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Previous studies by us and others have indicated that
renal epidermal growth factor receptors (EGFR) are ac-
tivated in models of diabetic nephropathy (DN) and that
inhibition of EGFR activity protects against progressive
DN in type 1 diabetes. In this study we examined whether
inhibition of EGFR activation would affect the develop-
ment of DN in a mouse model of accelerated type 2
diabetes (BKS db/dbwith endothelial nitric oxide knock-
out [eNOS2/2db/db]). eNOS2/2db/db mice received ve-
hicle or erlotinib, an inhibitor of EGFR tyrosine kinase
activity, beginning at 8 weeks of age and were sacrificed
at 20 weeks of age. In addition, genetic models inhibiting
EGFR activity (waved 2) and transforming growth factor-a
(waved1)were studied in thismodel ofDN in type2diabetes.
Compared with vehicle-treated mice, erlotinib-treated
animals had less albuminuria and glomerulosclerosis,
less podocyte loss, and smaller amounts of renal
profibrotic and fibrotic components. Erlotinib treat-
ment decreased renal oxidative stress, macrophage and
T-lymphocyte infiltration, and the production of proin-
flammatory cytokines. Erlotinib treatment also pre-
served pancreas function, and these mice had higher
blood insulin levels at 20 weeks, decreased basal blood
glucose levels, increased glucose tolerance and insulin
sensitivity, and increased blood levels of adiponectin
comparedwith vehicle-treatedmice. Similar to the afore-
mentioned results, both waved 1 and waved 2 diabetic
mice alsohadattenuatedDN, preservedpancreas function,

and decreased basal blood glucose levels. In this mouse
model of accelerated DN, inhibition of EGFR signaling led
to increased longevity.

Diabetic nephropathy (DN) is one of the most prominent
microvascular complications of diabetes and is a major
source of morbidity and mortality. Both the incidence and
the prevalence of DN continue to rise. The vast majority
of incident and prevalent cases of DN are secondary to
type 2 (obesity-related) diabetes. With the global rise in the
incidence of obesity, an increasing incidence of DN also is
being reported worldwide.

The underlying mechanisms predisposing to develop-
ment and progression of DN are an area of active investi-
gation. Studies with experimental animals have identified
a number of cytokines, hormones, and intracellular signal-
ing pathways that may be involved in either the develop-
ment or the progression of DN (1). Angiotensin II and
transforming growth factor (TGF)-b are known to play
central roles in mediating the progressive glomerulopathy
and tubulointerstitial fibrosis that characterize DN (2,3),
and renin-angiotensin-aldosterone system (RAAS) block-
ade is the only “specific” intervention currently available
for the treatment of patients with DN. Studies show that
RAAS inhibition slows—but does not always prevent—
progressive injury in DN (4).
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Epidermal growth factor receptor (EGFR) is a member
of the ErbB receptor (ErbB) family, which consists of four
transmembrane receptors belonging to the receptor tyro-
sine kinase superfamily and includes EGFR (ErbB1/HER1),
ErbB2/Neu/HER2, ErbB3/HER3, and ErbB4/HER4 (5–7).
Among the four ErbB, EGFR is the prototypical receptor
and is widely expressed in mammalian kidney, including in
the glomerulus, proximal tubule, and cortical and medul-
lary collecting ducts (8–11). Receptor activation leads to
phosphorylation of specific tyrosine residues within the
cytoplasmic tail. These phosphorylated residues serve as
docking sites for a variety of signaling molecules whose
recruitment leads to the activation of intracellular path-
ways, including the mitogen-activated protein kinase,
Janus kinase/STAT, src kinase, and phosphoinositide
3-kinase pathways, which control cell proliferation, differ-
entiation, and apoptosis (5–7). We previously reported
EGFR activation in experimental models of type 1 diabe-
tes in mice and found that erlotinib, an EGFR tyrosine
kinase inhibitor, inhibited EGFR activation and mark-
edly inhibited the development of DN (11–14). The study
presented here investigated the role of EGFR signaling in
mediating progressive glomerular and tubulointerstitial
injury in type 2 DN. We were surprised to find that
inhibition of EGFR tyrosine kidney activity not only
retards the progression of DN but also ameliorates insulin
resistance.

RESEARCH DESIGN AND METHODS

Animal Studies
All animal experiments were performed in accordance

with the guidelines of the Institutional Animal Care and
Use Committee of Vanderbilt University. db/db mice with
endothelial nitric oxide knockout (eNOS2/2db/db) on
a C57BLKS/J (BKS) background were generated as described
previously (15). Genotyping was performed by PCR.
Twenty eNOS2/2db/db mice (8 weeks old) were treated
daily with either the vehicle (water) or erlotinib, an EGFR
tyrosine kinase inhibitor, at 80mg/kg/day, via gastric gavage
for both. Mice were euthanized at 20 weeks of age. An
additional set of mice began treatment with the vehicle
(n = 8 mice) or erlotinib (n = 8 mice) at 8 weeks of age and
continued treatment until 40 weeks of age or death. Both
waved 1mice harboring a null mutation of TGF-a, an EGFR
ligand (stock no. 000004), and waved 2 mice harboring
a point mutation in the EGFR gene, with resultant loss
of most of its tyrosine kinase activity (stock no. 025148),
were purchased from The Jackson Laboratory. These mice
were crossed with eNOS2/2db/+ mice to eventually get
wa1/+;eNOS2/2db/db (control) andwa1/wa1;eNOS2/2db/db
(waved 1) mice, as well as wa2/+;eNOS2/2db/db (control)
and wa2/wa2;eNOS2/2db/db (waved 2) mice.

Measurements of Blood Glucose, Insulin, and Urinary
Albumin Excretion
Fasting blood glucose was evaluated with a B-Glucose
Analyzer (HemoCue, Lake Forest, CA) through the use

of blood samples taken from the saphenous veins of
conscious mice at 2:00 P.M. after they had been deprived of
food for 6 h, beginning at 8:00 A.M. Plasma insulin was
measured at the Vanderbilt Diabetes Research and Train-
ing Center by using radioimmunoassay. Urinary albumin
and creatinine excretion was determined with Albuwell M
ELISA kits (Exocell, Philadelphia, PA). Albuminuria was
expressed as the ratio of urinary albumin concentration to
creatinine concentration (micrograms per milligram).

Intraperitoneal Glucose Tolerance Test
Mice were deprived of food overnight (16 h), after which
a glucose solution (100 mg/mL) was injected intraperito-
neally at a dose of 2 mg/g body wt (200 mL/10 g body wt).
Then blood glucose was measured 0, 15, 30, 90, 120, and
150 min after glucose injection.

Insulin Tolerance Test
Mice were deprived of food for 6 h (8:00 A.M. to 2:00 P.M.),
after which insulin was injected intraperitoneally at a dose
of 3 mg/kg body wt (60 mL/10 g body wt). Then blood
glucose was monitored 0, 15, 30, 45, 60, 75, and 90 min
after insulin administration. Insulin sensitivity was expressed
as a percentage of baseline blood glucose.

Measurement of Blood Pressure by Using a Tail Cuff
and Carotid Catheterization
Mice were anesthetized with ketamine (80 mg/g; Fort
Dodge Laboratories) and inactin (8 mg/g; BYK Additives
& Instruments), administered through intraperitoneal in-
jection, and placed on a temperature-controlled pad. After
tracheostomy, phycoerythrin 10 tubing was inserted into
the right carotid artery. The catheter was tunneled under
the skin, exteriorized, secured at the back of the neck, filled
with heparinized saline, and sealed. The catheterized mice
were housed individually and trained three times before
blood pressure was measured with a blood pressure ana-
lyzer (Micro-Med, Inc.) (16). Systolic blood pressure was
also measured with a tail-cuff microphonic manometer
(16).

Measurement of Plasma Adiponectin
Plasma adiponectin concentration was measured using an
EZMADP-60K Mouse Adiponectin ELISA Kit (Millipore),
according to the manufacturer’s instructions.

Determination of Urinary F2-Isoprostane
Mice were trained three times in metabolic cages (Brain-
tree Scientific, Inc., Braintree, MA) before urine was
collected continuously for 16 h. A single mouse was
placed in a metabolic cage overnight and then returned to
its original cage for 2 days before the next training period.
The metabolic cages were humidified to minimize the
evaporation of the urine samples when 16-h urine samples
were collected. F2-isoprostanes, which are prostaglandin
F2–like compounds, have been recognized as sensitive and
specific biomarkers of oxidative stress. Urinary F2-isoprostane
levels were determined by negative-ion gas chromatography–
mass spectrometry (17).

1848 EGFR and Diabetic Nephropathy Diabetes Volume 67, September 2018



Histologic Analysis
Kidney sections stained with periodic acid Schiff were eval-
uated for glomerulosclerosis; investigators were blinded to
the identity of the various groups. A semiquantitative index
was used to evaluate the degree of glomerulosclerosis. Each
glomerulus in a single section was graded from 0 to 4, where
0 represents no lesion; 1 represents sclerosis involving,25%
of the glomerular tuft area; 2 represents sclerosis involving
25–50%; 3 represents sclerosis involving 50–75%; and
4 represents sclerosis involving .75% of the glomerular
tuft area (12).

Antibodies
Goat anti–phosphorylated EGFR (Tyr 1173, SC-12351) and
rabbit anti–phosphorylated EGFR (Tyr845, SC-23420-R)
were purchased from Santa Cruz Biotechnology. Goat
anti-EGFR (E1282) andmouse anti–a-smoothmuscle actin
(a marker of myofibroblasts; A5228) were from Sigma-
Aldrich (St. Louis, MO). Rabbit anti–phosphorylated ex-
tracellular signal–regulated kinase (ERK; 4370S), anti-p62
(5114), and mouse anti–CHOP (2895) were from Cell
Signaling Technology. Guinea pig anti–insulin antibody
(ab7842) and rabbit anti–Wilms tumor protein (a marker
of podocytes; ab89901) were from Abcam. Rat anti–mouse
F4/80 (MCA497R) and rat anti–mouse CD8a (MCA2694)
were purchased from AbD Serotec (now Bio-Rad Labora-
tories). Rabbit antimurine collagen type I (600-401-103-01)
was fromRockland Immunochemicals, Inc. Rat anti–kidney in-
jury molecule-1 and mouse anti–4-hydroxynonenal (a marker
of oxidative stress; no. 198960) were from R&D Systems.

RNA Isolation and Quantitative RT-PCR
Total RNA were isolated from tissues using TRIzol reagent
(Invitrogen). Quantitative RT-PCR was performed using
TaqMan real-time PCR (7900HT; Applied Biosystems). The
master mix and all gene probes were also purchased from
Applied Biosystems. The probes used in the experiments
included mouse S18 (Mm02601778), collagen I (Col1a1;
Mm00801666), collagen III (col3a1; Mm01254476), fibro-
nectin 1 (Fn1; Mm01256744), connective tissue growth
factor (CTGF; Mm01192933), TGF-b (Mm00441726),
F4/80 (Emr1; Mm00802529), CD3 (Cd3d; Mm00442746),
interleukin (IL)-6 (Mm00446190), interferon (INF)-
g (Mm01168134), inducible nitric oxide synthase
(iNOS; Mm00440502), tumor necrosis factor (TNF)-
a (Mm99999068), AdipoR1 (Mm01291331), and Adi-
poR2 (Mm01184032).

Masson Trichrome Staining and Picrosirius Red
Staining
To evaluate kidney fibrosis, Masson trichrome staining
and Picrosirius Red staining were performed according to
the protocols provided by the manufacturer (Sigma-Aldrich).

Immunofluorescence/Immunohistochemistry Staining
The animals were anesthetized with Nembutal Sodium
(70 mg/kg i.p.) and exsanguinated with heparinized saline
(2 units/mL heparin in 0.9% NaCl) through a transcardial

aortic cannula to minimize coagulation. After one kidney
was removed and stored at 280°C for immunoblotting
and quantitative PCR, the other kidney was perfused with
3.7% formaldehyde, 10 mmol/L sodium m-periodate, 40
mmol/L phosphate buffer, and 1% acetic acid for immuno-
histochemical and immunofluorescent staining; this solution
provides excellent preservation of tissue structure and anti-
genicity and mRNA (18). The fixed kidney was dehydrated
through a graded series of ethanol concentrations, embedded
in paraffin, cut into sections (4 mm thick), and mounted on
glass slides. The sections were immunostained as described
in a previous report (12).

Micrography
Bright-field images from a Leitz Orthoplan microscope
with an Optronics DEI-750 three-chip red-green-blue color
video camera were digitized with the BIOQUANT TCW
system and these digitized images were saved as tiff files.
Contrast and color level were adjusted (with Adobe Photo-
shop) within the entire image; that is, no region- or object-
specific editing or enhancements were performed.

Statistics
All values are presented as the mean 6 SEM (for bar
graphs) or the mean 6 SD (for univariate scatter plots).
We used the Fisher exact test, ANOVA, and Bonferroni
t test for statistical analysis.

RESULTS

All erlotinib-induced changes described occurred in compar-
ison with the vehicle-treated group. The eNOS2/2db/db
mouse model is an accelerated model of DN, and these
mice develop significant functional and structural injury
during the first 20 weeks of life (15). Inhibition of EGFR
activation by erlotinib, an EGFR tyrosine kinase inhibitor, in
the kidney of eNOS2/2db/db mice was confirmed by in-
hibition of EGFR phosphorylation and inhibition of activa-
tion of ERK1/2 (Fig. 1). As indicated in Fig. 2A, at 8 weeks of
age the mice had significant albuminuria, but administration
of erlotinib prevented further increases in the severity of

Figure 1—Erlotinib effectively inhibited EGFR tyrosine kinase activ-
ity in eNOS2/2db/db mice. A: Erlotinib inhibited the levels of phos-
phorylated EGFR (p-EGFR) at different tyrosine residues. B: Erlotinib
treatment led to decreased levels of phosphorylated extracellular
signal–regulated kinase (p-ERK), a downstream signaling target of
EGFR activation.
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albuminuria (urinary albumin-to-creatinine ratio at 20weeks:
588 6 120 vs. 2,098 6 117 mg/mg vehicle; P , 0.001 [n =
10 mice in each group]). Unlike our previous studies with
RAAS inhibition in this model (19), erlotinib administration
did not decrease blood pressure as measured with a tail cuff
and carotid catheterization (Supplementary Fig. 1).

Protection against DN imparted by erlotinib was also
indicated by decreased glomerulosclerosis (Fig. 2B).
Podocyte number was relatively preserved in response to

erlotinib treatment (podocytes per glomerular section at
8 weeks: 22.77 6 0.60; at 20 weeks: 18.33 6 0.41; in re-
sponse to vehicle: 10.286 0.41; P, 0.001 [n = 4mice in each
group]) (Fig. 2C and Supplementary Fig. 2). Furthermore,
tubulointerstitial injury and fibrosis were decreased, as in-
dicated by deceased expression of kidney injury molecule-1
(a marker of proximal tubule injury) (Fig. 3A); decreased
Sirius Red, a-smooth muscle actin, and collagen I staining;
and decreased expression of mRNA for components

Figure 2—Erlotinib treatment prevented the progression of DN. A: Erlotinib treatment prevented the progressive increases in albuminuria
that occurred in vehicle-treated eNOS2/2db/db mice from 8 to 20 weeks. ***P , 0.001 vs. the corresponding vehicle group (n = 10 mice
in each group). B: Erlotinib treatment decreased glomerulosclerosis as indicated by period acid Schiff staining. Right panel shows
quantitative glomerular sclerosis index. ***P , 0.001; n = 11 mice in the vehicle-treated group and n = 8 mice in the erlotinib-treated
group. Original magnification3200.C: Erlotinib treatment from 8 to 20weeksmarkedly slowed the loss of podocytes in eNOS2/2db/dbmice,
as indicated by brownWT1 staining, amarker of podocyte nuclei. Blue indicates the nuclei of other cells. Right panel shows podocyte number
in each glomerulus section from different groups. **P , 0.01, ***P , 0.001 vs. baseline (8 weeks old); ###P , 0.001 vs. the vehicle-treated
group (n = 4 mice in each group). Original magnification 3400. ARC, albumin-to-creatinine ratio; WT1, Wilms tumor protein.
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of fibrosis (collagens I and III, fibronectin) and profibrotic
factors (TGF-b, connective tissue growth factor) (Fig. 3B).

Erlotinib decreased urinary excretion of F2-isoprostane,
a marker of oxidative stress (Fig. 4A). In addition, erlotinib
decreased renal expression of CHOP, a marker of endo-
plasmic reticulum stress (Fig. 4B), and of 4-hydroxynonenal,
another marker of oxidative stress (Fig. 4C).

Erlotinib treatment markedly decreased renal macro-
phage infiltration, as indicated by decreased F4/80
mRNA expression and decreased F4/80 staining (Fig. 4D).
Erlotinib also decreased T-cell infiltration, as indicated by
decreased CD3 mRNA and CD8a staining (Fig. 4E). Erlo-
tinib treatment led to a significant decrease in mRNA for
IRF5, a mediator of the proinflammatory M1 macrophage
phenotype (20), and decreased mRNA for various proin-
flammatory cytokines (iNOS, TNF-a, INF-g, IL-6) (Fig. 4F).

A striking finding in the erlotinib-treated mice was
a relatively slow increase in body weight (body weight
at 20 weeks 36.26 1.5 g; 49.86 1.4 g in mice receiving the
vehicle; P , 0.001 [n = 10 mice in each group]) (Fig. 5A);
this was due to smaller fat mass of erlotinib-treated mice
(Supplementary Fig. 3). Erlotinib treatment also led to
decreases in fasting blood glucose levels (blood glucose at
20 weeks: 124 6 11; 568 6 46 mg/dL in vehicle-treated
mice; P, 0.001 [n = 10 mice in each group]) (Fig. 5B). The
erlotinib-treated mice had improved glucose disposition
and insulin sensitivity, as indicated by improvements in
glucose tolerance test (Fig. 5C) and insulin tolerance test
(Fig. 5D) results. In addition, the erlotinib-treated mice

had preserved pancreatic islet insulin staining (Fig. 6A) and
higher fasting blood insulin levels at 20 weeks (3.166 0.31
vs. 1.88 6 0.19 ng/mL in vehicle-treated mice; P , 0.05
[n = 6 mice in the 20-week groups]) (Fig. 6B). Erlotinib also
decreased islet macrophage infiltration (Fig. 6C) and in-
creased islet autophagy (Fig. 6D). Serum levels of adipo-
nectin, an adipocyte-derived hormone that increases insulin
sensitivity, decreased in vehicle-treated eNOS2/2db/db mice
at 20 weeks compared with values at 10 weeks, but erlotinib
prevented this decrease (plasma adiponectin at 10 weeks:
21.446 1.78 mg/mL [n = 9 mice]; at 20 weeks with vehicle
treatment: 12.45 6 1.02 mg/mL [P , 0.001 vs. the
10-week vehicle-treated group; n = 12 mice]; at 20 weeks
with erlotinib: 20.57 6 0.52 mg/mL [P , 0.001 vs. the
20-week vehicle-treated group; n = 7 mice]) (Fig. 6E). Erlo-
tinib-mediated preservation of circulating adiponectin might
protect against DN through activation of adiponectin recep-
tors, although expression of these receptors was not in-
creased in erlotinib-treated kidney (Supplementary Fig. 4).

As further confirmation of the role of EGFR activation
in mediating diabetic kidney injury, we used waved 2 mice,
which have a point mutation in EGFR that reduces in-
trinsic tyrosine kinase activity by.90% (21). Compared to
control (wa2/1;eNOS2/2db/db) mice, homozygous waved
2 mice crossed with eNOS2/2db/db mice exhibited less
body weight gain (Supplementary Fig. 5A), lower fasting
blood glucose (Fig. 7A), less islet macrophage infiltra-
tion (Supplementary Fig. 6A), and less glomerulosclerosis
(Fig. 7E) in association with preserved pancreatic insulin

Figure 3—Erlotinib treatment decreased tubular injury and tubulointerstitial fibrosis. A: Erlotinib treatment decreased proximal tubule injury,
as indicated by a reduction of the expression of kidney injury marker-1 (KIM-1), a marker of tubular injury. Original magnification 3300. B:
Erlotinib treatment in mice from 8 to 20 weeks of age attenuated renal tubulointerstitial fibrosis, as indicated by decreases in Sirius Red
staining, a-smoothmuscle actin (a-SMA), and collagen I (Col I) immunostaining (left; original magnification3200), and by decreases inmRNA
levels of Col I, collagen III (Col III), connective tissue growth factor (CTGF), fibronectin (FN), and TGF-b (right). *P, 0.05, **P, 0.01 (n = 8mice
in the vehicle-treated group and n = 6 mice in the erlotinib-treated group).
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Figure 4—Erlotinib treatment decreased renal immune cell infiltration and oxidative stress.A: Urinewas collected for 16 h andurinary excretion of
F2-isoprostane, a biomarker of oxidative stress, was measured via gas chromatography–mass spectrometry. Urinary F2-isoprostane excretion
markedly increased from 14 to 20 weeks; erlotinib administration caused excretion to decrease to low levels. *P , 0.05, **P , 0.01 vs. the
corresponding vehicle-treated group; #P , 0.05 vs. the vehicle-treated group at 14 weeks (n = 4 mice in the vehicle-treated group and n = 5
mice in the erlotinib-treated group). B: Erlotinib decreased kidney endoplasmic reticulum, stress as indicated by CHOP immunoblotting. C:
Erlotinib reduced renal oxidative stress, as indicated by decreases in 4-hydroxynonenal (4-HNE), a marker of oxidative stress. Original
magnification3300.D: Erlotinib treatment decreased renalmacrophage infiltration, as indicatedby decreased renal F4/80mRNA levels (top) and
immunostaining (bottom; original magnification3300). *P, 0.05 (n = 8 mice in the vehicle-treated group and n = 6 mice in the erlotinib-treated
group). E: Erlotinib treatment decreased renal T-cell infiltration, as indicated by decreased renal CD3 mRNA levels (left) and CD8a
immunostaining (right; original magnification 3300). *P , 0.05 (n = 8 mice in the vehicle-treated group and n = 6 mice in the erlotinib-treated
group). F: Erlotinib treatment decreased mRNA levels for the proinflammatory macrophage transcription factor IRF5 (left) and proinflammatory
cytokines including iNOS, TNF-a, INF-g, and IL-6 (right). *P , 0.05, **P , 0.01 (n = 8 mice in the vehicle-treated group and n = 6 mice in the
erlotinib-treated group).
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production (Fig. 7C). Blood pressure was comparable
between waved 2 eNOS2/2db/db mice and their con-
trols (Supplementary Fig. 7). Waved 1 mice have markedly
decreased expression of TGF-a, an EGFR ligand
(22). Similar to erlotinib-treated eNOS2/2db/db and waved
2 eNOS2/2db/db mice, waved 1 mice crossed with
eNOS2/2db/db mice also demonstrated marked decreases
in body weight gain (Supplementary Fig. 5B), fasting blood
glucose (Fig. 7B), islet macrophage infiltration (Supple-
mentary Fig. 6B), and glomerulosclerosis (Fig. 7F), but
had preserved pancreatic insulin levels (Fig. 7D).

Of note, eNOS2/2db/dbmice treated with erlotinib had
markedly increased longevity compared with those mice
that received the vehicle treatment (mean age at death
34.14 6 1.18 vs. 22.08 6 0.56 weeks; P , 0.0001 [n =
8 mice in each group]) (Fig. 8A).

DISCUSSION

Through the use of pharmacologic and genetic EGFR block-
ade, we investigated the potential role of EGFR activation in
the development of DN in a model of accelerated type 2

diabetes, eNOS2/2db/db. The major findings include the
following: 1) Inhibition of EGFR tyrosine kinase activity
by erlotinib attenuated the progression of DN, as indicated
by decreases in albuminuria, glomerulosclerosis, tubular
injury, and fibrosis associated with decreased loss of podo-
cytes. 2) Erlotinib decreased renal macrophage and lympho-
cyte infiltration and oxidative stress. 3) Erlotinib treatment
led to decreases in body weight gain, fat tissue mass, and
fasting blood glucose and increases in glucose tolerance,
insulin sensitivity, and pancreatic insulin expression. 4)
Erlotinib increased circulating levels of adiponectin, an
adipokine with insulin-sensitizing and kidney-protective
effects. 5) Erlotinib decreased systemic oxidative stress,
as indicated by fewer F2-isoprostanes in the urine. 6)
Erlotinib treatment increased the longevity of eNOS2/2db/db
mice. 7) The aforementioned effects of erlotinib were mim-
icked in mice with genetic EGFR inhibition with EGFR
tyrosine kinase deficiency (waved 2) and in those lacking
the EGFR ligand TGF-a (waved 1). The mechanisms un-
derlying EGFR-mediated insulin resistance and DN are sum-
marized in Fig. 8B.

Figure 5—Erlotinib treatment decreased blood glucose and increased glucose tolerance and insulin sensitivity in eNOS2/2db/db mice. A:
Erlotinib treatment markedly attenuated body weight gain from 8 to 20 weeks in vehicle-treated eNOS2/2db/db mice. ***P , 0.001 vs. the
corresponding vehicle-treated group (n = 10mice in each group).B: Erlotinib treatment prevented the progressive increases in blood glucose
that occurred from 8 to 20 weeks in vehicle-treated eNOS2/2db/db mice. ***P , 0.001 vs. the corresponding vehicle-treated group (n =
10mice in each group).C: Erlotinib increased glucose tolerance by the end of treatment (from 8 to 20 weeks of age). ***P, 0.001 vs. the
corresponding vehicle-treated group (n = 6 mice in the vehicle-treated group and n = 5 mice in the erlotinib-treated group). D: Erlotinib
treatment increased insulin sensitivity. *P , 0.05, **P , 0.01 vs. the corresponding vehicle-treated group (n = 4 mice in the vehicle-
treated group and n = 5 mice in the erlotinib-treated group).
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Studies from our laboratory and others support a role
for EGFR activation as an important mediator of renal
repair after acute injury (21,23,24). However, we and others
have also ascribed to persistent EGFR activation a detrimen-
tal role in progressive renal fibrosis induced by subtotal
nephrectomy (25), renovascular hypertension (26), angio-
tensin II (11,27), endothelin (28) or unilateral ureteral
obstruction (29). Our recent study demonstrated that
selective EGFR activation in the renal proximal tubule
induces tubulointerstitial fibrosis, which can be attenuated
with genetic or pharmacologic EGFR blockade (30). Our
previous studies also indicated an important role for
EGFR activation in mediating the development of DN in
experimental type 1 diabetes (11–14). In preliminary
studies with the use of gefitinib, a different EGFR in-
hibitor, we found protection against DN progression
similar to that imparted by erlotinib. The current study
indicates that EGFR blockade successfully inhibits the
progression of DN, preserving glomerular structure and
function and inhibiting tubulointerstitial fibrosis.

EGFR can be activated by a family of ligands, including
epidermal growth factor, TGF-a, heparin-binding epidermal

growth factor, betacellulin, amphiregulin, and epiregulin.
Previous studies have suggested a potential role for TGF-a
in mediating progressive renal injury. Laouari et al. (31)
investigated the etiology of the documented susceptibil-
ity of FVB/N mice to chronic kidney injury and found
evidence suggesting that increased TGF-a expression
was a contributing factor. Heuer et al. (32) reported more
recently that mAb41, a neutralizing monoclonal antibody
with high affinity for TGF-a, slowed the progression of
kidney injury in an accelerated model of DN. However,
mAb41 also neutralizes epiregulin, another EGFR ligand,
albeit at somewhat lower affinity (33). In the current study
we used waved 1 mice, which have markedly reduced TGF-a
expression (22), and found significant protection against the
development of DN in the eNOS2/2db/db mice.

Although our previous studies clearly indicated that
EGFR blockade directly inhibits the development of renal
fibrotic injury in an insulinopenic model of accelerated
type 1 diabetic nephropathy (12), we unexpectedly found
that because of leptin receptor deficiency in this model of
type 2 diabetes, erlotinib also preserved islet function,
improved peripheral insulin sensitivity, and ameliorated

Figure 6—Erlotinib treatment protected insulin production and increased blood adiponectin levels. A: More intensive insulin staining was
observed in islets from erlotinib-treated mice than in those from vehicle-treated mice (original magnification3250). B: Erlotinib treatment
attenuated marked decreases in fasting plasma insulin levels from 8 to 20 weeks in vehicle-treated eNOS2/2db/db. *P, 0.05, **P, 0.01
vs. mice at 8 weeks, ##P , 0.01 vs. corresponding vehicle group (n = 4 in the 8-week group and n = 6 mice in both the vehicle- and the
erlotinib-treated groups). C and D: Erlotinib treatment from 8 to 20 weeks in eNOS2/2db/db mice decreased macrophage infiltration, as
indicated by F4/80 immunostaining (C ), and increased islet autophagy activity, as indicated by decreased expression of p62, a substrate
of autophagy (D) (original magnification 3250). E: Erlotinib preserved circulating levels of the adipokine adiponectin. Adiponectin levels
markedly decreased from 8 to 20 weeks in vehicle-treated eNOS2/2db/db mice but were maintained at higher levels in erlotinib-treated
mice. ***P , 0.001 vs. mice at 8 weeks, ###P , 0.01 vs. the corresponding vehicle-treated group (n = 9 mice in the 8-week group, n =
12 mice in the vehicle-treated group, and n = 7 mice in the erlotinib-treated group).
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weight gain. These findings are consistent with those from
a report of relative improvement in glucose control in
a patient with diabetes who was treated with erlotinib for

lung cancer (34). EGFR blockade increases circulating in-
sulin levels, and pancreatic insulin production may result
from decreased islet macrophage infiltration and increased

Figure 7—Genetic inhibition of the EGFR signaling pathway attenuated the development of DN in eNOS2/2db/db mice. A: Waved 2
eNOS2/2db/db mice with EGFR tyrosine kinase deficiency had lower fasting blood glucose than control mice during development from
8 to 16 weeks of age. *P , 0.05 (n = 16 mice in each group). B: Waved 1 eNOS2/2db/db mice with null TGF-a showed lower fasting
blood glucose than control mice during development from 8 to 20 weeks of age. *P, 0.05, **P, 0.01, ***P, 0.001 (n = 7 mice in the control
group and n = 15 in the waved 1 group). C and D: More intensive insulin staining was observed in islets from both waved 2 eNOS2/2db/db
mice (C ) and waved 1 eNOS2/2db/db mice (D) than in their corresponding controls (original magnification 3250). E and F: Both waved 2
eNOS2/2db/db mice (E) and waved 1 eNOS2/2 db/db mice (F ) exhibited less glomerulosclerosis than did their corresponding controls,
as indicated by periodic acid Schiff (PAS) staining (top; original magnification3300) and glomerulosclerosis index (bottom). ***P, 0.001 (n =
5 mice in the waved 2 group and n = 13 mice in its control group; n = 4 mice in the waved 1 group and n = 13 mice in its control group).

diabetes.diabetesjournals.org Li and Associates 1855



islet autophagy, leading to preserved islet structure and
function. Autophagy is a major regulator of b-cell insulin
homeostasis (35). Using mice with autophagy deficiency in
b-cells (Atg7, deletion of autophagy-related 7), Jung et al.
(36) determined that autophagy plays a key role in main-
taining pancreatic b-cell structure, mass, and function.
Autophagy deficiency in pancreatic b-cells may contribute
to the progression from obesity to diabetes (37). Erlotinib
treatment may also increase insulin sensitivity by preserving
circulating levels of adiponectin, an insulin-sensitizing and
anti-inflammatory adipokine produced by adipocytes.

Preservation of circulating adiponectin levels should
be considered among the mechanism(s) contributing to the
kidney-protective effect seen with EGFR inhibition. Adi-
ponectin has been shown to be renoprotective in different
kidney injury models and after podocyte injury (38,39). It
protects against hypoxia-induced kidney injury by inhibit-
ing endoplasmic reticulum stress (40). It also inhibits
the TGF-b signaling pathway, and its deletion leads to in-
creases in renal fibrosis and inflammation in diabetic mice
(41). In addition, adiponectin protect against islet ischemic
injury (42). Circulating adiponectin concentrations are re-
duced in obesity. In this regard, circulating adiponectin
levels markedly decreased in eNOS2/2db/db mice from 8 to
20weeks of age, and this decreasewas preventedwith erlotinib
treatment.

In summary, the mechanisms mediating the beneficial
effects of EGFR blockade on DN are multifactorial. 1)
EGFR blockade may directly protect against DN by inhib-
iting renal immune cell infiltration and oxidative stress,
thereby decreasing the expression of profibrotic and fi-
brotic components. 2) EGFR blockade may also indirectly
protect against DN by increasing islet autophagy activity,
leading to preservation of pancreatic b-cell function and
subsequent improvement of metabolic status. 3) EGFR
blockade increases circulating levels of the adipokine adi-
ponectin, which has insulin-sensitizing, anti-inflammatory,
and kidney-protective effects. 4) EGFR blockade decreases
systemic oxidative stress, as indicated by decreased urinary
F2-isoprostanes, which are a well-accepted marker of sys-
temic oxidative stress. Further study is required to deter-
mine all of the mechanisms underlying the amelioration of
diabetes through EGFR inhibition. Although EGFR inhib-
itors have known side effects—notably skin rash—that
might limit their long-term use in humans with diabetic
kidney disease, downstream signaling pathways activated
by EGFR may be attractive targets for future therapeutic
interventions.
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