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Background/Aims: Matrix metalloproteinase-1 (MMP-1) is a key enzyme in collagen

metabolism and tissue remodeling. We previously reported that MMP-1 expression in

monocytes and other types of cells in the liver is associated with disease progression in

patients with nonalcoholic steatohepatitis (NASH). To further implicate MMP-1 up-regula-

tion in NASH pathogenesis, we examined dynamic and sequential MMP-1 expression in

peripheral blood monocytes and cells in steatotic liver, and attempted to elucidate the

mechanism of MMP-1 induction.

Methods: Twenty-nine NASH patients and 26 non-NASH subjects were recruited in the

study. Their peripheral blood mononuclear cells were isolated and analyzed by fluorescence-

activated cell sorting, and liver specimens were subjected to confocal laser-scanning and

immunoelectron microscopic examinations. Peripheral blood monocytic lineage cells were

co-cultured with steatotic hepatocytes obtained from biopsy specimens to examine MMP-1

induction.

Results: Infiltrating monocytes were the earliest to acquire an MMP-1-expressing phenotype

among all investigated cell types in early-stage NASH liver. On the other hand, circulating

monocytes did not express significant levels of MMP-1 mRNA or protein before infiltrating

steatotic liver. Co-culture with steatotic hepatocytes induced MMP-1 expression in otherwise

MMP-1-negative peripheral blood monocytic lineage cells. As disease progressed, MMP-1

was sequentially expressed by other types of cells in NASH liver. Notably, clusters of OV-6-

or CK19-positive hepatic progenitor cells with a morphological feature of ductular reaction

showed strong MMP-1 staining in advanced-stage NASH.

Conclusion: MMP-1 up-regulation in infiltrating monocytic lineage cells represents an

initial event in early-stage NASH and, together with the subsequent expression in other

types of cells, modulates pathophysiological aspects of NASH.

Keywords: matrix metalloproteinase-1, nonalcoholic steatohepatitis, monocytic progenitor

cells, hepatic progenitor cells, liver fibrosis

Introduction
Global trends of overeating and reduced physical activity have increased the prevalence

of nonalcoholic fatty liver disease (NAFLD), which affects one-quarter of the global

adult population.1 NAFLD may progress to nonalcoholic steatohepatitis (NASH), in

which 10% of cases lead to liver cirrhosis and/or hepatocellular carcinoma.1,2 Although

several new therapeutic options have been developed, their effects are not promising.1
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Matrix metalloproteinases (MMPs) represent a family

of specific enzymes that regulate extracellular matrix turn-

over in various tissues.3,4 We have been studying the roles

of MMPs using rodent models of hepatic fibrosis.5–9 In

subsequent studies, using human liver samples, we showed

that MMP-1 expression levels were increased in both early

and advanced stages of NASH, and suggested that MMP-1

up-regulation reflects disease progression.10,11 More

recently, we further revealed that serum MMP-1 levels

were indicative of disease progression in patients with

histologically confirmed NASH.12 From these findings,

we hypothesized that MMP-1 expression may accelerate

NASH progression to advanced fibrosis. However, the

mechanisms underlying MMP-1 up-regulation in human

NASH pathogenesis are completely unknown.

In the present study, we reconfirmed sequential MMP-1

up-regulation in different types of cells present in human

NASH liver by confocal laser-scanning microscopy and

immunoelectron microscopy using antibodies specific for

monocytes, Kupffer cells, hepatic stellate cells, hepato-

cytes, hepatic progenitor cells, and sinusoidal endothelial

cells. Altered cell phenotypes resulting from MMP-1 up-

regulation in these cells were also examined by confocal

laser-scanning microscopy. Among a variety types of cells

examined, we focused mostly on monocytic lineage cells

as a principal and initial producer of MMP-1 in early-stage

NASH. Using flow cytometric analysis, we sought to

determine when and how circulating monocytes express

MMP-1 and modulate the progression of NASH. Our

results indicated that peripheral blood monocytes started

to express MMP-1 after their infiltration into the diseased

liver. Moreover, co-culture experiments suggested that

certain stimuli from steatotic hepatocytes may trigger

MMP-1 expression in such monocytic lineage cells.

Patients and Methods
Patient Enrolment Criteria
The study was performed in the Department of Internal

Medicine at the International University of Health and

Welfare (IUHW) Hospital from April 26, 2017 to June 30,

2019. The study protocols were approved by the IUHW

Ethics Committee (13-B-136, February 22, 2016; 13-B-

205, November 24, 2016; 13-B-229, April 27, 2017).

Collection of blood samples and other clinical examinations

were approved by the IUHW Institutional Review Board

Full Committee, and written informed consent was obtained

from all participants. Twenty-nine histologically proven

patients with NASH (23 men and 6 women; mean age

48.0 ± 10.2 years) and 26 control subjects without NASH

(18 men and 8 women; mean age 56.6 ± 11.6 years) were

enrolled in this study (Supporting Tables S1 and S2). The

exclusion criteria for NASH patients were applied accord-

ing to the guidelines for the diagnosis and management of

NAFLD by the American Association for the Study of Liver

Diseases.13,14

Clinical Characteristics of the Study

Cohort
Clinical and laboratory data of NASH and non-NASH sub-

jects are shown in Supporting Tables S1 and S2, respectively.

Twenty-nine patients with NASH were admitted to the

Department of Surgery in IUHW Hospital, in agreement

with the NASH Education Program; they underwent com-

puted tomography or magnetic resonance imaging of the

liver, liver needle biopsy, and a standard oral glucose tolerance

test to evaluate and diagnose potential complications with type

2 diabetes mellitus according to the 2003 American Diabetes

Association diagnostic criteria.15 Control non-NASH subjects

were selected from outpatients who visited the Division of

Gastroenterology and Hepatology, Department of Internal

Medicine in IUHWHospital. They were diagnosed as chronic

gastritis, gastroesophageal regurgitation, gallbladder polyps,

hepatic hemangioma, colon polyps, and other diseases

shown in Supporting Table S2. All non-NASH subjects exhib-

ited normal liver function values when tested (Supporting

Table S2). Diagnosis of metabolic syndrome was made

according to the following criteria of eight Japanese Medical

Associations16 for Japanese subjects that is based on the Third

National Cholesterol Education Program:17 waist circumfer-

ence (WC) ≥85 cm formales and 90 cm for females, satisfying

any three or more of the following criteria: triglyceride (TG)

≥ 150mg/dL, high-density lipoprotein (HDL) cholesterol < 40

mg/dL, fasting glucose ≥ 116 mg/dL or HbA1c ≥ 6.5%, and

blood pressure (BP) ≥ 130/85 mmHg (or taking antihyperten-

sive drug treatment).

Histopathological Diagnosis of Liver

Biopsy Specimens
According to the American Association for the Study of

Liver Diseases guidelines,13 S.O. (a pathologist) and H.Y.

(an internist and pathologist) rechecked all biopsy specimens

from 29 NASH patients. The histological features defined by

the NASH Clinical Research Network and fibrosis staging14

were also used for histopathological evaluation.
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Immunohistochemistry and Confocal

Laser-Scanning Microscopy
Immunohistochemical staining and confocal laser-scanning

microscopy were performed as described previously,10,11

using specific antibodies recognizing different cell markers

such as glial fibrillary acidic protein (GFAP) and α-smooth

muscle actin (α-SMA) for quiescent and activated hepatic

stellate cells, respectively,18,19 CD11b for monocytes, F4/80

for Kupffer cells, hepatocyte nuclear factor 4α (HNF4α) for
hepatocytes, OV-6 and cytokeratin (CK) 19 for hepatic pro-

genitor cells, and CD31 for sinusoidal endothelial cells, as

described previously.20 Detailed information regarding the

primary and secondary antibodies used is shown in

Supporting Table S3.

Immunoelectron Microscopy
Immunoelectron microscopywas performed to determine the

ultrastructural localization of MMP-1 as described

previously.10 Liver biopsy specimens were immediately

immersed in phosphate-buffered saline (PBS; pH 7.4) at

37°C, and perfusion-fixed with periodate-lysine-paraformal-

dehyde (PLP). Then, PLP was further injected from multiple

sides using a 26-G syringe until discoloration and hardening

of tissues were achieved. After incubation with PLP over-

night at 4°C, semi-thin 5-mm sections were prepared.

Sections were then incubated with anti-MMP-1 antibody

(1:50) in 0.01% PBS containing 1% bovine serum albumin

overnight at 4°C in a moisture chamber, washed three times

in PBS, incubated with 1.4-nm colloidal gold-conjugated

anti-mouse IgG antibody (1:40; Nanoprobes Inc., Yaphank,

NY, USA) for 40 min. After washing three times in 10 mM

citrate buffer (pH 6.0), they were physically developed using

a silver enhancement kit (Nanoprobes Inc.) for 5 min as

previously described.10 After being fixed in 2.5% glutaralde-

hyde in 0.01% PBS (pH 7.4) for 1 h at 4°C and washed using

a graded series of ethanol solutions, samples were post-fixed

with 2% osmium tetroxide in 0.01% PBS (pH 7.4) for 90min

at 4°C. After embedding in Epon, ultrathin sections were cut

using a diamond knife and an ultramicrotome (LKB

Bromma, Stockholm, Sweden), stained with uranyl acetate,

and observed using transmission electron microscopy (JEM-

1200 EX; JEOL, Tokyo, Japan).

Flow Cytometric Analysis
Peripheral blood mononuclear cells (PBMNCs) were

obtained from NASH patients and the control non-NASH

subjects using Lymphoprep tubes (Abbott Diagnostics

Technologies AS, Oslo, Norway). They were incubated

with PC7-conjugated anti-CD45 antibody, FITC-conjugated

anti-CD14 antibody, and PE-conjugated anti-CD34 antibody

(Beckman Coulter, Brea, CA, USA) in Dulbecco’s modified

Eagle’s medium (DMEM) containing exosome-free 5% fetal

bovine serum (FBS; Invitrogen/Thermo Fisher Scientific,

Carlsbad, CA, USA). After incubation for 1 h at 4°C, cells

were subjected to flow cytometry using a MoFlo XDP

(Beckman Coulter) to isolate CD45+CD14−CD34− (R1),

CD45+CD14+CD34− (R2), CD45+CD14+CD34+ (R3), and

CD45+CD14−CD34+ (R4) cell fractions. PC7-conjugated

anti-mouse IgG1, FITC-conjugated anti-mouse IgG2, and

PE-conjugated anti-mouse IgG1 antibodies (Beckman

Coulter) were used as isotype controls. In some experiments,

anti-MMP-1 antibody conjugated with Alexa Fluor 647

(Abcam, Cambridge, UK) was used to examine MMP-1

expression in each cell fraction.

Detection of MMP1 Gene Expression in

R1, R2, R3, and R4 Populations Using

Quantitative Reverse Transcription-PCR

(RT-PCR)
After sorting R1, R2, R3, and R4 cell fractions from 8 NASH

samples and 8 control non-NASH samples by flow cytometry,

total RNAwas extracted from each cell fraction using TRIzol

reagent (Invitrogen/Thermo Fisher Scientific) and reverse-

transcribed using a High-Capacity cDNA reverse transcription

kit with RNase inhibitor (Applied Biosystems/Thermo Fisher

Scientific). Quantitative RT-PCR analysis of human MMP1

expression was performed as previously described21,22 using

Fast SYBR Green master mix (Applied Biosystems/Thermo

Fisher Scientific) with specific primers as follows: (forward

primer) 5′-TACACGGATACCCCAAGGAC-3′, and (reverse

primer) 5′-AACTTTGTGGCCAATTCCAG-3′ (Gene ID:

4312, the National Center for Biotechnology Information,

Bethesda, MD, USA).MMP1mRNA levels were normalized

to that of glyceraldehyde-3-phosphate dehydrogenase gene

(GAPDH) in each RNA preparation.

Examination of MMP-1 Protein in Plasma

Exosomes
Exosomes were isolated from heparinized blood of 8 NASH

patients and 2 non-NASH subjects using the ExoQuick

Plasma prep and Exosome precipitation kit (System

Biosciences, Mountain View, CA, USA). ExoQuick PLUS

exosome purification kit for serum and plasma (System

Biosciences) was used to purify exosomes and exclude
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other proteins. Presence of MMP-1 protein in the obtained

exosomes was assessed using protein blot analysis with

anti-MMP-1 antibody and secondary horseradish peroxi-

dase-conjugated anti-mouse F(ab’)2 fragment antibody

(GE Healthcare, Chicago, IL, USA). Signals were detected

using Immobilon Western chemiluminescent kit (MERCK-

Millipore, Darmstadt, Germany). Cell lysates from a hepa-

tocellular carcinoma cell line HLE that express MMP-121

were used as a positive control.

Preparation of Steatotic Hepatocytes

from NASH Liver
To remove exosomes, FBS was incubated with a 1:5 volume

of Total Exosome Isolation Reagent (Invitrogen/Thermo

Fisher Scientific) at 4°C for 30min, followed by centrifugation

at 10,000 × g for 10 min at 4°C. Obtained exosome-free FBS

was then used in the following co-culture study. After being

subjected to histopathological diagnosis, the remaining small

pieces of liver tissue (3–4 pieces of 2–3 mm3 each) were

homogenized in DMEM containing 5% exosome-free FBS,

0.3 mg/mL collagenase type II (WOR CLS2; Worthington,

Funakoshi, Co., Tokyo, Japan), and 10 units/mL DNase

I (New England BioLabs, Ipswich, MA, USA) using a glass

homogenizer. Samples were then incubated in a water bath

with gentle shaking at 37°C for 1 h, filtered through sterilized

gauze to remove undigested materials, and centrifuged at

500 × g for 5 min to separate steatotic hepatocytes.

Co-Culture of Steatotic Hepatocytes and

Monocytic Lineage Cells from NASH

Patients
Steatotic hepatocytes (10,000 cells) and peripheral blood

monocytic lineage cells (R2 and R3 population, 10,000 cells

for each) obtained from 3 NASH patients were co-cultured in

DMEM containing 10% exosome-free FBS and 4 U/mL peni-

cillin/streptomycin on Lab-Tek-Chamber Slide (Nunc,

Roskilde, Denmark) at 37°C under 5% CO2. Poly-L-ornithine

(0.01%; Sigma-Aldrich, St. Louis, MO) was used as a cell

adhesive agent in some experiments. After 7-day co-culture,

cells were fixed with 4% paraformaldehyde in PBS, incubated

with amixture of anti-CD11b and anti-MMP-1 antibodies, and

observed using confocal laser-scanning microscopy.

Statistical Analyses
Values were expressed as the means ± standard deviation

(SD). Statistical analyses were performed using GraphPad

Prism 7 for Mac OS X (GraphPad Software Inc., La Jolla,

CA, USA). Data were first analyzed using the Kruskal–

Wallis test, then compared between the selected two groups

using theMann–WhitneyU-test with Bonferroni adjustment.

Correlation between the obtained values and histological

findings was determined using Spearman’s rank coefficient.

Values of P < 0.05 were considered statistically significant.

Results
Histological Findings and Stage

Classification of 29 NASH Patients
Histopathological findings in 29 patients with NASH are

shown in Supporting Table S4. Matteoni’s classification,

Brunt’s grading, and NAFLD activity score (NAS) of

patients were conducted according to the guidelines of

NAFLD diagnosis and management.13,14 We classified

NASH patients into two groups: 17 patients with steatosis

showing mild inflammation, slight ballooning, and slight-to-

moderate fibrosis were diagnosed as early-stage NASH

(Figure 1A), whereas 12 patients with steatosis associated

with marked inflammation, ballooning, and severe fibrosis or

cirrhosis without hepatocellular carcinoma were diagnosed

as advanced-stage NASH (Figure 2A).

Comparison of Clinical and Laboratory

Data Between NASH and Non-NASH

Patients
Clinical and laboratory data of 29 NASH patients (Supporting

Table S1) and 26 non-NASH subjects (Supporting Table S2)

were compared in SupportingTable S5.Distribution of sex and

age was slightly different between the groups. Complications

with diabetes mellitus were observed in 7 NASH patients

(24%) and 1 non-NASH subject (4%), respectively. The inci-

dence of metabolic syndrome was higher in patients with

NASH (15/29 patients, 52%) than in patients without NASH

(4/26 patients, 15%). Among 12 advanced-stage NASH

patients, 7 patientswere complicatedwithmetabolic syndrome

(58%).Drugs administered to patientswith andwithoutNASH

are shown in Supporting Tables S6 and S7, respectively.

Detection of MMP-1-Positive Cells in

NASH Liver by Immunohistochemistry,

Confocal Laser-Scanning Microscopy, and

Immunoelectron Microscopy
In early-stage NASH, immunohistochemical staining

showed clusters of small MMP-1-positive cells around the

central vein (Figure 1B). Immunoelectron microscopy
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revealed the presence of gold grains of MMP-1 on the

surface of monocytes migrating into the sinusoid, but not

other types of cells including hepatocytes, hepatic stellate

cells and sinusoidal endothelial cells (Figure 1C). Confocal

laser-scanning microscopy further confirmed co-localiza-

tion of MMP-1 and CD11b, a representative marker of

monocytes (Figure 1Da). In some cases, faint MMP-1 stain-

ing was observed in small numbers of F4/80-positive

Figure 1 Identification of MMP-1-positive cells in early stage of nonalcoholic steatohepatitis (NASH) livers. (A) Hematoxylin and eosin (H&E) staining (a and c) and Azan-

Mallory staining (b and d) of liver tissues from representative early-stage NASH patients are shown. Scale bar, 100 μm. (B) Immunohistochemical staining showing matrix

metalloproteinase (MMP)-1-expressing cells (arrowheads). Scale bars, 63 μm in the left panel and 15 μm in the magnified right panel. (C) Immunoelectron microscopy (IEM)

showing MMP-1-positive gold grains (arrowheads) on the surface of monocytes (MC). Scale bar, 63 μm. (D) Confocal laser-scanning microscopy showing co-expression of

MMP-1 and the indicated cell markers. Scale bars, 100 μm in a to c, and 50 μm in d to h.
Abbreviations: HC, hepatocyte; LSEC, liver sinusoidal endothelial cell; α-SMA, α-smooth muscle actin; GFAP, glial fibrillar acidic protein; HNF4α, hepatocyte nuclear factor 4α;
CK19, cytokeratin 19
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Kupffer cells (Figure 1Db). α-SMA-expressing activated

hepatic stellate cells (Figure 1Dc), and GFAP-positive

quiescent hepatic stellate cells (Figure 1Dd). CD31-expres-

sing sinusoidal endothelial cells (Figure 1De), HNF4α-

positive hepatocytes (Figure 1Df), and OV-6 (Figure 1Dg)

or CK19 (Figure 1Dh)-expressing hepatic progenitor cells

were also stained positively for MMP-1. As disease pro-

gressed, MMP-1 expression in the clusters of OV-6-positive

cells became more prominent. They represented a morpho-

logical feature of ductular reaction composed of hepatic

progenitor cells (Figure 2Ba). Expression of MMP-1 was

also strong in CK19-positive cells showing a bile ductular

structure (Figure 2Bb). Interestingly, GFAP-positive

hepatic stellate cells were observed along the MMP-1-

expressing CD31-positive capillary endothelial cells in

advanced-stage NASH liver (Figure 2Bc and d), suggesting

that MMP-1 up-regulation in endothelial cells might corre-

late angiogenesis with fibrogenesis. Taken together, the

findings obtained using confocal laser-scanning microscopy

confirmed MMP-1 up-regulation in infiltrating monocytes

as an initial event in early-stage NASH and the subsequent

dynamic change in MMP-1 expression in a variety of liver

cell types in more advanced stage of NASH.

Flow-Cytometry of Circulating Peripheral

Blood Mononuclear Cells in NASH and

Non-NASH Patients
Peripheral blood mononuclear cells were isolated from

both groups of patients and subjected to flow cytometric

analysis. To identify a small number of hematopoietic

progenitor cells present in the peripheral blood, they

were divided into the following 4 populations;

CD45+CD14−CD34− cells (R1), CD45+CD14+CD34−

cells (R2), CD45+CD14+CD34+ cells (R3), and

CD45+CD14−CD34+ cells (R4). Proportions of these 4

populations in each patient were shown in Supporting

Tables S8 and S9. Overall, the proportions of R1, R2,

R3, and R4 fractions in NASH patients were almost iden-

tical to those in the control non-NASH subjects, and there

were no significant differences between the two groups

(Table 1). However, as shown in Figure 3A, a large R3

population that represented CD14+CD34+ monocytic

Figure 2 Identification of MMP-1-positive cells in advanced stage of NASH livers. (A) H&E staining (a and c) and Azan-Mallory staining (b and d) of liver tissues from

representative advanced-stage NASH patients. Scale bar, 100 μm. (B) Confocal laser-scanning microscopy showing co-expression of MMP-1 and the indicated cell markers.

Scale bars, 100 μm in a, and 50 μm in b to d.
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progenitor cells was often observed in advanced-stage

NASH patients with exacerbated laboratory data. We,

therefore, focused on this R3 population and examined

its correlation with histological features such as steatosis,

lobular inflammation, ballooning, fibrosis, NAS, and duct-

ular reaction in both early- (Figure 3B) and advanced-

stage NASH (Figure 3C). There was a significant correla-

tion between the R3 population and the extent of ductular

reaction in advanced-stage NASH (r = 0.6336, P = 0.0179;

Figure 3C and Supporting Table S10). On the other hand,

R4 population that represented CD14−CD34+ non-mono-

cytic progenitor cell fraction was the same between NASH

patients and the control non-NASH subjects (Table 1).

There was no correlation between R4 population and any

histological features in either early- (Figure 3D) or

advanced-stage NASH (Figure 3E and Supporting

Table S11).

Negligible MMP-1 Expression in

Peripheral Blood Monocytes
We next assessed MMP-1 expression in circulating

monocytic lineage cells using flow cytometry. Few, if

any, CD45+CD14+CD34+ cells in the peripheral blood

from NASH patients were stained positively for MMP-1

(Table 2). We also examined the presence of MMP1

mRNA in 4 different fractions of peripheral blood

mononuclear cells (R1, R2, R3, and R4) using flow

cytometry. Compared to definite MMP1 expression in a

hepatocellular carcinoma cell line HLE, MMP1 mRNA

expression levels were very low in all 4 fractions

(Table 3). Furthermore, MMP-1 protein expression was

not detected in plasma exosomes extracted from 8

NASH patients (Figure 4A). These results indicated

that circulating monocytic lineage cells did not express

MMP-1 mRNA or protein prior to their migration into

NASH liver tissue.

Co-Culture of Steatotic Hepatocytes

Separated from NASH Liver Induced

MMP-1 Expression in Peripheral Blood

Monocytic Lineage Cells
To reveal how MMP-1 expression is induced in infiltrating

monocytes, co-culture experiments were performed using

steatotic hepatocytes and monocytic lineage cells (R2 and

R3 fractions) obtained from the identical patients. After

7-day co-culture, confocal laser-scanning microscopy

revealed that MMP-1expression was induced in a certain

population of CD11b+ cells (Figure 4B). The proportions

of MMP-1-positive cells in R2 and R3 populations were

12.9% to 21.7% and 40.0% to 85.7%, respectively

(Supporting Table S12).

Discussion
The present study revealed that MMP-1 expression was

up-regulated in a variety of liver cell populations in both

early- and advanced-stages of NASH. A combination of

confocal laser-scanning microscopy and flow cytometric

analysis using the different cohort of NASH and non-

NASH patients from those in our previous studies10–12

confirmed dynamic and sequential change in MMP-1

expression during progression of NASH. Given that

MMP-1 up-regulation reflects disease progression in

NASH,10–12 the results of the present study may implicate

MMP-1 in NASH pathogenesis. Three major findings were

observed in the present study.

First, immunoelectron microscopy study showed that,

in the very early stage of NASH, monocytes infiltrating

liver sinusoid harbored gold grains of MMP-1 on their

surface, while the other cell types including the neighbor-

ing hepatocytes and endothelial cells did not (Figure 1C).

These results indicated that monocytes acquired an MMP-

1-expressing phenotype at an earlier stage than any other

Table 1 Each Population in Peripheral Blood Mononuclear Cells from Nonalcoholic Steatohepatitis (NASH)

Patients and Non-NASH Control Subjects

Non-NASH NASH Early NASH Advanced NASH

R1 89.1 ± 9.40 93.7 ± 4.54 93.1 ± 5.95 92.8 ± 4.31

R2 9.00 ± 8.04 4.89 ± 4.28 5.52 ± 5.36 5.82 ± 4.19

R3 1.19 ± 1.79 0.79 ± 0.74 0.79 ± 0.69 0.72 ± 0.73

R4 0.33 ± 1.19 0.11 ± 0.15 0.13 ± 0.17 0.08 ± 0.10

Notes: R1, CD45+CD14−CD34− cells; R2, CD45+CD14+CD34− cells; R3, CD45+CD14+CD34+ cells; R4, CD45+CD14−CD34+ cells. Values

represent the percentage of each cell fraction (mean ± SD) among whole CD45+ cells. There were no statistically significant differences between

NASH and non-NASH groups as well as between early and advanced stages of NASH patients.
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investigated cell types. However, few monocytic progeni-

tor cells present in peripheral blood of NASH patients

expressed MMP-1 (Table 2), nor was significant amounts

of MMP1 mRNA detected in peripheral blood mononuc-

lear cell fractions (Table 3). Furthermore, MMP-1 protein

was not detected in circulating exosomes obtained from

NASH patients (Figure 4A). Initially, we hypothesized that

circulating monocytic progenitor cells mobilized from

bone marrow express MMP-1 and infiltrate NASH liver

for tissue repair.23,24 This was based on the results of our

previous study demonstrating possible contribution of

bone marrow-derived MMP-13- and MMP-9-expressing

stem/progenitor cells to the reversal of experimental liver

fibrosis in mice chronically intoxicated with carbon

Figure 3 Flow cytometric analysis of peripheral blood mononuclear cells from NASH and non-NASH patients. (A) After CD45 gating, cells were fractionated into R1, R2, R3,

and R4 populations depending on their expression of CD14 and CD34. Representative images of cytometric analysis are shown using a sample fromNASH patient (left) and that

from non-NASH control subject (right). Note a large R3 (CD45+CD14+CD34+) population in the NASH sample. Correlation between R3 (B and C) or R4 (D and E)
population and each histopathological feature were examined in early (B and D) and advanced stages (C and E) of NASH patients. A significant correlation between R3

population and ductular reaction is observed in advanced-stage NASH samples (r = 0.6336, P = 0.0179).
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tetrachloride.8 However, this hypothesis based on mouse

experiments was nullified in the present study using

human NASH samples. Further studies are needed to

determine whether this discrepancy is attributable to the

difference in the causes of liver injury/fibrosis or due to

the functional difference between MMP-1 and MMP-13/

MMP-9.

Second, co-culture with steatotic hepatocytes induced

MMP-1 expression in a significant proportion of CD11b-

positive monocytic lineage cells that did not express

MMP-1 when present in the circulating blood (Figure 4B

and Supporting Table 12). There are several possibilities

that account for this in vitro finding. Steatotic hepatocytes

may secrete the same humoral factor(s) that induce MMP-

1 expression in the neighboring monocytic lineage cells as

in NASH liver tissue in vitro. Alternatively, it may merely

represent an artificial in vitro phenomenon that several

substances released by primary cultures of hepatocytes

undergoing severe damage or epithelial-to-mesenchymal

transition during 7-day culture stimulate MMP-1 expres-

sion in co-cultured monocytes. These possibilities have to

be further examined using a large number of samples from

both NASH and non-NASH patients.

Finally, substantial MMP-1 up-regulation was observed in

large clusters of OV-6- or CK19-positive hepatic progenitor

cells in advanced-stage NASH liver (Figure 2Ba and b). These

findings represent ductular reaction reflecting regeneration of

injured or fibrotic liver, and suggest thatMMP-1 up-regulation

in hepatic progenitor cells may play an important role in the

repair process. As well as in other types of liver diseases,

ductular reaction is often observed in advanced-stage NASH

liver.25 Kupffer cells, monocytes, and macrophages are

reported to stimulate the differentiation of hepatic stem cells

into hepatic progenitor cells.26 Consistent with these findings,

increased numbers of monocytic progenitor cell population

(R3) were significantly correlated with the occurrence of

ductular reaction in advanced-stage NASH liver (Figure 3C

and Supporting Table S10).

It should be noted that, following a phenotypic change

of infiltrating monocytes to express MMP-1, other types of

cells including Kupffer cells, hepatic stellate cells,

Table 2 Flow Cytometric Analysis of MMP-1 Expression in CD45+CD14+CD34+ Monocytic Progenitor Cells in NASH and Non-

NASH Patients

No. Total Counts Whole CD45+Cells R2 Fraction R3 Fraction MMP-1-Positive Cells in R3 Fraction

Counts % Counts % Counts % Counts %

N5 33,736 32,760 97.11 2,984 9.11 233 0.71 0 0

N7 33,573 31,862 94.90 3,550 11.10 629 1.97 3 0.005

N8 28,388 15,741 55.45 1,215 7.72 165 1.05 8 0.05

N19 36,918 35,126 95.15 2,690 7.65 258 0.73 4 0.02

N21 38,011 35,035 92.17 3,981 11.36 112 0.32 3 0.03

N22 76,198 36,917 48.45 2,111 5.72 425 1.15 30 0.07

C24 55,611 53,568 96.33 6,690 12.49 25 0.05 2 0.08

C25 22,464 14,758 65.70 2,139 14.49 391 2.65 20 0.05

Abbreviations: MMP-1, matrix metalloproteinase-1; N, NASH patients; C, non-NASH control subjects.

Table 3 Relative MMP1 mRNA Expression Levels in Peripheral

Blood Mononuclear Cell Fractions from NASH and Non-NASH

Patients

No. R1 R2 R3 R4

N12 11.92 0.00 0.00 0.00

N14 4.00 8.27 0.00 0.00

N15 0.00 0.00 0.00 7.64

N16 0.44 0.10 0.06 0.00

N17 0.00 0.00 0.00 0.67

N18 0.25 0.00 1.73 0.00

N19 0.00 0.00 0.00 0.00

N29 3.66 0.00 0.00 0.00

Mean ± SD 2.53 ± 4.15 1.05 ± 2.92 0.22 ± 0.61 1.04 ± 2.68

C10 0.00 0.00 0.00 0.00

C11 0.00 0.00 0.00 0.00

C13 0.00 0.00 0.00 0.00

C15 1.15 0.00 0.00 0.00

C17 1.76 0.00 0.00 0.00

C19 1.00 0.00 0.00 1.84

C20 0.34 0.00 0.00 0.00

C21 0.00 0.00 0.00 0.00

Mean ± SD 0.53 ± 0.68 0.00 0.00 0.23 ± 0.65

HLE cells 17,891.7

Notes: MMP1 mRNA expression levels in R1 population of C19 (a non-NASH

patient) were set as 1.00: Expression values in other samples are shown relative to

those in C19.
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hepatocytes, hepatic progenitor cells, and sinusoidal

endothelial cells also became MMP-1-positive at a later

stage (Figures 1 and 2). Sequential MMP-1 expression in a

variety of cell populations is supposed to play a number of

critical roles in liver pathophysiology. For example, the

presence of GFAP-positive hepatic stellate cells along the

MMP-1-expressing endothelial cells (Figure 2Bc and d)

suggests a possible role of this cellular crosstalk in regu-

lating angiogenesis/fibrogenesis. It has been reported that

enhanced MMP-1 expression in endothelial cells stimu-

lates capillary tube regression and collagen degradation.27

Along the same line, an adenovirus-mediated MMP1 gene

transfer accelerated regression of liver fibrosis.28 Similar

effects on fibrosis regression and regeneration of fibrotic

liver were also reported using other types of interstitial

collagenases such as MMP-139 and MMP-8.29 MMP-1-

positive hepatic progenitor cells may be activated and

transformed into small hepatocytes, biliary epithelial

cells, or hepatic stellate cells via epithelial-mesenchymal

transition (EMT) in certain situations.30–32 Meanwhile,

they may also represent dysplasia of hepatocytes, leading

to cancer development,33,34 as many types of cancer cells

increase MMP-1 expression at the mRNA and/or protein

levels.4,35–41 From these findings, we speculate that MMP-

1-containing exosomes secreted from infiltrating monocy-

tic lineage cells may transfect the neighboring cells, which

in turn affects a number of pathophysiological processes in

NASH such as angiogenesis and carcinogenesis (Figure 5).

Figure 4 Induction of MMP-1 expression in peripheral blood monocytic lineage cells after co-culture with steatosis hepatocytes. (A) Protein blot analysis showing no

detectable MMP-1 in plasma exosomes from 8 patients with NASH (N). HLE cell lysates were used as a positive control for MMP-1 expression. The arrow indicates non-

specific broad bands with different sizes from that observed with HLE cell lysates (arrowhead). (B) After 7-day co-culture with steatotic hepatocytes, peripheral blood

monocytic progenitor cells (R3) obtained from an advanced-stage NASH patient were subjected to double immunofluorescent staining using anti-CD11b and anti-MMP-1

antibodies. Scale bar, 100 μm.
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Alternatively, these cells changed their phenotypes after

coming into direct contact with steatotic hepatocytes. This

latter possibility was raised by others who demonstrated

hepatic stellate cell activation by steatotic hepatocyte-

derived exosomes.42

The present study has several limitations. A small num-

ber of subjects included in the non-NASH group were

complicated with obesity, impaired glucose tolerance, dys-

lipidemia, or hypertension. It is well known that obesity or

metabolic syndrome per see can be a significant risk factor

of liver fibrosis.43 Even though all non-NASH subjects

exhibited normal liver function values, we have to be care-

ful when dealing with the obtained results. Ideally, MMP-1

expression should be analyzed and compared between

patients with NASH and simple steatosis without any

inflammation or fibrosis, both of which are diagnosed by

liver biopsy. Such a study will certainly reveal the causal

relationship between steatosis/fibrosis and MMP-1 up-reg-

ulation and implicate MMP-1 in NASH pathogenesis. Co-

culture experiments were conducted using liver specimens

obtained from a limited number of patients. This was mostly

because of the difficulty obtaining an enough number of

hepatocytes from the remaining small liver specimens that

had been taken primarily for a diagnostic purpose. Setting

of appropriate control liver samples from healthy subjects is

also difficult for an ethical reason.

The precise mechanisms of MMP-1 up-regulation in

infiltrating monocytic lineage cells and possible transduc-

tion of MMP-1-containing exosomes to other types of cells

are largely unknown. Immunohistochemical (Figure 1B)

and immunoelectron microscopic findings (Figure 1C)

showing MMP-1 up-regulation in infiltrating monocytes

in a very early stage of NASH suggest that steatosis may

be the initial trigger of MMP-1 induction. This possibility

has to be validated using appropriate experimental models.

Mmp1a and Mmp1b have been identified as homologous

genes in mouse genome.44 However, these gene encode

different proteins from human MMP-1 in the peptidase

domain. Although murine MMP-13 has been considered

a homologue of human MMP-1 (86% amino acid

identity),9 it is not suitable to apply the results of rodent

MMP-13 experiments directly to clinical setting. In addi-

tion, there has been no ideal experimental model for

human NASH.45 For example, feeding of methionine and

Figure 5 Schematic presentation of a hypothesis that sequential MMP-1 expression in a variety of cell populations in the liver modulates progression of NASH. CD34+ monocytic

progenitor cells acquire an MMP-1-positive phenotype through interaction with steatotic hepatocytes after infiltrating early-stage NASH liver. MMP-1-containing exosomes

secreted from monocytic lineage cells are then transduced to the neighboring other types of cells, which in turn modulates a number of pathophysiologic aspects of NASH.

Abbreviation: MMP-1: matrix metalloproteinase; MC: CD34+ monocyte; HC: hepatocyte; KC: Kupffer cell; HSC: hepatic stellate cell; HPC: hepatic projenitor cell; EC:

endothelial cell; EX: exosome.
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choline-deficient diet exhibits similar histopathological

findings, but does not have the same mechanistic back-

ground as human NASH that is based on excess calorie

intake and reduced physical activity as well as a number of

genetic factors. A recent study has reported a human

NASH model using pluripotent stem cell-derived

organoids,46 which sheds an insight into the cellular cross-

talk between steatotic hepatocytes and monocytes as well

as neighboring other types of cells. Since MMP-1 expres-

sion can be manipulated with microRNA,37,47,48 MMP-1

regulation in human NASH liver would be a potential

therapeutic option.

In conclusion, monocytic lineage cells acquire an

MMP-1-positive phenotype after infiltrating NASH liver,

which may be exerted through interaction with steatotic

hepatocytes. Subsequent dynamic changes in MMP-1

expression in a variety of liver cell types may modulate

a number of pathophysiological aspects of NASH. Despite

several limitations described above, our study represents

an important first step toward understanding the role of

MMP-1 up-regulation as an initial trigger and modulator

of human NASH.
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