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SUMMARY

Peroxidasin deficiency results in mild-hypoxic liver micro-
environment and causes recruitment of monocytes and pro-
fibrolysis macrophages in early stages of liver fibrosis. These
events accelerate the resolution of fibrosis and organ
healing.
BACKGROUND & AIMS: During liver fibrosis, tissue repair
mechanisms replace necrotic tissue with highly stabilized
extracellular matrix proteins. Extracellular matrix stabilization
influences the speed of tissue recovery. Here, we studied the
expression and function of peroxidasin (PXDN), a peroxidase
that uses hydrogen peroxide to cross-link collagen IV during
liver fibrosis progression and regression.
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METHODS: Mousemodels of liver fibrosis and cirrhosis patients
were analyzed for the expression of PXDN in liver and serum.
Pxdn-/- and Pxdnþ/þ mice were either treated with carbon tet-
rachloride for 6 weeks to generate toxin-induced fibrosis or fed
with a choline-deficient L-amino acid-defined high-fat diet for 16
weeks to create nonalcoholic fatty liver disease fibrosis. Liver
histology, quantitative real-time polymerase chain reaction,
collagen content, flowcytometry and immunostaining of immune
cells, RNA-sequencing, and liver function tests were analyzed.
In vivo imaging of liver reactive oxygen species (ROS) was per-
formed using a redox-active iron complex, Fe-PyC3A.

RESULTS: In human and mouse cirrhotic tissue, PXDN is
expressed by stellate cells and is secreted into fibrotic areas. In
patients with nonalcoholic fatty liver disease, serum levels of
PXDN increased significantly. In both mouse models of liver
fibrosis, PXDN deficiency resulted in elevated monocyte and
pro-fibrolysis macrophage recruitment into fibrotic bands and
caused decreased accumulation of cross-linked collagens. In
Pxdn-/- mice, collagen fibers were loosely organized, an atypical
phenotype that is reversible upon macrophage depletion.
Elevated ROS in Pxdn-/- livers was observed, which can result in
activation of hypoxic signaling cascades and may affect
signaling pathways involved in macrophage polarization such
as TNF-a via NF-kB. Fibrosis resolution in Pxdn-/- mice was
associated with significant decrease in collagen content and
improved liver function.

CONCLUSION: PXDN deficiency is associated with increased
ROS levels and a hypoxic liver microenvironment that can
regulate recruitment and programming of pro-resolution mac-
rophages. Our data implicate the importance of the liver
microenvironment in macrophage programming during
liver fibrosis and suggest a novel pathway that is involved in
the resolution of scar tissue. (Cell Mol Gastroenterol Hepatol
2022;13:1483–1509; https://doi.org/10.1016/
j.jcmgh.2022.01.015)
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Lhealing in response to chronic hepatic injury. It is
characterized by excessive extracellular matrix (ECM)
deposition resulting in dense scarring that impairs normal
liver structure and physiology over time. Cirrhosis, the end-
stage of liver fibrosis, is the ninth leading cause of death in
the United States and imposes a substantial health crisis
globally. This burden has increased worldwide since 1990.2

Although the consequences of cirrhosis and end-stage
liver failure have been well-characterized, the mechanism
of scar formation in response to injury is less well under-
stood.3 Inflammatory signaling is central to the process of
acute hepatic injury and influences the wound healing
response.4 Degenerating hepatocytes release pro-
inflammatory damage response signals that chemotactically
recruit immune cells and stimulate activation of quiescent
hepatic stellate cells (HSCs).1 Activated HSCs have been
implicated as the primary producer of ECM during liver
wound healing. They secrete chemotactic signals to recruit
circulating monocytes and tissue-resident macrophages,
known as Kupffer cells, to the site of injury.5 Kupffer cells are
located inside in the space of Disse alongside HSCs and patrol
the sinusoids. Signals sent from activated stellate cells and
injured hepatocytes activate macrophages and trigger their
innate immune response.6 Activated resident macrophages
and HSCs secrete cytokines and growth factors, such as CCL2,
to recruit monocytes from bone marrow.7 In the hepatic
microenvironment, recruited monocytes mature into mac-
rophages following local reprogramming to either deterio-
rate immune system responses and drive fibrosis,7,8 or
resolve the deposited ECM and maintain tissue integrity.9

Activated macrophages are thought to play a critical role
in mediating the acute inflammatory process of hepatic
injury and subsequent fibrotic response.10 Historically,
macrophages have been classified as pro-inflammatory M1
(CD11cþ) or pro-healing M2 (CD206þ) populations. How-
ever, in recent years, it has become clear that there is
greater complexity among macrophages, and they have to be
characterized based on their origins, activation signals, and
functions.11,12 Notably, M2 macrophages have been shown
to promote normal tissue repair by suppressing inflamma-
tion, promoting ECM degradation, and deactivating myofi-
broblasts, thus having an anti-fibrotic impact.13 Conversely,
M1 macrophages are thought to drive aberrant HSC acti-
vation, resulting in excessive scar formation.14 Tissue redox
states are thought to influence the dynamic of M1/M2
macrophage phenotypes.15,16

In this study, we investigated peroxidasin (PXDN), a
heme-containing peroxidase that is highly conserved in the
animal kingdom and catalyzes the oxidation of various
substrates in the presence of H2O2. Pxdn participates in
ECM formation by cross-linking collagen type IV formation
of sulfilimine bonds.17 PXDN is mainly expressed in endo-
thelial cells, epithelial cells, and fibroblasts.18,19 In both
humans and rodents, genetic mutation in the Pxdn gene
interrupts cross-linking of collagen IV and leads to anterior
segment dysgenesis of the eyes, congenital cataracts,
corneal opacity, and glaucoma.20-22 PXDN is present in the
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endoplasmic reticulum of human primary pulmonary,
dermal, and kidney fibroblasts, and expression of this pro-
tein is increased during transforming growth factor-b1
(TGF-b)-induced myofibroblast activation.18,23,24 PXDN
expression and function in healthy and diseased liver have
not been reported yet and, given this context, we sought to
characterize PXDN expression in healthy liver and in
response to injury and scar formation.

Results
PXDN Expression is Upregulated During Liver
Fibrosis and PXDN Deficiency Induces Stronger
Activation of Stellate Cells Without Affecting
Collagen Production

PXDN expression in myofibroblasts is upregulated dur-
ing dermal, cardiac, and kidney fibrosis.18,25,26 Based on the
single-cell RNA sequencing data set published by Ram-
achandran et al, PXDN is exclusively expressed in the
endothelia and fibroblasts of normal and cirrhotic liver.19 To
better study the expression pattern of PXDN during liver
fibrosis, we performed immunofluorescent staining on hu-
man healthy and cirrhotic livers for PXDN and smooth
muscle actin (SMA or ACTA2, a marker of activated HSCs).
In healthy liver, we observed PDXN staining in myofibro-
blasts (ACTA2-positive cells) surrounding normal appearing
vasculature (Figure 1, A). Conversely, in cirrhotic liver,
PDXN staining was prominent in proximity to HSCs in bands
of fibrosis surrounding the regenerative nodules, as
assessed by co-staining for ACTA2 (Figure 1, A). We also
investigated serum levels of PXDN in healthy and cirrhotic
patients. Subjects were considered cirrhotic based on their
pathology report and fibrosis score (F3-4) reported by an
expert pathologist. Information about age, gender, and eti-
ology of cirrhosis patients is listed in Table 1. Serum PXDN
was significantly higher in cirrhosis patients compared with
healthy controls (27.1 ± 16.77 vs 2.01 ± 1.5 ng/mL; P <
.001) (Figure 1, B). To determine whether HSCs produce
PXDN, we activated primary human HSCs with TGF-b
in vitro and measured ACTA2 and PXDN mRNA and pro-
tein expression before and after HSCs activation. In
response to TGF-b, HSCs lose their vitamin A-storing oil
droplets, stained by oil red, and upregulate Acta2 and Pxdn
(Figure 1, C-D). In addition, we observed an increase in the
level of secreted PXDN in the conditioned medium collected
from activated HSCs in vitro (Figure 1, E).

Next, we used a carbon tetrachloride (CCl4) hepatic
injury model in mice to induce liver fibrosis. In this model,
repeated injections of CCl4 for 6 weeks (3� per week) led to
robust hepatotoxicity, inflammation, HSC activation, and
ECM deposition. The vehicle control group received olive oil
for 6 weeks (3� per week). We examined livers in early (3
weeks) and late stages (6 weeks) of liver fibrosis in these
mice (Figure 1, E). Expression of Acta2, Col1a1, and Pxdn
peaked at 3 weeks post CCl4 injection, whereas at 6 weeks,
fibrosis is well-established, and expression of these genes
was reduced to baseline levels (Figure 1, F-H). In mouse
cirrhotic liver tissue, PXDN was also present in fibrotic re-
gions of liver and co-localized with ACTA2 (Figure 1, H).
Taken together, our data show that activated HSCs produce
and secrete PXDN, with increased PXDN expression in
injured and cirrhotic livers in regions of active tissue
fibrosis.

Next, we investigated whether PXDN contributes to scar
formation in injured mouse livers. We measured fibrosis
development in Pxdn deficient (Pxdn-/-) mice compared with
their Pxdnþ/þ (Pxdnþ/þ) littermates after repeated admin-
istration of CCl4 for 3 or 6 weeks. Sirius red (SR) staining of
collagen revealed that collagen proportional area as well as
total liver collagen content, measured by hydroxyproline
assay, were not significantly different between Pxdn-/- and
Pxdnþ/þ mice at both timepoints (Figure 2, A-C). mRNA
expression of collagen types I, III, and IV did not change at
both time points between Pxdn-/- and Pxdnþ/þ livers
(Figure 2, D-F). In summary, PXDN deficiency does not affect
collagen expression and deposition during murine liver
fibrosis.
PXDN Deficiency is Associated With Abnormal
Collagen Fiber Formation

Although collagen quantity changed little in the absence
of PXDN, the morphology of collagen fiber was altered in
Pxdn-/- mice. Fibrotic bands in Pxdn-/- mice had wider septae
(w2-fold increase at 3 weeks and w3-fold increase at 6
weeks of CCl4 administration), and collagen fibrils were
loosely organized into a single fiber bundle (Figure 3, A-B).
The main constituent of fibrotic tissue in liver fibrosis is
fibril-forming collagens, such as collagen type 1 (COL1).27

Immunofluorescent staining of COL1 suggests that
improper organization of COL1 fibers contributes to disor-
ganized fiber bundles in Pxdn-/- liver (Figure 3, C). In addi-
tion, high-resolution scanning electron microscopy (SEM) of
liver tissue showed the parallel arrangement of fibrils with
the typical banded pattern of collagen fibers in Pxdnþ/þ

cirrhotic livers are absent in Pxdn-/- livers (Figure 3, D).
Alteration in collagen fiber formation can reduce the

ECM stabilization and change the milieu of fibrotic tissue.28

To examine ECM stabilization, we compared the percentage
of collagen with the different levels of stability in Pxdn-/- and
Pxdnþ/þ livers after 6 weeks of CCl4 administration. At the
advanced stage of liver fibrosis (6 weeks post CCl4), the
proportion of newly synthesized collagens did not change in
Pxdn-/- mice; however, moderately cross-linked collagens
(pepsin-soluble fraction) increased significantly from 52%
in the Pxdnþ/þ group to 76% in the Pxdn-/- group. Concur-
rently, the fraction of highly cross-linked collagen decreased
from 48% in the Pxdnþ/þ group to 21% in the Pxdn-/- group
(Figure 3, E). These data suggest that PXDN deficiency is
associated with altered collagen fiber stabilization during
liver fibrosis.

PXDN has been reported to mediate collagen type IV
cross-linking through the formation of sulfilimine bonds.29

Collagen IV is not one of the major collagens contributing
to fibrotic scar formation in the liver, but due to the
established role of PXDN in collagen cross-linking, we
examined whether the deficiency of PXDN during liver
fibrosis could result in collagen bundle formation. By



Figure 1. PXDN is upregulated in human and mouse cirrhotic liver tissue. A, Co-immunostaining of PXDN with smooth
muscle actin (ACTA2) and DAPI in healthy human liver and cirrhotic patient. Higher magnification shows intra and extra-cellular
expression of PXDN in fibrotic area in cirrhotic liver. Scale bars ¼ 250 mm on 10� pictures of normal and cirrhotic livers and
100 mm on magnified (20�) picture of cirrhotic liver (in dotted red box). B, PXDN serum analysis of 10 healthy individuals and
20 cirrhotic patients (mean ± standard deviation, Student t test, ****P < .0001). C, Human primary stellate activation after TGF-
b treatment is visualized with Oil Red O staining and co-immunostaining of PXDN with smooth muscle actin (ACTA2) and DAPI.
Scale bars ¼ 250 mm. D, mRNA expression of Acta2 and Pxdn after TGF-b (20 ng/mL) induction (n ¼ 4, mean ± standard
deviation, Multiple t-test, *P < .05, **P < .01). E, PXDN protein content in the medium after stellate cells activation with TGF-b
(20 ng/mL) (n ¼ 4, mean ± standard deviation, Student t test, **P < .01). F, To induce liver cirrhosis in experimental animal
model, mice received CCl4, 3� per week via oral gavage for 6 weeks. Vehicle control animals received olive oil via gavage (G,
H) Acta2, Col1a1 mRNA, and protein expression during the development of liver cirrhosis in CCl4 mouse model. Scale bars ¼
250 mm. (n ¼ 4, mean ± standard deviation, Multiple t test, **P < .01).
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Table 1.Age, Gender, Etiology, and PXDN Serum Level of
Patients With Cirrhosis

Healthy Cirrhosis P-value

Number of values 10 20

Gender
Male 6 (60%) 11 (55%) .2
Female 4 (40%) 9 (45%)

Age, y
Average 34 ± 6 58 ± 10 < .0001
Minimum 25 39
Maximum 40 76

Etiology
NASH NA 9
ALD NA 11

PXDN level, ng/mL
Minimum 0.5 11
Maximum 6 85
Range 5 74
Mean 2 27 < .0001
Standard deviation 1 17

ALD, Alcoholic liver disease; NA, not applicable; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steato-
hepatitis; PXDN, peroxidasin.
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quantification of sulfilimine cross-links, we observed that
Pxdn-/- mice possess fewer collagen IV sulfilimine cross-
links in healthy liver compared with their Pxdnþ/þ litter-
mates. However, we did not detect any difference in
collagen IV sulfilimine cross-linking between Pxdn-/- fibrotic
and healthy livers (Figure 4, A-C). Therefore, we concluded
that reduced collagen IV cross-links is not the cause of loose
formation of collagen bundles in Pxdn-/-.
PXDN Deficiency is Associated With Increased
Macrophages Recruitment Into Liver

Hematoxylin and eosin (H&E)-stained liver tissue sec-
tions showed robust inflammatory infiltration in the livers
of Pxdn-/- and Pxdnþ/þ mice at 3 and 6 weeks after repeated
CCl4 injection (Figure 5). Due to the known role of macro-
phages in mediating immune response to liver injury, we
further analyzed the changes in macrophage cell pop-
ulations by multicolor flow cytometry. Gating strategy and
differential expression of cell surface markers in each pop-
ulation are shown in Figure 6. Total population of mono-
cytes (CD45þCD11bþ) increased over the course of disease
progression and was significantly higher in Pxdn-/- mice
after 3 weeks of CCl4 injection compared with Pxdnþ/þ mice
shown by CD11b immunostaining (Figure 7, A) and flow
cytometry (47.3 ± 3.7 vs 34.2 ± 4.3; P < .01) (Figure 7, B).
Hepatic macrophages (CD45þ F4/80þ) are a heterogeneous
cell population that includes both liver-resident and bone
marrow-derived macrophages. Total hepatic macrophages
were significantly increased in Pxdn-/- livers in vehicle
controls (without injury) (16.9 ± 2.4 vs 12 ± 3.17; P < .05),
after 3 weeks of CCl4 injection (37.3 ± 2.3 vs 23.3 ± 1; P <
.01), and after 6 weeks of CC4 injection (44.5 ± 2.6 vs 39.0 ±
0.9; P < .05) compared with Pxdnþ/þ livers (Figure 7, C-D).
Classically activated (M1) macrophages primarily have
pro-inflammatory and pro-fibrogenesis properties,30

whereas alternatively activated (M2) macrophages are
anti-inflammatory and promote tissue repair.31 In healthy
liver, there is a balance between M1 and M2 macrophages.
Classically activated M1 macrophages are proinflammatory
(CD45þF4/80þCD11cþ) and promote tissue injury and
recruitment of macrophages as well as other immune cells
to the site of injury. Alternatively activated M2 macrophages
(CD45þF4/80þCD206þ) are known as healing macrophages
and remodel/resolve ECM components and facilitate tissue
repair.32 We detected an increase in the percentage of M2
macrophages after 6 weeks of CCl4 injection in Pxdn-/- mice
compared with Pxdnþ/þ mice (Figure 7, E-F) (27.2 ± 4.1 vs
19.1 ± 1.3; P < .05). The percentage of M1 macrophages
remained similar at all time points (Figure 7, G).

Following injury, CCR2þ monocytes are recruited from
peripheral blood to injured liver to direct the initiation and
resolution of inflammation that is essential for tissue repair.
In our study, we detected a significant increase in the per-
centage of CCR2þ macrophages in the Pxdn-/- mice after 3
weeks of CCl4 (54 ± 8.4 vs 34.7 ± 3.1; P < .01) (Figure 7, H).
However, we did not detect a significant difference between
Ly6Clow monocytes and Ly6Chigh monocytes in Pxdn-/- mice
vs Pxdnþ/þ mice during liver fibrosis progression (Figure 7,
I-J). Taken together, we observed that in the early stage of
the disease (3 weeks of CCl4), the population of macro-
phages is elevated in the Pxdn-/- livers, and at the later stage
(6 weeks of CCl4), these macrophages take on a restorative
phenotype (M2 or CD206þ) and recruit CCR2þ macrophages
from bone marrow.
Macrophages Participate in Fibrolysis From Early
Stage of Fibrosis in Pxdn-/- Mice

Macrophages are the main sources of matrix metal-
loproteases (MMPs), which degrade ECM.33 In particular,
MMP8 (collagenase 2) and MMP13 (collagenase 3) are
expressed by macrophages and neutrophils,33 and their
overexpression has been associated with significantly
reduced liver fibrosis and enhanced hepatocyte prolifera-
tion.34-36 Co-staining of collagen fibers (with SR staining)
and macrophages (F4/80 immunohistochemistry [IHC]) in
livers of CCl4 mice showed F4/80þ cells are located in re-
gions of fibrotic tissue in Pxdn-/- mice at both 3 and 6 weeks
after repeated CCl4 injection (Figure 8, A). MMP8 and
MMP13 protein expression was assessed by IHC and
revealed that both MMP8 and MMP13 expression are more
abundant in Pxdn-/- livers 6 weeks post CCl4 injection
compared with Pxdnþ/þ livers (Figure 8, B). In addition,
SEM images show a higher presence of immune cells in the
fibrotic bands of Pxdn-/- livers at 6 weeks post CCl4
(Figure 8, C).

To further investigate the role of macrophages in
fibrolysis reaction during liver injury in Pxdn-/- mice in vivo,
we used a liposome mediated macrophage “suicide”
approach to deplete macrophages.37,38 Pxdn-/- mice were
injured with CCl4 and then intravenously injected with
100 mL of clodronate-loaded liposome suspension (25 mg/gr



Figure 2. Collagen
expression and deposi-
tion in Pxdn-/- mice. A, SR
staining of collagen fibers.
Black arrows show fibrotic
bands after 3 and 6 weeks
of CCl4 administration.
Scale bar ¼ 250 mm. B,
Collagen proportional area
(%) is the quantification of
SR staining. C, Total liver
collagen content is
assessed by measuring
hydroxyproline amino acid
in the tissue and normal-
ized to liver weight. D-F,
mRNA expression analysis
of Col1a1, Col3a1, and
Col4a1.

1488 Sojoodi et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5
mouse) once a week, starting after 3 weeks of CCL4
(Figure 8, D). Control Pxdn-/- CCl4 mice were injected with
100 mL control liposomes with the same schedule. Co-
staining of macrophages (F4/80þ cells) and collagen fibers
showed that macrophages are significantly depleted from
the liver after clodronate injection, and this depletion is
associated with a reversion of the phenotype of disorga-
nized collagen fibers seen in Pxdn-/- mice after 6 weeks of
CCl4 injection (Figure 8, E). To induce recruitment of
monocytes to the liver, we continued the injection of CCl4
for an additional week while clodronate was withdrawn.
The goal of this experiment was to investigate whether
recruited monocytes from bone marrow are able to differ-
entiate and display the specific fibrolytic phenotype that
was seen in Pxdn-/- resident macrophages prior to depletion.
We observed that macrophage population, shown with IHC
of F4/80 marker, is replenished, and these macrophages are
in close proximity and associated with collagen fibrils, as
shown by SR staining (Figure 8, F). These data indicate that
recruited monocytes differentiate to macrophages and ac-
quire the unique fibrolytic phenotype seen in resident
macrophages in Pxdn-/- livers.

During liver injury, bone marrow monocytes are
recruited to the site of injury to boost macrophage popu-
lation in liver.39,40 Previous studies suggest that monocyte
origin may not be the key determinant of macrophage
identity, but rather the liver microenvironment ultimately
determines the phenotype of the recruited cells.41 To test
whether Pxdn-/- liver microenvironment can affect differ-
entiation of Pxdnþ/þ macrophage during liver injury, we
sought to investigate the spatial distribution of monocytes
isolated from Pxdn-/- and Pxdnþ/þ mice after intrahepatic
transplantation into their opposite genotype. To establish
cirrhosis, Pxdn-/- and Pxdnþ/þ mice were treated with CCl4



Figure 3. Morphology of
fibrotic septae is signifi-
cantly altered in Pxdn-/-

injured livers, with
reduced accumulation of
highly crosslinked, stable
collagens in vivo. A, SR
staining of collagen fibers.
Black arrows mark the
width of each fiber band.
Scale bar ¼ 50 mm. B,
Width of collagen fibers
increases during progres-
sion of liver fibrosis in
Pxdn-/- mice (n ¼ 4 mice,
mean ± standard devia-
tion, 2-way analysis of
variance, **P < .01). C,
Immunostaining of
Collagen I in Pxdn-/- and
Pxdnþ/þ livers after 6
weeks of CCl4 injection.
Scale bars ¼ 250 mm on
20� pictures and 100 mm
on magnified (40�) pic-
tures (in dotted red box). D,
Scanning electron micro-
scopy of Pxdnþ/þ and
Pxdn-/- fibrotic tissue.
Typical banded pattern of
collagen fibers in Pxdnþ/þ

livers (red arrow) is missing
from Pxdn-/- livers. E,
Fibrotic matrix stability was
measured in Pxdn-/- and
Pxdnþ/þ livers after 6
weeks gavage with either
vehicle or CCl4 via serial
collagen extraction and
hydroxyproline quantifica-
tion in each fraction (salt-
soluble, acid-soluble,
pepsin-soluble, and insol-
uble collagen) (n ¼ 3 mice,
mean ± standard devia-
tion, 1-way analysis of
variance, *P < .05).
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3 times weekly for 6weeks. Bone marrow from the femur
and tibia of healthy Pxdn-/- and Pxdnþ/þ mice was used as a
source of monocytes for this experiment. Monocytes were
harvested by flushing with Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 1% fetal bovine serum
(FBS). Cell suspension was supplemented with 20 nM
macrophage-colony stimulating factor (M-CSF) and cultured
on ultra-low attachment surfaces to avoid adhesion-
triggered differentiation of monocytes for 24 hours. Liver
resident macrophages were depleted with clodronate con-
taining liposomes 24 hours prior to intrahepatic injection of
primary monocytes. 106 primary monocytes were injected
into the left lobe of liver. Mice were scarified 24 hours post-
injection and liver tissue was collected for further analysis
(Figure 8, G). Co-staining of macrophage marker (F4/80)
and collagen (SR) revealed that when Pxdn-/- monocytes are
injected into the Pxdnþ/þ cirrhotic liver, they reside in the
liver parenchyma and are not in the vicinity of fibrotic area.
Conversely, Pxdnþ/þ monocytes that were injected into
Pxdn-/- microenvironment are found near fibrotic bands
(Figure 8, H). These data show the important role of the
Pxdn-/- liver microenvironment in programming of recruited
(injected) macrophages during fibrosis progression.
PXDN Deficiency Accelerates Fibrosis
Regression and Improves Liver Function

Decrease in collagen crosslinking and matrix stabiliza-
tion accelerate the fibrolysis and reversal of liver fibrosis in
Pxdn-/- mice.28 To investigate whether fibrosis regression in



Figure 4. Collagen IV
cross-linking in Pxdn-/-

and PxdnD/D livers
before and after CCl4
injury. Sulfilimine cross-
link content in Pxdnþ/þ

and Pxdn-/- livers in healthy
(Vehicle controls) and after
CCl4 injury. A, Western
blot after SDS-PAGE under
non-reducing conditions of
purified NC1 hexamers
from Pxdnþ/þ and Pxdn-/-

mice. Under denaturing
conditions, collagen type
IV hexamers dissociate
into singly cross-linked
dimeric (D1), doubly
cross-linked dimeric (D2),
and un-cross-linked
monomeric (M) subunits.
B&C, Number of sulfilimine
cross-links per hexamer
was quantified using
densitometry of D1, D2,
andM subunits for Pxdnþ/þ

and Pxdn-/- mice. Individ-
ual data points (n ¼ 2
mice) are displayed with
mean ± standard
deviation.

1490 Sojoodi et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5
Pxdn-/- liver is faster, we used a model of recovery from
CCl4-induced fibrosis where CCl4 is injected for 6 weeks
and then withdrawn for 4 weeks (Figure 9, A). After the 10
weeks, liver, spleen, and blood were collected for further
analysis. Four weeks after discontinuation of CCl4, Pxdn-/-

liver had glossy surface and bright red color, whereas
Pxdnþ/þ liver still showed the fibrotic gross phenotype and
liver color was pale (Figure 9, B). Serum aminotransferase
level ratio (alanine transaminase [ALT]/aspartate trans-
aminase [AST]), a measure of liver cell injury, was signifi-
cantly lower in Pxdn-/- mice after 4 weeks of discontinuation
of CCl4 compared with the ALT/AST ratio in the Pxdnþ/þ

group, which remained high (0.2 ± 0.09 vs 0.7 ± 0.3; P <
.05) (Figure 9, C). As expected, hydroxyproline was elevated
in both Pxdn-/- and Pxdnþ/þ livers during fibrosis progres-
sion and decreased after withdrawal of CCl4, but during
regression, Pxdn-/- mice showed significant reduction in
hydroxyproline measurement compared with Pxdnþ/þ con-
trols (211.6 ± 22.7 vs 352.2 ± 56.9; P < .05) (Figure 9, D).
Collagen staining revealed typical sign of fibrosis remodel-
ing in Pxdnþ/þ controls after 4 weeks of CCl4 withdrawal
with widening and splitting of fibrotic septa (Figure 9, E).
These features were markedly accelerated in Pxdn-/- mice.
The fibrotic septa were thinner than in Pxdnþ/þ controls,
and in some areas, were hardly visible (3.9 ± 1.9 vs 10.5 ±
3.2 mm; P < .05) (Figure 9, F). Taken together, because of
loose collagen structures and more accessibility of poorly
crosslinked collagens in Pxdn-/- livers, collagen removal
occurs faster during fibrosis recovery in Pxdn-/- mice.
PXDN Expression Increases With Severity of
Fibrosis in Murine Nonalcoholic Fatty Liver
Disease

To investigate PXDN in another animal model, we chose
a dietary mouse model of nonalcoholic fatty liver disease
(NAFLD), known as the choline-deficient, L-amino acid-
defined, high-fat diet (CDAHFD). This model recapitulates
histological abnormalities similar to those observed in hu-
man NAFLD.42 In the CDAHFD mouse model, the first sign of
fibrosis appears by 6 weeks, and mice exhibit hepatic
bridging fibrosis by 10 weeks. Continuation of CDAHFD
results in cirrhosis and hepatocellular carcinoma (HCC) at
16 weeks. CDAHFD withdrawal results in regression of
fibrosis and resolution of scar tissue. In our study, we fed 8-
week-old male C57BL/6J mice with CDAHFD for 8, 10, and
16 weeks. In a separate group, CDAHFD was removed after
10 weeks and replaced with normal chow to allow sponta-
neous recovery of liver for 4 weeks (Figure 10, A). Histo-
pathological assessments and collagen staining on liver
sections showed severe inflammation, steatosis, and mild
fibrosis at 8 weeks, and severe fibrosis along with markedly
high inflammation at 10 and 16 weeks in mice fed with
CDAHFD (Figure 10, A). Gene expression of both Acta2 and



Figure 5. Increase in im-
mune cell infiltration after
liver injury. Histologic ex-
amination of liver injury in
Pxdn-/- and Pxdnþ/þ livers
by H&E staining 6 weeks
after CCl4 administration
shows a significant in-
crease in immune cell infil-
tration into liver.
Representative images
from tissue sections with
100-mm scale bar (left
side) and 50-mm scale bar
(right side).
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Col1a1 increases over time and decreases after removal of
CDAHFD (Figure 10, B). Interestingly, Pxdn mRNA and
protein expression shows a similar pattern to Acta2 and
Col1a1 (Figure 10, B-C).

To investigate the role of PXDN in liver fibrosis pro-
gression, we fed Pxdn-/- and Pxdnþ/þ mice with CDAHFD
for 16 weeks. CDAHFD resulted in HCC tumors in wild-type
animals, whereas none of the Pxdn-/- livers had HCC tumors
(Figure 10, D). Liver/body weight ratio was not different
between Pxdn deficient and Pxdnþ/þ animals (Figure 10, E);
however, spleen/bodyweight ratio was significantly lower in
Pxdn-/- mice compared with controls (Figure 10, F).
Splenomegaly is defined as enlargement of the spleen
measured by weight or size. The increase in the weight/
size of the spleen is due to obstruction of blood flow in
hepatic or portal veins. In liver cirrhosis, scar tissue can
cause the blockage of blood flow through the liver, thus
causing blood to back up in the portal vein, resulting in
increased pressure or portal hypertension.43 Histological
analysis and quantification of fat deposition showed no
difference between Pxdnþ/þ and Pxdn-/- mice livers;
however, quantification of SR staining for collagen revealed
significantly lower collagen proportional area in Pxdn-/- livers
compared with Pxdnþ/þ mice in mid (8 weeks), and late



Figure 6. Gating strategy for flow cytometric analysis of liver macrophages. Liver macrophages are identified as
CD45þF4/80þ cells and were gated out of singlet live cells (Zombie- cells). Gated macrophages then analyzed by their
expression of CCR2, CD206, CD11c, and Ly6C. In addition, total monocyte population were analyzed based on their CD11b
expression. Up to 500K cells were analyzed in each sample.
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(16 weeks) stages of NAFLD (Figure 10, G). In addition,
we observed a reduction in immunohistochemical staining
of stellate cell marker ACTA2 in Pxdn-/- mice (Figure 10,
G). To study the macrophage spatial distribution, we co-
stained liver sections collected after 16 weeks of
CDAHFD for collagen fibers (SR) and the macrophage



Figure 7. Macrophage
characterization in
Pxdn-/- livers without and
after CCl4 injury. A,
CD11b immunostaining of
liver collected from mice
without (vehicle control) or
after 3 weeks and 6 weeks
of CCl4. B, Flowcytometry
analysis of monocyte pop-
ulation (CD45þCD11bþ). C,
F4/80 immunostaining. D,
Flowcytometry analysis of
total macrophage popula-
tion (CD45þF4/80þ). E,
Immunohistostaining of
CD206 as a marker for pro-
resolution macrophages. F,
Flowcytometry analysis of
F4/80þCD206þ cells (M2
macrophages). Flowcy-
tometry analysis of M1
macrophages (F4/
80þCD11Cþ) (G) and
CCR2þ migratory macro-
phages (H). I & J, Flowcy-
tometry analysis of Ly6C
positive macrophages
(both low and high
expressing) All images have
scale bar ¼ 100 mm. (n ¼ 4
mice, mean ± standard
deviation, Multiple t test,
**P < .01).
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marker F4/80. We observed that in Pxdn-/- liver, macro-
phages are in the vicinity of collagen fibers (Figure 10, H),
a phenotype we previously observed in CCl4-induced liver
injury (Figure 8, A). We further analyzed the changes in
macrophage cell populations during the early (4 weeks),
mid (8 weeks), and late (16 weeks) stages of NAFLD by
multicolor flow cytometry using the gating strategy and
differential expression of cell surface markers described
previously (Figure 6). Total population of hepatic macro-
phages (CD45þ F4/80þ) was significantly increased in
Pxdn-/- livers at late-stage fibrosis (23.2 ± 4.5 vs 18.2 ± 4;
P < .05) compared with their Pxdnþ/þ littermates
(Figure 10, I). M1 macrophages (CD45þF4/80þCD11cþ)
were significantly higher in the early and mid stages of
fibrosis in Pxdn-/- livers, whereas M2 macrophages
(CD45þF4/80þCD206þ) showed significant increase in
mid-stage fibrosis.

In Pxdn-/- livers, migratory CCR2þ macrophages were
significantly higher in mid-stage, whereas they stayed con-
stant at the later time point. Interestingly, recruitment of
Ly6Cþ cells increased in late-stage of fibrosis in Pxdn-/- mice
(Figure 10, I). Both Ly6Chigh and Ly6Clow macrophages were
higher in Pxdn-/- livers. Ly6Chigh monocytes are initially
recruited to the site of injury and then differentiate into
Ly6Clow monocytes-derived macrophages.44 Taken together,
consistent with previous data from CCl4-induced liver
injury, recruitment of monocytes and macrophages to
Pxdn-/- livers is significantly higher during NAFLD, and pro-
fibrolysis macrophages are actively involved in the scar
tissue resolution from the early stages of fibrosis.
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To investigate whether NAFLD regression in Pxdn-/- liver
is faster, animals were fed with CDAHFD for 16 weeks and
then diet was replaced with normal chow for 2 more weeks.
After the 18 weeks, liver, spleen, and blood were collected
for further analysis. Two weeks after diet withdrawal,
Pxdn-/- livers showed glossy surface and bright red color,



Figure 9. Pxdn-/- mice
have accelerated regres-
sion of hepatic fibrosis
and improved liver func-
tion. A, Mice received
CCl4 via oral gavage 3
times per week and then
the liver was allowed to
recover by withdrawing
CCl4 for 4 weeks. B, Livers
from Pxdnþ/þ and Pxdn-/-

mice after CCl4 with-
drawal. C, ALT/AST after
CCl4 injection and with-
drawal in Pxdn-/- and
Pxdnþ/þ mice (n ¼ 6, mean
± standard deviation, 2-
way analysis of variance,
**P < .01). D, Collagen
content measured by hy-
droxy proline (n ¼ 6, mean
± standard deviation, 2-
way analysis of variance,
**P < .01). SR of collagen
(E) and measurement of
fibrotic septae width (F) in
Pxdn-/- and Pxdnþ/þ 4
weeks after CCl4 with-
drawal (n ¼ 6, mean ±
standard deviation, Stu-
dent t test, **P < .01).
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whereas Pxdnþ/þ livers still showed the fibrotic gross
phenotype and contained HCC nodules (Figure 11, A). His-
tological analysis showed that fat deposition quickly
resolved after CDAHFD removal in both groups; however,
Pxdn-/- livers showed a lower amount of fat compared with
their Pxdnþ/þ littermates (Figure 11, B). Collagen staining
with SR showed quicker collagen resolution in Pxdn-/- livers.
In addition, lower ACTA2 staining revealed faster deactiva-
tion of stellate cells in Pxdn-/- mice. Fat content, collagen
proportional area, and ACTA2 expression were quantified
and showed significant decrease in Pxdn-/- livers compared
with Pxdnþ/þ livers after CDAHFD withdrawal (Figure 11,
C). ALT level was slightly lower in Pxdn-/- mice as well
(Figure 11, D). These results confirm that Pxdn-/- liver has a
higher speed of resolution when the insult is withdrawn.
Figure 8. (See previous page). Fibrolytic activity of macrop
staining of macrophages (F4/80 immunohistochemistry) and co
injection in Pxdn-/- and Pxdnþ/þ livers. Macrophages that are dir
B, IHC of MMP8 and MMP13 in Pxdn-/- livers after 6 weeks of C
and MMP13. C, Scanning electron microscope shows an increas
Pxdn-/- livers. D, Schematic representation of procedure use
liposomes that induce macrophage “suicide program.” E, Co-
staining) shows complete depletion of macrophages in the livers
80 IHC) and collagen fiber (SR staining) 24 hours after chlodron
monocytes transplantation into the mouse liver with opposite ge
and collagen fibers (SR staining) 24 hours after transplantati
backgrounds are found in the liver parenchyma, whereas the
microenvironment are found in the fibrotic tissue (SR positive a
Liver and Serum PXDN Protein Level Increases in
Patients With NAFLD

To study the expression pattern of PXDN during NAFLD
progression in humans, we stained PXDN in liver biopsy
specimens from patients with fibrosis and NAFLD. The
stages of NAFLD-associated fibrosis were determined using
collagen staining (SR staining) and scored by an expert
pathologist. NAFLD specimens were scored based on MET-
AVIR system from F0 to F4 as follows: F0, absence of
fibrosis; F1, perisinusoidal or periportal fibrosis; F2, com-
bined perisinusoidal and portal/periportal fibrosis; F3,
bridging fibrosis; and F4, cirrhosis. In F1 to F4 livers, PXDN
expression was detected in fibrotic area and increased with
increasing severity of fibrosis (Figure 12, A). PXDN was also
measured in serum from 92 patients with varying stages of
hage in Pxdn-/- livers during fibrosis progression. A, Co-
llagen fibers (SR staining) at 3 weeks and 6 weeks of CCl4
ectly associated with fibrotic bands are marked green arrows.
Cl4 injection. Green arrows indicate positive cells for MMP8
e in the presence of immune cells next to the fibrotic bands in
d to deplete liver macrophages with Clodronate-containing
staining of macrophages (F4/80 IHC) and collagen fiber (SR
that received clodronate. F, Co-staining of macrophages (F4/
ate withdrawal. G, Schematic representation of procedure of
netic background. H, Co-staining of macrophages (F4/80 IHC)
on. Pxdn-/- monocytes that were injected to the wild-type
Pxdnþ/þ monocytes that were injected to the Pxdn-/- liver
rea). Homing macrophages are shown with blue arrows.



Figure 10. PXDN is upregulated during mouse NAFLD. A, SR stained liver sections from mice with or without CDAHFD and
after withdrawal of CDAHFD. All images have scale bar ¼ 250 mm. B, mRNA expression of collagen (Col1a1), Acta2, and Pxdn.
C, Western blot analysis of PXDN protein expression in mouse. The graph shows the quantification of PXDN protein
expression normalized to ACTIN (n ¼ 2, mean ± standard deviation). D, Photos of Pxdnþ/þ and Pxdn-/- livers 16 weeks post
CDAHFD. Blue arrows indicate HCC nodules in Pxdnþ/þ liver. E & F, Liver and spleen weights normalized to body weight in
early (4 weeks), mid (8 weeks) and late (16 weeks) -stage NAFLD (n ¼ 4, mean ± standard deviation, Multiple t test, *P < .05
and **P < .01). G, Livers from Pxdnþ/þ and Pxdn-/- mice after 16 weeks of CDAHFD were analyzed by H&E, SR staining, and
IHC of ACTA2. Blue stars indicate cross-section of HCC nodules. All images have scale bar ¼ 100 mm. (n ¼ 4, mean ±
standard deviation, Multiple t test, *P < .05 and **P < .01). H, Co-staining of macrophages (F4/80 IHC) and collagen fiber (SR
staining) of livers after 16 weeks after CDAHFD in Pxdn-/- livers. Macrophages that are directly associated with fibrotic bands
are marked with green arrows, and macrophages that are outside the fibrotic area are marked with blue arrows. Scale bar ¼
250 mm. I, Macrophage characterization in Pxdn-/- and Pxdnþ/þ livers during NAFLD progression with flow cytometry (n ¼ 4,
mean ± standard deviation, Multiple t test, *P < .05, **P < .01).
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Figure 11. Pxdn-/- mice
have accelerated regres-
sion of hepatic fibrosis
after high fat diet
removal. A, Photos of
Pxdnþ/þ and Pxdn-/- livers
2 weeks after CDAHFD
withdrawal. Blue arrows
indicate HCC nodules in
Pxdnþ/þ liver. B & C, Histo-
logical analysis of Pxdnþ/þ

and Pxdn-/- livers, 2
weeks post CDAHFD
withdrawal by H&E, SR
staining, and IHC of
ACTA2. All images have
scale bar ¼100 mm (n ¼
4, mean ± standard devi-
ation, Multiple t test, *P <
.05, **P < .01). D, ALT
level decreases slightly
faster in Pxdn-/- mice.
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NAFLD (F0 ¼ 12, F1 ¼ 24, F2 ¼ 17, F3 ¼ 22, F4 ¼ 17) and
10 healthy individuals (Table 2). Serum levels of PXDN were
significantly increased in patients with NAFLD compared
with healthy individuals. PXDN level increased in patients
with all stages of NAFLD compared with the healthy in-
dividuals. (Figure 12, B). The information about age, gender,
and the stage of patients with NAFLD are listed in Table 2.
Activated HSCs Program the Macrophage
Recruitment and Function

Among several cell types present in liver, HSCs play a
central role in initiation and continuation of immune
response to liver injury. Activation of HSCs caused by liver
injury is now well-established as a central driver of fibrosis
in experimental and human liver injury.45 Therefore, we
aimed to investigate the connection between signals and
factors secreted from stellate cells and programming of
recruited bone marrow monocytes. We evaluated the ability
of monocytes to differentiate into macrophages in vitro after
culturing them in conditioned medium collected from acti-
vated HSCs.

Primary stellate cells were isolated from healthy liver of
Pxdnþ/þ and Pxdn-/- mice and activated with TGF-b 24 hours
after isolation. Seventy-two hours after HSC activation, the
supernatant medium was collected from both conditions,
and stellate cells were collected for their gene expression
analysis (Figure 13, A). As evidenced by quantitative real-
time polymerase chain reaction (qPCR) and immunofluo-
rescent staining, TGF-b treatment induced HSC activation



Figure 12. PXDN expression in human NAFLD increases with the severity of the disease in liver tissue and serum. A,
Collagen staining with SR (Scale bar ¼ 500 mm) and immunohistochemical staining of PXDN (Scale bar ¼ 250 mm) on human
liver biopsies. B, Serum level of PXDN (ng/mL) in human patients with NAFLD (F0-F4 fibrosis) and healthy controls. (mean ±
stand deviation, 1-way analysis of variance, ****P < .0001).
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with increased expression of smooth muscle actin (Acta2)
(Figure 13, B). mRNA expression analysis revealed upre-
gulation of other markers of activated HSCs, such as Col1a1,
Col3a1, Tgf-b, Ctgf, Lox, IL-6, and Ccl2, and downregulation
of IL-10 after treatment with TGF-b compared with un-
treated stellate cells from both Pxdnþ/þ and Pxdn-/-

(Figure 13, C). Interleukin (IL)-10 is an anti-inflammatory
cytokine that plays a crucial role in preventing inflamma-
tory response to tissue injury. Downregulation of IL-10 in-
creases response to tissue injury and boosts the resolution
of associated tissue damage.46

To analyze the gene expression of HSCs in vivo, we
mapped genome-wide RNA sequencing data collected from
CCl4-injured Pxdnþ/þ and Pxdn-/- livers to the previously
published “Activated stellate cell gene signature” by Zhang
et al.47 Differential gene expression analysis showed that
in vivo activated Pxdn-/- HSCs upregulate genes involved in
ECM production (eg, HS6ST2, GPR176, TGFb3), inflamma-
tory response (eg, LMCD1, LRRN4, TSLP, TGFb3), and cell
differentiation (eg, RBM46, FOXS1, ANKRD1 and AHNAK2,
KDELR3, FRZB) compared with Pxdnþ/þ controls
(Figure 13, D). These data suggest important involvement of
Pxdn-/- HSCs in increased immune cell recruitment and
altered matrix remodeling.

We next co-cultured monocytes with conditioned me-
dium from activated HSCs to investigate the migratory and
fibrolytic characteristics of differentiated macrophages
when exposed to proteins secreted from activated Pxdnþ/þ

and Pxdn-/- HSCs. We cultured primary monocytes, isolated
from tibia and fibula of Pxdnþ/þ adult mice, in the condi-
tioned media collected from Pxdnþ/þ and Pxdn-/- activated
HSCs for 7 days. One percent FBS and low concentration of
M-CSF (20 nM) were supplemented to the conditioned
media to support monocyte survival. Mock medium, DMEM
supplemented with 1% FBS and M-CSF (20 nM), was used
as a control (Figure 14, A). After the first 24 hours of in vitro
culture, primary monocytes exhibited a round shape with
limited spreading on plastic culture plate. After culturing
primary monocytes in media conditioned by activated HSCs,
their maturation to macrophages and ability to respond to
lipopolysaccharides was measured by gene expression
analysis. In comparison with monocytes cultured in condi-
tioned medium from Pxdnþ/þ HSCs, monocytes cultured in
conditioned medium from Pxdn-/- HSCs had greater mRNA
expression of Cd11b, Ccr2, Ccl2, and Il-6 compared with
monocytes cultured in conditioned medium from Pxdnþ/þ

HSCs and control group.
IL-10 expression was significantly upregulated compared

with the control group (Figure 14, B). Flow cytometry
analysis showed that the expression of liver-specific
macrophage marker F4/80 increases significantly in
monocytes differentiated to macrophages in conditioned
medium from Pxdn-/- HSCs compared with the monocytes
cultured in Pxdnþ/þ HSCs conditioned medium (91.8 ± 1.9
vs 74.5 ± 4.3; P < .01) and control group (91.8 ± 1.9 vs 51.3
± 14.3; P < .01) (Figure 14, C).

In addition, CCR2 expression was notably increased on
the cell surface of monocytes differentiated in conditioned
medium from Pxdn-/- HSCs compared with the monocytes
cultured in Pxdnþ/þ HSCs conditioned medium (88.4 ± 8.1
vs 52.5 ± 4.5) and control group (88.4 ± 8.1 vs 12.8 ± 7.5; P
< .01) (Figure 14, C). This is consistent with the higher
mobility potential of these macrophages in vivo (Figure 7,
H). Elevated expression of F4/80 in macrophages differen-
tiated in conditioned medium from Pxdn-/- HSCs were also
assessed by immunocytofluorescent staining (Figure 14, D).

Macrophage phagocytic and fibrolytic functions enable
wound healing and clearance of fibrotic bands in vivo.48

Phagocytic capacity of differentiated macrophages was
tested by their ability to engulf fluorescein isothiocyanate
(FITC)-conjugated Dextran in vitro.49 We observed that
Pxdnþ/þ monocytes that were differentiated to macro-
phages in conditioned medium from Pxdn-/- HSCs exhibited
the highest phagocytotic ability compared with monocytes
cultured in conditioned medium from Pxdnþ/þ HSCs and
control groups (Figure 14, D-E). Fibrolytic ability of differ-
entiated macrophages was tested with immunofluorescent
staining of MMP8 (collagenase 2). A significant increase in



Table 2.Age, Gender, Stage and PXDN Serum Level in
Patients With NAFLD

NAFLD stage F0 F1 F2 F3 F4

Number of values 20 20 18 18 17

Male 3 4 7 6 12

Female 17 16 11 12 6

Mean age, y 51 ± 12 59 ± 12 56 ± 10 66 ± 7 60 ± 10
Minimum 25 33 33 54 43
Maximum 68 76 72 78 73

PXDN level, ng/mL
Minimum 9 9 8 8 10
Maximum 20 32 33 31 36
Range 11 23 25 23 26
Mean 15 17 15 16 18
Standard deviation 3 6 6 7 7

NAFLD, Nonalcoholic fatty liver disease; PXDN, peroxidasin.

Figure 13. Activated HSCs isolated from Pxdn-/- livers
have a different mRNA expression profile. A, HSCs were
isolated from Pxdnþ/þand Pxdn-/- livers and treated with TGF-
b for 72 hours to activate HSCs. After 72 hours, conditioned
medium was collected, and HSCs were obtained for RNA and
protein analysis. B, Immunofluorescent staining of PXDN and
ACTA2 in HSCs before and after activation with TGF-b. Scale
bar ¼ 250 mm. C, mRNA expression analysis of quiescen
and activated HSCs in vitro shows a significant increase in
the expression of critical genes after activation (n ¼ 4, mean ±

standard deviation, Multiple t test, *P < .05 and **P < .01). D,
Genome-wide gene expression analysis of HSCs gene
signature in activated HSCs isolated from Pxdnþ/þ and
Pxdn-/- livers 6 weeks post CCl4 administration shows
differentially expressed genes in Pxdn-/- HSCs.
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MMP8 enzyme was observed in the monocytes that were
cultured in Pxdn-/- HSCs conditioned medium when
compared with monocytes cultured in Pxdnþ/þ HSCs
conditioned medium (13 ± 3.1 vs 2.7 ± 1.5; P < .01)
(Figure 14, D, F).

Taken together, these data suggest that Pxdn-deficient
mice have more resident and infiltrating immune cells to
help with the resolution of fibrosis from early stage of
fibrosis. Immune cells, particularly macrophages, actively
secrete pro-healing MMPs and accelerate the process of
tissue restoration. The liver microenvironment, particularly
HSCs, plays an important role in programming the recruiting
monocyte toward pro-healing and pro-fibrolysis
characteristics.
Mechanism Underlying the Activation of Pro-
healing Immune Cells in Pxdn-deficient Livers

PXDN belongs to a family of heme-containing peroxi-
dases that catalyze oxidation of various substrates, mainly
utilizing the reactive oxygen species (ROS) hydrogen
peroxide (H2O2) in the formation of hypohalous acids -
HOBr in the case of PXDN.50

We previously reported that the redox-active Fe complex
Fe-PyC3A serves as a ROS-activated magnetic resonance
imaging (MRI) contrast agent that is sensitive to changes in
redox state of the tissue microenvironment and inflamma-
tion in vivo.51 In the 2þ oxidation state, Fe2þ-PyC3A has
very low relaxivity and produces negligible MRI signal
change when administered to an animal. However, in the
presence of ROS, Fe2þ-PyC3A is instantaneously converted
to Fe3þ-PyC3A, which has an order of magnitude higher
relaxivity than the 2þ form and is readily detectable by MRI.
We used this contrast-enhanced MRI technique to compare



Figure 14. Co-culture of
primary monocytes with
Pxdn-/- HSCs in vitro can
program monocyte dif-
ferentiation into macro-
phages. A, Schematic
overview of monocyte
isolation and culture in
Pxdnþ/þ and Pxdn-/- HSCs
conditioned medium. B,
mRNA expression analysis
of Cd11b, Ccr2, Ccl2, Il-6,
and Il-10 of primary
monocytes cultured in
Pxdnþ/þ and Pxdn-/- HSCs
conditioned medium. Con-
trol monocytes were
cultured in basic DMEM
supplemented with MCSF
(20 nM). C, Flow cytometry
analysis F4/80 and CCR2
expression on monocytes
cultured in Pxdnþ/þ and
Pxdn-/- HSCs conditioned
medium. D, Immunofluo-
rescent staining of F4/80 in
monocyte cultured in
Pxdnþ/þ and Pxdn-/- HSCs
conditioned medium.
Scale bar ¼ 250 mm. D &
E, Phagocytosis capacity
of macrophages was eval-
uated by their ability to
engulf complex branched
carbohydrates such as
Dextran conjugated to
FITC. Scale bar ¼ 250 mm.
D & F, Fibrolysis capacity
of differentiated macro-
phages from monocytes
cocultured with HSCs, was
evaluated by their expres-
sion of matrix degrading
enzyme, MMP8 (n ¼ 4,
mean ± standard devia-
tion, 1-way analysis of
variance, *P < .05 and **P
< .01).
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the ROS level in healthy Pxdnþ/þ vs. Pxdn-/- livers. T1-
weighted MR images were acquired in healthy Pxdnþ/þ

and Pxdn-/- mice before and immediately after intravenous
injection of Fe2þ-PyC3A. Figure 15, A shows axial images
before (left) and after (middle) Fe2þ-PyC3A administration.
In the Pxdnþ/þ mice, the MRI liver signal is unchanged after
contrast agent injection, whereas in Pxdn-/- mice there is a
clear increase in liver signal after Fe2þ-PyC3A injection. The
right panel is a color overlay that quantifies this change in
liver-to-muscle contrast to noise ratio (DCNR) after contrast
agent administration on a pixel-wise basis. Figure 15, B
shows that DCNR is significantly higher in Pxdn-/- livers
compared with Pxdnþ/þ livers and indicate that there is
more ROS in healthy Pxdn-/- livers.

To further investigate whether Pxdn-/- livers differ from
Pxdnþ/þ livers in response to injury, we looked at differ-
entially expressed genes in Pxdnþ/þ and Pxdn-/-

CCl4-injured (after 6 weeks of CCl4 administration) and
uninjured livers. Once the overexpressed genes were
established, a Gene Ontology (GO) Enrichment Analysis was
performed to find the pathways enriched in Pxdn�/� vs.
Pxdnþ/þ mice. GO Enrichment Analysis revealed that the
expression of genes involved in hypoxia and TNFA_SIGNA-
LING_VIA_NFKB pathways were up-regulated in Pxdn�/�

uninjured livers compared with uninjured Pxdnþ/þ livers
(Figure 15, C). In CCl4-injured livers, EMT and allograft
rejection pathways were upregulated pathways in Pxdn�/�

injured livers compared with Pxdnþ/þ injured livers
(Figure 15, C). Analysis of RNA-sequencing data indicated
that, in uninjured livers, the expression of many genes was
strongly increased in Pxdn�/� livers compared with unin-
jured Pxdnþ/þ livers. Specifically, 4 major gene programs
were activated: Hypoxia (FOS, TNF-a, NF-kB, JUN, DDIT4,
DUSP1, ADM, NFIL3, IRS2, KLF6, CDKN1A, IGFBP-1), HSC
activation (lysyl oxidase [LOX], MYC, ACTA2, LOXL1, tissue
inhibitors of metalloproteinases [TIMP]1, PDGFRB), Cyto-
kine signaling (IL-23, IL1B, CD86, CCRL2), and ECM
remodeling (ITGA2, COL5A3, FBN1, ECM2) (Figure 15, D).
After 6 weeks of CCl4 administration, 3 major gene pro-
grams were up-regulated in Pxdn�/� livers: HSC activation
(FBN2, COMP, TIMP1, LOX, ACTA2, LOXL1, LOXL2, WNT5A,
EMP3, TGF-b), Cytokine signaling (IL-6, IL2RG, IL-15,
CXCR3, CXCL6, CCL5, IL-12A, IL10, IL-7, CD86, CCL2, IL-
16, CD80, TLR-1, IL-11, CCL13, CCR2, CD4, IL-15, CCR5,
IL-1B), and ECM remodeling (FBN2, COL8A2, MMP3,
COL11A1, MMP2, COL1A1, ECM2, MMP9) (Figure 15, E).

Together, GO analysis identified significant upregulation
of genes in hypoxia and TNF-a signaling pathways already
existing in Pxdn�/� healthy livers. Six weeks after CCl4
injury, upregulation of genes involved in the innate immune
response, leukocyte activation, and chemotaxis was
observed (Figure 15, E). We speculate that in the absence of
PXDN, even without injury, liver tissue redox state changes
and results in the activation of hypoxia related genes. This
can directly activate TNF-a signaling pathways in the liver
and, as a result, increase the recruitment of immune cells
such as macrophages and monocytes in the early stage of
liver fibrosis (Figure 15, F).
Discussion
The balance between ECM deposition and degradation

influences the speed of liver fibrosis progression and
regression.1 Liver fibrosis results from a chronic response to
persistent injuries, and is characterized by hepatocyte
death, recruitment of immune cells, and activation of ECM-
producing stellate cells. Regression of fibrosis is character-
ized by digestion of ECM, apoptosis of ECM-secreting cells,
hepatocyte regeneration, and consequent improvement in
organ function. Although the mechanisms that promote
collagen synthesis and deposition by stellate cells have been
extensively studied, the mechanisms regulating collagen
degradation and resolution of fibrosis have been less well-
characterized. Strategies to promote resolution of fibrosis
include the induction of apoptosis by myofibroblasts, inhi-
bition of collagen cross-linking, and triggering degrading
and clearance of ECM.52 In this study, we identified a he-
patic microenvironment with moderately elevated levels of
ROS, in which hepatic macrophages digest collagen fibers
and inhibit formation of dense fibrotic tissue in the early
stages of liver fibrosis. Here, the elevation of ROS levels is
associated with deficiency of PXDN, a highly conserved
member of the heme-containing peroxidase family, which
catalyzes the oxidation of various substrates in the presence
of H2O2 and plays a vital role in the inhibition of ROS for-
mation and oxidative stress.17 Oxidative stress can signifi-
cantly impact redox-sensitive molecules and act as a second
messenger to trigger intracellular signaling pathways.53 In
addition, PXDN contributes to basement membrane assem-
bly via its role in creating sulfilimine bonds in the Col IV
network during ECM formation and in ECM-mediated
signaling and cell growth pathways.54,55

In this study, we showed that in human cirrhotic livers,
PXDN is upregulated in stellate cells (ACTA2-expressing
cells) and in fibrotic bands. In vitro studies showed that
activated HSCs produce and secrete PXDN into the fibrotic
microenvironment. In addition, serum levels of PXDN in-
crease significantly in patients with end-stage liver fibrosis.
Secretion of PXDN from myofibroblasts occurs in other or-
gans such as heart and kidney and is TGF-b dependent.18,56

Elevation of PXDN in serum has been reported in patients
with peripheral artery disease and is tightly associated with
kidney function of patients with peripheral artery disease.57

PXDN is a very conserved protein among the animal
kingdom, and its expression is tightly regulated.58 It is
considered as an ECM-associated molecule, and in mice,
unlike abundant proteins in fibrotic tissues like collagen,
Pxdn had a moderate upregulation during liver fibrosis.

Mutation causing PXDN loss of function in both human
and mice results in congenital cataract-microcornea with
corneal opacity, glaucoma, buphthalmos, and extensive
corneal opacification.20,21 We did not detect abnormal liver
histology or function in Pxdn-/- mice; however, Pxdn defi-
ciency in the model of CCl4-induced liver injury resulted in
abnormal fibrotic septae formation. The divergent phenotype
of fibrotic bands in Pxdn-/- mice compared with Pxdnþ/þ

mice started from 3 weeks of CCl4 injection and continued
to progress further until the late stage of fibrosis.
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Initially, we examined the possibility of PXDN activity in
collagen IV cross-linking in liver fibrosis, but surprisingly,
collagen IV monomer numbers did not change in the Pxdn-/-

fibrotic liver compared with Pxdn-/- healthy controls.
Collagen IV is found in the perisinusoidal basement mem-
brane, and its content increased 16-fold in cirrhotic liver,
but progression of F1 to F3–F4 stages of liver fibrosis re-
quires a progressive accumulation of fibrillar collagens
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(type I and III).59 Our observation is similar to previous
studies in which lysyl oxidase (LOX) enzyme was experi-
mentally inhibited by b-aminopropionitrile.28 As a result,
the accumulation of cross-linked collagen was decreased,
and fibrotic septa showed widening comparable to changes
observed during fibrosis resolution in the current study.28

Due to the chicken-wire phenotype of fibrosis produced in
the CDAHFD model, loose formation of collagen bundles was
difficult to see in the CDAHFD model of nonalcoholic stea-
tohepatitis in Pxdn-/- liver. Nevertheless, we were able to see
the presence of macrophages in the fibrotic tissue at the
cirrhosis stage in Pxdn-/- livers. In both liver injury models
in Pxdn-/- mice, we observed greater infiltration of macro-
phages into the liver.

Total hepatic macrophages, consisting of liver resident
Kupffer cells and monocyte-derived macrophages,
contribute to maintaining homeostasis of the liver as well as
the progression of acute or chronic liver injury. During
fibrosis, Kupffer cells recruit monocytes and other inflam-
matory cells and activate stellate cells to produce ECM. On
the other hand, macrophages also release MMPs, which
promote fibrotic ECM degradation, and factors that dampen
the inflammatory response and promote resolution of
fibrosis and liver regeneration. We aimed to examine total
macrophage populations in 2 different stages of CCl4-
induced liver fibrosis: (1) peak of inflammation and early
stage of fibrosis (3 weeks of CCl4 injection), and (2)
advanced fibrosis (6 weeks of CCl4 injection). We also
examined total macrophage populations in 3 stages of
NAFLD: early (4 weeks), mid (8 weeks), and late (16 weeks)
post CDAHFD.

In general, total macrophage populations boost during
the peak of inflammation due to an increase in their pro-
liferation and recruitment of monocytes from bone
marrow.7,60,61 In our animal models, we detected an in-
crease in the number of macrophages (CD45þF4/80þ) in
Pxdn-/- livers at the peak of inflammation and late stage liver
fibrosis compared with the Pxdnþ/þ controls. Moreover,
macrophages in Pxdn-/- fibrotic livers demonstrated a
different phenotype in which they were found inside the
fibrotic bands and in close proximity to collagen fibers. As
the disease continues, this close proximity became more
evident, with concomitant disorganized and loosely con-
nected fibrotic tissue. This phenotype has been reported
during the resolution or regression phase in liver injury
animal models28,62 and in human cirrhotic patients. Notably,
Figure 15. (See previous page). Hypoxic condition caused
recruitment during liver injury. A, Representative axial MR ima
(left) and 5 minutes after (middle) injection of ROS-specific MRI c
image – left image) in liver-to-muscle contrast to noise ratio DC
signal in the Pxdn-/- mice but not in the Pxdnþ/þ animals. B, Quan
mean ± standard deviation, Student t test, *P < .05) in Pxdn
expression analysis, heat maps showed gene expression chan
and CCl4 (injured) livers (n ¼ 3). Red arrows indicate cytokines
colors in the heat map indicate up- and down-regulation of gen
Pxdn-/- livers (healthy and injured) are categorized into 4 different
ECM remodeling. F, Schematic representation of the proposed
ciency results in accumulation of H2O2 of which subsequent
stellate cell activation, and immune cell recruitment to the liver.
we detected it from early stage CCl4-induced fibrosis in
Pxdn-/- livers. Detailed characterization of this unique
macrophage population found in Pxdn-/- livers revealed that
they express higher levels of CD206 (Mannose Receptor) at
the late stages of fibrosis and have higher phagocytosis and
fibrolytic capacities. CD206þ macrophages are the major
source of matrix degrading enzymes, MMPs, and their
involvement during fibrosis can interrupt the formation of
fibrotic band and progression of fibrosis to irreversible
cirrhosis.

Contribution of monocytes (CD45þCD11bþ) is another
important factor to consider, where we found notable in-
crease in the number of monocytes in Pxdn-/- livers in the
peak of inflammation. In addition, we detected a significant
increase in the number of CCR2-expressing macrophages in
Pxdn-/- livers during fibrosis progression in both animal
models. However, we observed increase infiltration of
circulating Ly6Cþ monocytes only in the NAFLD animal
model. The impact of Ly6Cþ monocytes in the induction and
resolution of liver fibrosis has been evaluated with con-
flicting results, and their function can vary between
different animal models.63

Liver tissue microenvironment, including soluble medi-
ators and cytokines secreted by activated HSCs and other
immune cells, can influence the phenotypes of macrophages,
and determine their involvement in deterioration of liver
injury or restoration of liver functions.64,65 HSCs play a
major role in orchestrating the inflammatory response to
injury. In humans, activated HSCs induced infiltration of
migratory macrophages (CD163þ) via the CCL2/CCR2
pathway.66 CCL2 is chemokine for CCR2 migratory mono-
cytes, and CCR2 and/or CCR5 antagonism has led to
decreased inflammatory monocytes in the liver in a variety
of disease models.67 In our study, we investigated the pos-
sibility of stellate cell-initiated pathways of recruitment and
maturation of macrophages by in vitro co-culture of bone
marrow-derived primary monocytes and Pxdn-/- stellate
cells. In this experiment, we found greater expression of
CD11b and CCR2 markers in matured macrophages co-
cultured with Pxdn-/- stellate cells. In addition, in vitro
data confirmed the higher phagocytic activity of macro-
phages co-cultured with Pxdn-/- stellate cells.

To investigate the underlying mechanism of higher
macrophage recruitment in Pxdn-/- liver, we studied the
effect of Pxdn deficiency on the redox state of liver tissue as
the formation and accumulation of ROS can affect
by Pxdn deficiency results in increase of immune cell
ges showing the livers of healthy Pxdnþ/þ and Pxdn-/- before
ontrast agent Fe2þ-PyC3A, and the pixelwise change (middle
NR overlaid (right image) shows a strong increase in liver MRI
tification of MRI data shows significantly higher DCNR (n ¼ 3,
-/- animals compared with Pxdnþ/þ mice. C, Genome-wide
ges in Pxdnþ/þ and Pxdn-/- vehicle controls (without injury)
that attract immune cells to the site of injury. Red and blue
e expression, respectively. D & E, Top up-regulated genes in
categories: hypoxia, HSCs activation, cytokine signaling, and
mechanism of Pxdn deficiency on liver fibrosis. Pxdn defi-

ly contributes to activation of hypoxia and TNF-a pathway,
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polarization of macrophages.15 PXDN is an oxidase enzyme
that uses H2O2 to form sulfilimine bonds and cross-link
collagen IV.68 Using redox-active iron complex Fe-PyC3A
as an MRI contrast agent, we detected higher content of
ROS in Pxdn-/- livers. This high content was not necessary
toxic but was associated with upregulation of hypoxia-
related molecular pathways and increased expression of
ECM regulatory proteins and immunomodulatory cytokines
in healthy and injured Pxdn-/- livers. The activation of redox-
sensitive transcription factors, such as NF-kB, is necessary
for the induction of inflammatory gene expression and
recruitment of immune cells. Genome-wide expression
analysis showed that the TNF-a pathway via the NF-kB
pathway is upregulated in Pxdn-/- livers. This supports the
hypothesis that the liver microenvironment plays an
important role in programming recruited monocytes and
macrophages.

In conclusion, our findings provide new evidence that
recruited monocytes from bone marrow are programmed
by the liver microenvironment during liver injury. We
report a novel microenvironment where macrophages un-
dergo maturation faster and acquire pro-resolution char-
acteristics from the early stages of liver fibrosis. Our data
will help further understanding of hepatic immune homeo-
stasis and has implications for the development of novel
immunotherapeutic strategies for chronic liver diseases.

Methods
Animals

All animal experiments were approved by the Massa-
chusetts General Hospital Institutional Animal Care and Use
Committee (IACUC). Animals were maintained on a 12-hour
light/dark cycle at 25 �C and fed a standard diet. C57BL/6J
mice were purchased from Charles River Laboratories
(Wilmington, MA). Pxdn-/- mice were kindly provided by Dr
Gautam Bhave from Vanderbilt University Medical Center
(Nashville, TN). To induce liver injury by toxin and cause
fibrosis and cirrhosis, mice were given 3 times per week of
20% to 40% CCl4 via oral gavage (Sigma-Aldrich, St. Louis,
MO) according to our established protocols.69 To create
NAFLD animal model, 8-week-old male C57BL/6J mice were
purchased from Charles River Laboratories (Wilmington,
MA) and housed in a specific pathogen-free environment
according to our IACUC protocol. After 1 week of acclima-
tion, mice were fed on either normal chow (Prolab Isopro
3000; Scotts Distributing #8670) or L-amino acid diet with
60 kcal% fat with 0.1% methionine without added choline
(CDAHFD); Research Diets A06071302) for 16 weeks. In
both models, the well-being of animals was observed daily,
and with any sign of distress or pain, mice were euthanized
immediately.

RNA Extraction and qPCR
RNA was isolated from liver tissue using TRIzol (Life

Technologies, Grand Island, NY) according to the manufac-
turer’s instructions and then treated with DNAse I (Prom-
ega, Madison, WI). Total RNA (1 mg) from each sample was
used to synthesize complementary DNA by single-strand
reverse transcription (SuperScript III First-Strand Synthe-
sis SuperMix; Life Technologies). Primer and probe se-
quences for qPCR were purchased from Applied Biosystems
Inc.

Genome-wide Gene Expression Profiling and
Data Analysis

Total RNA was isolated as described above. Genome-
wide gene expression profiling was performed using high-
throughput Illumina HiSeq sequencing in High-Output
mode with Single-end 75-bp 20 million reads per sample
(Illumina, San Diego, CA). Scanned data were normalized
using a cubic spline algorithm, summarized into official gene
symbol, and mapped to human orthologous genes using the
mapping table provided by the Jackson laboratory (www.
informatics.jax.org). Genes were rank-ordered according to
differential expression between the experimental condi-
tions. Over- or under-representation of each gene signature
on the rank-ordered gene list was evaluated based on
random permutation test. False discovery rate <0.25 was
regarded as statistically significant. All data analysis was
performed using GenePattern analysis toolkit (www.
genepattern.org) and R statistical computing language
(www.rproject.org).

Single-cell Suspension and Flow Cytometry
Mice were anesthetized using 100 mg/kg of ketamine

and 10 mg/kg of xylazine intraperitoneally, followed by
terminal cardiac puncture. Animals received humane care
per criteria outlined in the Guide for the Care and Use of
Laboratory Animals by the National Academy of Sciences
(National Institutes of Health publication 86-23, revised
1985) and in accordance with the Massachusetts General
Hospital IACUC guidelines. The entire left lobe of liver was
cut into small pieces and further digested with collagenase
type XI (0.25mg/ml in Hanks’ Balanced Salt Solution
[HBSS], Sigma) and deoxyribonuclease 1 (20 units/ml,
Roche Diagnostics) at 37 �C for 25 to 35 minutes with gentle
agitation, followed by collagenase neutralization with cold
phosphate-buffered saline (PBS) containing 10% FBS
(Gibco-Invitrogen). Digested tissue was then centrifuged at
50g for 3 minutes to pellet hepatocytes. The supernatant
containing the nonparenchymal cells was harvested and
filtered through a 70-mm cell strainer to remove cell debris.
Purified cells were suspended in 4 mL of 80% isotonic
Percoll, and 1 layer of 40% Percoll was added on the top,
followed by centrifugation at 3000 RPM for 30 minutes at
room temperature with minimum break speed. The cells
were aspirated from the Percoll interface and harvested by
centrifugation and washed twice with PBS containing 10%
FBS. Isolated cells were incubated in FC block (anti-mouse
CD16/32) (1:1000, BioLegend) for 10 minutes. Next, cells
were stained with fluorochrome conjugated antibodies lis-
ted in Table 3 for 30 minutes followed by 3� wash in PBS
containing 10% FBS. Then cells were stained with Zombie
Aqua Fixable Viability for 10 minutes. After wash with PBS,
cells were fixed in paraformaldehyde 2% and run on the
LSRII flow cytometer (BD Biosciences, San Jose, CA). Data

http://www.informatics.jax.org
http://www.informatics.jax.org
http://www.genepattern.org
http://www.genepattern.org
http://www.rproject.org


Table 3.Antibody Panels for Flow Cytometric Analysis of Liver Monocyte and Macrophages

Conjugated antibody Clone Cat#

Alexa Fluor 488 anti-mouse CD11c N418 117311

PE/Cy7 anti-mouse CD206 (MMR) C068C2 141719

APC anti-mouse Ly-6C HK1.4 128015

Brilliant Violet 650 anti-mouse/human CD11b M1/70 101239

PerCP/Cyanine5.5 anti-mouse CD45 30-F11 103132

Alexa Fluor 700 anti-mouse F4/80 BM8 123129

Brilliant Violet 785 anti-mouse CD192 (CCR2) SA203G11 150621
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were acquired using BD FACSDIVA software (BD Bio-
sciences). The gating strategies are described in Figure 6.
FACS data were analyzed using FlowJo, version 10.1 (Ash-
land, OR).
Tissue Processing and Immunostaining
Formalin-fixed paraffin-embedded tissues samples were

sectioned with 5-mm thicknesses and stained with H&E, SR,
and immunostaining for alpha-smooth muscle actin (a-SMA,
ACTA2) (1:100, Sigma-Aldrich St. Louis, MO) and collagen,
Type 1, alpha 1 (COL1A1) (1:200, Abcam, Cambridge, UK),
Pxdn (provided by Dr Gutam, 1:200), and CD11b (1:100,
Novus Biologicals, Centennial, CO), CD206 (1:100, Novus
Biologicals) according to standard protocols, as reported
previously.70 For tissue analysis using the SEM, formalin-
fixed and paraffin-embedded sections were incubated in
osmium tetroxide (0.5%; Electron Microscopy Sciences,
19152) before serial dehydration in ethanol. Samples were
then dried using a critical point drier and imaged using field
emission SEM (Hitachi S-4700).
Image Acquisition and Analysis
Fluorescent images were captured with a Nikon Eclipse

microscope equipped with an Insight CMOS 5.1 digital
camera. IHC, SR, and H&E slides were scanned using
NanoZoomer-SQ Digital slide scanner (Hamamatsu Inc). The
collagen proportional area was morphometrically quantified
on SR-stained sections with image processing software
(Image J, National Institutes of Health).
Collagen Stabilization Assay
To characterize and quantify the stability of the collag-

enous ECM, we performed stepwise collagen solubilization
from livers using neutral salt (freshly secreted collagens and
procollagens), acetic acid (more mature collagens), and acid
pepsin (fibrillar, moderately cross-linked collagens) based
on published protocols.28,71 Briefly, 100 to 150 mg
(0.10–0.15 gr) of snap frozen liver (4 samples per group,
each pooled from pieces of 2–3 individual livers) was ho-
mogenized in 2 mL of neutral salt buffer (Tris Buffer) (0.5M
NaCl, 0.05M Tris, pH 7.5, with Complete protease inhibitor
[Roche]) and incubated at 4 �C overnight on a rotary shaker.
After centrifugation at 24,000g for 30 minutes, the super-
natant was collected for hydroxyproline determination. The
resulting pellet was extracted with 20 mL 0.5M acetic acid
and incubated at 4 �C overnight on a rotary shaker. After
centrifugation at 24.000g for 30 minutes, the supernatant
was collected for hydroxyproline determination. To isolate
pepsin soluble collagen, the resulted pellet was digested by
pepsin (2 mg/mL in 0.5M acetic acid, fraction) at 4 �C
overnight on a rotary shaker. After centrifugation at 24,000g
for 30 minutes, the supernatant was collected for hy-
droxyproline (HYP) determination. The remaining insoluble
fraction represents mature, highly cross-linked collagen.
Collagen content solubilized in each extraction step, and the
remaining insoluble collagen was quantified biochemically
via HYP determination after completing acidic hydrolysis in
6N hydrochloric acid and expressed as the percentage of
HYP recovered in all fractions.

Primary Mouse HSCs Isolation
Mouse livers were perfused with 10 mL of PBS and the

10 mL of collagenase type XI (0.25mg/mL in HBSS [Sigma])
through the portal vein of euthanized adult (8–12 weeks)
mice. The whole liver was then excised, cut into small
pieces, and digested in 15 mL collagenase solution at 37�C
for 30 minutes. Collagenase was inactivated by adding 10
mL cold HBSS containing 10% FBS. Collagenase was
removed by 2 minutes of centrifugation at 1200g following
3� washing steps with cold HBSS followed by passing
through a 70-mm nylon mesh. Next, primary mouse HSCs
were purified from the total single cells. The pellet was
resuspended in 10mL of 35% Percoll (GE Healthcare,
Pittsburgh, PA) with an overlay of 1mL PBS. After centri-
fugation at 1130 g for 30minutes (with no acceleration and
no break speed), HSCs in the interphase layer between the
PBS and Percoll were collected and washed with DMEM
supplemented with 15% FBS. Cells were seeded in a 6-cm
petri dish in pre-warmed DMEM (high glucose 4.5 g/L)
(Gibco Thermofisher, Waltham, MA) supplemented with
heat-inactivated 10% FBS (Sigma-Aldrich, St. Louis, MO),
1% penicillin/streptomycin (100 U/mL penicillin, 100 ug/
mL streptomycin, Corning, NY), and sodium pyruvate (Gib-
coThermofisher). Isolated primary mouse HSCs were
maintained at 37 �C, 5% CO2 in a humidified incubator.

Primary Monocyte Isolation From Bone Marrow
Bone marrow primary monocytes were isolated by

flushing femurs and tibias of 8- to 10-week-old C57Bl/6
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mice (Charles River Laboratories) with DMEM supple-
mented with 10% FBS, þ1% penicillin/streptomycin, and
1% sodium pyruvate). Aggregates were mechanically
dissociated by pipetting, and debris was removed by
passaging the suspension through a 70-mm nylon mesh
(Corning). Cells were washed twice with complete medium
and seeded on 6-well ultra-low attachment surface plates
(Corning) Cells were supplemented with 20 ng/mL rmM-
CSF (R&D Systems, Minneapolis, MN) and cultured in a
humidified incubator at 37 �C and 5% CO2.

FITC-dextran Uptake Assay
To measure macrophage phagocytic ability, the FITC-

dextran uptake assay was performed up by incubating
cells with FITC-dextran. Briefly, macrophages were cultured
on 24-well plates at a concentration of 5 � 104 cells/well.
FITC-dextran was added into each well at a final concen-
tration of 0.5 mg/mL, and the culture plates was incubated
at 37 �C for 10 minutes. After incubation, wells were
washed with PBS extensively to remove excess FITC-
dextran. Cells then were fixed with paraformaldehyde 4%
for 10 minutes. Cells were washed and nuclei were stained
with DAPI.

Serum Marker Analysis
A cardiac terminal blood withdrawal was performed at

the time of sacrifice. Blood was allowed to clot for 2 hours at
room temperature before centrifugation at 2000 rpm for 10
minutes at 4 �C. Serum was isolated and stored at �80oC.
Biochemical markers of liver injury were measured,
including alkaline phosphatase, ALT, AST, total bilirubin,
and albumin (DRI-CHEM 4000 Analyzer, Heska,
Switzerland).

In vivo MRI and Image Analysis
Animals were anesthetized with 1% to 2% isoflurane

with body temperature maintained at 37 �C. The tail vein
was cannulated for intravenous delivery of contrast agent
while the animal was positioned in the scanner in a custom-
designed cradle. Imaging was performed at 4.7 T using a
small-bore animal scanner (Bruker, Billerica, MA). Baseline
axial and coronal 2D Fast Low Angle Shot images were
acquired before and continuously for 30 minutes after
injection of 0.2 mmol/kg Fe-PyC3A intravenously. Two-
dimensional Fast Low Angle Shot image acquisition pa-
rameters were echo time/repetition time ¼ 2.93/152 ms,
flip angle¼ 60�, field of view¼ 33� 33 mm, matrix¼ 140�
140, and slice thickness¼ 1.0 mm. Data analysis included the
calculation of CNR of the liver region of interest vs back
muscle region of interest (ie, CNR ¼ Spancreas� SMuscle

Stdevnoise
). The

differential (postinjection – preinjection) was further
calculated and represented as delta CNR (dCNR).

Statistical Analysis
Results are expressed as the mean ± standard deviation.

One-way analysis of variance followed by post-hoc Tukey
tests with 2-tailed distribution were performed to analyze
data among groups of 3 or more. The Student t test
compared data between control and 1 experimental group.
All statistical analyses were performed using either Graph-
Pad Prism software (GraphPad Software, La Jolla, CA) or
Intercooled Stata software, version 12.0 (StataCorp, College
Station, TX).
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