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Annexin A1 (AnxA1) is an important effector in the resolution of inflammation which is in-
volved in modulating hepatic inflammation in nonalcoholic steatohepatitis (NASH). In the
present study, we have investigated the possible effects of treatment with AnxA1 for coun-
teracting the progression of experimental NASH.
NASH was induced in C57BL/6 mice by feeding methionine–choline deficient (MCD) or
Western diets (WDs) and the animals were treated for 4–6 weeks with human recombinant
AnxA1 (hrAnxA1; 1 μg, daily IP) or saline once NASH was established.
In both experimental models, treatment with hrAnxA1 improved parenchymal injury and
lobular inflammation without interfering with the extension of steatosis. Furthermore, ad-
ministration of hrAnxA1 significantly attenuated the hepatic expression of α1-procollagen
and TGF-β1 and reduced collagen deposition, as evaluated by collagen Sirius Red stain-
ing. Flow cytometry and immunohistochemistry showed that hrAnxA1 did not affect the
liver recruitment of macrophages, but strongly interfered with the formation of crown-like
macrophage aggregates and reduced their capacity of producing pro-fibrogenic mediators
like osteopontin (OPN) and galectin-3 (Gal-3). This effect was related to an interference with
the acquisition of a specific macrophage phenotype characterized by the expression of the
Triggering Receptor Expressed on Myeloid cells 2 (TREM-2), CD9 and CD206, previously
associated with NASH evolution to cirrhosis.
Collectively, these results indicate that, beside ameliorating hepatic inflammation, AnxA1 is
specifically effective in preventing NASH-associated fibrosis by interfering with macrophage
pro-fibrogenic features. Such a novel function of AnxA1 gives the rationale for the develop-
ment of AnxA1 analogs for the therapeutic control of NASH evolution.

Introduction
Nonalcoholic steatohepatitis (NASH) is now becoming one of the most common cause of end-stage liver
disease in Western countries with a death rate ascribed to NASH-related cirrhosis accounting for 12–25%
[1,2]. NASH is also an increasingly common cause of hepatocellular carcinoma (HCC) [3]. Besides hepatic
injury, the presence of steatohepatitis also increases the prevalence of non-hepatic diseases such as type 2
diabetes mellitus, cardiovascular diseases, chronic kidney diseases and osteoporosis independently from
the risk factors in common with metabolic syndrome [4]. In these settings, liver inflammation not only
is the driving force for NASH evolution to cirrhosis, but also contributes to extrahepatic injury. Thus,
targeting hepatic inflammation has become an important objective for the development of new treatments
of NASH.
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Animal experiments and clinical trials have shown that interfering with pro-inflammatory cytokines/chemokines,
leukocyte adhesion molecules or gut dysbiosis is effective in ameliorating lobular inflammation and NASH progres-
sion to fibrosis [5,6]. A different approach to control inflammation might rely on the use of physiological modulators
that orchestrate the resolution of inflammatory processes and promote tissue healing [7]. Among these pro-resolving
factors, Annexin A1 (AnxA1), also known as lipocortin-1, represents a possible candidate.

AnxA1 is a 37-kDa calcium–phospholipid-binding protein highly expressed in myeloid cells and regulated by glu-
cocorticoids [8]. AnxA1 interaction with its receptor, formyl peptide receptor 2/lipoxin A4 receptor (FPR2/ALX),
down-regulates the production of proinflammatory mediators, such as eicosanoids, nitric oxide and interleukin (IL)-6
(IL-6), reduces neutrophil migration to inflammatory sites, and promotes clearance of apoptotic granulocytes [8,9].
Furthermore, recent studies have shown that endogenous AnxA1 favors epithelial repair and muscle regeneration
[9,10]. We have observed that AnxA1 is selectively up-regulated in macrophages from mouse and human NASH liv-
ers [11]. Moreover, in NASH patients hepatic AnxA1 transcripts show an inverse correlation with disease progression
to fibrosis/cirrhosis [11]. Furthermore, AnxA1 deficiency enhances insulin resistance and metabolic impairment in
mice receiving an obesogenic diet [12], while it worsens lobular inflammation and hepatic fibrosis in experimental
NASH [11]. These latter effects associate with an enhanced macrophage recruitment as well as their pro-inflammatory
M1 phenotype and activity [11]. Consistently, in vitro addition of recombinant AnxA1 to macrophages isolated from
NASH livers reduces M1 polarization by stimulating the production of IL-10 [11]. In the same vein, AnxA1 supple-
mentation improves insulin resistance and type 2 diabetes complications in mice fed a high-fat diet [12].

Based on these studies and the recent observations that AnxA1 and AnxA1 mimetic peptides are effective in im-
proving inflammation in animal models of diabetic kidney damage and atherosclerosis [13,14], the present study
investigated the possible application of AnxA1 in controlling steatohepatitis in mice with experimental NASH.

Materials and methods
Mice and experimental protocol
Wildtype C57BL/6 mice were housed in pathogen-free conditions and fed ad libitum with standard chow diet and wa-
ter. Steatohepatitis was induced by feeding 8-week-old male mice with either a methionine–choline-deficient (MCD)
diet for 2 or 8 weeks or with a high-fat/carbohydrate diet enriched with 1.25% cholesterol Western diet (WD) for
10–16 weeks (Laboratorio Dottori Piccioni, Gessate, Italy). Control animals received a diet supplemented by either
choline/methionine or standard chow diet. Mice were treated for 5 days a week by daily intraperitoneal injection of
human recombinant AnxA1 (hrAnxA1; 1 μg/daily in saline) according to a previously published protocol [14] that
allowed effective pharmacokinetics and avoided production of neutralizing antibodies. Control animals received an
injection of saline alone. At the end of the treatments, mice were anesthetized with sevoflurane, and after checking
the anesthesia depth, the blood was collected by retro-orbital bleeding. Afterwards, the mice were killed by cervical
dislocation. Animal experiments were performed at the animal facility of the Department of Health Sciences, Univer-
sity of East Piedmont (Novara, Italy) and complied with EU ethical guidelines for animal experimentation. The study
protocols received ethical approval by the Italian Ministry of Health (authorization number 449/2019-PR) according
to the European law requirements.

AnxA1 recombinant protein purification
cDNA of hrAnxA1 carrying a cleavable N-terminal poly-His tag was expressed in Escherichia coli and purified as pre-
viously reported [14]. The purity of recombinant AnxA1, was assessed by sodium dodecyl sulphate/polyacrylamide
gel electrophoresis and matrix-assisted laser desorption/ionization dual time-of-flight mass spectrometry and was
>95%.

Assessment of liver injury
Livers were rapidly removed, rinsed in ice-cold saline and cut in pieces. Aliquots were immediately frozen in liquid
nitrogen and kept at −80◦C until analysis. Two portions of the left lobe from each liver were fixed in 10% formalin
for 24 h and embedded in paraffin. Plasma alanine aminotransferase (ALT) levels and liver triglycerides were de-
termined by spectrometric kits supplied, respectively, by Gesan Production SRL (Campobello di Mazara, Italy) and
Sigma Aldrich (Milano, Italy).

Histology and immunohistochemistry
Liver sections (4-μm-thick) were stained with Hematoxylin/Eosin using a Roche Ventana HE 600 automatic stain-
ing system (Roche Diagnostics International AG, Rotkreuz, Switzerland), while collagen deposition was detected

644 © 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/136/9/643/932499/cs-2021-1122.pdf by U
niversita degli Studi di Torino user on 18 July 2022



Clinical Science (2022) 136 643–656
https://doi.org/10.1042/CS20211122

by Picro-Sirius Red staining. Sections were scored blindly for steatosis and lobular inflammation, as described
[11]. The extension of Sirius Red was quantified by histo-morphometric analysis using the ImageJ software (https:
//imagej.nih.gov/ij/). To detect liver macrophages, tissue sections were stained in formalin-fixed sections using rabbit
polyclonal antibodies against F4-80 and goat polyclonal antibodies against galectin-3 (Gal-3) provided by, respec-
tively, Abcam (Cambridge, U.K.) and R&D Systems (Minneapolis, U.S.A.) in combination with a horseradish perox-
idase polymer kit (Biocare Medical, Concord, CA, U.S.A.). Microphotographs were taken using a Nikon Eclips CI
microscope fitted with 20 × 0.5 and 40 × 0.75 PlanFluor lens and a DSR12 camera (Nikon Europe BV, Amsterdam,
Netherlands) through the NIS-Elements F4.60.00 acquisition software.

Flow cytometry analysis of liver leukocytes
Livers were digested by type IV collagenase (Worthington, U.S.A.), and intrahepatic leukocytes were isolated by multi-
ple differential centrifugation steps according to [15]. The cell preparations were then subjected to red cell lysis by BD
FACS™ Lysing Solution (BD Bioscience, San Jose, CA, U.S.A.) and stained using combinations of the following mono-
clonal antibodies: CD45 (Clone 30-F11, Cat. 12-0451-82), Ly6C (Clone HK1.4, Cat. 53-59-32-80), Ly6G (Clone Clone
RB6-8C5, Cat. 47-5931-82,), MHCII (Clone M5/114.15.2, Cat. 56-5321-80), CD206 (Clone MR6F3, Cat. 25-2061-80),
CD9 (MZ3FCRUO, Cat. 124815), C-type lectin-like receptor 2 (CLEC-2; 17D9/CLEC-2FCRUO, Cat. 146103), T-cell
membrane protein 4 (TIM-4; RMT4-54FCRUO, Cat. 130019) eBioscience, (Thermo Fisher Scientific, Milano, Italy),
CD11b (Clone M1/70, Cat. 101212), F4-80 (Clone BM8, Cat. 123113, Biolegend, San Diego, CA, U.S.A.), Triggering
Receptor Expressed on Myeloid cells 2 (TREM-2; Clone 78.18, Cat. MA5-28223, Thermo Fisher Scientific, Milano,
Italy). Sample analysis was performed using the Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham,
MA, U.S.A.) and data were elaborated with FlowJo™ Software (BD Biosciences, San Jose, CA, U.S.A.).

Metabolic assessment
After overnight fasting, mice received a single intraperitoneal injection of d-glucose (1.5 mg/g body weight in saline).
Blood sampling was performed by tail vein incision with sterile needles and glycemia was measured by a glucometer
(Menarini Diagnostics, Milan, Italy) before and after 10, 30, 60, 90 and 120 min of glucose administration.

mRNA extraction and real-time PCR
mRNA was extracted from snap-frozen liver fragments using the TRIzol™ Reagent (Thermo Fisher Scien-
tific, Milano, Italy). cDNA was generated from 1 μg of mRNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems Italia, Monza, Italy) in a Techne TC-312 thermocycler (TecneInc, Burlington
NJ, U.S.A.). Real-time PCR was performed in a CFX96™ Real-time PCR System (Bio-Rad, Hercules, Califor-
nia, U.S.A.) using TaqMan Gene Expression Master Mix and TaqMan Gene Expression probes for mouse tu-
mor necrosis factor-α (TNF-α; Mm99999068 m1), CCL2 (Mm00441242 m1), CD11b (Mm00434455 m1), CD163
(Mm00474091 m1), TREM-2 (Mm04209422 m1), MerTK (Mm00434920 m1), Gal-3 (Mm00802901 m1), osteo-
pontin (OPN) (Mm01204014 m1),α1-procollagen (Mm00801666 g1), TGF-β1 (Mm00441724 m1) (Thermo Fisher
Scientific, Milano, Italy) and β-actin (Cat. No. 4352663, Applied Biosystems Italia, Monza, Italy). All samples were
run in duplicate and the relative gene expression, calculated as 2−�Ct over that of β-actin gene, was expressed as fold
increase over the relative control samples.

Data analysis and statistical calculations
Statistical analyses were performed by SPSS statistical software (SPSS Inc. Chicago IL, U.S.A.) using one-way ANOVA
test with Tukey’s correction for multiple comparisons or Kruskal–Wallis test for non-parametric values. Significance
was taken at the 5% level. Normality distribution was assessed by the Kolmogorov–Smirnov algorithm.

Results
The effects of hrAnxA1 on modifying the severity of NASH were preliminary evaluated in a set of experiments in
which steatohepatitis was induced in C57BL/6 mice by feeding a methionine/choline deficient (MCD) diet. For these
experiments, animals received the MCD diet for 4 weeks to allow the development of extensive steatohepatitis; then,
they were injected with hrAnxA1 or saline for further 4 weeks, while maintaining the same diet. At the end of the
treatment, liver histology and biochemical analysis showed that administration of hrAnxA1 significantly reduced the
severity of liver injury (Figure 1A) as measured by ALT release (Figure 1B). No changes were evident in the scores
for hepatic steatosis (2.2 +− 0.9 vs. 1.6 +− 0.6 arbitrary units; n=13; P=0.22) and in liver triglyceride content (Figure
1C). The same animals also showed a significant lowering in the histological scores for lobular inflammation (2.2 +−
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Figure 1. AnxA1 supplementation improves NASH-associated hepatic injury and inflammation in mice fed an MCD diet

NASH was induced in wildtype C57BL/6 mice by feeding MCD diet for 4 weeks. The animals were then randomly divided in

two groups: one receiving AnxA1 (1 μg/daily in saline five times a week; MCD+AnxA1) and the other the same volume of saline

(MCD+sal) and the administration of the MCD diet was continued for further 4 weeks. (A) Hematoxylin/Eosin staining of liver sections

(magnification 20×). (B,C) ALT release and hepatic triglyceride content. (D–G) Hepatic transcripts of inflammatory markers TNF-α,

CCL2, IL12p40 and CD11b as evaluated by RT-PCR. The values refer to six to eight animals per group and the boxes include the

values within 25th and 75th percentile, while the horizontal bars represent the medians. The extremities of the vertical bars (10th–90th

percentile) comprise 80% percent of the values.
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0.8 vs. 0.8 +− 0.8 arbitrary units; n=13; P<0.05) as well as in the liver expression of pro-inflammatory markers like
TNF-α, CCL2, IL-12p40 and the leukocyte marker integrin α M (ITGAM; CD11b) (Figure 1D–G). Steatohepatitis
in mice receiving the MCD diet for 8 weeks increased liver transcripts for procollagen-1α and transforming growth
factor 1β (TGF-1β) (Figure 2A–C) and the onset of liver fibrosis, as evidenced by intrahepatic collagen staining with
Sirius Red (Figure 2D). Interestingly, mice treated with hrAnxA1 showed significant decrease in the transcripts for
procollagen-1α and TGF-1β (Figure 2A–C), along with a lower Sirius Red staining, than those injected with saline
alone (Figure 2D).

Although steatohepatitis induced by the MCD diet reproduces the inflammatory features of human NASH, this
experimental model lacks metabolic derangements associated with obesity and insulin resistance that are common
features of the human disease [16]. Furthermore, the development of fibrosis is usually modest in MCD-fed mice
[16]. Thus, to better characterize the action of hrAnxA1 on the evolution from NASH to fibrosis, we switched to a
nutritional model based on mice feeding with high-fat/carbohydrate diet enriched with 1.25% cholesterol known as
Western diet (WD) [16].

To this aim, mice were fed with WD for 10 weeks to induce steatohepatitis before being randomized to receive
hrAnxA1 supplementation. Preliminary experiments confirmed that 10 weeks feeding of mice with WD significantly
increased body weight as compared with chow-fed controls and this was associated with an increase in liver weight due
to intrahepatic fat accumulation (Supplementary Figure S1A). The presence of steatohepatitis was confirmed by his-
tology (Supplementary Figure S1B) as well as by the elevation in the circulating levels of ALT (Supplementary Figure
S1C) and in the liver transcripts for inflammatory markers (Supplementary Figure S1D,E). Although procollagen-1α
mRNA was increased in the livers of WD-fed mice (Supplementary Figure S1F), histology did not detect changes
in collagen deposition (Supplementary Figure S1G), suggesting that at this time point steatohepatitis has not led to
marked fibrosis. Thus, 10-week WD-fed animals were a suitable experimental model to investigate whether treatment
with hrANXA1 might interfere with NASH evolution to fibrosis.

Six weeks treatment with hrANXA1 (1 μg/g) of mice receiving WD did not appreciably modify body (33 +− 1.8
vs. 32.5 +− 2.6 g; n=12; P=0.7) and liver weights (2.3 +− 0.32 vs. 2.0 +− 0.32 g; n=12; P=0.12). As expected, 16-week
WD feeding promoted the development of insulin resistance, as monitored through the glucose tolerance test (Sup-
plementary Figure S2A). Nonetheless, the area under the curve (AUC) did not evidence an appreciable improvement
of insulin response following administration of hrAnxA1 (Supplementary Figure S2B).

As observed in the animals receiving the MCD diet, hrANXA1 treatment of mice fed with WD improved liver
histology (lobular inflammation score: 1.8 +− 0.4 vs. 0.8 +− 0.7 arbitrary units; n=12; P<0.05), transaminase release
and expression of inflammatory markers (Figure 3), without affecting the extension of steatosis (2.0 +− 0.9 vs. 2.3 +− 0.8
arbitrary units; n=12; P=0.58). According to previous studies [16], WD administration led to diffuse hepatic fibrosis
(Figure 2D–F).In these animals RT-PCR and Sirius Red collagen staining confirmed that hrANXA1 was effective in
preventing the up-regulation in procollagen-1α and TGF-1β expression and almost abrogated intrahepatic collagen
deposition (Figure 2D–F) as confirmed by morphometric evaluation of collagen Sirius Red staining areas (3.20 +−
0.93 vs. 0.35 +− 0.35%; n=23 fields; P<0.001).

Several reports have pointed on the capacity of ANXA1 to modulate macrophage functions by suppressing
pro-inflammatory activities and stimulating pro-resolving functions [9,10]. In our hands, flow cytometry analysis of
F4-80+/CD11b+ of hepatic macrophages showed that treatment with hrANXA1 did not interfere with their recruit-
ment to the liver (Figure 4A). Similarly, the fraction of pro-inflammatory macrophages expressing the lymphocyte
antigen 6 (Ly6C), also known as tissue plasminogen activator receptor [17], was not affected (Figure 4A). On the other
hand, hrANXA1 reduced by ∼20% the prevalence of cell expressing the mannose-binding protein receptor (MRC1;
CD206), a marker of reparative macrophages (Figure 4A).

Macrophages in human and rodent NASH livers are often characterized by the formation of aggregated containing
enlarged cells with a foamy appearance due to the accumulation of cytoplasmic lipid droplets and cholesterol crystals
reminiscent of crown-like structures detectable in the adipose tissue of obese subjects [18]. Immunohistochemistry
for the macrophage marker F4-80 confirmed the presence of crown-like aggregates in the liver sections from mice fed
WD for 16 weeks (Figure 5A). F4-80 immunostaining also showed that macrophages aggregates were greatly reduced
by hrANXA1 treatment (Figure 5A).

In recent studies, single-cell RNA sequencing has revealed that macrophages expanding in either human or rodent
NASH, have a specific phenotype, characterized by the expression of the TREM-2, CD63 and the glycoproteins CD9
and NMB (GPNMB). These cells, also called NASH-associated macrophages (NAMs), are the main components
of crown-like macrophage aggregates [21] and their prevalence correlates with the severity of NASH [19], likely in
relation to their capability of producing pro-fibrogenic mediators such as Osteopontin (OPN) and Galectin-3 (Gal-3)
[19–22]. Since the worsening of NASH-associated fibrosis in AnxA1-deficient mice was characterized by an enhanced
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Figure 2. AnxA1 supplementation improves hepatic fibrosis in mice with NASH induced by feeding either an MCD diet or

WD diet

NASH was induced in wildtype C57BL/6 mice by feeding MCD diet for 4 weeks or WD diet for 10 weeks. (A–C) The animals were

randomly divided in two groups: one receiving AnxA1 (1 μg/daily in saline five times a week; MCD+AnxA1) and the other the same

volume of saline (MCD+sal) and the administration of the MCD diet was continued for further 4 weeks. (D–F) The animals were

divided to receive AnxA1 (1 μg/daily in saline five times a week; WD+AnxA1) or saline (WD+sal) and the administration of the WD

diet was continued for further 6 weeks. The hepatic transcripts for procollagen-1α and TGF-β1 was evaluated by RT-PCR. Collagen

deposition was evidenced by staining with Sirius Red (magnification 40×). The values refer to six to eight animals per group and

the boxes include the values within 25th and 75th percentile, while the horizontal bars represent the medians. The extremities of

the vertical bars (10th–90th percentile) comprise 80% percent of the values.
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Figure 3. AnxA1 supplementation improves steatohepatitis in mice fed with WD

NASH was induced in wildtype C57BL/6 mice by feeding WD diet for 10 weeks. The animals were then randomly divided in two

groups: one receiving AnxA1 (1 μg/daily in saline five times a week; WD+AnxA1) and the other the same volume of saline (WD+sal)

and the administration of the diet was continued for further 6 weeks. (A) Hematoxylin/Eosin staining of liver sections (magnification

20×). (B,C) ALT release and hepatic triglyceride content. (D,E) The hepatic mRNA levels of inflammatory markers TNF-α and CD11b

as evaluated by RT-PCR. The values refer to five to seven animals per group and the boxes include the values within 25th and 75th

percentile, while the horizontal bars represent the medians. The extremities of the vertical bars (10th–90th percentile) comprise 80%

percent of the values.
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Figure 4. Effects of AnxA1 supplementation on the distribution and features of liver macrophages (MFs) infiltrating the liver

of mice with WD-induced steatohepatitis

(A) The intrahepatic distribution of F4-80+/CD11b+ MFs and the relative prevalence of cells expressing Ly6C or CD206 was eval-

uated by flow cytometry in control mice (Cont) or mice receiving WD for 16 weeks in combination with either saline (WD-Sal) or

AnxA1 treatment (WD+AnxA1). The values are means +− SD of three to four animals for each experimental group. (B–E) Changes

in the hepatic transcripts of NASH-associated macrophage (NAM) markers TREM-2, Gal-3 and OPN along that of the Kupffer cell

marker CD163 in mice receiving WD for 10 or 16 weeks in combination with either saline (WD-Sal) or AnxA1 treatment (WD+AnxA1).

The liver mRNA levels were evaluated by RT-PCR in five to seven animals per group. The boxes include the values within 25th and

75th percentile, while the horizontal bars represent the medians. The extremities of the vertical bars (10th–90th percentile) comprise

80% percent of the values.
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Figure 5. Effects of AnxA1 supplementation on the morphology of hepatic macrophages (MFs) and the production of

Galectin-3 and Osteopontin

NASH was induced in wildtype C57BL/6 mice by feeding WD diet for 10 weeks. The animals were then randomly divided in two

groups: one receiving AnxA1 (1 μg/daily in saline five times a week; WD+AnxA1) and the other the same volume of saline (WD+sal)

and the diet was continued for further 6 weeks. (A–C) Liver macrophages immunostaining for, respectively, F4-80, Galectin-3 and

Osteopontin (magnification 20×). The inserts show high magnification of the details of macrophages crown-like structures (arrows).
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production of Gal-3 by macrophages in crown-like structures [11], in subsequent experiments we investigated the
possibility that the protection against fibrosis observed in hrANXA1-treated mice might be related to an action on
NAMs. Analysis of TREM-2, OPN and Gal-3 transcripts confirmed a strong up-regulation of these NAM markers in
the livers of mice receiving WD that were effectively prevented by the administration of hrANXA1 (Figure 4B–D).
Moreover, hrAnxA1 promoted the recovery in the expression of hemoglobin–haptoglobin scavenger receptor CD163
(Figure 4E), a marker of differentiated Kuppfer cells [20]. Immunohistochemistry for Gal-3 and OPN confirmed an
increased staining for both mediators in NASH livers and showed that Gal-3 was selectively produced by macrophages
within crown-like aggregates (Figure 5B), while OPN production was evident in both macrophages and ductular
epithelial cells (Figure 5C). Again, the prevalence of both Gal-3 and OPN expressing cells was greatly reduced by the
treatment with hrANXA1 (Figure 5B,C).

From these results, and previous observations showing that macrophages in crown-like aggregates in both rodent
and human NASH produce AnxA1 [11,23], we postulated that AnxA1 might act in a paracrine manner in modulating
the phenotype of hepatic macrophages. To verify such a possibility, we evaluated the effects of hrANXA1 on the
differentiation of TREM-2+/CD9+ NAMs in mice receiving the MCD diet for 2 weeks. Preliminary experiments have
shown that the early stages of steatohepatitis in these animals are accompanied by an expansion of F4-80+/CD11b+

macrophages which included ∼40% of cells that were Ly6C−/TREM-2+/CD9+/CD206high (Supplementary Figure S3).
In further experiments, during the second week on the MCD diet, mice were injected with hrANXA1 or saline for
5 days: herein, we observed that administration of hrANXA1 to mice did not affect the liver macrophages pool (3.9
+− 0.7 × 105 vs. 3.8 +− 1.3 × 105 cells/g tissue; P=0.86), but significantly lowered the fraction of TREM-2+/CD206+

cells (Figure 6). This effect was accompanied by an increase in the prevalence of F4-80+/CD11b+ cells expressing the
Kupffer cell markers CLEC-2 and the phosphatidylserine receptor TIM-4 (0.45 +− 0.05 × 105 vs. 0.55 +− 0.06 × 105

cells/g tissue; P>0.05) and a parallel decrease in CLEC-2−/TIM-4− pool (0.30 +− 0.03 × 105 vs. 0.19 +− 0.03 × 105

cells/g tissue; P>0.05) (Figure 6). No changes were instead observed in the fraction of CLEC-2+/TIM-4− (1.3 +− 0.4
× 105 vs. 2.7 +− 1.1 × 105 cells/g tissue; P=0.42), supporting the possibility that hrANXA1 prevents NASH evolution
to fibrosis by interfering with NAM phenotype in macrophages.

Discussion
As a result of the endemic presence of overweight and obesity in the Western world, nonalcoholic fatty liver disease
(NAFLD) is becoming a leading cause of liver cirrhosis, with the prevalence of NAFLD-related end-stage liver diseases
expected to further grow over the next decades [1]. On this latter respect, a prospective study in more than 400
patients, with biopsy-proven NAFLD with or without steatohepatitis, demonstrated that presence of NASH doubles
the rate of disease progression to fibrosis [24]. Thus, targeting inflammation represents a key aspect for developing
effective treatments for progressive NAFLD. In these settings, the interest for a possible therapeutic use of AnxA1 in
NASH stems from the observation that the development of insulin resistance, lipid metabolism derangements, lobular
inflammation and fibrosis are enhanced in AnxA1-deficient mice receiving either high-fat or MCD diets [11,12].

By using two different experimental models of NASH, we observed that treating mice with established steatohep-
atitis with hrAnxA1 not only attenuates liver damage and inflammation but also effectively prevents disease progres-
sion to fibrosis. The actions of AnxA1 appear unrelated to effects on metabolic control since, differently from what
reported by Purvis and colleagues [12]; in our experimental settings, hrAnxA1 was ineffective in ameliorating liver
steatosis and insulin resistance in mice receiving the WD. Such a discrepancy can be explained by the different exper-
imental models. The high-fat diet used in Purvis’ experiments causes a lower degree of hepatic inflammation than the
cholesterol-enriched WD used in our work [15] and this might likely influence the severity of the derangements in
lipid and glucose metabolism. Furthermore, the time frame between starting the diet and hrAnxA1 administration,
was more than two-fold longer in our protocol, thus entailing the possibility of an at least partially effective recovery
from liver fat accumulation.

The ability of AnxA1 to ameliorate NASH hepatic damage and inflammation is in-line with its recognized ac-
tion in reducing granulocyte recruitment and macrophage M1 polarization [8,9,11]. Nonetheless, our results unveil
that in NASH AnxA1 is also very effective in preventing disease progression to fibrosis. Such antifibrotic action is
consistent with previous reports showing that AnxA1 or AnxA1 mimetic peptides improve lung fibrosis induced by
bleomycin or silica particles [25,26]. In NASH livers, the antifibrotic function of hrAnxA1 does not involve changes
in the number of hepatic macrophages but it rather associates with the modulation of their phenotype. Treatment
with hrAnxA1, in fact, reduces the production of the profibrogenic mediator such Gal-3 and OPN that have been
previously shown to contribute to liver fibrosis in NASH [27,28]. Moreover, hrAnxA1 affects macrophage capacity

652 © 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

D
ow

nloaded from
 http://portlandpress.com

/clinsci/article-pdf/136/9/643/932499/cs-2021-1122.pdf by U
niversita degli Studi di Torino user on 18 July 2022



Clinical Science (2022) 136 643–656
https://doi.org/10.1042/CS20211122

Figure 6. AnxA1 supplementation modulates the relative expression of NAM and Kupffer cell markers in liver macrophages

(MFs) of mice with NASH

NASH was induced in wildtype C57BL/6 mice by feeding MCD diet for 2 weeks and during the second week the animals received

AnxA1 for 5 days (1 μg/daily in saline; MCD+AnxA1) or the same volume of saline (MCD+sal). The intrahepatic distribution of

F4-80+/CD11b+ MFs and the relative prevalence of cells expressing NAM markers TREM-2 and CD206 or Kupffer cell markers

CLEC-2 and TIM-4 was evaluated by flow cytometry. The values are means +− SD of three to four animals for each experimental

group.
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of forming crown-like aggregates. The presence of clusters of enlarged and vacuolated macrophages, known as hep-
atic crown-like structures or lipogranulomas is a feature of both human and rodent NASH [29]. Previous studies
have shown that these macrophages derive from liver-recruited monocytes and display pro-inflammatory activity
[23,30,31]. In addition, these cells can sustain the fibrosis evolution of NASH in view of their colocalization with
regions of stellate cell expansion [21,22]. So far, the mechanisms leading to the formation of crown-like structures in
NASH have not been completely characterized. Studies by Ioannou and colleagues [32] have shown that macrophage
phagocytosis of cholesterol crystals present in dying fat-laden hepatocytes promotes the formation of these crown-like
structures. It is noteworthy that these macrophages are also the main producers of AnxA1 in both rodent and human
NASH livers [11,23]. However, in NASH patients hepatic AnxA1 transcripts inversely correlate with the severity of
fibrosis/cirrhosis [11], while activated hepatic stellate cells colocalize with Gal-3-positive crown-like structures in the
livers of AnxA1-deficient mice with NASH [11]. This opens a strong possibility that endogenous AnxA1 might be
involved in a juxtacrine/paracrine loop that regulates macrophage responses to stimuli, which promote crown-like
aggregate formation and fibrogenic mediators’ secretion.

Recent reports have outlined the heterogeneity of hepatic macrophages in NASH showing that during disease evo-
lution, resident Kupffer cells are lost, and the liver is enriched by several subsets of monocyte-derived macrophages
displaying different phenotypes [33]. In more detail, NASH in both rodents and humans is characterized by the abun-
dance of CD63+/CD9+/GPNMB+/TREM-2+ NAMs [18–21], which have similarities with TREM-2/CD9-expressing
lipid-associated macrophages (LAMs) detected in obese adipose tissue [34]. It is also noteworthy that NAMs con-
tribute to the formation of crown-like aggregates [21]. The work by Ramachandran and colleagues [34] demonstrated
that the TREM-2/CD9/OPN/Gal-3 signature also characterizes scar-associated macrophages identified in human
fibrotic livers. Lineage tracking indicates that NAMs and scar-associated macrophages derive from liver infiltrat-
ing monocytes [21,35] and acquire their phenotype in response to specific signals in interstitial liver niche [19,36].
We have observed that beside interfering with OPN and Gal-3 gene expression, administration of AnxA1 affects
the differentiation of TREM-2+/CD9+ macrophage while promoting the acquisition of Kupffer cell markers CLEC-2
and TIM-4. Indeed, the recent works have shown that during NASH progression liver infiltrating monocyte-derived
macrophages can also acquire Kupffer cell-like features [21,37]. Although the role of these cells in NASH evolution are
presently poorly characterized, our data suggest the possibility that AnxA1 can prevent the development of fibrosis
in NASH by skewing liver macrophage differentiation from pro-fibrogenic NAMs to a phenotype reminiscent that of
monocyte-derived Kupffer cells.

Conclusions
These results unveil a novel functional role for AnxA1 in NASH progression by demonstrating its property of inter-
fering with the development of a specific macrophage phenotype associated with the progression of steatohepatitis to
fibrosis. Such a novel function of AnxA1 provides a strong rationale for the application of AnxA1, or AnxA1 analogs,
to achieve therapeutic control of NASH evolution.

Clinical perspectives
• AnxA1 is a protein mediator involved in the resolution of inflammation that has been implicated in

modulating hepatic inflammation in NASH.

• We show here that the treatment with hrAnxA1 not only improves parenchymal injury and lobular
inflammation in two mice experimental models of NASH but is very effective in preventing the devel-
opment of liver fibrosis. This effect appears related to AnxA1 capacity of interfering with the devel-
opment of a specific macrophage phenotype associated with the progression of steatohepatitis to
fibrosis.

• Such a novel function of AnxA1 gives the rational for the development of AnxA1 analogues for the
therapeutic control of NASH evolution.
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