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SUMMARY

Obesity promotes infiltration of inflammatory cells
into various tissues, leading to parenchymal and stro-
mal cell interaction and development of cellular and
organ dysfunction. Liver sinusoidal endothelial cells
(LSECs) are the first cells that contact portal blood
cells and substances in the liver, but their functions
in the development of obesity-associated glucose
metabolism remain unclear. Here, we find that LSECs
are involved in obesity-associated accumulation of
myeloid cells via VLA-4-dependent cell-cell adhesion.
VLA-4 blockade in mice fed a high-fat diet attenuated
myeloid cell accumulation in the liver to improve he-
patic inflammation and systemic glucose intolerance.
Ex vivo studies further show that cell-cell contact
between intrahepatic leukocytes and parenchymal
hepatocytes induces gluconeogenesis via a Notch-
dependent pathway. These findings suggest that
cell-cell interaction between parenchymal and stro-
mal cells regulates hepatic glucose metabolism and
offers potential strategies for treatment or prevention
of obesity-associated glucose intolerance.

INTRODUCTION

The liver is a major site of endogenous glucose production. He-

patic insulin resistance involves inadequate insulin-mediated

suppression of hepatic glucose output, which has a critical role

in the pathogenesis of glucose intolerance. In recent years,

chronic inflammation has been identified as a major contributor

to decreased insulin sensitivity in obesity and plays a role in

the pathogenesis of obesity-associated hepatic and systemic
2766 Cell Reports 18, 2766–2779, March 14, 2017 ª 2017 The Autho
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glucose intolerance (Olefsky and Glass, 2010; Osborn and Olef-

sky, 2012). Obesity promotes hepatic inflammation in humans

and rodents, which is associated with increased production of in-

flammatory cytokines and substances that impair hepatic insulin

sensitivity (Oh et al., 2012; Olefsky and Glass, 2010; Osborn and

Olefsky, 2012; Talukdar et al., 2012). At the cellular level, there is

evidence that infiltration of inflammatory cells into the liver pro-

motes hepatic inflammation. Studies have described that obesity

promotes liver infiltration of recruited myeloid cells (RMCs) (Mor-

inaga et al., 2015; Obstfeld et al., 2010; Oh et al., 2012; Talukdar

et al., 2012), which are a distinct population from resident Kupffer

cells. RMCs express C-C chemokine receptor type 2 (CCR-2)

and are recruited to the liver through the monocyte chemotactic

protein-1 (MCP-1) in a CCR-2-dependentmanner (Obstfeld et al.,

2010). In addition, RMCs in obese mice have been shown to

exacerbate insulin resistance and hepatic inflammation (Cai

et al., 2005; Jia et al., 2014). RMC accumulation thus promotes

obesity-induced hepatic and systemic glucose intolerance.

For recruitment and infiltration of inflammatory cells into

parenchymal organs, endothelial cells generally play a pivotal

role in adhesion molecule-mediated cell trafficking and transmi-

gration. In the liver, sinusoids are lined by a unique population of

liver sinusoidal endothelial cells (LSECs), which comprise one of

the first hepatic cell populations that comes into contact with

blood components. They possess no tight junctions without

basement membrane, being separated from underlying hepato-

cytes only by the space of Disse. Similar to typical vascular

endothelial cells, adhesion molecules, such as intercellular

adhesion molecule-1 (ICAM-1), vascular cell adhesion mole-

cule-1 (VCAM-1), and E- and P-selectins, are expressed in

LSECs and bind to their respective ligands, such as lymphocyte

function-associated antigen-1 (LFA-1), very late antigen-4

(VLA-4), E-selectin ligand-1 (ESL-1), and P-selectin glycoprotein

ligand-1 (PSGL-1), on leukocytes. Therefore, it is conceivable

that during obesity-induced RMC accumulation in the liver,
r(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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LSECs interact with RMCs in the sinusoid by production of cyto-

kines or chemokines and cell-cell adhesion. Furthermore, once

infiltrated into the liver, RMCs may make direct contact with

parenchymal hepatocytes, thereby affecting hepatic meta-

bolism. However, it is unclear whether physical cell-cell interac-

tion among RMCs, LSECs, and hepatocytes modulates hepatic

inflammation and metabolic function.

In this paper, we aimed to examine the role of LSECs in

obesity-induced glucose intolerance via VLA-4-mediated cell

adhesion and hepatic accumulation of RMCs. Our data suggest

that infiltrating RMCs can increase glucose production in neigh-

boring hepatocytes through activation of the Notch signaling

pathway, which is induced by cell-cell contact. Collectively, we

postulate a mechanism in which hepatic glucose metabolism is

regulated through parenchymal-stromal cell interaction, thus

offering potential strategies to treat or prevent obesity-associ-

ated glucose intolerance.

RESULTS

Obesity Increases RMCAccumulation in the Liver, along
with Upregulation of Cell Adhesion Molecules
We first interrogated changes in gene expression of cell adhe-

sion molecules in the liver during high-fat diet (HFD) feeding.

During a 4-week HFD feeding, wild-type (WT) mice gained

weight and developed adiposity (Figures 1A and S1A). Fasting

hyperglycemia and hyperinsulinemia, hepatic steatosis, and liver

injury, as assessed by serum alanine aminotransferase (ALT)

levels, were observed at 10 weeks of HFD feeding and thereafter

(Figure 1A). Along with deterioration of metabolic profiles, there

was upregulation of the genes of cell adhesion molecules

(Icam1, Vcam1, Sele, and Selp) and their cognate ligands (Itgal,

Itga4, Esl1, and Selplg) by HFD feeding (Figure 1B). Eight-week-

old genetically obese ob/ob mice also showed liver induction

compared with the WT mice. In both HFD-fed and ob/ob mice,

gene induction was partially reversed by treatment with a so-

dium-glucose co-transporter 2 inhibitor, ipragliflozin, for 4 weeks

(Figure S1B). In addition, genes of Vcam1 and Selewere upregu-

lated in the liver of patients with type 2 diabetes, compared with

control subjects (Figure 1C).

Using flow cytometry analysis (Figure S2A), we next examined

changes in RMC accumulation in the liver during HFD feeding.

Backgating analysis of flow cytometry data showed that >80%

of the RMCs were monocytes and neutrophils, both of which

were mostly included in the RMC population on the mice fed a

standard diet (SD) and those fed an HFD (Figures S2B–S2D). In

parallel with the progression of impaired glucose and lipid meta-

bolism, RMCs, monocytes, and neutrophils were observed to

accumulate in the liver during 16 weeks of HFD feeding (Figures

2A, 2B, and S2E). Histologic analysis showed increased

numbers of intrahepatic CCR-2-positive (RMC marker) and Gr-

1-positive (neutrophil marker) cells in response to the HFD

feeding (Figure 2C). Toluidine blue staining revealed that in

HFD-fed mice, more mononuclear cells were infiltrated into the

perisinusoidal space, where mononuclear cells appeared to be

in direct contact with the neighboring hepatocytes (Figure 2D).

On electron microscopy analysis, HFD did not affect the micro-

structure of sinusoidal walls, but the activated monocytes that
were adherent to the sinusoidal walls and the infiltrated macro-

phages among hepatocytes were frequently observed in the liver

of HFD-fed mice, compared with SD-fed mice (Figure 2E). We

observed similar findings in the liver of ob/ob mice (Figure S2F).

These observations suggested that obesity upregulated cell

adhesion molecules and increased RMC accumulation in the

liver, along with metabolic deterioration. Furthermore, our data

revealed that RMCs were localized in sinusoidal walls and

among the hepatocytes during development of obesity.

Obesity Promotes Myeloid Cell Adhesion to LSECs
Wehypothesized that increased cell adhesionwith the sinusoidal

wall caused RMCs to accumulate in the liver. To assess the dy-

namic behavior of myeloid cells, we carried out intravital imaging

in the liver from lysozyme M-EGFP transgenic (LysMEGFP) mice,

whose EGFP was specifically expressed in the myeloid lineage

(Faust et al., 2000). Flow cytometry confirmed EGFP expression

inRMCs,monocytes, andneutrophils (datanot shown). Thenum-

ber of rolling and adherent LysM-positive cells significantly

increased in LysMEGFP mice with the ob/ob background,

compared with those with the WT background (Figures 3A and

3B; Movies S1 and S2). Consistently, quantification of the imag-

ing data showed that cell tracking velocity was significantly

decreased in LysMEGFP mice with the ob/ob background

compared with those with the WT background (Figure 3C).

To explore whether cell-cell adhesion between LSECs and

RMCs was enhanced in obesity, we examined LSECs isolated

by magnetic beads that were conjugated by anti-CD146 anti-

bodies. Pathway analysis of microarray data revealed upregula-

tion of genes related to cell adhesion, the chemokine signaling

pathway, and leukocyte transendothelial migration in LSECs in

ob/ob mice, compared with WT mice (Figure S3A). qRT-PCR

analysis confirmed that the genes of adhesion molecules

(Icam1, Vcam1, Sele, and Selp) were upregulated in isolated

LSECs of HFD-fed mice, compared with those of SD-fed mice

(Figure 4A). Flow cytometry confirmed the increase of VCAM-1

protein expression in LSECs from HFD-fed mice compared

with that from SD-fed mice. (Figures 4B and S3B). In addition,

the genes of Ccl2 and Il6 significantly increased in the LSECs

of HFD-fed mice (Figure 4A). Although Kupffer cells have been

reported to strongly express Ccl2 gene compared with RMCs

(Morinaga et al., 2015), LSECs accounted for a higher fraction

of Ccl2 gene expression than F4/80-positive cells in both SD-

and HFD-fed mice (Figure 4C). Similar result was obtained in

ob/ob mice (Figures S3C and S3D).

To determine the inducers of adhesion molecules and chemo-

kines, we examined the effects of tumor necrosis factor alpha

(TNF-a), lipopolysaccharide (LPS), and palmitic acid on gene

expression in cultured LSECs from WT mice. The genes of

Selp and Il6 were upregulated by treatment with LPS or palmitic

acid, and those of Icam1, Vcam1, Selp, and Ccl2 were induced

by all factors (Figure 4D).

Obesity Enhances Myeloid Cell Adhesion and
Transmigration across LSECs via VLA-4-Dependent
Manner
We investigated the adherent function of LSECs in HFD-fed mice

using flow-conditioned adhesion assays of mouse monocytes
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Figure 1. Changes in the Expression of Genes Related to Cell Adhesion Molecules in the Liver during the Development of Obesity

(A) Changes in body weight (BW) and levels of blood glucose, serum insulin, liver triglyceride (TG), and serumALT inWTmice fed a SD and a high-fat diet (HFD) for

4, 10, and 16 weeks (n = 4).

(B) Changes in the levels of mRNA related to cell adhesionmolecules and their ligands in the liver ofmice fed anHFD for 4, 10, and 16weeks, comparedwith those

of control SD-fed mice (dotted lines).

(C) Relative mRNA levels of cell adhesion molecules in the liver of type 2 diabetes mellitus (T2DM, n = 10) and healthy individuals (control, n = 7) obtained from

public microarray data.

All values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus SD or control. See also Figure S1.
(WEHI 274.1 cells). Under physiologic flow rates in the hepatic

sinusoids (Shetty et al., 2014), the number of rolling and adhesion

cells to LSECs was markedly increased in HFD-fed mice
2768 Cell Reports 18, 2766–2779, March 14, 2017
compared with SD-fed mice (Figure 4E). When WEHI 274.1

cells were pretreated with blocking antibodies against integrins

(LFA-1, VLA-4, or PSGL-1) (Balasa et al., 2015; Ji et al., 2011;
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Figure 2. Myeloid Cell Accumulation in the Liver during the Development of Obesity

(A and B) Representative plots of flow cytometry for (A) recruited myeloid cells (RMCs) and Kupffer cells (KCs) and (B) neutrophils and monocytes in the liver

from WT mice fed an SD and an HFD for 16 weeks. Quantification of flow cytometry in the liver from WT mice fed an SD and an HFD for 4, 10, and 16 weeks is

shown (n = 4). Data are expressed as the percentage of CD45+ cells in the liver non-parenchymal cells.
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Figure 3. Intravital Imaging of Myeloid Cells

in the Liver of Obese Mice

(A) Representative intravital multiphoton images of

the liver in LysMEGFP mice with WT or ob/ob

background show EGFP-positive cells (green) and

sinusoidal lumen (red). Scale bar, 50 mm.

(B) Quantification of EGFP-positive cells that

rolled along and adhered to the sinusoidal wall

of the liver in LysMEGFP mice with WT (n = 40) or

ob/ob background (n = 122). Values represent

mean ± SEM.

(C) Quantification of mean velocities of EGFP-

positive cells in 8-week-old of LysMEGFP mice with

WT (n = 76) or ob/ob (n = 253) background. The

values (data points) and medians (bars) for indi-

vidual cells compiled from three independent

experiments are shown.

**p < 0.01, ***p < 0.001 versus LysMEGFP mice with

WT background. See also Movies S1 and S2.
Wanget al., 2012),monocyte adhesion to LSECsofHFD-fedmice

was inhibited by anti-VLA-4 blocking antibody (Figure 4F). On

transendothelial migration assays under static condition, VLA-4

blockade of WEHI 274.1 cells reduced cell transmigration across

LSECs of HFD-fed mice (Figure 4G). We obtained similar data

using LSECs of ob/ob mice (Figures S3E and S3F). Expression

profiles of integrin genes in the sorted RMCs and Kupffer cells

revealed that the gene of VLA-4 was dominantly expressed in

RMCs compared with Kupffer cells (Figure 4H). Moreover, flow
(C) Representative images and quantification of immunohistochemistry for CCR-2-positive and Gr-1-positive

an HFD for 16 weeks (4003; scale bar, 50 mm; n = 4). Arrows indicate immunopositive cells.

(D) Representative images and quantification of toluidine blue staining for mononuclear cells (arrows) in the l

16 weeks (scale bar, 60 mm; n = 5–6).

(E) Representative images of scanning and transmission electron microscopy of liver sections from HFD-fe

activated monocyte adhered to the sinusoidal wall, a transmigrating monocyte, and a transmigrated macrop

monocyte (arrow) and a layer of LSECs (arrowheads) are also shown.

All values represent mean ± SEM. *p < 0.05, ***p < 0.001 versus SD. H, hepatocyte; L, lipid droplet; M, mon

2770 Cell Reports 18, 2766–2779, March 14, 2017
cytometry confirmed that the protein of

VLA-4 is abundantly expressed in RMCs

compared with Kupffer cells (Figure S3G).

Intravital imaging for LysMEGFP mice

with the ob/ob background showed that

VLA-4 blockade inhibited transition of

myeloid cells from the rolling to the adhe-

sion state (Figures 5A and 5B). Conse-

quently, VLA-4 blockade increased the

mean velocity of hepatic myeloid cells in

LysMEGFP mice with ob/ob background

(Figure 5C).

VLA-4 Blockade Attenuates
Glucose Intolerance in Obesity
Associated with Reduced RMC
Accumulation
To examine the in vivo effects of VLA-4 on

RMC accumulation and the metabolic

changes, we administered intraperitoneal

anti-VLA-4 blocking antibody or control
immunoglobulin G (IgG) to SD- and HFD-fed mice for 6 weeks.

For testing the specificity of anti-VLA-4 blocking antibody

(clone: PS/2), liver non-parenchymal cells were pretreated with

PS/2 antibody or isotype control IgG. Pretreatment of RMCs

with PS/2 antibody blocked subsequent staining with anti-

VLA-4 antibody (clone: R1-2), but not with anti-LFA-1 antibody

(Figure S4A). In the SD-fed mice, VLA-4 blockade did not affect

body weight, glucose tolerance, insulin sensitivity, and hepatic

gene expression related to inflammation (Figures S4B–S4D). In
cells in the liver frommice that were fed an SD and

iver from mice that were fed an SD and an HFD for

d mice. From left to right, the sinusoidal wall, an

hage among hepatocytes are shown. A protruding

ocyte or macrophage. See also Figure S2.
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contrast, VLA-4 blockade significantly improved glucose intoler-

ance and insulin sensitivity without affecting body weight (Fig-

ures 6A–6C). VLA-4 blockade also attenuated HFD-induced

fasting hyperglycemia and hyperinsulinemia (Figures 6D and

6E). In the liver of HFD-fed mice, VLA-4 blockade attenuated

the expression of inflammatory genes, including the gene of

the RMC marker Ccr2 (Figure 6F). Histologic analysis revealed

that VLA-4 blockade reduced hepatic accumulation of CCR-2-

and Gr-1-positive cells in HFD-fed mice (Figure 6G). There was

a positive correlation between the number of CCR-2-positive

cells and gene expression levels of Tnf in the liver (data not

shown). Flow cytometry also demonstrated decreased accumu-

lation of RMCs, monocytes, and neutrophils by VLA-4 blockade

(Figures 6H and S4E). VLA-4 blockade did not affect serum lipid

profile, liver TG content, or the expression of inflammatory genes

in white adipose tissues of SD- and HFD-fed mice (data not

shown).

Cell-Cell Contact between Intrahepatic Leukocytes
and Hepatocytes Promotes Gluconeogenesis via a
Notch-Dependent Pathway
We finally focused on themolecular mechanisms bywhich RMCs

affect glucosemetabolism in parenchymal hepatocytes. Pathway

analysis of microarray data revealed that Notch signaling-related

genes were upregulated in hepatocytes obtained from HFD-fed

mice that were treated with control IgG, compared with both

SD-fed and HFD-fed mice treated with anti-VLA-4 blocking anti-

body (Figure S5A). The Notch pathway, which involves ligands

(Delta-like ligand [Dll] 1, Dll3, Dll4, Jagged1, and Jagged2) and

receptors (Notch1–4), plays a critical role in the development of

a variety of diseases (Bray, 2016). Cell-cell contract via Notch re-

ceptor-ligand interactions triggers the downstream responses,

including the Notch transcriptional targets, such as the Hes-

related (Hes1) and hairy enhancer of split (Hey1), and their family

of genes. Comparedwith SD-fedmice, HFD-fedmicewere found

to have upregulated expression of Notch1 and production of the

Notch receptor end product (Notch intracellular domain [NICD])

in hepatocytes, in which obesity contributes through p53 activa-

tion (Figures S5B and S5C) (Lefort et al., 2007). VLA-4 blockade

decreased HFD-induced protein expression of NICD in isolated

hepatocytes, as well as a gene of Notch1 (Figures 7A and 7B).

In hepatocytes, genetic or pharmacologic blockade of hepatic
Figure 4. VLA-4-Mediated Adhesion and Transmigration of Myeloid Ce

(A) Changes in the levels of mRNA of cell adhesion molecules, MCP-1 (Ccl2), and

an HFD for 4, 10, and 16 weeks (n = 4).

(B) A representative plot and quantification of flow cytometry for VCAM-1 protein

(C) Relative Ccl2 mRNA levels in F4/80-positive cells and LSECs from the liver o

(D) mRNA levels of cytokines and adhesion molecules in cultured LSECs from W

palmitic acid (250 mM) for 16 hr (n = 4).

(E) Representative images and quantification of parallel plate flow adhesion assay

fromWTmice that were fed an SD and an HFD for 16 weeks. Quantification of roll

perfusion, respectively (n = 3).

(F) The cumulative number of WEHI 274.1 cells adherent to LSECs of HFD-fed m

LFA-1, VLA-4, PSGL-1, or control (Ctrl) IgG (n = 3).

(G) Quantification of WEHI 274.1 cells that transmigrated across LSECs of HF

PSGL-1, or control (Ctrl) IgG (n = 3).

(H) mRNA levels in isolated Kupffer cells (KCs) and RMCs from the liver of SD-fe

Values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus SD or c

2772 Cell Reports 18, 2766–2779, March 14, 2017
Notch signaling resulted in parallel inhibition of hepatic glucose

production and glucose intolerance and was associated with

downregulation of a gluconeogenic gene of glucose-6-phospha-

tase (G6pc) (Pajvani et al., 2011). Consistently, VLA-4 blockade

significantly downregulated the Notch target genes (Hes1

and Hey1) and G6pc in the liver or in isolated hepatocytes of

HFD-fed mice (Figures 7B and 7C).

We hypothesized that RMCs trigger Notch signaling in hepato-

cytes via direct cell-cell contact. To evaluate the functional

role of direct cell-cell contact between RMCs and hepatocytes

in obesity-associated hepatic glucose intolerance, we carried

out co-culture studies with direct cell-cell contact (direct co-

culture) and transwell systems (transwell co-culture) (Fig-

ure S5D). Compared with transwell co-culture, direct co-culture

of hepatic leukocytes (CD45-positive cells) with primary hepato-

cytes resulted to stronger induction of Hey1, Hes1, and G6pc

expression (Figure 7D). Glucose concentration in conditioned

media was higher in direct co-culture than in transwell co-culture

(Figure 7E). Furthermore, insulin-induced suppression of cyclic

AMP (cAMP)/dexamethasone (DEX)-inducedG6pc upregulation

was blunted in direct co-culture compared with transwell co-

culture (Figure 7F). Luciferase reporter assays in Hepa 1–6

cells transfected with luciferase plasmids, which contained

response elements of Notch nuclear effector CSL, revealed

that direct co-culture of macrophages (RAW 264.7) increased

CSL-luciferase activity in Hepa 1–6 cells; the extent of induction

was dependent on the number of co-cultured macrophages

(Figures 7G and 7H). Direct co-culture-induced CSL-luciferase

activity was partially suppressed by pretreatment with two g-

secretase inhibitors (GSIs): Compound E and N-[N-(3,5-Difluor-

ophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT).

However, JLK6, which is another GSI that inhibits only amyloid

precursor protein cleavage without affecting Notch receptor

cleavage (Petit et al., 2001), did not inhibit direct co-culture-

induced CSL-luciferase activity (Figures 7H and S5E). Direct

co-culture-induced expression of Hey1, Hes1, and G6pc was

attenuated by pretreatment with Compound E (Figure 7I).

DISCUSSION

The liver is composed of parenchymal hepatocytes and stromal

cells; hepatocytes represent 60%–70% of all liver cells, whereas
lls to LSECs

interleukin-6 (IL-6; Il6) in cultured LSECs fromWTmice that were fed an SD and

expression in LSECs fromWT mice fed an SD and an HFD for 16 weeks (n = 3).

f mice that were fed an SD and an HFD (n = 4).

T mice after stimulation with TNF-a (1 or 10 ng/mL), LPS (1 or 10 ng/mL), or

s for rolling and adherent WEHI 274.1 cells (open red circles) on cultured LSECs

ing and adherence of WEHI 274.1 cells on LSECs at 5 min and at 2 and 5 min of

ice during 5 min of perfusion after pretreatment with blocking antibody against

D-fed mice after pretreatment with blocking antibody against LFA-1, VLA-4,

d WT mice (n = 3).

ontrol. See also Figure S3 and Movie S3.
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Figure 5. Intravital Imaging of VLA-4-Medi-

ated Adhesion of Myeloid Cells to Liver

Sinusoidal Wall in Obese Mice

(A) Representative sequential images of intravital

multiphoton images of the liver in LysMEGFP mice

with ob/ob background. A rolling (Nos. 1–3) and

adherent (Nos. 4–6) EGFP-positive cell (green) to

the sinusoidal lumen (red) is shown. Scale bar,

20 mm.

(B) Quantification of EGFP-positive cells tran-

sitioning from the rolling to the adherent state in

the liver of LysMEGFPmice with ob/ob background,

whichwas pretreated with control (Ctrl) IgG or anti-

VLA-4 blocking antibody (n = 3). Values represent

mean ± SEM. **p < 0.01 versus Ctrl IgG.

(C) Quantification of mean velocities of EGFP-

positive cells in LysMEGFP mice with ob/ob

background, which were pretreated with Ctrl IgG

(n = 476) or anti-VLA-4 blocking antibody (n = 553).

The values (data points) and medians (bars) for

individual cells compiled from three independent

experiments are shown.

***p < 0.001 versus LysMEGFP mice with ob/ob

background pretreated with Ctrl IgG. See also

Movie S4.
stromal cells include LSECs, RMCs, Kupffer cells, and hepatic

stellate cells. It has been reported that cell-cell interactions be-

tween parenchymal and stromal cells play crucial roles in a vari-

ety of physiologic and pathologic responses in the liver, such as

regeneration (Forbes and Rosenthal, 2014; Rafii et al., 2016),

viral hepatitis (Guidotti and Chisari, 2006), fibrosis (Rockey

et al., 2015), and hepatocellular carcinoma (Drucker et al.,

2006). In the present study, we demonstrated cell-cell adhesion

and contact between parenchymal and stromal cells during the

development of obesity-associated hepatic inflammation and

glucose intolerance. In addition to parenchymal hepatocyte

dysfunction by cell autonomous mechanisms, insight into the

cellular and molecular mechanisms underlying hepatic glucose

metabolism in stromal cells is provided by our study, suggesting

intrahepatic cell-cell adhesion and contact as potential thera-

peutic targets for obesity-associated glucose intolerance.

In this study, intravital imaging enabled observation of the

dynamics of myeloid cells in the liver of obese mice: obesity
Cell Rep
markedly increased the number of rolling

and adherent myeloid cells on the sinu-

soidal wall, and VLA-4 blockade signifi-

cantly reduced the transition from rolling

to adherence. All these observations

were confirmed by ex vivo experiments

under flow conditions. Previous papers

have shown that cell-cell adhesion be-

tween leukocytes and LSECs was upre-

gulated in various liver diseases and

stimuli, including nonalcoholic fatty liver

disease (Miyao et al., 2015), viral hepatitis

(Volpes et al., 1990), endotoxemia

(McDonald et al., 2008), and mechanical

injury (McDonald et al., 2010). Although
adhesive determinants between leukocytes and LSECs varied

among pathologic situations, increased cell adhesion has

consistently been reported to promote infiltration of myeloid

cells. Moreover, VLA-4 and its counter-receptor VCAM-1 in the

liver have been shown to be responsible for leukocyte infiltration

during ischemia-reperfusion injury (Jaeschke, 2006). Consistent

with our study, a previous paper has shown that mice globally

bearing a mutation of VLA-4 (Y991A), which blocks VLA-4-medi-

ated leukocyte migration (Liu et al., 1999), protected HFD-fed

mice from hyperglycemia and insulin resistance (Féral et al.,

2008). Furthermore, this protection was observed in WT mice

after bone marrow transplantation from the mutant mice. There-

fore, although that paper did not show detailed liver phenotypes,

the improved glucose metabolism may have been partly medi-

ated by reduced intrahepatic cell-cell adhesion via VLA-4.

LSECs are directly exposed to cytokines and fatty acids that

are released by portally drained intra-abdominal adipose tis-

sues. In the present study, TNF-a, LPS, and palmitate, which
orts 18, 2766–2779, March 14, 2017 2773
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Figure 6. Glucose Metabolism and Myeloid Cell Accumulation in the Liver after Treatment with Anti-VLA-4 Blocking Antibody

(A) Changes in body weight in 6-week-old WTmice during HFD feeding for 16 weeks. After 10 weeks of HFD, anti-VLA-4 blocking antibody (VLA-4 Ab) or isotype

control (Ctrl) IgG was intraperitoneally injected (n = 6–8).

(legend continued on next page)
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were reported to have increased intraportal concentration in

obesity (Item and Konrad, 2012), induced genes of adhesion

molecules and chemokines, such asVcam1 andCcl2, in cultured

LSECs from WT mice. Therefore, these intraportal soluble fac-

tors could be inducers of these genes in the LSECs of obese

mice. Because a previous paper showed that hepatocyte-

derived factors could promote leukocyte adhesion and transmi-

gration through upregulation of adhesion molecules in LSECs

(Edwards et al., 2005), some hepatocyte-derived factors

affected by obesity could also induce these genes in LSECs. In

addition, we have shown that a sodium-glucose co-transporter

2 (SGLT2) inhibitor, ipragliflozin, attenuated HFD-induced upre-

gulation of these genes in the liver. Our previous paper has

shown that 4-week treatment of an SGLT2 inhibitor prevents hy-

perglycemia, hyperinsulinemia, and hepatic steatosis in HFD-fed

mice (Komiya et al., 2016). Therefore, it also suggests that these

factors inhibited by the SGLT2 inhibitor can contribute to the in-

duction of these genes. The detailed mechanism of how these

factors regulate the genes of cytokines and adhesion molecules

in LSECs awaits further studies.

The present study demonstrated that VLA-4 blockade in

obese mice improved glucose intolerance, with reduced RMC

accumulation and inflammatory gene expression in the liver.

Similar to adipose tissue, hepatocytes are predisposed to

inflammation by obesity; this fact was reflected by increased

production of tissue inflammatory cytokines (Glass and Olefsky,

2012; Osborn and Olefsky, 2012). At the cellular level, there is

considerable evidence that RMCs have a significant role in

obesity-associated hepatic inflammation and glucose intoler-

ance. For instance, deletion of IkB kinase b in myeloid cells

was shown to inhibit macrophage-mediated inflammation and

to improve hepatic insulin sensitivity with reduction of hepatic

inflammation (Arkan et al., 2005; Cai et al., 2005). Overexpres-

sion of MCP-1 in the liver increased RMC accumulation to

promote systemic insulin resistance and hepatic inflammation

(Obstfeld et al., 2010). Obesity also promotes neutrophil accu-

mulation in the liver, and neutrophil-derived elastase induces

glucose intolerance through degradation of hepatic insulin re-

ceptor substrate 1 (Talukdar et al., 2012). Therefore, attenuation

of RMC-derived inflammatory cytokines, and possibly other

bioactive molecules, by reduced RMC accumulation may be

one of the major mechanisms by which VLA-4 blockade

improved glucose intolerance in obese mice.

As anothermechanism bywhich RMCs promote glucose intol-

erance, cell-cell contact between intrahepatic leukocytes and

hepatocytes was shown in this study to promote gluconeogen-

esis through a Notch-dependent pathway. In HFD-fed mice,

VLA-4 blockade reduced hepatocyte Notch activity, as assessed
(B and C) Intraperitoneal (B) glucose tolerance test (GTT) and (C) insulin tolerance t

IgG for 4 weeks.

(D and E) Fasting (D) blood glucose and (E) serum insulin levels in HFD-fed mice

(F) mRNA levels in the liver from HFD-fed mice after treatment with VLA-4 Ab an

(G) Representative images and quantification of immunohistochemistry for CCR-2

for 6 weeks (4003; Scale bar, 50 mm). Arrows indicate immunopositive cells.

(H) Representative plots and quantification of flow cytometry for RMCs, Kupffer c

VLA-4 Ab or Ctrl IgG for 6 weeks. Data are expressed as a percentage of CD45+

All values represent mean ± SEM. *p < 0.05, **p < 0.01 versus Ctrl IgG or indicat
by NICD expression, and decreased RMC accumulation. Activa-

tion of Notch signaling is unidirectional; a signal-sending cell,

which represents the Notch ligand, comes into contact with

the signal-receiving cell, which expresses the Notch receptor

(Bray, 2016). Although inhibition of hepatic Notch signaling has

been demonstrated to protect mice from obesity-induced

glucose intolerance by suppressingG6pc expression and hepat-

ic glucose output (Pajvani et al., 2011), the signal-sending cells

have not been identified in that state. Given our histologic obser-

vation that RMCs were localized not only in the sinusoidal lumen

adherent to the LSECs but also among hepatocytes after trans-

endothelial migration, the RMCs that infiltrate hepatocytes could

be the signal-sending cells that trigger Notch signaling in the

neighboring hepatocytes. The significance and detailed mecha-

nisms of RMC-mediated activation of hepatic Notch signaling

require further in vivo studies.

Resident Kupffer cells were reported to play a significant role

in obesity-associated hepatic inflammation and glucose intoler-

ance; an HFD in mice induced inflammatory activation of Kupffer

cells (Lanthier et al., 2010), and chemical deletion of Kupffer cells

was demonstrated to improve obesity-induced hyperglycemia

associated with reduced hepatic inflammation (Huang et al.,

2010). However, in the present study, VLA-4 blockade did not

change the absolute number and level of expression of inflam-

matory genes of Kupffer cells. Based on this observation,

Kupffer cells were less likely to contribute to the improvement

of glucose intolerance than the reduced RMC accumulation by

VLA-4 blockade. In addition, we have shown that, compared

with F4/80-positive cells in liver, LSECs accounted for a higher

fraction of Ccl2 gene expression in both SD- and HFD-fed

mice. Therefore, LSECs could be significant sources of MCP-1

expression in the liver for recruitment of myeloid cells. Vascular

endothelial cell-derived MCP-1 has been demonstrated to play

a crucial role in initiating atherosclerosis by recruiting macro-

phages and monocytes to the vessel wall (Gu et al., 1998).

MCP-1 has been also shown to enhance VLA-4-dependent

adhesion and chemotaxis in a human monocytic cell line (Ashida

et al., 2001). Altogether, LSEC-derived MCP-1 might have a

significant role in RMC recruitment and accumulation to induce

hepatic inflammation.

The reasons RMCs infiltrate into liver remain unclear. In liver,

obesity increases hepatocyte apoptosis in mice (Abdelmegeed

et al., 2011; Hillian et al., 2013; Meakin et al., 2014; Park et al.,

2014). In the present study, RMCs, especially infiltrated neutro-

phils (Gr-1+), appeared to show focal aggregation in the liver of

HFD-fed mice. From these observations, we speculate that a

possible role of the RMCs is to remove dying or dead hepato-

cytes in obese subjects. We also consider that hepatic insulin
est (ITT) on HFD-fedmice after treatment with VLA-4 Ab for 5 weeks or with Ctrl

after treatment with VLA-4 Ab and Ctrl IgG for 6 weeks.

d Ctrl IgG for 6 weeks.

andGr-1 in the liver of HFD-fedmice after treatment with VLA-4 Ab andCtrl IgG

ells (KCs), neutrophils, and monocytes in the liver of HFD-fed mice treated with

cells in the non-parenchymal cells of the liver.

ed groups. See also Figure S4.
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Figure 7. Stimulation of Glucose Production by Cell-Cell Contact via a Notch-Dependent Pathway

(A) Representative immunoblot images and quantification of protein expression of Notch intracellular domain (NICD) in hepatocytes isolated from HFD-fed mice

treated with anti-VLA-4 blocking antibody (VLA-4 Ab) and control (Ctrl) IgG for 6 weeks (n = 6–8).

(B and C) a-tubulin was used as an internal control. mRNA levels in the (B) isolated hepatocytes and (C) liver of HFD-fed mice after treatment with VLA-4 Ab and

Ctrl IgG for 6 weeks (n = 6–8).

(D and E) Comparison of mRNA levels of Notch target genes and G6pc (D) and glucose production in direct or transwell co-culture systems (E) between primary

hepatocytes and intrahepatic leukocytes (n = 4).

(F) mRNA levels of G6pc in primary hepatocytes co-cultured with intrahepatic leukocytes, followed by incubation with cAMP/DEX, with or without 10 nM insulin,

for 4 hours (n = 4).

(G and H) CSL-luciferase activity in Hepa 1–6 cells co-cultured with (G) different numbers of RAW 264.7 cells (1/100, 1/10, and 1/1 cells to Hepa 1–6 cells) and (H)

RAW 264.7 cells pretreated with or without Notch inhibitor Compound E (inhibitor, 10 mM) (n = 4).

(I) mRNA levels in a mixture of primary hepatocytes and RAW 264.7 cells that were pretreated with or without Notch inhibitor Compound E (inhibitor, 1 mM) (n = 4).

All values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus control or indicated groups. See also Figure S5.
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resistance and glucose intolerance are a result of RMCs accu-

mulation, via RMC-derived bioactive molecules and cell-cell

contact to hepatocytes. Other pathophysiologic significances

and roles of RMCs await further study.

Notch signaling creates a positive feedback loop, named

lateral induction, wherein Notch activation in one cell induces

the expression of the Notch-activating ligand in the same cell

(Bray, 2016). As a result, a cluster of cells could cooperatively

activate Notch and express the signaling ligand uniformly. Along

with our observation that genes of Notch receptors and ligands

were upregulated in hepatocytes of HFD-fed mice, it is conceiv-

able that a relatively small number of RMCs could activate Notch

signaling in a large number of hepatocytes. The detailed process

of intercellular propagation of Notch signaling in the liver requires

further investigation.

In conclusion, our study revealed mechanisms of hepatic

glucose metabolism regulated by physical cell-cell interaction

of RMCs with LSECs or hepatocytes. Based on these insights

into the pathogenesis of obesity-associated hepatic inflamma-

tion and abnormal glucose metabolism, intrahepatic physical

cell-cell interaction might be a potential therapeutic target

against obesity-induced glucose intolerance.

EXPERIMENTAL PROCEDURES

Additional details of the experimental procedures are included in the Supple-

mental Information section.

Animal Experiments

All animal experiments were approved by the Tokyo Medical and Dental Uni-

versity Committee on Animal Research (No. 0170111A). Male WT C57BL/6J

mice were obtained from CLEA Japan. C57BL/6J-ob/ob (ob/ob) mice were

purchased from Japan SLC. All animals were fed a SD or a HFD (60% of cal-

ories from fat; D12492, Research Diets). Mice were maintained on a 12-hr light

and 12-hr dark cycle with free access to food and water. For treatment with

anti-VLA-4 blocking antibody, rat anti-mouse VLA-4 monoclonal antibody

(120 mg per injection; clone: PS/2, Bio X Cell) or control rat IgG2bk (120 mg

per injection) was intraperitoneally injected to WT mice twice a week for

6 weeks. Oral administration of ipragliflozin to ob/ob or HFD-fed WT mice

was performed, as previously reported (Komiya et al., 2016).

Metabolic Analysis

Blood glucose and plasma insulin concentrations were measured with a gluc-

ometer (Glutest Pro R, Sanwa Kagaku) and ELISA (Morinaga), respectively.

Liver triglyceride (TG) content was determined, as previously described

(Komiya et al., 2016). TG, total cholesterol (TC), free fatty acid (FFA), and

ALT were measured at Ikagaku. For glucose tolerance tests, mice were fasted

for 16 hr with free access to water, followed by intraperitoneal glucose injection

(2 g/kg). For insulin tolerance tests, 2-hr fasted mice were intraperitoneally

injectedwith human insulin (1.0 U/kg).Wemeasured blood glucose concentra-

tions at 0, 15, 30, 60, and 120 min after injection.

Multiphoton Intravital Liver Tissue Imaging

Intravital liver tissue imaging was originally established. Briefly, 15- to 20-

week-old, LysMEGFP (Faust et al., 2000) mice were anesthetized with isoflurane

(Escain; 2.0% vaporized in 100% oxygen). After making an incision of the skin

and peritoneum just under the xiphoid process, the median lobe of the liver

was exposed. The liver was gently put on a cover glass attached to a

custom-made holder and immobilized by gluing three spots to prevent drifting

of visual field. Then the internal surface was observed by inverted two-photon

excitation microscopy. The imaging system was composed of a two-photon

microscope (A1-MP, Nikon) driven by a laser (Chameleon Vision II Ti:Sapphire,

Coherent) tuned to 880 nm and an inverted microscope equipped with a water
multi-immersion objective lens (Plan Fluor, 0.75 numerical aperture [NA],

Nikon). Nuclei and vessels were visualized by intravenous injection of Hoechst

33342 (Thermo Fisher Scientific) and Qtracker 655 (Thermo Fisher Scientific)

immediately before imaging. Fluorescent signals were detected through band-

pass emission filters at 492/SP nm (for Hoechst 33342), 525/50 nm (for EGFP),

and 660/52 nm (for Qtracker 655). For examining the effect of anti-VLA-4

blocking antibody, rat anti-mouse VLA-4 monoclonal antibody (200 mg per

injection) or control rat IgG2bk (200 mg per injection) was intravenously admin-

istered 4 hr before imaging. Raw imaging data were processed with NIS-Ele-

ments (Nikon). Data were analyzed by NIH ImageJ software. EGFP-positive

cells were tracked with TrackMate in Fiji (ImageJ) and were considered

adherent to the sinusoidal wall when they remained stationary for at least eight

frames (about 1 s). Mean velocity of the tracked cells was calculated using

TrackMate.

Electron Microscopy

Mouse livers were perfused via the portal vein with normal saline, followed by

2.5% glutaraldehyde ([pH 7.4], in 0.1 M phosphate buffer) for 5 min. The pro-

tocol of transmission electron microscopy was previously described (Inoue

et al., 2012; Scheibye-Knudsen et al., 2014). Liver tissues were post-fixed in

2% osmium tetroxide for 1 hr at 4�C, dehydrated, and embedded in epoxy

resin (Epon 812). Semi-thin sections were stained with 1% toluidine blue to

trim selected areas and to assess the number and localization of mononuclear

cells. Ultra-thin (60–90 nm) sections were stained with uranyl acetate, followed

by lead citrate, and were examined on an 80-kV JEM 1200EX electron micro-

scope (JEOL). For scanning electron microscopy (JSM 5600LV, JEOL),

perfused liver tissues were crushed under liquid nitrogen, osmicated, dehy-

drated, mounted, and coated with gold.

Parallel Plate Flow Chamber Adhesion Assay

The parallel plate flow chamber was used as described previously (Edwards

et al., 2005). LSECs were placed onto 22-mm collagen-coated glass cover-

slips and incubated overnight at 37�C. Cells were positioned in a flow cham-

ber mounted on a Nikon inverted microscope. WEHI 274.1 cells (13 107/mL)

were incubated with monoclonal antibody for 15 min at 4�C, diluted 10-fold in

the perfusion medium (PBS with Ca2+ and Mg2+ containing 0.2% BSA), and

passed through the chamber with a syringe pump (PHD2000, Harvard

Apparatus) for 5 min at a shear stress of 0.5 dyne/cm2 (Clark et al., 2007).

The monoclonal antibodies used were anti-LFA-1 (10 mg/mL, clone: M17/4,

BioLegend), anti-VLA-4 (10 mg/mL, clone: PS/2, Bio X Cell), anti-PSGL-1

(10 mg/mL, clone: 4RA10, Bio X Cell), and control IgG (10 mg/mL). Ten

randomly selected fields (2003) were recorded for 30 s. Rolling cells were

identified as those with a rolling motion and a slower velocity than the flow

stream (Shetty et al., 2014). Adherent cells were defined as those that firmly

adhered to the endothelial layer for at least 5 s until the end of a 30-s time

frame. The total number of rolling and adherent cells was counted in each

field and was compared between control chambers and those treated with

blocking antibodies.

Statistical Analysis

All data were analyzed using GraphPad Prism 6 and were presented as

mean ± SEM. A p value < 0.05 was considered statistically significant. Un-

paired t test or Mann-Whitney U test was used to compare two groups.

One-way or two-way ANOVA, followed by a post-hoc test, was used for com-

parison of more than two groups.
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