Figure 3, E–G).

Apoptosis

To further characterize the lesions and explore the un-
derlying mechanism(s) of increased cellular injury in 22-
month-old diabetic mice, the number of apoptotic cells
was determined by terminal deoxynucleotidyl transferase
dUTP nick-end labeling staining. There was a prominent
increase in the number of apoptotic cells in 22-month-old

diabetic kidneys (Figure 4, A and B). Dead cells were
mostly located in tubules and the interstitium. In contrast,
terminal deoxynucleotidyl transferase dUTP nick-end la-
beling-positive cells were rarely found in 9-month-old
nondiabetic kidneys and were only occasionally seen in
9-month-old diabetic kidneys. There were few apoptotic
cells in 22-month-old nondiabetic kidneys (Figure 4B).

Oxidative Stress

Because oxidative stress is closely associated with aging
and is an important cause of apoptotic cell death, we
examined the levels of oxidative stress in 22-month-old
diabetic kidneys. Kidney AGE levels were elevated in
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Figure 3. Changes in glomerular basement membrane and fenestration and tubulointerstitium in 22-month-old diabetic mice. A: Glomerular basement membrane
is uniform and the podocyte foot processes are relatively normal in 22-month-old mice (electron micrograph; original magnification, �5000). B: The basement
membrane is irregularly thickened, and there is fusion of foot processes in 22-month-old diabetic mice (arrows, electron micrograph; original magnification,
�5000). C: Quantitative analysis showed that the glomerular basement membrane (GBM) thickness was significantly increased in 22-month-old diabetic mice.
*P � 0.05 versus 22m. D: Quantitative analysis showed that glomerular fenestration was reduced in 22-month-old diabetic mice. Data are expressed as the ratio
of unfenestrated to fenestrated glomerular endothelia. **P � 0.01 versus 22m. E: Representative Masson’s trichrome stain of kidneys from 22-month-old
nondiabetic mice. Whereas blue staining (matrix) is increased in glomeruli, the tubulointerstitium is relatively normal (original magnification, 200�). F:
Representative Masson’s trichrome stain of kidney from 22-month-old diabetic mice. Severe tubulointerstitial lesions characterized by tubular atrophy, interstitial
fibrosis, and extensive inflammatory cell infiltration are present. G: Semiquantitative measurement of tubulointerstitial lesions. Tubulointerstitial changes were not
present in the kidneys of 9-month-old nondiabetic (9m) and 9-month-old diabetic (9m/DN). Tubulointerstitial lesions were mild in 22-month-old nondiabetic mice
but were severe in the kidneys of 22-month-old diabetic mice (22m/DN). The average score of tubulointerstitial lesions in 22-month-old diabetic mice was 3�.
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9-month-old diabetic and 22-month-old nondiabetic mice
compared with 9-month-old nondiabetic mice. Although the
levels of kidney AGEs were comparable between 9-month-
old diabetic and 22-month-old nondiabetic mice (Figure
5A), the levels of AGEs in kidneys of 22-month-old diabetic
mice were higher than those in either 9-month-old diabetic
or 22-month-old nondiabetic mice (Figure 5A).

The amount of oxidized proteins in kidney was in-
creased in the kidneys of 9-month-old diabetic (Figure
5B, lanes 3 and 4) and 22-month-old nondiabetic mice
(Figure 5B, lanes 5 and 6) compared with that in 9-month-
old nondiabetic mice (Figure 5B, lanes 1 and 2). The
increase was comparable between kidneys of 22-month-

old nondiabetic mice and 9-month-old diabetic mice. The
amount of oxidized proteins was greatest in kidneys of
22-month-old diabetic mice (Figure 5B, lanes 7 and 8).

Protein nitration, as demonstrated by staining tissue
with an anti-nitrotyrosine antibody, was increased in the
kidneys of 9-month-old diabetic and 22-month-old non-
diabetic mice but was barely visible in the kidneys of
9-month-old nondiabetic mice (Figure 5, C–E). A more
prominent increase in the intensity of nitrotyrosine stain-
ing was found in 22-month-old diabetic kidneys, particu-
larly in the cytoplasm of tubular cells (Figure 5F). The
cause of increased nitrotyrosine is not clear. The levels of
renal endothelial NOS mRNA were comparable between

Figure 5. Oxidative stress in the kidneys of 22-month-old diabetic mice. A: The kidney AGE content was measured by competitive enzyme-linked immunosor-
bent assay and expressed as a ratio relative to protein concentrations (mg). AGE accumulation was evident in 9-month-old diabetic mice (9m/DN) and in
22-month-old nondiabetic mice (22m) and was further increased in kidneys of 22-month-old diabetic mice (22m/DN). *P � 0.01 versus 9-month-old mice (9m);
**P � 0.05 versus 9m/DN or 22m. B: The levels of protein oxidation in the kidneys of 9-month-old (9m), 9-month-old diabetic (9m/DN), 22-month-old (22m),
and 22-month-old diabetic mice (22m/DN) were determined by Western blot using a specific anti-oxidized protein antibody. Representative gels of two animals
from each group show that, although the bands of oxidized protein are visible in samples of the kidneys from 9-month-old mice (upper gel, 9m, lanes 1 and
2), stronger bands with a similar pattern of proteins are seen in kidney samples from 9-month-old diabetic mice (upper gel, 9m/DN, lanes 3 and 4) and
22-month-old mice (upper gel, 22m, lanes 5 and 6). Protein oxidation is markedly increased in kidneys from 22-month-old diabetic mice (upper gel, 22m/DN,
lanes 7 and 8). Known oxidized proteins of different molecular weights are used as markers of protein size and as a positive control for Western blots. The lower
panel shows the same gel stained with Ponceau red before Western blotting with the antioxidized protein antibody: 10 �g of kidney protein from 9-month-old
(lanes 1 and 2), 9-month-old diabetic (lanes 3 and 4), 22-month-old (lanes 5 and 6), and 22-month-old diabetic (lanes 7 and 8) mice was loaded on a
SDS-polyacrylamide gel. Note that the regular protein markers shown on the lower gel are not detected by the antioxidized protein antibody and therefore cannot
be seen in upper gel. C–F:. Immunostaining for nitrotyrosine of kidneys from 9-month-old (C) (original magnification, �400), 9-month-old diabetic (D) (original
magnification, �400), 22-month-old (E) (original magnification, �400), and 22-month-old diabetic (F) (original magnification, �400) mice. The staining is nearly
absent in 9-month-old nondiabetic kidney (C) and is clearly visible in glomeruli and tubules of 9-month-old diabetic kidneys (D). The 22-month-old diabetic
kidney exhibits the strongest nitrotyrosine staining (F). MDA immunostaining in kidneys from 9-month-old (G) (original magnification, �400), 9-month-old
diabetic (H) (original magnification, �400), 22-month-old (I) (original magnification, �400), and 22-month-old diabetic (J) (original magnification, �400) mice.
The staining is more intense in 9-month-old diabetic and 22-month-old nondiabetic (H and I) and further increased in 22-month-old diabetic kidneys (J). The
intensity of immunostaining was measured by morphometry software and defined by an arbitrary unit. Both nitrotyrosine (K) and MDA (L) staining were
quantitatively increased in 9-month-old diabetic and 22-month-old nondiabetic kidneys compared with 9-month-old nondiabetic kidneys. The staining was further
increased in 22-month-old diabetic kidneys. **P � 0.01 versus 9-month-old nondiabetic (9m); *P � 0.05, ***P � 0.01 versus 22-month-old nondiabetic (22m).
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the 9- and 22-month-old controls and were reduced two-
fold in both young and old diabetic mice.

Lipid peroxidation, as indicated by MDA staining, was
most evident in tubules (Figure 5, G–J). MDA staining in
kidneys of 9-month-old mice was mild compared with that
of kidneys of 9-month-old diabetic and 22-month-old non-
diabetic mice (Figure 5, G–I). Intense staining was
present in tubular cells of kidneys of 22-month-old dia-
betic mice (Figure 5J). Digital quantitation of the intensity
of immunostaining supported the visual impression of an
increase in nitrotyrosine and MDA staining in kidneys of
22-month-old diabetic mice (Figure 5, K and L).

ER Stress

ER stress has been shown to be present in the tubuloint-
erstitium of patients with progressive diabetic nephropa-
thy.23 Three regulatory pathways, namely PERK-eIF2�,
inositol-requiring enzyme 1-XBP-1, and activating transcrip-
tion factor 6, are critical in the ER stress response.24,25 The
activation of activating transcription factor 6 increases
GRP78 and the activation of PERK-eIF2� increases

CHOP transcription. CHOP mRNA levels were twofold
increased in 9-month-old diabetic and 22-month-old non-
diabetic mice, compared with 9-month-old nondiabetic
mice (Figure 6). GRP78 and CHOP mRNA levels were
elevated about twofold in the kidneys of 22-month old
diabetic mice compared with those in the kidneys of
9-month-old diabetic and 22-month-old nondiabetic mice
(Figure 6, A and B). The staining of phospho-PERK,
which is normally present in glomeruli as well as in some
of tubules of 9-month-old mice, was not different between
the kidneys of 9-month-old nondiabetic and 9-month-old
diabetic mice (Figure 6, C and D). Phospho-PERK stain-
ing was visibly decreased in kidneys of 22-month-old
nondiabetic mice (Figure 6E). However, nearly 80% of
cells in renal cortex showed positive staining in 22-
month-old diabetic mice (Figure 6F). PERK phosphor-
ylates eIF2�.26,27 Surprisingly, the staining of phospho-
eIF2� was strong in 22-month-old nondiabetic kidneys
even though their phospho-PERK staining was weak,
suggesting that increased eIF2� phosphorylation may
be caused by kinase(s) other than PERK.28,29 There
were no differences in phospho-eIF2� staining be-
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22-month-old diabetic (J) (original magnification, �500) mice. L: The staining is more intense in the kidneys of 22-month-old nondiabetic and 22-month-old
diabetic mice. **P � 0.01 versus 9-month-old nondiabetic (9m). *P � 0.05 versus 22-month-old nondiabetic.
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tween the kidneys of 9-month-old nondiabetic mice
(Figure 6G) and 9-month-old diabetic mice (Figure 6H).
Phospho-eIF2� staining was intensively increased in
many tubular and interstitial cells of 22-month-old dia-
betic mice (Figure 6J).

Both oxidative stress and ER stress are known causes
of cell death. A dose-dependent increase in apoptotic
cell death was found in proximal tubular cells after expo-
sure to H2O2, which induces oxidative stress, and to
tunicamycin, which induces ER stress (data not shown).
Thus, increased oxidative stress and the presence of ER
stress may be causes of increased cell death in 22-
month-old diabetic kidneys.

CHOP in ER Stress-Induced Cell Death, in
Diabetic Nephropathy, and in Albuminuria in
Aging

CHOP is an important factor in ER stress-induced cell
death.30 Because CHOP mRNA levels were the highest in
22-month-old diabetic kidneys, we asked whether CHOP
contributed to ER stress-induced proximal tubular cell
death. Proximal tubular cells isolated from CHOP�/� and
wild-type mice were treated with 0.6 to 1.2 �g/ml of
tunicamycin in vitro. Whereas tunicamycin at 0.6 and 1.2
�g/ml caused, respectively, 38 and 89% cell death in
wild-type proximal tubular cells (Figure 7A), there was a
50% reduction in cell death in CHOP�/� proximal tubular
cells at these levels of tunicamycin treatment.

To further explore a role of CHOP in diabetic nephrop-
athy, diabetes was induced by streptozotocin treatment
in young CHOP knockout and wild-type mice. The glyce-
mic levels were comparable between young CHOP�/�

(353 � 56 mg/dl) and wild-type (397 � 42 mg/dl) mice.
The development of diabetes in young wild-type mice
resulted in a modest (twofold) increase in urine albumin
excretion (Figure 7B). However, young diabetic CHOP�/�

mice did not develop albuminuria. A moderate increase in
the mesangial areas was present in some of glomeruli of
young wild-type diabetic mice (Figure 7C), whereas the
glomeruli were largely normal in young CHOP�/� diabetic
mice (Figure 7D).

We also examined whether old male CHOP�/� mice
developed albuminuria. As expected, urine albumin ex-
cretion was significantly increased in 20-month-old wild-
type male mice (Figure 7E). The levels of urinary albumin
were significant lower in 20-month-old male CHOP�/�

mice. SDS-polyacrylamide gel electrophoresis analysis
of urine further revealed an increase in protein(s) excre-
tion at approximately 72 kDa in wild-type aging male
mice (Figure 7F).

Inflammation

As noted above, there is a prominent increase in inflam-
matory cells in the tubulointerstitium of 22-month-old di-
abetic mice (Figure 3F). Whereas few macrophages were
present in 22-month-old nondiabetic mice kidneys (Fig-
ure 8A), macrophages accounted for a significant portion

of the infiltrating inflammatory cells in 22-month-old dia-
betic mice kidneys (Figure 8B). Macrophages were rarely
seen in the kidneys of 9-month-old nondiabetic and
9-month-old diabetic mice. Although there was a modest
increase in the expression of MCP-1, RANTES, MIP-2,
CXCL-1, and ICAM-1 mRNAs in the kidneys of 9-month-
old diabetic mice compared with kidneys of 9-month-old
nondiabetic mice (Figure 8, C–G), the levels were higher
in the kidneys of 22-month-old nondiabetic mice (the
levels of MCP-1, RANTES, MIP-2, CXCL-1, and ICAM-1
mRNA were 2.6-, 2.1-, 7.8-, 9.2-, and 1.8-fold, respec-
tively, higher than those in the kidneys of 9-month-old
diabetic mice). The highest levels of these proinflamma-
tory chemokines and adhesion molecule mRNAs were
found in the kidneys of 22-month-old diabetic mice, ex-
cept for MIP-2 (Figure 8E). Nuclear phosphorylated
NF-�B staining, an indication of NF-�B activation, was
present in interstitial capillary endothelial cells, parietal
epithelial cells, and some cells of distal tubules and col-
lecting ducts in the kidneys of normal 9-month-old non-
diabetic mice (Figure 8H). The moderately increased
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number of NF-�B-positive nuclei in the kidneys of
9-month-old diabetic was localized mostly to glomeruli
(Figure 8I). The number of positive nuclei in glomeruli in
22-month-old nondiabetic mice was sharply increased,
and many podocytes appeared to be labeled (Figure 8J).
The number of positive cells was markedly increased in
both the glomeruli and tubulointerstitium of 22-month-old
diabetic mice (Figure 8K).

IL-6 and TNF-�

The cause(s) of chronic inflammation in the kidneys of
22-month-old diabetic mice were examined by evaluating
the expression of IL-6 and TNF-�, two cytokines that are
actively involved in chronic inflammation in aging in hu-
mans. IL-6 mRNA levels were increased approximately
fivefold in the kidneys of 9-month-old diabetic mice com-
pared with those in the kidneys of 9-month-old nondia-
betic mice (Figure 9A). The levels were further increased
in the kidneys of 22-month-old nondiabetic mice and
22-month-old diabetic mice (Figure 9A). However, the
levels of IL-6 mRNA in the kidneys of 22-month-old dia-
betic and 22-month-old nondiabetic mice did not differ
(Figure 9A). Whereas circulating TNF-� levels were ele-

vated in 4 of 11 22-month-old diabetic mice, the average
levels were not statistically different among 9-month-old
nondiabetic, 9-month-old diabetic, 22-month-old nondia-
betic, and 22-month-old diabetic mice (data not shown).
Because TNF-� mRNA expression was increased in the
kidneys of 22-month-old diabetic mice (Figure 9B), we
examined the responses in isolated tubular cells in vitro.
We found that TNF-� stimulated MCP-1 and RANTES
mRNA and protein expression and CXCL-1, MIP-2,
ICAM-1, and inducible NOS mRNA expression in proxi-
mal tubular cells, podocytes, and mesangial cells in vitro
(Figure 9, C and D, and data not shown). Interestingly,
TNF-� treatment also caused a twofold increase in
GRP78 mRNA levels, a twofold increase in phosphory-
lated eIF-2�, and a 2.2-fold increase in CHOP protein
levels in proximal tubular cells (Figure 9, E and F), sug-
gesting an induction of ER stress in these cells. This was
associated with an increase in apoptotic cell death (Fig-
ure 9, G–I). Although usually greater than 50 ng/ml TNF-�
in combination with an inhibitor of protein synthesis is
required for cell death in most other cell types, 25 ng/ml
was sufficient to induce apoptosis in 24.5% of proximal
tubular cells. The presence of DNA ladders and cleaved
caspase 3 confirmed the proapoptotic action of TNF-� on

Figure 8. Proinflammatory gene expression and immunostaining for monocyte/macrophage and NF-�B. The presence of monocyte/macrophages in kidney was
shown by F4/80 staining. Positive staining is barely seen in 9-month-old, 9-month-old diabetic (data not shown), and 22-month-old mouse kidneys (A). Extensive
staining is present in the tubulointerstitium of 22-month-old diabetic mice (B). Arrow points to F4/80 positive cell. mRNA levels of MCP-1 (C), RANTES (D), MIP-2
(E), CXCL-1 (F), and ICAM-1 (G) in kidneys of 9-month-old (9m), 9-month-old diabetic (9m/DN), 22-month-old (22m), and 22-month-old diabetic mice (22m/DN)
were determined by real-time PCR and were corrected by �-actin mRNA levels at the same sample. The levels in the kidneys of 9-month-old mice were arbitrarily
defined as 1. MCP-1, MIP-2, and CXCL-1 levels were significantly increased in the kidneys of 9-month-old diabetic mice and further increased in the kidney of
22-month-old mice. The levels of MCP-1, RANTES, CXCL-1, and ICAM-1 were increased more in the kidneys of 22-month-old diabetic mice compared with
22-month-old nondiabetic mice. *P � 0.01. Nuclear staining of phosphorylated NF-�B (p65 [Ser-276]), a marker for NF-�B activation, shows positive cells (arrow)
in the kidneys of 9-month-old (H) (original magnification, �500), 9-month-old diabetic (I) (original magnification, �500), 22-month-old (J) (original magnifi-
cation, �500), and 22-month-old diabetic mice (K) (original magnification, �500) mice. Although positive cells are not seen in glomeruli of 9-month-old
nondiabetic mice, they are present in glomeruli of 9-month-old diabetic, 22-month-old, and 22-month-old diabetic mice (arrows). Positive cells are abundant in
every field of kidneys of 22-month-old diabetic mice, most noticeably in infiltrating cells.
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proximal tubular cells (Figure 9, J and K). In addition,
TNF-� increased albumin permeability in podocytes cul-
tured on collagen-coated transwell filters. The amount of
FITC-labeled albumin that passed through the monolayer
of podocytes was increased by 34% at 2 hours after
TNF-� treatment (Figure 9L).

Discussion

The kidneys of aged humans and mice are more suscep-
tible to injury than kidneys of younger individuals.31 In
addition, older patients who develop acute kidney injury,

particularly those who already have reduced renal func-
tion, are more likely to progress to end-stage renal dis-
ease.32 The reasons for the increased susceptibility to
injury and reduced ability to regain previous levels of
renal function are unknown. However, the increased ox-
idant stress and inflammation in aging may render the
aged kidney less able to deal with subsequent renal
injuries,6,32 with resultant cell death rather than repair. We
tested this postulate in 22-month-old C57B6 mice, be-
cause we have shown that C57B6 mice progressively
develop reduced antioxidant reserves, increased expres-
sion of inflammatory cytokines, and insulin resistance

Figure 9. A: IL-6 expression: IL-6 mRNA levels were increased in 9-month-old diabetic (9m/DN) kidneys and further increased in 22-month-old nondiabetic (22m)
and 22-month-old diabetic kidneys (22m/DN). **P � 0.01 versus 9m; *P � 0.01 versus 9m/DN. B: Representative gels of TNF-� and GAPDH mRNA levels of
kidneys from 9-month-old (9m), 9-month-old diabetic (9m/DN, data not shown), 22-month-old (22m), and 22-month-old diabetic (22m/DN) mice. TNF-� mRNA
expression was only found in the kidneys of 22-month-old diabetic mice (lanes 1 to 5). The expression was absent in 22-month-old (lanes 6 and 7) and
9-month-old (lane 8) mice even when PCR cycles were increased to 40. cDNA obtained from mouse macrophages (M�) was used as a positive control for PCR
(data not shown). The levels of GAPDH mRNA were relative similar among the samples. C and D: TNF-� induced MCP-1 and RANTES protein production by
proximal tubular cells. **P � 0.01 versus TNF-� alone. E: TNF-� increased GRP78 mRNA expression. GRP78 mRNA levels were measured by real-time PCR and
corrected for �-actin mRNA levels. The levels in control cells were arbitrarily defined as 1. F: TNF-� increased eIF2� phosphorylation and CHOP. Proximal tubular
cells were treated with TNF-� (25 ng/ml) for 12 hours. Total eIF2� was blotted using the same membrane after blotting with an antiphosphorylated eIF2� antibody.
Lane 1 and 2: control cells; lanes 3 and 4: TNF-�-treated cells. G–I: TNF-�-induced apoptosis in proximal tubular cells. Proximal tubular cells in the presence
of 10% FBS were treated with TNF-� (5 to 25 ng/ml) for 24 hours. Annexin V-positive cells in suspension or attached, counted by flow cytometry, are expressed
as a percentage of total gated cells. Compared with control (G), TNF-� at a 25 ng/ml concentration caused 24.48% of cell death (H). Note that TNF-� at a 10 ng/ml
concentration was sufficient to induce significant cell death (I). **P � 0.01 versus untreated control; *P � 0.01 versus cells treated with 10 ng/ml. J: DNA ladders.
A representative agarose gel showing 2 �g of DNA from control (0 hour and 24 hours) and TNF-� (25 ng/ml for 24 hours) is depicted. M, 100-bp DNA marker;
C0, DNA collected at 0 hour; C24, DNA collected at 24 hours; TNF-�, DNA collected at 24 hours after treatment. K: Caspase 3. Proteins were collected from control
(lane 1 and 2) and TNF-�-treated (25 ng/ml for 24 hours, lanes 3 and 4) cells and examined by Western blots of total and cleaved caspase 3. The membranes
was reblotted with an anti-�-actin antibody. L: TNF-� increased albumin permeability in podocytes. A monolayer of podocytes was created on the collagen-coated
transwell filters in a 24-well plate. Some wells of cells were treated with TNF-� (20 ng/ml). FITC-labeled BSA was added to the cells. The amount of fluorescence
BSA that passed through the cell layer was quantitated. Negative controls included unlabeled BSA or the filter without cells. The experiments were repeated three
times. The result shown is the fluorescence intensity 2 hours after the addition of FITC-BSA. The value of albumin flux through monolayer without TNF-� was
arbitrarily defined as 100%. **P � 0.01 versus control.
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with aging.6,33 Furthermore, glomerular mesangial cells
from aged mice show stable phenotypic changes in vitro
consisting of increased baseline reactive oxygen spe-
cies and increased production of inflammatory cyto-
kines and extracellular matrix.33,34 These biochemical
changes are reflected in histological changes consist-
ing of slowly progressive renal hypertrophy beginning
at 18 months of age, mild to moderate mesangial ex-
pansion at 22 months, moderate albuminuria and tu-
bulointerstitial lesions at 24 to 26 months, and severe
albuminuria and glomerular and tubulointerstitial le-
sions at 30 months of age.13

We and others had previously shown that 8-month-old
C57B6 mice were relatively resistant to the development
of albuminuria and histological features of chronic renal
disease, including diabetic nephropathy.12,13,22 In con-
trast to these findings in young mice, the current study
shows that 22-month-old mice developed severe albu-
minuria, severe renal injury, and elevated serum creati-
nine levels after induction of hyperglycemia. This accen-
tuated response is similar to the accelerated lesions we
previously found after unilateral nephrectomy in 20-
month-old C57B6 mice.13 Thus, aging predisposes oth-
erwise resistant mice to the development of progressive
renal disease. This is similar to the situation in older
patients subjected to stress during hospitalization.32

The renal lesions in 22-month-old diabetic mice in-
cluded hyalinosis of afferent and efferent glomerular arte-
rioles, increased thickness of glomerular basement mem-
branes, a reduced number of glomerular fenestrations,
expansion of mesangial areas, severe tubulointerstitial le-
sions, and inflammation, features typical of diabetic ne-
phropathy in humans.35 The fact that the incidence of
nephropathy in diabetic humans increases with age is
mirrored by the findings in C57B6 mice.1,35,36 Thus, the
use of 22-month-old diabetic C57B6 mice may allow the
elucidation of the pathways important in the mechanisms
underlying changes in the kidney induced by diabetes in
aging.

Oxidative stress is probably an important contributor to
diabetes-induced severe renal disease in aging mice.37

There was increased oxidative stress and accumulation
of AGEs in the kidneys of 22-month-old mice. The in-
creased oxidative stress present in 9-month-old diabetic
kidneys was comparable to that in 22-month-old nondia-
betic mice. These data are consistent with the fact that
the degree and distribution of histological lesions were
similar in the kidneys of 22-month-old nondiabetic and
9-month-old diabetic mice in the current study. The in-
duction of hypoinsulinemia and hyperglycemia in 22-
month-old mice led to further elevations in the level of
oxidative stress, which may have contributed to the se-
verity of the lesions in 22-month-old diabetic mice by
inducing or increasing apoptotic cell death. The tubulo-
interstitial compartment showed the most prominent in-
crease in oxidative stress, as demonstrated by MDA and
nitrotyrosine immunohistochemical staining. This was
also the site of the greatest number of apoptotic cells.
This association, together with the finding that hydrogen
peroxide increased proximal tubular cell death in vitro,

adds support to a role for oxidative stress in tubular cell
death.

ER stress is another form of cell stress that is critically
involved in several acute and chronic diseases.38 GRP78
is an important marker for ER stress. The facts that
GRP78 mRNA levels were increased in 22-month-old
diabetic kidneys and that this increase was associated
with elevated levels of phosphorylated PERK and phos-
phorylated eIF2� strongly suggest that chronic ER stress
was present in the kidneys of 22-month-old diabetic
mice. ER stress has also been demonstrated in the tubu-
lointerstitial compartment of patients with progressive
diabetic nephropathy.23 Because the levels of CHOP
mRNA were increased, but the levels of GRP78 were
unchanged, it remains unclear whether ER stress was
present in the kidneys of young diabetic mice. CHOP
plays an important role in ER stress-induced cell death.30

CHOP transcription is increased in ER stress partly due to
the activation of the PERK-eIF2� pathway.27,39 Because
the kidneys of 22-month-old diabetic mice had the most
significant increase in CHOP expression, we examined
the contribution of CHOP to kidney cell death. We found
that proximal tubular cells from CHOP-deficient mice
were resistant to ER stress-induced cell death. This result
is consistent with the report that CHOP�/� mice are re-
sistant to acute ER stress kidney injury.40 Importantly, we
found that CHOP-deficient mice were also resistant to
diabetic nephropathy. Song et al41 have reported that
CHOP deletion in diabetic mice improved �-cell survival,
insulin sensitivity, and antioxidant capacity. Together
these data support a role for ER stress and CHOP in
diabetes and diabetic nephropathy. CHOP may also play
a role in kidney aging because male CHOP�/� mice did
not develop albuminuria as they aged.

Chronic tubulointerstitial lesions, characterized by in-
flammation and fibrosis, are a hallmark of progressive
kidney diseases, including kidney aging and diabetic
nephropathy.42 Severe tubulointerstitial lesions were
present in the kidneys of aged diabetic mice in the cur-
rent study. Because the up-regulation of MCP-1, CXCL-1,
and MIP-2 mRNA expression in the kidneys of 22-
month-old nondiabetic mice occurred in the absence
of an obvious inflammatory cell infiltrate, these data
suggest that these changes in the expression of inflam-
matory cytokines were mainly derived from the paren-
chymal cells. The proinflammatory phenotype of paren-
chymal cells may play a role in the recruitment of
inflammatory cells to the aging kidney.43 The expres-
sion of MCP-1, CXCL-1, RANTES, and ICAM-1 was
further increased in the kidneys of aged diabetic mice
and was associated with extensive NF-�B activation. An
increase in NF-�B activation has also been shown in
tubules and interstitium of diabetic patients with nephrop-
athy.44 Interestingly, we found that TNF-� but not IL-6
mRNA levels were increased in the kidneys of 22-month-
old diabetic mice. TNF-� is a well known strong inducer
of NF-�B. Because TNF-� stimulates the expression of
MCP-1, RANTES, CXCL-1, MIP-2, inducible NOS, and
vascular cell adhesion molecule-1 in proximal tubular
cells and other kidney cells, increased TNF-� may con-
tribute to tubulointerstitial inflammation in 22-month-old
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mice with diabetes. Furthermore, we found that TNF-�
stimulation led to increased GRP78 expression, eIF2�
phosphorylation, and CHOP expression. Thus, TNF-�
may cause ER stress in proximal tubular cells, which may
contribute to the development of ER stress in the kidneys
of aging diabetic mice. Moreover, the induction of ER
stress by TNF-� was associated with apoptotic cell
death. It is generally believed that suppression of protein
synthesis is required for proapoptotic action of TNF-�,
because in most cell types TNF-� stimulates survival
signal by activating NF-�B.45 Further studies of whether
survival signals are activated by TNF-� treatment in prox-
imal tubular cells are required to dissect the molecular
mechanisms of TNF-�-induced cell death.

The current study suggests that part of the suscepti-
bility of the aged kidney to increased oxidant stress after
the induction of hyperglycemia is due to the preexistence
of increased reactive oxygen species and inflammation in
aging.3,4,6,34,41 ER stress and CHOP may also play an
important role.
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