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Epidermal Growth Factor Receptor in Hepatic Endothelial Cells
Suppresses MCP-1�Dependent Monocyte Recruitment in
Diabetes

Xinyi Zhang,*,1 Lee Ohayon-Steckel,†,‡,1 Emilie Coppin,§,{ Ebin Johny,† Ankush Dasari,†

Jonathan Florentin,† Sathish Vasamsetti,† and Partha Dutta†,‡,‖,#,**

Insulin resistance is a compromised response to insulin in target tissues such as liver. Emerging evidence shows that vascular
endothelial cells (ECs) are critical in mediating glucose metabolism. However, how liver ECs can regulate inflammation in the
setting of insulin resistance is still unknown. Using genome-wide transcriptome analysis of ECs isolated from diabetic mice, we
found enrichment of the genes involved in epidermal growth factor receptor (Egfr) signaling. In line with this, hepatic sinusoidal
ECs in diabetic mice had elevated levels of Egfr expression. Interestingly, we found an increased number of hepatic myeloid cells,
especially macrophages, and systemic glucose intolerance in Cdh5Cre/1Egfr fl/fl mice lacking Egfr in ECs compared with littermate
control mice with type II diabetes. Egfr deficiency upregulated the expression of MCP-1 in hepatic sinusoidal ECs. This resulted
in augmented monocyte recruitment and macrophage differentiation in Cdh5Cre/1Egfr fl/fl mice compared with littermate control
mice as determined by a mouse model of parabiosis. Finally, MCP-1 neutralization and hepatic macrophage depletion in
Cdh5Cre/1Egfr fl/fl mice resulted in a reduced number of hepatic macrophages and ameliorated glucose intolerance compared with
the control groups. Collectively, these results demonstrate a protective endothelial Egfr signaling in reducing monocyte-mediated
hepatic inflammation and glucose intolerance in type II diabetic mice. The Journal of Immunology, 2023, 210: 1363�1371.

Type II diabetes is an expanding global public health issue
and has gradually become a financial burden to society. The
International Diabetes Federation reported that, in 2021,

∼537 million adults (20�79 y) worldwide were living with diabetes,
and 79% of them were from low/middle-income countries. This
number is expected to increase to 783 million by 2045 (1). The
impaired glucose homeostasis leads to hyperglycemia in diabetic
patients, as well as the dysregulation of carbohydrate, lipid, and pro-
tein metabolism. Chronic hyperglycemia also contributes to the
development of microvascular complications in various organs,
including the eyes, kidneys, and brain, and macrovascular complica-
tions, such as myocardial infarction, peripheral vascular disease, and
other cardiovascular diseases (2, 3).
Both genetic and environmental factors promote the pathogenesis

of type II diabetes and its complications, resulting in multiple patho-
physiological abnormalities that are responsible for weakened insu-
lin secretion, insulin resistance, or a combination of both (4).

Among these factors, the activation of inflammatory pathways can
induce chronic and systemic inflammation, closely linked to insulin
resistance. High levels of proinflammatory cytokines, such as IL-6
and TNF, and augmented quantities of macrophages, along with
other inflammatory cells, are found in adipose tissue and livers of
diabetic patients and animals (4, 5). Proinflammatory cytokines are
able to trigger insulin resistance via activating downstream kinases,
including MAPK, IkB kinase-b, and JNK1, which further hamper
the insulin signal transduction pathway (4, 6, 7). Other signaling,
including reactive oxygen species, advanced glycation end products,
and advanced glycation end product receptors, has also been proven
to be involved in the activation of several proinflammatory path-
ways and the induction of diabetic complications (8, 9).
Besides, macrophage infiltration is another crucial contributor to

insulin resistance (10). In adipose tissue in obesity, there is an expansion
of proinflammatory macrophages, Th17, and CD81 T cells and a
decrease in the numbers of anti-inflammatory macrophages and
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regulatory T cells (11�13). Macrophage infiltration induces lipolysis
and creates an inflammatory environment in adipose tissue. Subse-
quently, the heightened levels of IL-6 can stimulate hepatic gluconeo-
genesis, and a high level of hepatic acetyl CoA can trigger hepatic
insulin resistance (14).
Recent studies have underscored the significance of hepatic

inflammation mediated by Kupffer cells and hepatic stellate cells in
insulin resistance. These are not only target cells that respond to
hyperglycemia or hyperinsulinemia but also effector cells that exac-
erbate insulin resistance in hepatocytes by increasing oxidative
stress, altering adipocytokine balance, and secreting proinflammatory
cytokines such as TNF and IL-6 (15). Endothelial cells (ECs) suffer
from progressive damage in type II diabetes, leading to endothelial
dysfunction (16, 17). However, it is relatively unknown how
changes in hepatic sinusoidal ECs increase inflammation and insulin
resistance.
The literature shows that ECs (18), macrophages (19), vascular

smooth muscle cells (20), and cardiomyocytes (21) express high lev-
els of epidermal growth factor receptor (Egfr). The activation of
Egfr signaling has been found to be involved in multiple biological
processes, including stimulation of cell proliferation, differentiation,
and migration, and inhibition of apoptosis (22). Especially, upregula-
tion of Egfr signaling can mediate cellular senescence induced by
certain proinflammatory cytokines (23) and also strengthen innate
immunity against viral infections (24). Egfr and its downstream pro-
teins are widely used as therapeutic targets in the setting of cancer
(25). In addition, studies have demonstrated that Egfr signaling is
linked with cellular metabolism like glycolysis (26). Egfr transactiva-
tion by high glucose levels causes multicellular dysfunction, which
promotes the development of diabetic kidney disease (27, 28).
In this study, we show that, using genome-wide transcriptome

analysis, Egfr signaling increased in ECs in a mouse model of obe-
sity. Hepatic sinusoidal ECs also had elevated expression of Egfr in
these mice compared with lean mice. To understand the importance
of endothelial Egfr in insulin resistance, we generated mice lacking
this receptor in ECs (Cdh5Cre/1Egfr fl/fl). We observed increased glu-
cose intolerance in these mice compared with age-matched litter-
mate control mice (Cdh51/1Egfrfl/fl). Sinusoidal ECs in Cdh5Cre/1

Egfr fl/fl mice produced an exaggerated amount of MCP-1, resulting
in more inflammatory monocyte accumulation and Kupffer cell gen-
eration. MCP-1 neutralization and Kupffer cell depletion reversed
glucose intolerance in the mice lacking Egfr in ECs. Taken together,
our study indicates that alteration in hepatic sinusoidal ECs leads to
inflammatory cell accumulation in the liver, resulting in glucose
intolerance.

Materials and Methods
Mice

Cdh5Cre/1Egfrfl/fl mice were generated and used for experiments. C57BL/6
(000664) and GFP (004353) were purchased from Jackson Laboratory. Male
and female mice (12�20 wk old) were housed under specific pathogen-free
conditions. All experiments, including chow and high-fat-diet feeding and
parabiosis, were approved by the Institutional Animal Care and Use Com-
mittee of the University of Pittsburgh (21079629). The Egfrfl/fl mice were
generous gifts from Dr. M. Nahrendorf (29). Cryo-derived Egfrfl/fl mice
(B6.129S6-Egfrtm1Dwt/Mmnc, identification number: 031765-UNC, >99%
C57BL/6J background) were obtained from the Mutant Mouse Resource and
Research Centers (Chapel Hill, NC). Cdh5cre/1 mice were purchased from
the Jackson Laboratory (catalog number 006137) and were crossed with
Egfrfl/fl mice to obtain EC-specific Egfr-deficient mice.

Type II diabetes induction

Type II diabetes was induced by an established high-fat diet. Cdh5Cre/1

Egfrfl/fl and littermate control mice were fed with a high-fat diet containing
60 kcal% fat (D12492; Research Diets) for 4 mo.

Glucose and insulin tolerance tests

Female mice were fasted for 6 h, and baseline glucose levels were measured.
A 15% glucose solution was prepared using 1× PBS and D-(1)-glucose
(G8270; Sigma). Mice received 2 mg glucose per gram body weight i.p.
Glucose measurements were taken at 0, 15, 30, 60, 90, 120, and 150 min
after injection. For insulin tolerance test (ITT), after fasting for 6 h, female
mice were injected with insulin (0.25 U/kg body weight) (12-585-014; Fisher
Scientific), and blood glucose concentrations were assessed at 0, 15, 30, 60,
90, and 120 min after injection.

Organ harvesting, flow cytometry, and cell sorting

Male and female mice were euthanized and perfused thoroughly with 20 ml
of ice-cold PBS through the left ventricle to remove blood from solid organs.
Gonadal visceral adipose tissues (VATs) from the pelvic cavity and liver
were harvested and digested in PBS containing 1 mg/ml collagenase IV
(LS004209; Worthington) and HEPES buffer (25-060-CI; Corning) at 37◦C
at 750 rpm for 1 h. Samples were then washed with 10 ml of sterile PBS
and filtered through 40-mm filters. Cells were centrifuged at 350 × g and
4◦C for 7 min. The supernatant was discarded, and cells were stained with
Abs against Ly-6C (128006; BioLegend), CD64 (558455; BD Biosciences),
CD115 (750887; eBioscience), F4/80 (123114; BioLegend), Ly-6G (127614;
BioLegend), CD11b (557657; BD Biosciences), CD45.2 (560693; BD Bio-
sciences), CD3 (564008; BD Biosciences), I-A/I-E (MHC class II) (107620;
BioLegend), CD11c (117338; BioLegend), CD19 (563148; BD Biosciences),
CD31 (102418; BioLegend), CD54/ICAM-1 (116120; BioLegend), CD106/
VCAM-1 (11106181; eBioscience), and EGFR (558523; BD Biosciences).
Myeloid cells were identified as CD45.21CD11b1, and neutrophils were
defined as CD45.21CD11b1Ly6G1CD115−. Monocytes and Kupffer cells
were considered as CD45.21CD11b1CD1151Ly6G− and CD45.21CD11b1

CD1151Ly6G−F4/801CD641, respectively. Ly-6Chi monocytes were
defined as CD45.21CD11b1CD1151Ly6G−Ly-6C1, and Ly-6Clo mono-
cytes were CD45.21CD11b1CD1151Ly6G−Ly-6C−. Data acquisition was
performed using a Fortessa Flow Cytometer (BD). Data were analyzed using
FlowJo software (Tree Star).

Microarray

The microarray method was discussed in detail previously (29). In brief,
5000 bone marrow ECs were sorted from male nondiabetic and diabetic
C57BL/6J mice using FACS with >95% purity. Gene expression profiling
was performed by the Partners HealthCare Personalized Medicine Transla-
tional Genomics Core. Amplified cDNA was prepared using the Ovation
Pico WTA System V2 (NuGEN) and hybridized to GeneChip Mouse Gene
2.0 ST arrays (Affymetrix). The raw microarray data were normalized with
the robust multiarray average, and differentially expressed genes were deter-
mined with the Bioconductor Limma package.

Immunofluorescence microscopy

Followed by euthanization of mice and PBS perfusion through the left ven-
tricle, VAT and liver were excised and fixed with 4% buffered formalin for
2 h and stored in 30% sucrose solution containing 0.05% sodium azide for
overnight. Then, the tissues were embedded in OCT blocks and cut into sec-
tions (6 mm). Samples were permeabilized with 0.1% Triton X-100 for an
hour. After blocking, mouse tissue sections were stained with anti-F4/80
(MA1-91124 [Invitrogen]; MA5-16363 [Thermo Fisher]), CD11b
(ab133357; Abcam), CD31/VE Cadherin (ab7388 [Abcam]; MA1-80069
[Thermo Fisher]), VCAM-1 (PA5-86042 [Invitrogen]), p-EGFR (44-794G
[Invitrogen]), and MCP-1 (MA5-17040 [Invitrogen]) followed by staining
with fluorochrome-conjugated secondary Abs. The sections were stained and
fixed with Vectashield mounting medium with DAPI (#H 1200; Vector Lab-
oratories), and images were taken using Nikon A1 spectral confocal for
immunofluorescence scanning using 20× magnification. Livers from four to
five mice per group were sectioned three times, and two images per section
were taken. Image analysis was done using ImageJ software. Distance mea-
surement of macrophages from sinusoidal ECs was performed by ImageJ by
drawing straight lines from macrophages to the nearest sinusoidal EC.

In vitro transfection

Human hepatic ECs (SK-HEP-1; ATCC) were cultured in EMEM (30-2003;
ATCC) containing 10% FBS and 1% penicillin and streptomycin in the pres-
ence or absence of palmitate (EW-88353-70; Cole-Parmer). The cells were
transfected with 2 nM siEGFR (MC10516; Thermo Fisher Scientific) or con-
trol siRNA (4464058; Thermo Fisher Scientific) with Lipofectamine 11 2000
(12566014; Thermo Fisher Scientific) per the manufacturer’s protocol.
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Parabiosis

Postanesthesia, adjacent sides of GFP1 and Cdh5Cre/1Egfrfl/fl or Cdh51/1

Egfrfl/fl mice were sterilized with butadiene scrub followed by 70% isopropa-
nol. An incision was made from the ear to the tail of each mouse. The s.c.
fascia was bluntly dissected to create ∼0.5 cm of free skin. The olecranon
and knee joints were attached by a single 2-0 silk suture and tied. The skin
of the mice was joined together using a 5-0 suture. Stifle and elbows were
joined to avoid stress on the suture lines. We performed the parabiosis
experiments in two cohorts of mice. The first cohort was female mice, and
the second cohort was male mice.

In vivo MCP-1 neutralization

To study MCP-1 depletion, we injected i.v. 15 mg of a neutralizing Ab
against mouse MCP-1 or control goat IgG (AB-108-C; R&D Systems) in
female mice for 4 wk at an interval of 4 d.

In vivo hepatic macrophages deletion

To deplete hepatic macrophages, either gadolinium chloride (GdCl3) (20 mg/kg
per mouse; 11286; Alfa Aeser) or PBS was injected i.v. in female mice twice a
week for 6wk.

Statistics

Data are represented as mean ± SEM. Statistical significance between groups
was performed using nonparametric t test (Mann�Whitney U test). Results
were considered as statistically significant when p < 0.05. We used two-
tailed nonparametric t test to analyze most data. However, for the area under
the curve analysis in Figs. 4E, 4F, 5D, and 5H, we used one-tailed nonpara-
metric t test.

Study approval

All experiments were approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh.

Results
Type II diabetes alters hepatic sinusoidal ECs

To understand whether type II diabetes alters ECs in vivo, we ana-
lyzed our microarray data comparing ECs in nondiabetic and dia-
betic mice (29). Pathway analysis revealed that ECs in a diabetic
environment are more inflammatory as indicated by upregulation of
several pathways, including IFN signature, tumor field effect, and
obesity (Fig. 1A). The most significantly altered pathway was EGF
response. In line with this finding, we observed elevated levels of p-
EGFR in hepatic sinusoidal ECs in the obese mice compared with
lean mice (Fig. 1B, 1C). Consistent with this, we found increased
F4/801 macrophage numbers near sinusoidal CD311 VE-cadherin1

ECs in the obese mice compared with the lean control (Fig. 1D,
Supplemental Fig. 1).

EC-specific Egfr deletion enhances glucose intolerance and hepatic
monocyte recruitment

To investigate the role of endothelial Egfr in insulin resistance, we
generated mice lacking this receptor in liver ECs (Cdh5Cre/1Egfrfl/fl)
(Supplemental Fig. 2A, 2B). At baseline, glucose tolerance tests
(GTTs) remained unchanged betweenCdh5Cre/1Egfrfl/fl and age-matched
littermate control mice that were fed with regular chow diet
(Supplemental Fig. 2C). Interestingly, when fed with a high-fat
diet (Fig. 2A), we observed elevated glucose intolerance in the
mice lacking endothelial Egfrwhen compared with littermate con-
trols, but their body weights were similar (Fig. 2B, Supplemental
Fig. 2D, 2E), indicating that endothelial Egfr signaling is crucial
to glucose tolerance in the setting of type II diabetes. It has been
shown that the impairment of insulin action is associated with
liver and adipose tissue inflammation in obese subjects (30). To
determine whether the exacerbated glucose intolerance in
Cdh5Cre/1Egfrfl/fl mice after feeding with a high-fat diet is
indeed a result of inflammation, we enumerated leukocytes in
the liver and VAT of Cdh5Cre/1Egfrfl/fl and control mice that

were fed with a high-fat diet for 4 mo by flow cytometry. Mye-
loid cells, especially macrophages, were more numerous in the
liver of diabetic Cdh5Cre/1Egfr fl/fl mice (Fig. 2C�E). Consis-
tent with this, we found increased macrophage numbers near
hepatic sinusoidal ECs, indicating their higher recruitment in
diabetic Cdh5Cre/1Egfr fl/fl mice (Fig. 2E). Conversely, the lev-
els of myeloid cells did not differ in VAT between these two
groups (Supplemental Fig. 3A). Confocal microscopy con-
firmed that the percentages of F4/801 macrophages and Ly6G1

neutrophils in VAT were unaltered (Supplemental Fig. 3B).
Collectively, these data imply that increased Egfr expression by
ECs of diabetic mice suppresses hepatic inflammation and pro-
motes glucose tolerance.

Disrupted endothelial Egfr signaling promotes monocyte
recruitment via MCP-1

Monocytes can immediately respond to an alteration of tissue
homeostasis and be recruited into injured tissues to differenti-
ate into macrophages (31). Increased macrophage abundance
in the liver of obese Cdh5Cre/1Egfr fl/fl mice indicates acceler-
ated differentiation of recruited monocytes in the liver. More-
over, we found these macrophages are close to hepatic
sinusoidal ECs. Because hepatic sinusoids are the entry ports
of inflammatory cells, and bone marrow ECs facilitate mono-
cyte emigration after LPS treatment (32), we hypothesize that
Egfr deficiency in hepatic ECs expediates monocyte recruit-
ment and differentiation into macrophages. To investigate this
possibility, we first quantified MCP-1, which has been widely
reported to be a vital modulator of monocyte�endothelial inter-
actions under flow conditions via triggering rolling monocytes
to adhere firmly onto monolayers (33). We observed elevated
MCP-1 production in hepatic ECs, but not in monocytes, of
diabetic Cdh5Cre/1Egfr fl/fl mice compared with the control
mice (Fig. 3A). To confirm whether Egfr modulates MCP-1
production, we silenced Egfr in ECs. ECs produced high levels
of MCP-1 after Egfr knockdown (Fig. 3B). Furthermore, we
measured IL8, ICAM1, and VCAM1 by quantitative PCR
(Supplemental Fig. 4A) and flow cytometry (Supplemental
Fig. 4B) after EGFR knockdown in human hepatic ECs. We
observed that Il8 mRNA and VCAM-1 protein levels were
diminished after EGFR silencing. Using Ingenuity Pathway
Analysis, we identified 20 transcription factors, which are reg-
ulated by EGFR and may control MCP-1 production
(Supplemental Fig. 4C). Transcription factors, such as STAT3,
EGR1, KLF6, STAT1, and SMAD3, were upregulated upon
EGFR silencing in the absence (Supplemental Fig. 4D) and
presence (Supplemental Fig. 4E) of palmitate. SMAD4, SP1,
and NPM1 were uniquely elevated in the presence of palmitate
after siEGFR treatment. This suggests that disrupted hepatic endothelial
Egfr signaling unleashes MCP-1 production, resulting in monocyte
recruitment and macrophage differentiation. To test this hypothesis, we
performed parabiosis betweenGFP1 andCdh5Cre/1Egfr fl/fl orCdh5Ć1/

1Egfrfl/flmice fed with a high-fat diet (Fig. 3C). Parabiosis experiments
help to delineate monocyte recruitment from the blood. Parabiont-der-
ived GFP1 macrophages, both monocyte-derived macrophages and
Kupffer cells, accumulated in a higher quantity in the liver ofCdh5Cre/1

Egfrfl/fl mice compared with littermate control (Fig. 3D, 3E). Confocal
microscopy confirmed higher abundance ofGFP1 hepaticmacrophages
in the obese parabionts lacking Egfr in ECs (Supplemental Fig. 4F).
These macrophages were located near hepatic sinusoidal ECs in
Cdh5Cre/1Egfrfl/fl parabionts. We also observed increases in recruited
splenic monocyte and macrophage numbers (Supplemental Fig. 4G). In
summary, these data indicate that the deficiency of Egfr in hepatic
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sinusoidal ECs results in a heightened amount of MCP-1, leading to
hepaticmonocyte accumulation andmacrophage differentiation.

Accumulation of hepatic macrophages in EC-specific Egfr-deficient
mice leads to glucose intolerance

To explore the contributions of MCP-1 in glucose intolerance in
Cdh5Cre/1Egfrfl/fl mice, we neutralized this chemokine in obese
mice lacking endothelial Egfr (Fig. 4A). This resulted in a decreased
number of hepatic monocyte-derived macrophages and Kupffer cells
compared with the isotype Ab-treated control group (Fig. 4B, 4C).
In addition, the livers of these mice harbored diminished numbers of

total monocytes, and Ly-6Clow and Ly-6Chi monocytes, indicating
disruption of monocyte recruitment into the liver after MCP-1 neu-
tralization and thereby reduced macrophage production. Interest-
ingly, we observed augmented frequencies and numbers of
monocytes in the bone marrow after MCP-1 neutralization (Fig.
4D), confirming the role of MCP-1 in monocyte egress from the
bone marrow niche (32). Concomitantly, MCP-1 neutralization also
improved glucose clearance in diabetic Cdh5Cre/1Egfrfl/fl mice (Fig.
4E, 4F). In line with improved glucose and insulin tolerance in
Cdh5Cre/1Egfrfl/fl mice after MCP-1 neutralization, systemic insulin
concentrations lessened (Fig. 4G), whereas serum fatty acids,

FIGURE 1. Type II diabetes increases p-EGFR in hepatic sinusoidal ECs. (A) Pathway analysis of the genes differentially expressed in ECs of diabetic
versus nondiabetic mice. 1/p indicates the inverse values of the probability that the null hypotheses are true. (B) Representative immunofluorescence images
and quantification of p-EGFR staining in hepatic sinusoidal ECs in lean (fed with a chow diet) and obese (fed with a high-fat diet) mice. The bar graphs
depict the quantification of p-EGFR1 ECs (C, technical replicates from n 5 5 mice) and distance of F4/801 macrophages from the sinusoids (D, technical
replicates from n 5 5 mice) using immunofluorescence microscopy in lean and obese mice. Each data point in (C) and (D) represents a field of view. The
data in (A) are obtained from one microarray experiment, whereas the data shown in (B)�(D) are pooled from two different experiments. n 5 5 per group.
Data are mean ± SEM. *p < 0.05, ****p < 0.0001.
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glycerol, and body weights were unchanged (Fig. 4H). In aggregate,
these data strongly support the hypothesis that MCP-1 produced in
response to endothelial deficiency of Egfr recruits monocytes and
promotes macrophage abundance in the liver, exacerbating glucose
intolerance in obesity.

Hepatic macrophage depletion ameliorates glucose intolerance

To specifically investigate whether hepatic macrophages play a cru-
cial role in triggering glucose intolerance, we depleted these macro-
phages by GdCl3 in obese Cdh5Cre/1 Egfrfl/fl and littermate control
mice (34) (Fig. 5A). This injection resulted in a significantly
reduced number of Kupffer cells and monocyte-derived macro-
phages (Fig. 5B, 5C). Interestingly, hepatic macrophages distanced
themselves from the sinusoids after GdCl3 injection. Cdh5Cre/1

Egfrfl/fl mice, after hepatic macrophage depletion, exhibited signifi-
cantly improved glucose tolerance compared with control Cdh5Cre/1

Egfrfl/fl mice as determined by a GTT (Fig. 5D). However, the ITT
did not exhibit any significant difference in insulin sensitivity (Fig.
5E). In line with improved glucose tolerance, GdCl3-treated mice
had lower systemic insulin levels (Fig. 5F). However, the serum

concentrations of fatty acids (Fig. 5G), glycerol (Fig. 5H), and tri-
glycerides (Fig. 5I) did not alter after GdCl3 treatment.

Discussion
In this article, we reveal that type II diabetes alters Egfr signaling in
hepatic sinusoidal ECs. Disrupted endothelial Egfr led to augmented
hepatic monocyte recruitment and macrophage differentiation via
MCP-1. This accumulation of hepatic macrophages in EC-specific
Egfr-deficient mice contributed to glucose intolerance (Fig. 5J). Our
results demonstrate a novel mechanism of the maintenance of glu-
cose tolerance by Egfr signaling in hepatic ECs.
Endothelial Egfr signaling has been found to regulate the progres-

sion of various diseases, such as atherosclerosis and type II diabetes
(35, 36). Especially, several preclinical studies have shown that the
Egfr signaling plays an essential role in diabetes-induced cardiac
dysfunction and chronic kidney disease (37, 38). Considering these
reports together with enriched Egfr expression in hepatic sinusoidal
ECs in the setting of type II diabetes, we assumed metabolic dys-
functions in mice lacking this receptor in ECs. As expected, we
observed an increased number of hepatic myeloid cells, especially

FIGURE 2. EC-specific Egfr deletion enhances glucose intolerance and hepatic monocyte recruitment. (A) Schematic representation of the experimental
design. (B) GTT and body weights in the mice lacking endothelial Egfr compared with the littermate controls after 4 mo of high-fat-diet feeding. (C) Repre-
sentative flow cytometric plots and gating strategies of hepatic myeloid cells in obese Cdh5Cre/1Egfrfl/fl and control mice. The bar graphs depict quantification
of hepatic myeloid cells, neutrophils, monocytes, Ly-6Chigh monocytes, Ly-6Clow monocytes, and macrophages. (D) Representative immunofluorescence
images of hepatic macrophages in the obese mice. The arrows indicate the macrophages. (E) The distance of macrophages (CD11b1F4/801) to hepatic sinu-
soidal ECs and number of macrophages per field of view (FOV) have been calculated. n 5 4�5 per group. The data are obtained from one experiment. Data
are mean ± SEM. *p < 0.05.
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macrophages, and systemic glucose intolerance in Cdh5Cre/1Egfrfl/fl

mice compared with wild type mice with type II diabetes. Aug-
mented monocyte supply and macrophage accumulation in obese
Cdh5Cre/1Egfrfl/fl mice are therefore likely responsible for type II
diabetes exacerbation. These findings are congruent with the obser-
vations that hepatic ECs are crucial to inflammatory nonalcoholic
steatohepatitis (39�41). In contrast with these observations, a recent
study (42) showed that inhibition of Egfr activation is associated with
ameliorated diabetic nephropathy and insulin resistance in type II dia-
betes. This discordant finding can be explained in two ways. First, the
difference could be caused by the cell type�specific role of Egfr. This

study shows that endothelial Egfr dampens hepatic inflammation by
suppressing monocyte recruitment. In contrast, a study (43) has
shown that leukocyte Egfr is responsible for their infiltration in tissue
space. Thus, the beneficial effects as a result of the deficiency of Egfr
in leukocytes may overcome the detrimental role of Egfr deletion in
ECs in mice lacking this receptor globally. Second, as discussed in a
review paper (44), a physiological range of Egfr signaling is essential
to maintain homeostasis. Hepatocyte-specific HB-EGF gene deletion
and overexpression induced inflammation and fibrosis of the liver.
We observed that Egfr deficiency not only increased the number

of monocyte-derived macrophages but also Kupffer cells in the

FIGURE 3. Disrupted endothelial Egfr signaling promotes monocyte recruitment into the liver via Mcp-1. (A) Representative immunofluorescence images
of Mcp-1 staining in hepatic ECs in diabetic Cdh5Cre/1Egfrfl/fl and control mice. MCP-11 ECs and monocytes were quantified. (B) Egfr was silenced in ECs,
and the expression of Mcp-1 was quantified by quantitative PCR. (C) Parabiosis between GFP1 and either Cdh5Cre/1Egfrfl/fl or Cdh51/1Egfrfl/fl mice (both
GFP−) fed with a high-fat diet was performed. (D) Representative flow cytometric plots and gating strategies of hepatic myeloid cells in the GFP− parabionts.
(E) The bar graphs show quantification of different myeloid cell subtypes in the liver. n 5 4�7 per group. The data are obtained from two experiments. Data
are mean ± SEM. *p < 0.05, **p < 0.01.
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liver. These data indicate that recruited monocytes can also differen-
tiate into Kupffer cells. Consistently, Mcp-1 neutralization, which
blocked monocyte influx into the liver, also lowered the Kupffer
cell content. There are mainly two subtypes of liver macrophages,
monocyte-derived macrophages and Kupffer cells, which share
many transcriptomic and functional features, regardless of their ori-
gin (45). Studies have reported that monocytes could give rise to

self-renewing Kupffer cells when the niche is available (46). Egfr
deficiency also increased MCP-1 expression in mouse hepatic sinu-
soidal ECs in vivo and human ECs in vitro. As we know, MCP-1 is
anchored in the membrane of ECs by glycosaminoglycan side
chains of proteoglycans and exhibits a chemotactic activity for
monocytes (47). We therefore hypothesized that augmented mono-
cyte recruitment and macrophage differentiation in the liver of

FIGURE 4. Accumulation of hepatic macrophages in EC-specific Egfr-deficient obese mice leads to glucose intolerance. (A) Schematic representation of
the experiment neutralizing MCP-1 in obese mice lacking endothelial Egfr. (B) F4/80 and CD31 staining was performed to ensure the effectiveness of MCP-
1 neutralization. (C) Representative flow cytometric plots showing hepatic monocyte-derived macrophages and Kupffer cells in the mice after MCP-1 neutral-
ization. Flow cytometry was employed to quantify bone marrow myeloid cell numbers and frequencies (D). GTT (E) and ITT (F) were performed in obese
Cdh5Cre/1Egfrfl/fl mice after isotype or MCP-1 neutralizing Ab treatment. GTT and ITT data were analyzed using one-tailed t test. Systemic insulin concen-
trations (G), fatty acids, glycerol, and body weights (H) were measured in these mice. n 5 5�6 per group. The data are obtained from two experiments. Data
are mean ± SEM. *p < 0.05, **p < 0.01.
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diabetic Cdh5Cre/1Egfrfl/fl mice is induced via MCP-1. Consistently,
we found that MCP-1 neutralization in Cdh5Cre/1Egfrfl/fl mice
resulted in a decreased number of hepatic monocyte-derived macro-
phages and Kupffer cells. This resulted in improved glucose toler-
ance compared with the isotype Ab-treated control group. Cdh5Cre/1

Egfrfl/fl mice after hepatic macrophage depletion also showed mark-
edly less glucose intolerance compared with control Ab-injected
Cdh5Cre/1Egfrfl/fl mice. Although insulin levels decreased after GdCl3
treatment, an ITT test did not display any difference compared with
PBS-injected mice. This could be because of the effect of GdCl3 on
the pancreas, resulting in reduced insulin secretion. Similarly, this
study does not examine whether MCP-1 neutralization affects macro-
phages in the pancreas, resulting in suppressed insulin production.
Future studies will be required to discern these possibilities.
Overall, the data presented in this article support an insulin-sensi-

tizing role of hepatic endothelial Egfr signaling by suppressing

excessive monocyte recruitment and macrophage differentiation.
However, we cannot rule out the contribution of exaggerated mono-
cyte cell production by the bone marrow in the absence of endothe-
lial Egfr in type II diabetes exacerbation. In fact, Egfr deficiency in
bone marrow ECs increased proliferation and differentiation of mye-
loid progenitors, resulting in monocytosis (29). Discerning the role
of bone marrow versus hepatic EC-specific Egfr in type II diabetes
is beyond the scope of this study because organ-specific cre recom-
binase mice will be required.
Several questions remain unanswered. We do not know the ligand(s)

responsible for Egfr-mediated protection against inflammation and glu-
cose intolerance. Egfr can interact with several ligands, including
amphiregulin, TGF-a, and heparin-binding EGF (48). Interaction with
these various ligands may result in different Egfr signaling, resulting in
different physiological responses. Future studies will be required to
examine this.

FIGURE 5. Hepatic macrophage depletion ameliorates glucose intolerance. (A) Schematic representation of the experimental design. Hepatic macrophages
were depleted by GdCl3 in obese Cdh5Cre/1Egfrfl/fl mice. (B) Representative immunofluorescence images and quantification of hepatic macrophages after
GdCl3 injection. Each data point represents a field of view from n 5 5 mice per group. (C) Quantification of Kupffer cells and liver monocyte-derived macro-
phages by flow cytometry after GdCl3 injection. GTT (D) and ITT (E) were performed, and GTT experimental data were analyzed using one-tailed t test.
The concentrations of systemic insulin (F), fatty acids (G), glycerol (H), and triglycerides (I) were evaluated after hepatic macrophage depletion. (J) The
schema depicts the mechanisms of insulin resistance in the absence of endothelial EGFR. n 5 4�6 per group. The data are obtained from two experiments.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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