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Abstract: The severity of non-alcoholic fatty liver disease (NAFLD) ranges from simple steatosis
to steatohepatitis, and it is not yet clearly understood which patients will progress to liver fibrosis
or cirrhosis. SPARC (Secreted Protein Acidic and Rich in Cysteine) has been involved in NAFLD
pathogenesis in mice and humans. The aim of this study was to investigate the role of SPARC
in inflammasome activation, and to evaluate the relationship between the hepatic expression of
inflammasome genes and the biochemical and histological characteristics of NAFLD in obese patients.
In vitro studies were conducted in a macrophage cell line and primary hepatocyte cultures to assess
the effect of SPARC on inflammasome. A NAFLD model was established in SPARC knockout
(SPARC−/−) and SPARC+/+ mice to explore inflammasome activation. A hepatic RNAseq database
from NAFLD patients was analyzed to identify genes associated with SPARC expression. The results
were validated in a prospective cohort of 59 morbidly obese patients with NAFLD undergoing
bariatric surgery. Our results reveal that SPARC alone or in combination with saturated fatty acids
promoted IL-1β expression in cell cultures. SPARC−/− mice had reduced hepatic inflammasome
activation during the progression of NAFLD. NAFLD patients showed increased expression of
SPARC, NLRP3, CASP1, and IL-1β. Gene ontology analysis revealed that genes positively correlated
with SPARC are linked to inflammasome-related pathways during the progression of the disease,
enabling the differentiation of patients between steatosis and steatohepatitis. In conclusion, SPARC
may play a role in hepatic inflammasome activation in NAFLD.

Keywords: non-alcoholic fatty liver disease; secreted protein acidic and rich in cysteine; inflammasome;
IL-1β

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common type of chronic liver
disease. NAFLD is considered the hepatic manifestation of metabolic syndrome (MS) and
is tightly associated with obesity, dyslipidemia, and diabetes. The worldwide prevalence of
NAFLD is around 25% in all age groups [1,2]. NAFLD consists of a spectrum of hepatic
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diseases ranging in severity from fatty acid deposition in hepatocytes (so called steatosis or
non-alcoholic fatty liver, NAFL) to a more advanced disease characterized by hepatocyte
damage and inflammation (non-alcoholic steatohepatitis, NASH) which can lead to fibrosis,
cirrhosis, hepatic failure, or even hepatocellular carcinoma [3]. NAFLD is a histologically
defined entity; thus, liver biopsy is the gold standard for diagnosis [4]. Nevertheless, due
to patient heterogeneity regarding natural histories and risks of progression, liver biopsy
presents limitations and does not always allow an accurate characterization; the correct
classification [5], and therefore, a better method for patients’ classification, is needed. The
majority of NAFLD patients only present NAFL but 25–40% of patients may develop NASH
with or without fibrosis [6]. The time of progression is also variable, and it requires 14 years
for each stage of fibrosis and 7 years for each stage of NASH evolution [7,8]. Some patients
are considered “rapid progressors”, but identifying and monitoring these individuals is
challenging [9]. Thus, understanding the natural history of NAFLD is essential for patient
stratification and determining which patients may be at risk of rapid progression.

SPARC (secreted protein acidic and rich in cysteine) is a protein involved in different
biological processes including extracellular matrix modulation, tissue renewal, wound
healing, response to injury, tissue remodeling, and fibrosis [10]. Several studies demon-
strated that SPARC is an important player in the context of obesity, diabetes, and fatty liver
disease including advanced hepatic fibrosis [11]. SPARC is also involved in adipogenesis,
cellular metabolism, glucose and lipid metabolism, and inflammation [12,13]. We and
others described the role of SPARC in liver fibrogenesis and hepatic lipogenesis, demon-
strating that the increased hepatic expression of SPARC is associated with liver injury and
fibrosis [14–18]. SPARC also has a role in metabolism and homeostasis: SPARC knockout
mice (SPARC−/−) present increased adipose tissue deposition and impaired glucose home-
ostasis as the animals age [15,18,19]. In addition, the absence of SPARC worsens high-fat
diet-induced diabetes in mice [15]. In a fat diet-induced NASH model, SPARC−/− mice
show increased steatosis; nevertheless, reduced hepatic necroinflammation and fibrosis
was observed [18]. The role of SPARC in inflammation, particularly in the innate immune
response, is not well characterized. It was recently demonstrated that SPARC stimulates a
pro-inflammatory macrophage shift in adipose tissue, but its role in the liver has not been
explored before [20]. The innate immune system detects endogenous molecules known as
damage-associated molecular patterns (DAMPs) released by damaged and dying cells and
promotes sterile inflammation through inflammasome activation [21]. Inflammasome sig-
naling plays a key role in NASH pathogenesis and progression. Chronic liver inflammation
probably precedes NASH and influences disease progression in certain instances.

In this study, we wondered whether SPARC might act as a DAMP-promoting inflam-
masome activation in the in vitro steatosis assay and in high-fat diet-induced NAFLD mice.
Additionally, we studied SPARC association with genes of the inflammasome pathway
using a public RNAseq database of hepatic tissue from NAFLD patients and searched for
new candidate genes expressed along with SPARC in individuals with different stages
of NAFLD. Finally, we investigated the hepatic expression of selected genes in a new
prospective cohort of morbidly obese patients with NAFLD undergoing bariatric surgery.

2. Results
2.1. SPARC and Lipotoxic Free Fatty Acids Promote IL-1β Synthesis in Macrophages and
Hepatocytes

Inflammasome activation occurs primarily in macrophages when they sense DAMPs [22].
Thus, we analyzed what occurs in vitro with the macrophage cell line J774 when it is
co-cultivated with palmitic acid (PA), recombinant SPARC (rSPARC), or a combination of
both. PA is a saturated fatty acid with a lipotoxic effect that induces hepatocellular damage
during NAFLD [23]. First, PA alone augmented Il-1β mRNA expression (Figure 1A); but no
difference in IL-1β secretion was observed (Figure 1B). Moreover, rSPARC did not modify
mRNA expression nor IL-1β secretion (Figure 1A,B). Nevertheless, the combination of



Int. J. Mol. Sci. 2023, 24, 14843 3 of 19

PA and rSPARC greatly increased Il-1β mRNA expression (Figure 1A), as well as IL-1β
secretion (Figure 1B).
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Figure 1. SPARC and palmitic acid (alone or in combination) differently promote Il-1β expression and
secretion in macrophages and hepatocytes. Il-1β expression and secretion in macrophages (J774 cell
line) and hepatocyte primary culture exposed to the following: 0.2 mM palmitic acid (PA) for 24 h;
1000 ng/mL LPS for 8 h; and/or 3 µg/mL recombinant SPARC (rSPARC) for 24 h. (A) Real-time
PCR quantification of Il-1β mRNA expression in macrophages (J774 cell line). (B) Secreted IL-1β was
measured by ELISA in supernatants from the J774 cell culture. (C) Real-time PCR quantification of Il-
1β mRNA expression in wild type (SPARC+/+) hepatocyte primary cultures exposed to PA, rSPARC, or
PA+ rSPARC. (D) Secreted IL-1β was measured by ELISA in supernatants from SPARC+/+ hepatocyte
primary cultures exposed to LPS (upper panel) or to PA, rSPARC, or PA+ rSPARC. (E) Secreted IL-
1β was measured by ELISA in SPARC+/+ and SPARC knockout (SPARC−/−) hepatocyte primary
cultures exposed to PA, rSPARC, or PA+ rSPARC. Upper panel: Quantification of secreted IL-1β in
SPARC+/+ and SPARC−/− hepatocyte primary cultures exposed to LPS for 8 h. Data are expressed
as mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. Comparison between groups was performed
with Kruskal–Wallis and Dunn’s post-test or with Mann–Whitney U test when only two groups
were compared. ns, no significant differences. Data are representative of at least three biologically
independent replicates.

Even though macrophages are the principal cells where inflammasome is activated, it
has been demonstrated that hepatocytes are also capable of triggering the inflammasome
pathway [24]. Therefore, we next examined whether rSPARC and/or PA could induce Il-1β
mRNA expression in hepatocyte primary culture from SPARC+/+ mice. We observed that Il-
1β mRNA expression was increased when cells were treated with PA or rSPARC compared
with non-treated cells. Interestingly, rSPARC increased Il-1β mRNA expression similarly to
PA. The combination of PA plus SPARC did not exert synergic effects (Figure 1C). Next, we
evaluated IL-1β secretion. The hepatocyte primary culture maintained IL-1β production
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capacity in response to LPS, a classical inductor of inflammasome (Figure 1D, upper panel).
We observed that PA, rSPARC, and the combination of both significantly increased IL-1β
secretion (Figure 1D).

To analyze the effect of the absence of SPARC in IL-1β secretion, we established a
hepatocyte primary culture derived from SPARC−/− mice. Both SPARC+/+ and SPARC−/−

hepatocytes secreted the same basal level of IL-1β and increased secretion in response to
LPS in the same way (Figure 1E, upper panel). Interestingly, PA induced IL-1β secretion
in SPARC+/+ hepatocytes while in SPARC−/− hepatocytes the PA-induced IL-1β secre-
tion was significantly attenuated compared with the PA effect in SPARC+/+ hepatocytes
(Figure 1E).

Altogether, these data suggest that both SPARC and/or PA may act as molecules that
promote IL-1β expression in macrophages and hepatocytes.

2.2. The Absence of SPARC Decreases the Expression of Inflammasome Pathway-Related Genes in
the Liver

To confirm the reduced ability to secrete IL-1β demonstrated in SPARC−/− hepato-
cytes, we analyzed a diet-induced murine model of NAFLD in SPARC+/+ and SPARC−/−

mice. We previously demonstrated that after 12 weeks of Western diet feeding (WD),
SPARC+/+ and SPARC−/− mice developed steatosis. After 20 weeks of WD feeding, the
animals developed NASH, but a lower inflammation degree was observed in SPARC−/−

mice compared to SPARC+/+ mice [18]. After 12 weeks, we observed a significantly de-
creased expression of Nlrp3 when feeding with WD, the most characterized inflammasome
complex in NAFLD [25], and of Casp1 mRNA expression in regular diet (RD) and WD-fed
SPARC−/− mice, compared with SPARC+/+ (Figure 2A,B). Western diet induced Il-1β
expression in SPARC+/+ mice, but this effect was not observed in SPARC−/− mice indi-
cating that the absence of SPARC attenuates Il-1β expression. Moreover, we observed a
significantly decreased Il-1β hepatic expression in WD-fed SPARC−/− mice compared with
WD-fed SPARC+/+ mice (Figure 2C). Remarkably, we observed a significant decrease of
hepatic IL-1β in WD-fed SPARC−/− mice by ELISA (Figure 2D).

However, when the disease progresses to a steatohepatitis stage after 20 weeks of
feeding, Nlrp3 mRNA expression was increased in WD-fed SPARC+/+ mice (Figure 2E). In
the absence of SPARC, WD did not increase Nlrp3 expression compared with RD-fed mice.
Moreover, a decreased mRNA expression of Casp1 was observed in WD-fed SPARC−/−

mice compared to WD-fed SPARC+/+ mice (Figure 2F). WD increased Il-1β expression in
SPARC+/+ mice, but was not able to increase Il-1β expression in the absence of SPARC.
However, the expression of Il-1β was higher in the absence of SPARC, so no significant
difference was observed between WD-fed SPARC+/+ mice and WD-fed SPARC−/− mice
(Figure 2G). When IL-1β was assessed at a protein level, no differences between WD-fed
groups were observed (Figure 2H).

Our results suggest that SPARC may have a role in hepatic innate immune activation.
The absence of SPARC attenuates innate immune activation during NAFLD progression,
but less during NASH.



Int. J. Mol. Sci. 2023, 24, 14843 5 of 19Int. J. Mol. Sci. 2023, 24, 14843 5 of 20 
 

 

 

Figure 2. The absence of SPARC decreases the expression of inflammasome pathway-related genes 

in the liver. Hepatic Nlrp3, Caspase 1 (Casp1), and Il-1β mRNA expression analysis from SPARC+/+ 

and SPARC−/− mice fed with regular diet (RD) or Western diet (WD) for 12 (A–C) and 20 (E–G) weeks. 

Data are expressed as mean ± SEM, 6 samples per group, * p < 0.05, ** p < 0.01, *** p < 0.001. Com-

parison between groups was performed with Kruskal–Wallis and Dunn’s post-test. (D,H) Hepatic 

expression of IL-1β analyzed at protein level (ELISA) after 12 or 20 weeks of feeding. Comparison 

between groups was performed with Mann–Whitney U test, * p < 0.05. 

However, when the disease progresses to a steatohepatitis stage after 20 weeks of 

feeding, Nlrp3 mRNA expression was increased in WD-fed SPARC+/+ mice (Figure 2E). In 

the absence of SPARC, WD did not increase Nlrp3 expression compared with RD-fed mice. 

Moreover, a decreased mRNA expression of Casp1 was observed in WD-fed SPARC−/− mice 

compared to WD-fed SPARC+/+ mice (Figure 2F). WD increased Il-1β expression in 

SPARC+/+ mice, but was not able to increase Il-1β expression in the absence of SPARC. 

However, the expression of Il-1β was higher in the absence of SPARC, so no significant 

difference was observed between WD-fed SPARC+/+ mice and WD-fed SPARC−/− mice (Fig-

ure 2G). When IL-1β was assessed at a protein level, no differences between WD-fed 

groups were observed (Figure 2H).  

Our results suggest that SPARC may have a role in hepatic innate immune activation. 

The absence of SPARC a�enuates innate immune activation during NAFLD progression, 

but less during NASH. 

2.3. SPARC Is Differentially Expressed in NAFLD Patients and SPARC-Positively Correlated 

Genes Are Associated with Inflammasome-Related Pathways throughout the Progression  

of NAFLD 

We previously observed in a diet-induced NAFLD model that wild type mice in-

creased hepatic SPARC expression during NAFLD development [18]. To assess whether 

SPARC is differentially expressed in patients with NAFLD, we performed bioinformatic 

analysis using a public hepatic RNAseq database, GSE130970 [26], which classifies pa-

tients at different points of the NAFLD spectrum. Information obtained from the database 

Figure 2. The absence of SPARC decreases the expression of inflammasome pathway-related genes in
the liver. Hepatic Nlrp3, Caspase 1 (Casp1), and Il-1β mRNA expression analysis from SPARC+/+ and
SPARC−/− mice fed with regular diet (RD) or Western diet (WD) for 12 (A–C) and 20 (E–G) weeks.
Data are expressed as mean ± SEM, 6 samples per group, * p < 0.05, ** p < 0.01, *** p < 0.001. Com-
parison between groups was performed with Kruskal–Wallis and Dunn’s post-test. (D,H) Hepatic
expression of IL-1β analyzed at protein level (ELISA) after 12 or 20 weeks of feeding. Comparison
between groups was performed with Mann–Whitney U test, * p < 0.05.

2.3. SPARC Is Differentially Expressed in NAFLD Patients and SPARC-Positively Correlated
Genes Are Associated with Inflammasome-Related Pathways throughout the Progression of NAFLD

We previously observed in a diet-induced NAFLD model that wild type mice increased
hepatic SPARC expression during NAFLD development [18]. To assess whether SPARC
is differentially expressed in patients with NAFLD, we performed bioinformatic analysis
using a public hepatic RNAseq database, GSE130970 [26], which classifies patients at differ-
ent points of the NAFLD spectrum. Information obtained from the database is summarized
in Table S1. Patients were classified according to the stage of disease progression using the
NAS histopathological score: healthy (NAS score: 0), fatty liver (NAS score: 1–2), NASH
borderline (NAS score: 3–4) and NASH (NAS score: 5–7). Demographic data were obtained
from GSE130970 and descriptions of the NAS score and METAVIR score were presented
(Supplementary Table S1).

SPARC was significantly increased in NAFLD patients compared with healthy patients
in the GSE130970 database (Figure 3A). Interestingly, SPARC is expressed from early dis-
ease stages (Figure 3A). When we compared SPARC expression between fatty liver versus
healthy patients and NASH versus healthy patients, the strongest differences were observed
between NASH and healthy patients. To explore other genes that increased their expres-
sions together with SPARC, a global correlation analysis was performed on the RNAseq
data, and genes that strongly, positively, and significantly correlate with SPARC were deter-
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mined. The number of genes per group are shown in Venn diagrams (Figure 3B). The gene
ontology analysis of biological pathways in the groups of genes previously determined
permitted us to recognize differences between the fatty liver and NASH groups of patients.
Pathways present in fatty liver patients correspond mainly to protein synthesis or protein
expression, whereas NASH patients’ pathways are related to innate immune response,
NOD-like receptor signaling, neutrophil degranulation, nucleotide-binding domain, and
leucine-rich repeat-containing receptor signaling pathways, among others (Figure 3C). All
in all, these data reinforce the fact that SPARC is associated with inflammasome induction.
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Figure 3. SPARC is differentially expressed in NAFLD patients. SPARC-positively correlated genes
are associated with inflammasome-related pathways during NAFLD progression. (A) Violin plot
representing SPARC expression from the RNAseq database GSE130970 between NAFLD groups
classified according to the NAFLD activity score (NAS score). Data are expressed in TPM (transcripts
per million), * p < 0.05, ** p < 0.01. Comparison between groups was performed with Kruskal–
Wallis and Dunn’s post-test. (B) Venn diagrams indicate the number of genes that significantly and
positively correlate with the expression of SPARC on each patient group of the RNAseq database
GSE130970. (C) Gene ontology pathway analysis from genes that significantly and positively correlate
with SPARC on fatty liver and NASH stages. FDR: False Discovery Rate (displayed in logarithmic
scale). Genes: number of genes involved on each pathway.

2.4. Inflammasome Gene Expression Analysis in Public Databases of NAFLD Patients

Considering the results obtained in the gene ontology analysis and in mouse models
in vitro and in vivo with inflammasome genes, we decided to evaluate NLRP3, CASP1,
and IL-1β expression in the public database. There is a nominally increased expression of
each gene while fatty liver disease progresses (Figure 4A). In particular, IL-1β is expressed
differently in each stage of the disease, increasing its expression as the disease progresses
from NAFL to NASH (Figure 4A). Then, we performed a correlation analysis to assess
whether there is an association between SPARC and inflammasome genes. As a result, we
observed that in NASH borderline and NASH stages there is a positive and statistically
significant correlation between SPARC and NLRP3, CASP1, and IL-1β genes (Figure 4B).
These results highlight that both inflammasome gene expression and SPARC expression
are correlated during NAFLD progression.

2.5. AKR1B10 and FABP5 Positively Correlate with SPARC Expression

To identify other candidate genes which positively correlated with SPARC in NASH
patients and whose expression could be different between patients with fatty liver and
NASH, we studied the 2758 genes that present a strong correlation with SPARC (Figure 3B)
and explored which ones were differentially expressed in NASH and NAFL stages. We
reached out to 74 candidates, which would allow us to differentiate patients between these
two stages. From those 74 genes, we selected two final candidates overexpressed in NASH
but not in fatty liver: AKR1B10 (Aldo-Keto Reductase Family 1 Member B10) and FABP5
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(Fatty Acid Binding Protein 5). Both genes encode for secreted proteins (validated by the
SecretomeP-2.0 program that predicts secretion) [27] that could be detectable in serum, an
advantage over invasive biomarkers. On the other hand, previous works demonstrated
their importance in the physiopathology of NAFLD [28–31].
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classified according to the NAS histopathological score on the RNAseq database GSE130970. Data
are expressed in TPM (transcripts per million), * p < 0.05, ** p < 0.01, *** p < 0.001. Comparison
between groups was performed with Kruskal–Wallis and Dunn’s post-test. (B) Correlation analysis
between NLRP3, CASP1, and IL-1β expression and SPARC expression classified according to the NAS
histopathological score on the RNAseq database. Pearson test, r: correlation coefficient, ** p < 0.01,
*** p < 0.001.

First, using the public database, we assessed gene expression of AKR1B10 and FABP5
in groups of patients divided by NAS score. We observed that along with the progression of
fatty liver disease, their gene expression is significantly increased (Figure 5A). In addition,
we performed a correlation analysis between SPARC and AKR1B10 and FABP5 expression
in fatty liver, NASH borderline, and NASH groups. Remarkably, we observed a positive
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and significant correlation between SPARC and these genes in NASH borderline and NASH
groups (Figure 5B). Altogether, our data suggest that AKR1B10 and FABP5 may be good
candidate target genes to differentiate between NAFLD stages.
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Figure 5. AKR1B10 and FABP5 expression analysis in public databases GSE130970. (A) Violin plots
representing AKR1B10 and FABP5 mRNA expression classified according to the NAS histopathologi-
cal score on the RNAseq database GSE130970. Data are expressed in TPM (transcripts per million),
** p < 0.01, *** p < 0.001, **** p < 0.0001. Comparison between groups was performed with Kruskal–
Wallis and Dunn’s post-test. (B) Correlation analysis between AKR1B10 and FABP5 expression and
SPARC expression classified according to the NAS histopathological score on the RNAseq database
GSE130970. Pearson test, r: correlation coefficient.

2.6. SPARC expression positively correlates with CASP1, IL-1β, AKR1B10, and FABP5 Expression
in a New Prospective Patient Cohort

To confirm previous results in a prospective new patients’ cohort, we obtained liver
biopsies paired with serum samples from obese patients undergoing bariatric surgery
at our institution (HUA cohort). This cohort is composed by 59 patients including all
NAFL disease stages, as well as “healthy” patients, according to NAS histopathological
score criteria. This patient population is characterized by the presence of mild fibrosis.
Demographic, histopathological, and biochemical data are presented in Table 1.
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Table 1. Demographic, histopathological, and clinical features of a single-center prospective cohort
(HUA cohort).
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Variable   Healthy Fatty liver NASH borderline NASH 
n (Total = 59)   2 (3.4%) 15 (25.4%) 24 (40.7%) 18 (30.5%) 

Sex 
M 1 (50%) 6 (40%) 13 (54.2%) 10 (55.6%) 
F 1 (50%) 9 (60%) 11 (45.8%) 8 (44.4%) 

Age (mean) (SD) 
M 60 (0.0) 47.7 (12.5) 47.2 (9.6) 42.1 (4.5) 
F 43 (0.0) 46.7 (10.4) 40.3 (12.3) 47.8 (7.8) 

Height (mean in metres) (SD) 
M 1.65 (0.0) 1.75 (0.05) 1.74 (0.06) 1.75 (0.07) 
F 1.54 (0.0) 1.59 (0.03) 1.60 (0.07) 1.61 (0.03) 

Weight (mean in Kg) (SD) 
M 117 (0.0) 121.5 (25.5) 127.2 (22.0) 123.2 (20.1) 
F 94 (0.0) 100.2 (16.1) 108.1 (17.5) 105.4 (9.1) 

Body mass index (BMI) 
M 42.8 (0.0) 40.0 (8.7) 42.4 (9.8) 40.4 (8.1) 
F 39.6 (0.0) 39.3 (5.7) 42.5 (6.7) 40.8 (2.7) 

NAFLD activity score   0 1 & 2 3 & 4 5, 6 & 7 

Steatosis grade 

0 2 (100%) 3 (20%) 0 0 
1 0 12 (80%) 16 (66.7%) 2 (11.1%) 
2 0 0 8 (33.3%) 8 (44.4%) 
3 0 0 0 8 (44.4%) 

Lobular inflammation grade 

0 2 (100%) 7 (46.7%) 1 (4.2%) 0 
1 0 7 (46.7%) 22 (91.6%) 5 (27.8%) 
2 0 1 (6.6%) 1 (4.2%) 12 (66.7%) 
3 0 0 0 1 (5.5%) 

Cytological ballooning grade 
0 2 (100%) 11 (73.3%) 0 0 
1 0 4 (26.7%) 21 (87.5%) 6 (33.3%) 
2 0 0 3 (12.5%) 12 (66.7%) 

Fibrosis stage     
 0  2 (100%) 8 (53.3%) 5 (20.8%) 5 (27.8%) 
 1  0 3 (20%) 11 (45.8%) 9 (50%) 
 2  0 0 2 (8.3%) 1 (5.5%) 
 3  0 0 3 (12.5%) 3 (16.7%) 
 4  0 0 1 (4.3%) 0 

No fibrosis data available 0 4 (26.7%) 2 (8.3%) 0 
Biochemical analysis (Serum sample taken at the time of bariatric surgery) 

Albumin (mean in g/dL) (SD) 
M 3.74 (0) 4.14 (0.3) 3.89 (0.7) 4.27 (0.4) 
F 4.69 (0) 3.97 (0.5) 4.08 (0.4) 3.40 (0.8) 

Alkaline phosphatase 
(mean in U/L) (SD) 

M 42.3 (0) 63.86 (8.7) 57.00 (23.6) 41.92 (22.9) 
F 99.1 (0) 53.26 (21.3) 59.42 (19.4) 56.48 (31.2) 

ALT (mean in U/L) (SD) 
M 3 (0) 13.88 (7.6) 18.12 (14.9) 20.16 (12.7) 
F 9.6 (0) 21.10 (32.2) 11.01 (2.7) 13.95 (9.7) 

AST (mean in U/L) (SD) 
M 12.9 (0) 30.40 (10.3) 32.68 (14.6) 54.36 (30.2) 
F 16 (0) 44.93 (47.2) 49.64 (46.9) 47.83 (45.3) 

Direct bilirubin 
(mean in mg/dL) (SD) 

M 0.24 (0) 0.28 (0.09) 0.29 (0.14) 0.24 (0.07) 
F 0.38 (0) 0.25 (0.13) 0.21 (0.1) 0.22 (0.1) 

Total bilirubin 
(mean in mg/dL) (SD) 

M 0.57 (0) 0.75 (0.2) 0.74 (0.43) 0.71 (0.28) 
F 1.03 (0) 0.59 (0.25) 0.46 (0.24) 0.47 (0.26) 

Cholesterol (mean in mg/dL) (SD) 
M 137.4 (0) 143.6 (41.3) 134.4 (37.4) 144.5 (27.0) 
F 206 (0) 161.0 (35.5) 147.7 (20.1) 144.2 (49.2) 

Blood glucose  
(mean in mg/dL) (SD) 

M 95.1 (0) 119 (36.4) 107.0 (31.1) 112.3 (21.7) 
F 104.2 (0) 102.3 (23.2) 126.3 (33.5) 128.1 (41.7) 

Prothrombin time 
(mean in g/dL) (SD) 

M 6.36 (0) 7.47 (0.4) 6.85 (1.4) 8.20 (1.7) 
F 8.8 (0) 7.47 (0.9) 7.68 (1.7) 6.69 (1.7) 

No biochemical data available (n) 0 3 2 0 
 

Data from morbidly obese patients undergoing bariatric surgery at the Hospital Universitario Aus-
tral (HUA). Liver biopsy and serum samples were collected at the time of surgery. Patients were 

Data from morbidly obese patients undergoing bariatric surgery at the Hospital Universitario Austral (HUA).
Liver biopsy and serum samples were collected at the time of surgery. Patients were classified in four groups
according to the NAS histopathological score: healthy (NAS score 0), fatty liver (NAS score 1–2), NASH borderline
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(NAS score 3–4), and NASH (NAS score 5–7). Table provides demographic information: sex (M: masculine or F:

feminine), age (mean ± SD), and Body Mass Index (BMI). Clinicopathological characteristics were provided for

each patient group. ALT: alanine transaminase; AST: aspartate transaminase.

We studied SPARC, CASP1, IL-1β, AKR1B10, and FABP5 mRNA liver expression, by
qPCR, in healthy and NAFLD patient groups. Interestingly, for each gene we observed that
there were patients with low expression or high expression, independently of NAFLD group
(Figure 6A,B). Z-score graphs show that SPARC expression was increased in NAFLD patient
groups compared to healthy individuals. Moreover, the expression of CASP1 and IL-1β was
increased in NAFL patients compared to healthy patients, while in patients with advanced
NAFL disease there was an enrichment of subjects presenting higher expression. Further,
we assessed AKR1B10 and FABP5 mRNA expression in the HUA cohort. Interestingly,
increased expression of AKR1B10 was observed in NASH patients compared with NAFL,
while FABP5 expression was consistently increased as the disease progresses compared
with healthy obese patients (Figure 6A,B). To evaluate the relationship between all analyzed
genes, we performed a correlation analysis between SPARC, CASP1, IL-1β, AKR1B10, and
FABP5 expression. Noticeably, these genes positively and significantly correlate to each
other as shown in the correlation matrix (Figure 6C), suggesting that there is an association
between them and confirming what we previously observed in public NAFLD databases.

Serum alanine aminotransferase (ALT) levels were measured in each patient between
6 to 1 months before surgery. We wondered whether patients with higher levels of ALT
were the ones that presented increased expression of SPARC, CASP1, IL-1β, AKR1B10,
and FABP5. Therefore, we grouped patients depending on whether they had high or
low expression of each gene (considering the mean expression value). No demographic
and histopathological differences were observed between low and high subgroup patients
(Supplementary Table S2). Patients in the high expression group showed a nominal increase
in ALT values compared to the low expression group for each gene. For AKR1B10 and
FABP5 mRNA expression, significant differences were observed between the high and low
expression patients’ groups (Figure 6D). Interestingly, when we considered only the sub-
cohort of men (50.8% of the population), patients in the SPARC and IL-1β low expression
group also had a significant decrease in ALT values compared to the high expression group
(Figure 6E).

All in all, the data obtained from our prospective patient cohort suggest that indepen-
dently of the histopathological classification of patients, the increased expression of these
genes was associated with higher hepatocellular damage.
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Figure 6. SPARC, CASPASE 1, IL-1β, AKR1B10, and FABP5 hepatic mRNA expression and correlation
analysis in the HUA patient cohort with different stages of NAFLD. (A) qPCR quantification of hepatic
SPARC, CASPASE 1 (CASP1), IL-1β, AKRB10, and FABP5 mRNA expression in hepatic tissue from
patients at the time of the surgery. Heatmap visualization of z-score calculated from qPCR analysis.
Negative values (blue) represent low expression, positive values (red) represent high expression.
Zero (white) represents no expression variability. Black spaces represent excluded values, including
outliers and no gene expression. (B) Violin plots representing SPARC, CASP1, IL-1β, AKR1B10, and
FABP5 expression classified according to the NAS histopathological score. Data are expressed in
z-score. (C) Correlation matrix between SPARC, CASP1, IL-1β, AKR1B10, and FABP5 expression from
all patients. Spearman test. (D,E) ALT (U/L) values from all patients or men’s sub-cohort between
1 to 6 months prior to surgery. Patients were divided in two groups: those who have high SPARC,
CASP1, IL-1β, AKR1B10, or FABP5 expression and those who have low expression. Division was
performed considering the mean of each gene’s expression (dCT ≤ 10 and dCT > 10, for SPARC; dCT
≤ 11 and dCT > 11, for CASP1; dCT ≤ 21.6 and dCT > 21.6, for IL-1β; dCT ≤ 13 and dCT > 13, for
AKR1B10; dCT ≤ 10.7 and dCT > 10.7, for FABP5). Data are expressed as mean ± SEM. * p < 0.05,
** p < 0.01, Mann–Whitney U test.
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3. Discussion

SPARC is implicated in numerous biological processes and has been shown to play a
role in NAFLD, encompassing wound-healing responses to injury, tissue remodeling, and fi-
brosis, as well as glucose homeostasis and lipid metabolism [11,13,32]. SPARC is expressed
and secreted by hepatic stellate cells (HSC) and hepatic endothelial cells (LSECs) during
tissue damage [33–36]. This study offers pivotal insights by demonstrating that SPARC also
contributes to inflammasome activation in a paracrine manner. It was previously demon-
strated that Follistatin-like 1 (FSTL-1), a protein belonging to the SPARC protein family, acts
on the NLRP3 inflammasome to promote IL-1β secretion in macrophages [37]. However,
the role for SPARC on inflammasome activation was not reported until now. In adipose
tissue, it was recently observed that SPARC converted anti-inflammatory macrophages
into a pro-inflammatory phenotype by inducing interferon β (INF-β) in a TLR4-dependent
manner [20]. In this work, the role of SPARC on inflammasome activation in macrophages
and hepatocytes was explored for the first time. In vitro studies performed in a macrophage
cell line indicate that the combination of recombinant SPARC plus palmitic acid (PA) in-
creases IL-1β expression and secretion indicating the activation of inflammasome. Cai
et al. previously demonstrated that PA could act as a kind of damage-associated molecular
pattern to elevate the messenger RNA and protein expression levels of NLRP3, ASC, and
caspase-1 stimulating IL-1β secretion in Kupffer cells [38]. Here we observed that PA or
SPARC alone are not able to significantly increase IL-1β secretion, but in combination, PA
plus SPARC induces IL-1β secretion. Inflammasome activation may need more than one
signal. Hepatocytes may also activate inflammasome pathways in response to PA. Czak
et al. demonstrated that a PA-treated hepatocyte cell line activates the inflammasome and
induces sensitization to the LPS-induced IL-1β release in hepatocytes [39]. Interestingly, we
demonstrated that recombinant SPARC increased IL-1β expression and secretion in hepato-
cytes in the same way that PA does. Single rSPARC treatment has no effect in macrophage
cell lines but it is sufficient to stimulate IL-1β expression and secretion in hepatocyte pri-
mary culture. One possible explanation for this observation is that the primary culture
associated stress may induce the release of other DAMPs that may contribute to activation.
In fact, rSPARC alone is not enough to activate IL-1β secretion in the J774 macrophage cell
line. All in all, our results suggested that SPARC may act as a new DAMP that contributes
to the activation of the innate immune response in both macrophages and hepatocytes.
Different matricellular proteins have been implicated in inflammatory and restorative
responses following tissue damage, and many of them act as danger signals [40,41]. SPARC
is a non-structural matricellular protein, which is upregulated upon liver injury. Previous
studies from our group demonstrated in two NAFLD-murine models that hepatic Sparc
expression increases during disease progression [17,18]. Moreover, SPARC acts as an acute
phase reactant in both acute and chronic hepatic disorders [15]. Growing evidence suggests
that inflammasome activation, particularly NLRP3, plays a significant role in several acute
and chronic liver diseases, including NAFLD [42]. This promoted us to investigate the asso-
ciation between SPARC and inflammasome activation in the context of NAFLD. Increased
SPARC secretion, mainly by HSCs and LSECs, in response to tissue injury towards the
extracellular environment may modulate inflammasome activation in hepatic macrophages
but also in hepatocytes. We previously described that SPARC−/− mice had less inflam-
mation despite higher steatosis compared to SPARC+/+ in a diet-induced NAFLD mice
model [18]. SPARC acts as an adipogenesis inhibitor in adipose tissue, and its absence
increases adipose deposits with the concomitant increase in FFA in the context of liver
steatosis [43]. Despite its association with increased hepatic steatosis, SPARC−/− mice
show less hepatic inflammation in later stages of the disease [18]. In this work, we found
that after 12 weeks of feeding, SPARC−/− mice had decreased inflammasome activation,
as evidenced by a decreased expression of Nlrp3, Casp1, and synthesis of IL-1β in hepatic
tissue, suggesting that the absence of SPARC attenuates the inflammasome activation in
hepatic tissue. Inflammasome activation in chronic diseases such as NAFLD induces a
deleterious effect on the liver and on steatohepatitis development. Indeed, Nlrp3 knockout
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mice present less diet-induced hepatic inflammation and fibrosis [25]. The inhibition of
inflammasome activation in the absence of SPARC during the initial stages of the disease
may explain, at least partially, the attenuation of steatohepatitis severity. However, after
20 weeks of feeding and as the disease progresses, reduction in hepatic IL-1β levels was
not observed compared with SPARC+/+ mice. Considering that tissue damage produces
several molecules that may trigger inflammasome activation, it is reasonable to think that in
advanced disease stages inflammasome activation depends on multiple danger-associated
molecules and occurs despite the absence of SPARC.

Next, we wondered whether varying levels of hepatic SPARC expression could serve
to distinguish patients across different stages of NAFLD. To this end, we explored a public
database of patients with NAFLD, and found that SPARC expression is increased in the
livers of patients with different stages of the disease compared to patients without histolog-
ical evidence of NAFLD. SPARC expression was increased in human cirrhotic livers [14,44].
Moreover, in a previous study of our group, SPARC expression was studied in hepatic biop-
sies from morbidly obese patients. Patients with higher SPARC expression levels presented
more hepatocellular damage and increased mRNA expression of pro-fibrogenic factors [18].
In a public database, we observed that SPARC expression is increased in NAFLD patients
compared with obese patients without histological evidence of NAFLD, although no signif-
icant differences were observed between individuals with NAFL compared with those with
NASH. These results were confirmed in a prospective cohort of obese patients undergoing
bariatric surgery at our institution (HUA cohort). In line with our results, a recent study
applying single-cell transcriptomics identified that SMOC2, a member of the SPARC family,
showed increased expression in hepatic stellate cells during NAFLD development and in
plasma, suggesting that SMOC has potential as a new diagnostic biomarker for NASH
patients [45].

As previously mentioned, the activation of inflammasome plays a crucial role in the
progression of NAFLD, as its activation initiates tissue damage, inflammation, and the
development of liver fibrosis [24,46,47]. In the present study, hepatic NLRP3, CASP1, and
IL-1β expression was increased in patients with biopsy-proven NASH. Particularly, CASP1
and IL-1β expression was significantly different between NAFL and NASH patients. In line
with our previous observation, hepatic SPARC expression correlated with the expression
of these inflammasome-related genes. When analyzing public data, the strength of the
correlation depends on the stage of NAFLD progression; in the GSE130970 database a
significantly positive correlation was observed in NASH and NASH borderline stages.
Moreover, we found a set of candidate genes that positively correlated with SPARC and
simultaneously presented differential expression between fatty liver and NASH patients.
Among them, AKR1B10 and FABP5 were of particular interest. Both genes encode for
proteins involved in NAFLD-related pathways and were detected not only in hepatic tissue
but also in serum. AKR1B10 has been previously identified in an in silico secretome analysis
and proposed as a biomarker for NAFLD [29]. FABP5 has been also proposed as a marker
of NAFL to NASH progression [48]. We observed both in public databases and in our
patient cohort that their expression was increased in patients with NASH. Moreover, over-
expression of SPARC strongly correlated with the expression of these genes and confirms
its implication in NAFLD progression.

Although histological evaluation remains the gold standard for diagnosing progressive
NASH, it has several disadvantages, such as sampling error and operator variability [49,50].
Therefore, it is necessary to establish other parameters to characterize the degree of damage
in liver biopsies. Even more, grouping patients based on histology can lead to improper
clinical management of patients [51]. Here we show that in each group of patients (NAFL,
NASH borderline, and NASH) different patterns of gene expression were detected, as we
observed that some patients had increased SPARC, CASP1, IL-1β, AKR1B10, and FABP5,
while others showed decreased expression. Therefore, data obtained from our prospective
patient cohort suggest that independently of the histopathological classification of patients,
the increased expression of these genes was associated with higher hepatocellular damage.
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The single evaluation of hepatic transaminases is unsuitable for non-invasive screening
or diagnosis of NAFL or NASH in morbidly obese patients [52]. Increased ALT is closely
related to fat accumulation and hepatocellular damage and, consequently, it has been used
as a marker of NAFLD progression [53]. In this line, we found in the HUA patient cohort
that patients expressing low SPARC, IL-1β, AKR1B10, and FABP5 presented reduced ALT
levels compared with the high expression groups. Our results indicate an association
between the expression of SPARC, IL-1β, AKR1B10, and FABP5, and increased ALT levels
before surgery. The analysis of these genes in liver biopsies could help to better understand
and characterize patients with NAFLD.

Overall, this study sheds light on the role of SPARC in NAFLD pathogenesis and its
association with pathway genes. In addition, we demonstrated a link between SPARC and
AKR1B10 and FABP5 genes, which could aid in better stratifying NAFLD patients and
identifying those at risk of disease progression. Further research is warranted to unravel
the underlying mechanisms and explore the potential therapeutic applications of targeting
SPARC and its associated genes in NAFLD. In the future, considering genetic data may
complement the histopathological grade analysis to improve patient stratification.

4. Materials and Methods
4.1. J774 Culture, Primary Hepatocyte Isolation, and In Vitro Steatosis Assay

For in vitro experiments, the J774 macrophage cell line (ATCC) and primary hepa-
tocyte cultures were cultured at 37 ◦C and 5% CO2. J774 macrophages were cultured
in Roswell Park Memorial Institute medium (RPMI) (Life Technologies, Carlsbad, CA,
USA) 10% fetal bovine serum (FBS) (Internegocios S.A., Mercedes, Argentina, with 2 mM
glutamine, 100 µg/mL streptomycin, and 100 µg/mL penicillin. Hepatocytes were isolated
by collagenase perfusion [54] from 8–10 weeks-old SPARC+/+ and SPARC−/− mice. Hepa-
tocytes were grown in phenol red-free Dulbecco’s modified Eagle’s medium (DMEM) 10%
FBS, with 2 mM glutamine, 100 µg/mL streptomycin, and 100 µg/mL penicillin. After
3 h, the medium was replaced with DMEM/F12 (70% DMEM + 30% F12) 10% SFB. Two
days after seeding, cells were incubated overnight (ON) with 0.2 mM of palmitic acid
(PA) (Invitrogen) diluted in DMEM 2% FBS which induced lipotoxicity without generating
cell death [55]. Alternatively, cells were cultured ON with 3 µg/mL recombinant SPARC
(rSPARC) (SinoBiological, Wayne, PA, USA) or a combination of rSPARC and PA. Also, to
measure the IL-1β protein level on primary hepatocyte cultures, cells were cultured with
1000 ng/mL LPS for 8 h.

4.2. Animal Experimental Design

In vivo experiments were performed in male C57BL/6J mice and SPARC−/− mice
on a C57BL/6 background (Jackson Laboratory, Bar Harbor, ME, USA). Animals were
maintained in a temperature-controlled environment on a 12 h/12 h light/dark cycle. Food
and water were available ad libitum. Six-weeks-aged SPARC−/− and SPARC+/+ mice were
randomized in four treatment groups (6–8 mice per group): group 1) SPARC+/+ fed with
high fat diet and 50 g/L sucrose was added to drinking water (termed Western diet, WD);
group 2) SPARC+/+ fed with regular laboratory chow diet (RD); group 3) SPARC−/− fed
with WD; group 4) SPARC−/− fed with RD [56,57]. The WD contains calcium caseinate
(200 g/kg), vitamin mixture (10 g/kg), cellulose (50 g/kg), animal fat (250 g/kg), vitamin
A (1 mL/kg), choline bitartrate (2.5 g/kg), and maltodextrin (451.5 g/kg). The mixture of
vitamins and minerals was prepared according to the recommendations of the AIN 9325.
Animals in each group were euthanized after 12 or 20 weeks of feeding. All protocols
dealing with animals were reviewed and approved by the Austral University Animal
Studies Committee. This study followed the guidelines outlined in the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.



Int. J. Mol. Sci. 2023, 24, 14843 15 of 19

4.3. Quantitative Real-Time PCR (qPCR)

Cell cultures and murine liver or human liver tissues were homogenized, and total
RNA was extracted using Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA). RNA (1–2 µg)
was reverse-transcribed with 1 µL RevertAid (200 U/µL) (Life Technologies, Carlsbad,
CA, USA ) using 2 µL of Oligo dT primers (250 ng/µL) (PB-L). cDNAs were subjected
to qPCR. To measure Sparc, Nlrp3, Caspase 1 (Casp1), and Il-1β, in both cell cultures and
murine liver tissues, cDNA samples were diluted 0.5:5 in nuclease free H2O. To measure
SPARC, NLRP3, CASPASE 1 (CASP1), IL-1β, AKR1B10, and FABP5 in human liver tissues,
cDNA samples were diluted 0.3:5 in nuclease free H2O. For every 5 µL of sample dilution,
10 µL of Master Mix qPCR 2.0 (Sybr/ROX) (PB-L, Buenos Aires, Argentina) was used.
All PCR amplifications were carried out using 40 cycles of 95 ◦C for 30 s, 55–56 ◦C for
30 s, and 72 ◦C for 30 s. At the end of the PCR reaction a melting curve was performed.
mRNA levels of Gapdh or 18S were used as endogenous control. All data were analyzed
using AriaMx Real-Time PCR System Software (Agilent, Palo alto, CA, USA). Changes
in gene expression were expressed as 2∆∆Ct referred to as fold change compared to the
mean expression quantified in controls or only as ∆t (delta Ct) for human qPCRs. See
supplementary Table S3 for the list of primers utilized for qPCR.

4.4. ELISA

IL-1β concentration was determined by DuoSet ELISA (R&D Systems, Minneapolis,
MN, USA). Plates pre-coated with monoclonal antibodies were blocked by adding Reagent
Diluent, washed with wash buffer, and incubated with samples. To determine the protein
concentration, BCA (Pierce Biotechnology, Rockford, IL, USA) was used.

4.5. Bioinformatic Analysis

The GSE130970 [26] database was selected from the Gene Expression Omnibus (GEO);
it contains transcriptomic data of liver biopsies from obese patients that cover the NAFLD
spectrum obtained by RNAseq assays. The GSE130970 database contains the expression
profile of 78 liver biopsies (4 histologically normal and 74 from NAFLD patients). Patients
were classified according to their NAS score [58] in four groups: healthy (individuals with
no evidence of liver damage), fatty liver (NAS 1–2), NASH borderline (NAS 3–4), and
NASH (NAS ≥ 5).

Gene expressions of SPARC, CASP1, IL-1β, AKR1B10, and FABP5 were evaluated in
each group. Correlation analysis between SPARC and all the genes in the databases were
performed with RStudio.

Ontological analyses were performed with Toppfun (Toppgene). Pathways with
significant FDRs (False Discovery Rates) were selected.

4.6. Patients’ Cohort and Study Protocol

A cross-sectional prospective observational study was performed. The study popula-
tion consisted of 59 Caucasian obese patients undergoing bariatric surgery (BAS) at Hospital
Universitario Austral, Argentina. Liver biopsies were taken by decision of the medical team
from bariatric surgery service in patients with evidence of liver damage at the procedure
time, as for example: changes in the coloration and texture of the liver, severe steatosis, hep-
atomegaly, signs of chronic liver injury of fibrosis or cirrhosis, signs of portal hypertension.
Men or women >18 and ≤65 years with a body mass index (BMI) ≥35 kg/m2, with obesity
maintained for more than 5 years in which other treatments failed, were included in this
study. Patients with a history of alcohol consumption ≥20 g/day in women and ≥30 g/day
in men, patients with positive serology for hepatitis B virus and hepatitis C virus, and
also patients who consumed hepatotoxic drugs, with autoimmune or genetic liver disease,
were not included in this study. All patients were informed about the additional risks
of a wedge liver biopsy during the bariatric procedure. Liver specimens were split and
stored in either 10% (v/v) formalin solution for subsequent histological examination or in
Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA) for RNA isolation. Serum from each
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patient was obtained at the time of surgery. All patients provided written informed consent
before participating in this study, approved by protocol No.16-049 Local Ethical Committee
(Austral University).

4.7. Clinical–Biochemical Assessment and Histopathology

Anthropometric parameters, such as age, sex (M/F), and BMI (kg/m2) were scored
during the baseline visit. Blood samples were collected between 1–6 months prior to surgery
and at the time of the surgery for assessment of liver biochemistry and glucose. Surrogate
markers’ scores of liver fibrosis were calculated as described by Sumida for FIB-4 [59]. Liver
wedge biopsies were performed, and liver tissue was fixed in 10% formalin and embedded
in paraffin. Hematoxylin and eosin liver specimens were evaluated by light microscopy. An
experienced pathologist assessed steatosis, inflammation, and ballooning in a blind fashion.
Steatosis, inflammation, and ballooning were scored based on the NAS score. For liver
fibrosis assessment, sections were stained with Masson’s trichrome, and fibrosis diagnosis
was determined in accordance with Brunt fibrosis criteria [58].

4.8. Statistical Analysis

All data were analyzed using Prism version 8.0.1 (GraphPad). Data are reported as
arithmetic means ± SEM. Depending on the data distribution and number of groups, a
statistical analysis with the appropriate test was determined. Two-way ANOVA with
Bonferroni correction for multiple comparison, one-way ANOVA Kruskal–Wallis test with
Dunn’s multiple comparisons post-test, or the Mann–Whitney U test were applied. For all
analyses, a p-value < 0.05 was considered statistically significant (p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***)). For correlation analysis, Spearman rank correlation or Pearson correlation
was applied.
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