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The liver is essential for metabolic and immune functions and has been linked to systemic
inflammatory diseases. However, the role of the liver is still elusive during the development
of rheumatoid arthritis (RA), although there have been indeed some reports. We used
label-free quantitative proteomics and experimental verification in this study to reveal the
hepatic lipid metabolism and immune function during collagen-induced arthritis (CIA)
development. The proteomics results revealed that the role of the liver differs in different
phases of CIA rats. In terms of specific performance, hepatic lipid metabolism, which is
primarily concerned with cholesterol, triacylglycerol, and phospholipid, was significantly
influenced in the CIA induction phase, whereas the immune function, which includes
binding of granulocytes, adhesion of immune cells, etc., was affected considerably at the
peak phase of CIA rats compared to normal rats. Finally, the hepatic dynamic changes in
CIA rats were further confirmed using targeted metabolomics and ELISA. We found that
most fatty acids of the liver in the CIA induction phase were significantly decreased, and
proteins related to complement activation and migration or adhesion of immune cells
including C3, MMP-8, CTSZ, and S100A9 were significantly increased in the liver of CIA
rats in the peak phase. Our findings indicated that the lipid metabolism and immune
function of the liver were influenced in CIA rats. Thus, the conditions of the liver during RA
development should be considered in therapeutic and nutritional interventions.
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INTRODUCTION

The liver may be affected during the course of many diseases that
are systemic or predominantly involve other organs such as
rheumatoid arthritis (RA). As an autoinflammatory immune
disease, RA is also associated with many extra-articular features
of vascular tissue, lung, liver, and other organs (1–3). Clinically,
liver lesions have been reported in RA patients, but the cause is
unknown (4–6). As the liver is a major metabolic hub, studies
addressing the change of metabolism in RA have been partially
explored. Liver enzyme elevation has been reported in patients
with RA who were not receiving systemic therapy without other
diagnoses (7, 8). Hepatic glucokinase activity and glycolysis were
increased in arthritic rats, indicating that RA might alter liver
glucose metabolism (9). Another study found a decrease in
tryptophan and kynurenine levels in the liver of collagen-
induced arthritis (CIA) mice (10). Changes in liver lipid
metabolism were also observed in rats with adjuvant-induced
arthritis (AIA) (11). In the meantime, the immune
microenvironment of the liver also was affected by RA. The
histology of the liver in RA included Kupffer cell (KC)
hyperplasia, mononuclear infiltration around periportal areas,
and so on (12). Meanwhile, the function of immune-related
proteins synthesized by the liver appears to be compromised.
Hepatic albumin synthesis was reduced, resulting in lower serum
levels of this protein in RA (13). The opposite was true for C-
reactive protein which, like fibrinogen and a2-macroglobulin,
was elevated in patients with active RA (14–16). Another study
showed that liver hepcidin, which had an immunomodulatory
effect, was upregulated during different phases of inflammation
in complete Freund’s adjuvant (CFA) rats (17). These hints
suggest that the immune function of the liver in RA may be
compromised. Although there has been increasing evidence
pointing to the changes in the metabolism and immune
function of the liver in RA, these studies have only studied the
liver in a specific period of RA from a single aspect, and
systematic research still remains lacking (3, 18).

Proteomics can investigate and clarify the fundamental laws
of life from the perspective of the entire activity of organisms,
and it reflects the relationship between molecules and cells,
tissues, and the whole biological characteristics (19). In this
study, we detected the protein expression in the liver tissue
along with the progression of CIA by quantitative proteomics to
reveal the function change of the liver in RA development. The
comprehensive analyses of hepatic dynamic changes in CIA rats
will contribute to the precision therapy for RA.
MATERIALS AND METHODS

Animals
Male Sprague–Dawley (SD) rats (8–10 weeks old) with a mean
weight of 180–200 g were purchased from Hua Fukang Biological
Polytron Technologies Inc. (Beijing, China) and kept in a specific
pathogen-free (SPF) environment (22 ± 1°C, 12 h light/dark cycle).
Food and water were made available ad libitum under laboratory
conditions at 50% ± 10% relative humidity. The animal experiments
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were carried out following the China-Japan Friendship Hospital’s
Animal Care & Welfare Committee protocols (No. zryhyy21-20-
12-1).

Collagen-Induced Arthritis
Model Induction
Bovine type II collagen and CFA were purchased from Chondrex
(Redmond, WA, USA). The CIA model was established
according to previously described methods and protocols (20).
In brief, male SD rats were immunized as follows: the primary
immunization was given via intradermal injection of 200 µl of
emulsion composed of equal parts of CFA and 2 mg/ml of bovine
type II collagen at the base of the tail on day 0, and the boost
immunization consisting of 100 µl of the same emulsion was
given on day 7.

The rats were monitored every 2 days, and the arthritis index
scores were assigned on a scale of 0 to 4 based on the following
criteria (21): 0 = no edema or swelling, 1 = slight edema and
erythema limited to the foot and/or ankle, 2 = slight edema and
erythema from the ankle to the tarsal bone, 3 = moderate edema
and erythema from the ankle to the tarsal bone, and 4 = severe
edema and erythema from the ankle to the entire leg. The final
score for each rat was the sum of the scores from the two hind
limbs, with a maximum possible score of 8. When the rats began
to exhibit signs of joint inflammation, the paws with scores of 1–
2 were selected as samples for the induction phase. As the disease
progressed, the samples for peak were taken from the paws with
severe swelling (scores of 3–4). Inflammation in the joints usually
subsided after the peak period. The samples for the resolution
phase were taken from the paws that had less inflammation
(scores of 1–2) (22).

Histological Analysis
Ankle joints were dissected and immediately fixed in formalin
for 3 days, and the left ankle joints were decalcified in 10% EDTA
and embedded in paraffin. Hematoxylin and eosin (HE) were
used to stain the tissue sections. The histopathological
characteristics of the joint were evaluated blindly as described
previously (23).

To verify the change in immune function at the peak phase,
HE staining was used to study the pathology of liver tissues. Rat
liver tissues were collected and fixed in 4% paraformaldehyde
and subsequently embedded in paraffin. The sections were
stained with HE by using a standard protocol and analyzed
under light microscopy.

Enzyme-Linked Immunosorbent Assay
The levels of TNF-a, IL-1b, and IL-6 in the serum were
determined by enzyme-linked immunosorbent assay (ELISA)
using commercial kits. The instructions were followed to
measure the OD values and calculate the level of expression
based on the standard curve. The rat TNF-a, IL-1b, and IL-6
ELISA kits were purchased from Dakewe (Shenzhen, China).

To verify the reliability of the proteomics data, the levels of
the lipid metabolism-related differentially expressed proteins
(DEPs) with high fold change including ATXN2, TRPM4, and
PIK3C2a in the induction phase and the immune function-
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related DEPs with high fold change such as PGLYRP1, KNG1,
and GPNMB at the peak phase in the liver tissue samples of rats
were determined by ELISA using commercial kits. The ATXN2,
TRPM4, PIK3C2a, PGLYRP1, KNG1, and GPNMB kits were
purchased from Fankewei (Shanghai, China).

To verify the change in immune function at the peak phase,
the ELISA kits were used to detect the levels of key DEPs of
immune function such as C3, MMP-8, S100A9, and CTSZ. The
C3, MMP-8, S100A9, and CTSZ kits were purchased from
Fankewei (Shanghai, China).

Proteomics Analysis
The proteomics analysis was performed by Wayen Biotechnologies
Inc. (Shanghai, China) according to the following procedure. Frozen
liver tissue samples were mechanically homogenized three times for
15 s with a tissue homogenizer before being statically lysed in a
protease inhibitor cocktail. The interlayer solution was collected and
transferred to a new tube after centrifugation at 13,000 rpm for 20
min at 4°C. To precipitate the solution, six times the volume of
100% acetone was added to the new tube. The solutions were
redissolved in a solution of 6M of guanidine hydrochloride and 300
mM of TEAB. A bicinchoninic acid (BCA) protein assay was used
to determine the protein concentration.

The protein samples were then reductively alkylated. The
protein solution with 1 M DTT was incubated at 57°C for 1 h
before adding 10 µl of 1 M of iodoacetamide/100 µl of solution
and storing it at room temperature for 40 min away from light.
The alkylated protein was washed three times and digested with
trypsin. The peptides were stored at −80°C after digestion.
Following centrifugal drying, the peptides were dissolved in
0.1% of acetonitrile and desalted using desalting columns.
After vacuum drying, the sample was redissolved in the mobile
phase (A phase: 0.1% of formic acid, B phase: 100% of ethyl
ester), and the 10–15-µl sample was loaded onto the machine for
LC-MS analysis. The separation was performed using an EASY-
nLC 1000 chromatograph (Thermo Scientific, USA), with an
analytical column (C18, 3 µm, 75 µm × 15 cm) and a flow rate of
300 nl/min. The mass spectrometer was an Orbitrap Fusion
Lumos (Thermo Scientific, USA). The data-dependent scanning
acquisition mode was used for tandem mass spectrometry
detection. The mass-to-charge ratio range is m/z 350–1,500.

The protein quantitation was performed by the Proteome
Discoverer Software 2.4 (Thermo Scientific, USA). We included
proteins ≥2 unique peptides in our research to enhance the
study’s credibility. These proteins were identified as upregulated
or downregulated DEPs when the fold change was ≥1.2 or ≤0.83
and the p-value was less than 0.05. The DEP list was then
analyzed using online software.

Ingenuity Pathway Analysis
The ingenuity pathway analysis (IPA, Ingenuity Systems, QIAGEN
China Co., Ltd., Shanghai, China; http://www.ingenuity.com) was
used to evaluate the trend of protein enrichment changes. The DEPs
with fold changes and p-values were input into the IPA, and then
the function annotations and functional network were
algorithmically generated according to protein–protein interactions.
Frontiers in Immunology | www.frontiersin.org 3
Targeted Lipid Metabolism Detection
To verify the abnormal lipid metabolism in the induction phase,
target metabolomics was used to detect the level of fatty acids
(FAs) in the liver. After accurately weighing, approximately 50
mg of liver samples were added to 1 ml of the extract containing
the internal standard. TissueLyser was used to grind the samples,
and the supernatant was centrifuged at 14,000 rpm for 20 min.
The quality control (QC) samples were prepared by combining
equal aliquots of one liver sample from each group. The QC
sample was examined to ensure that the analysis was stable
and repeatable.

All chromatographic separations were carried out using an
Agilent ZORBAX SB-C18 (4.6 × 250 mm, 5 µm). The mobile
phase consisted of solvent A (10 mM ammonium acetate) and
solvent B (10 mM ammonium acetate:70% acetonitrile = 15:85).
The total flow rate was 0.2 ml/min, and the following elution
gradient was employed: 0–6 min, 25%–40% B; 6–20 min, 40%–
70% B; 20–20.1 min, 70%–100% B; 20.1–23 min, 100%–100% B;
23–23.1 min, 100%–25% B; and 23.1–25 min, 25%–25% B. The
sample injection volume ranged from 2 to 10 µl. The temperature
in the column was maintained at 40°C. The ESI source was used
in negative and positive ion modes to generate the MS/MS
spectra. The spray voltage was set to 3.5 kV, the ion source
temperature to 150°C, and the solvation temperature to 550°C.
Scanning was done in the multireaction monitoring (MRM)
mode. A total of 18 FAs were measured, namely, C12:0, C12:1,
C14:0, C14:1, C15:0, C16:0, C16:1, C17:0, C18:0, C18:1, C18:2,
C18:3, C20:0, C20:4, C20:5, C22:0, C22:2, and C22:6. The
detailed mass spectrometric parameters of FAs are provided in
Supplementary Table 1.

Statistical Analysis
GraphPad Prism 8 was used to analyze the data. All data were
expressed as mean ± SD. For the statistical analysis, the t-test or
one-way analysis of variance was used. Statistical significance
was defined as p <0.05.
RESULTS

Dynamic Change of Arthritis During the
Progression of CIA
Following boost immunization, the arthritis index (AI) and hind
paw thickness were detected to assess joint swelling in the CIA
models. In collagen-treated rats, arthritis appeared initially in the
induction phase. As the disease advanced in CIA rats, the
symptoms of arthritis became more severe, with the AI and
hind paw thickness approaching their maximum. Following this,
the symptoms of arthritis gradually alleviated in the resolution
phase of CIA, but it remained more severe than in the induction
phase (Figure 1A), and the AI, as well as the hind paw thickness,
showed the same trend (Figures 1B, C).

The dynamic change of arthritis was also visible in the
histopathological sections of ankle joints from CIA rats. The
results revealed only a minor amount of inflammatory cell
infiltration and synovial hyperplasia in the ankle joint of CIA
June 2022 | Volume 13 | Article 901697
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rats after induction. As arthritis symptoms worsened,
inflammatory cell infiltration, pannus formation, cartilage
erosion, and bone destruction were observed in the ankle joint
of CIA rats at the peak phase. When the disease progressed to the
resolution phase, these pathological features of arthritis were
further aggravated in CIA rats (Figure 1D), and the
histopathological score reflected this trend (Figure 1E).

ELISA was also used to detect inflammatory factors in the
serum of CIA rats. The levels of serum inflammatory factors such
as TNF-a, IL-6, and IL-1b partially reflected the inflammatory
response during disease procession. The results showed that the
levels of TNF-a, IL-6, and IL-1b in CIA rats were significantly
upregulated when compared with the normal group
(Figures 1F–H).

Identification of DEPs in the Liver During
Arthritis Development
Having examined the symptoms of arthritis as the disease
progressed, we aimed to systematically describe the changes in
hepatic function using global protein expression profiling; the
corresponding volcano plot is shown in Figure 2A. When
compared to the normal group, 316, 174, and 143 proteins
were identified as DEPs at the three stages of CIA, respectively
(Figure 2B). The findings also revealed that the counts of DEPs
in the liver decreased as arthritis progressed. Interestingly, only a
small number of DEPs were found to be standard across the
three phases of CIA using the Venn diagram, implying that the
differentially regulated proteins may be stage-specific
Frontiers in Immunology | www.frontiersin.org 4
(Figure 2C). As a result, we used bioinformatics analysis to
investigate the DEPs further.

Identification of Function Annotations
Showing the Significant Enrichment of
DEPs in the Liver
The DEPs were input into the IPA software, and the function
enrichment [−log(p-value, 10) > 1.3] lists were output to assess the
essential function of DEPs in liver tissue. Because metabolism and
immune function are closely linked to the liver, the function
enrichment annotations associated with them were given special
attention in this study. As demonstrated in Figure 3B, lipid
metabolism in the liver was affected in different phases of CIA rats.
In the inductionphase, therewere35 functionenrichmentannotations
of lipid metabolism (Supplementary Table 2). The top 5 function
enrichment annotations were “delay in the clearance of lipid,”
“clearance of triacylglycerol,” “concentration of a phospholipid,”
“translocation of a phospholipid,” and “concentration of lipid”
(Figure 3B). Meanwhile, compared to the other phases, the number
of DEPs and function annotations associatedwith lipidmetabolism in
the inductionphasewas thehighest (Figure3A).At thepeakphase, the
lipid metabolism enrichment annotations were “concentration of
lipopolysaccharide” and “metabolism of triacylglycerol.” The lipid
metabolism function enrichment annotations in the resolution phase
were “hydroxylation of pregnenolone,” “efflux of cholesterol,” and
“reverse cholesterol transport” (Figure 3B).

In addition to lipid metabolism, the immune function was
affected in the CIA model, particularly at the peak phase of CIA
A B

D
E F

G H

C

FIGURE 1 | The dynamic changes of arthritis in collagen-induced arthritis (CIA) rats. (A) Photographs of the hind paw and ankle joint of rats. (B) Arthritis score. (C)
Hind paw thickness, scale bar = 1 cm. (D) The representative histopathological finding of the ankle joint from each group (×50), scale bar = 50 mm. The black arrow
indicated inflammatory cell infiltration, the blue arrow indicated synovial hyperplasia, the green arrow indicated pannus formation, the yellow arrow indicated bone
destruction, and the red arrow indicated cartilage erosion. (E) Histopathological score. (F–H) The levels of TNF-a, IL-6, and IL-1b in the serum of rats from each
group. Data were mean ± SD. N = 6. **p < 0.01 compared with the normal group.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shi et al. Role of the Liver in CIA
(Figure 3C). The immune functions associated with DEPs in the
induction enrichment were “quiescence of T lymphocytes,”
“adhesion of immune cells,” “migration of phagocytes,” and
“immune response of leukocyte cell lines.” The effect on liver
Frontiers in Immunology | www.frontiersin.org 5
immune function of CIA rats was particularly significant at the
peak phase. The function enrichment annotations of immune
function were “binding of granulocytes,” “adhesion of immune
cells,” “cell movement of leukocytes,” “leukocyte migration,”
A B

DC

FIGURE 3 | The DEPs and function annotations related to lipid metabolism or immune function in the model group vs. the normal group in different phases. (A) The
Venn diagrams showed the number and proportion of DEPs related to lipid metabolism. (B) The function annotations related to lipid metabolism showing enrichment
of DEPs. (C) The Venn diagrams showed the number and proportion of DEP related to immune functions. (D) The function annotations related to immune function
showing enrichment of DEPs.
A

B C

FIGURE 2 | The differentially expressed proteins (DEPs) in the proteomics data. (A) The volcano plot depicted the DEPs at different phases. (B) The number of
upregulated and downregulated DEPs at different phases. (C) The Venn diagram showed protein identification overlap at different phases.
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“complement activation,” “accumulation of granulocytes,” “binding
of macrophages,” “activation of leukocytes,” “immune response of
cells,” “cellular infiltration by leukocytes,” and “abnormal
inflammatory response,” while the immune functions associated
with the enrichment of DEPs were “cellular infiltration by leukocyte
cell lines” and “immune response of cells” in the resolution
phase (Figure 3D).

Changes in Lipid Metabolic Function in the
Induction Phase of CIA
According to the IPA analysis findings, the DEPs were closely
related to the lipid metabolic function during the different phases
of arthritis development in CIA rats. In the induction phase,
most of the DEPs and the −log(p-values) of lipid metabolic
function annotations demonstrated that the lipid metabolic
function of the liver had changed significantly. To further
explore the relationship between the DEPs and lipid metabolic
function, the lipid metabolism network was exported from the
IPA (Figure 4A). To verify the reliability of proteomics, we firstly
experimentally identified DEPs with a high fold change related to
lipid metabolism such as ATXN2, TRPM4, and PIK3C2a.
Figure 4B displays that the levels of ATXN2, TRPM4, and
PIK3C2a were all obviously elevated in the liver of CIA rats.
The changes in the expression levels of these proteins were
consistent with the tendencies observed in the proteomics
analysis (Supplementary Table 3).
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Then, we used targeted FAs analysis to confirm the levels of
FAs in order to further explain the effect of lipid metabolism of
the liver in the induction phase. The 18 FAs (C12:0, C12:1, C14:0,
C14:1, C15:0, C16:0, C16:1, C17:0, C18:0, C18:1, C18:2, C18:3,
C20:0, C20:4, C20:5, C22:0, C22:2, and C22:6), the majority of
which contained more than 12 carbons, were decreased
significantly in the liver of CIA rats in the induction phase
(Figure 5). Therefore, the results indicated that the levels of most
FAs were altered during the induction phase of CIA rats.

Changes in Immune Function at the Peak
Phase of CIA
According to the IPA analysis findings, the DEPs were closely
related to the immune function during the different phases of
arthritis development in CIA rats. At the peak phase, most of the
DEPs and the −log(p-values) of immune-related function
annotations demonstrated that the immune function of the
liver had changed significantly. To further explore the
relationship between the DEPs and immune function, the
immune network was exported from the IPA (Figure 6A).
First, we used ELISA kits to confirm the expression of DEPs
with high fold change in the immune function network. The
DEPs, including PGLYRP1, KNG1, and GPNMB, were
remarkably elevated in the livers of CIA rats (Figure 6B). The
changes in the expression levels of these proteins were consistent
with the tendencies observed in the proteomics analysis. The fold
A

B

FIGURE 4 | The lipid metabolism network and the verification of representative DEPs in the induction phase. (A) The lipid metabolism network: the red color
represented the upregulation of protein expression in the model group vs. the normal group and the green color represented the downregulation of protein
expression in the model group vs. the normal group. (B) The verification of DEPs related to lipid metabolism. Data were expressed as mean ± SD. N = 6. **p < 0.01
compared with the normal group.
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A

B

FIGURE 6 | The immune-related function network and the verification of representative DEPs in the peak phase. (A) The immune-related function network: the red
color represented the upregulation of protein expression in the model group vs. the normal group and the green color represented the downregulation of protein
expression in the model group vs. the normal group. (B) The verification of DEPs related to immune function. Data were mean ± SD. N = 6. **p < 0.01 compared
with the normal group.
FIGURE 5 | The levels of FAs in the liver of CIA rats in the induction phase. Data were expressed as mean ± SD. N = 6. *p < 0.05, **p < 0.01 compared with the
normal group.
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changes and p-values of these DEPs are l is ted in
Supplementary Table 4.

As the functional enrichment analysis showed that immune
cell infiltration and inflammatory response were influenced at
the peak phase, HE staining was used for further confirmation.
The result showed that a large number of immune cells
infiltrating the liver tissue could be seen in the model group at
the peak phase (Figure 7A). In addition, complement activation
and migration or adhesion of immune cells were also affected at
the peak phase in the functional enrichment analysis. We
therefore used ELISA to verify these results. We found that C3,
the key DEP for complement activation, was increased
significantly in the CIA model group when compared with the
normal group. The key DEPs related to migration or adhesion of
immune cells such as MMP-8, CTSZ, and S100A9 were also
increased significantly in the CIA model group when compared
with the normal group (Figure 7B).
DISCUSSION

The CIA model is recognized as the classical animal model to
study human RA, which has great similarities with human RA in
pathology, immunology, and clinical features (24). The wide
application of this model provides more help in exploring the
pathogenesis and pathological process of RA and the treatment
plan for RA. This study demonstrated that the dynamics of
arthritis symptoms in CIA, including the AI, hind paw thickness,
joint swelling, inflammation, and histopathology, occurred
during the induction phase and persisted if not treated. The
dynamic outcome was essentially consistent with previous
research on the CIA model (25, 26). This demonstrated that
CIA is an ideal model to investigate the pathological and
mechanism changes during the development of RA, primarily
during the following three phases: induction, peak, and
resolution (27).

The liver is the body’s most extensive solid organ essential for
metabolism and immune function (28, 29). Clinically, liver
Frontiers in Immunology | www.frontiersin.org 8
lesions have been reported in RA patients, but the cause is
unknown (4–6). Previous studies showed that oxidative stress,
differences in metabolic enzyme expression, gluconeogenesis,
and other factors exist in the livers of animal models
associated with RA (30, 31). Because the condition of RA
changes dynamically, studying only one phase is insufficient.
Therefore, in this study, dynamic proteomics analysis was used
to gain a complete understanding of the liver condition during
the progression of RA. The results revealed that lipid metabolism
in the liver was significantly influenced, particularly in the
induction phase of CIA, and mainly involved the metabolism
of cholesterol, phospholipid, triglyceride (TG), and so on. RA is a
chronic systemic autoimmune disease in which approximately
60% of patients have dyslipidemia (32–35). Previous research
showed that low-density lipoprotein (LDL), very-low-density
lipoprotein (VLDL), and unsaturated lipid levels in the urine
of CIA rats were significantly lower, implying that changes in
lipid metabolism occurred in RA (36). Clinical studies have
revealed elevated levels of FAs and cholesterol in RA patients’
sera (37). The reasons for this could be multifaceted, referring to
multiple lipid metabolism-related organs, particularly the liver,
which is at the center of regulating lipid metabolism (38, 39). A
study showed that dysregulated lipid metabolism of the liver
existed in AIA rats (40). However, the precise molecular
mechanism of these influences is unknown and requires
further investigation. Our dynamic proteomic discovery added
a small amount of content to this research in this area of
investigation. Through further analysis of the lipid metabolism
network, we found some key DEPs related to lipid metabolism,
including PIK3C2a, TRPM4, ATXN2, and so on. PIK3C2a is a
gene that encodes a lipid kinase involved in regulating fat
production, and increasing its protein levels may affect FA
synthesis (41). TRPM4 is primarily expressed in adipose tissue-
derived stem cells, and its downregulation alters histamine-
induced intracellular calcium concentration, implying that it is
involved in adipogenesis (42, 43). ATXN2 is a pleiotropic gene
linked to various diseases, including diabetes and inflammation
(44). A recent study found that overexpression of circ-ATXN2
A B

FIGURE 7 | Verification of the change of immune function in the liver of CIA rats in the peak phase. (A) HE staining of the liver (×400), scale bar = 50 mm. (B) The
verification of key DEPs related to complement activation and migration or adhesion of immune cells. Data were expressed as mean ± SD. N = 6. *p < 0.05, **p <
0.01 compared with the normal group.
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promoted adipogenesis in adipose tissue-derived stromal cells
(45). When its activity increased, ATP Binding Cassette
Subfamily A Member 1 (ABCA1), a key transporter of
cholesterol out of the cell, triggered the metabolism of
cholesterol and phospholipids in cells and influenced the
process of FA differentiation (46, 47). These DEPs acted in
concert, causing an imbalance in lipid synthesis and catabolism
in the livers of CIA rats.

Because the effects on lipid metabolism in the liver of CIA rats
were complex and the experimental conditions were limited,
only FA levels in the liver were further detected to explain the
change of lipid metabolism in RA in our study. FAs play a variety
of roles in biological processes, particularly in autoimmune
diseases such as RA (48). For instance, n−3 FAs, primarily
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
improved arthritis symptoms in RA patients by inhibiting
inflammation and immunomodulation, while palmitic acid
(PA) influenced the balance of bone metabolism from
autophagy and apoptosis (49, 50). Therefore, understanding
the levels of hepatic FAs provided a more theoretical basis to
explore the changes in lipid metabolism in RA. Targeted
metabolomics results showed that most FAs in the liver of CIA
rats in the induction phase were at a lower level which revealed
the imbalance of FA metabolism. The relative stability of FAs
necessitates a dynamic balance between fat synthesis and
catabolism, which is influenced by various factors (51). The
complex biological process of FAs in the liver consists mainly of
synthesis and decomposition. The intake of free FAs from food
and adipose tissue via the liver is one of the two main sources of
FAs; the other is de-novo lipogenesis. Meanwhile, oxidative
decomposition is used to prevent excessive FA accumulation in
the liver. Inflammation has been shown in studies to accelerate
the decomposition of peripheral adipose tissue and increase FAs,
which may be responsible for the elevated levels of FAs in RA
serum (52, 53). Although free FAs in the peripheral tissues
increased, most of these in the liver decreased in CIA rats. One
possible explanation is that the carrier for FAs entering the liver
has changed. Previous research found that mRNA expression of
the constitutive androstane receptor decreased in the liver of
mice with CIA, even though it is an important carrier for FAs to
enter the mitochondria (54). Aside from that, the NADPH/
NADP+ ratio may also influence FA synthesis. Meanwhile, the
ratio was reduced in fed and fasted rats with AIA when the liver
was subjected to oxidative stress (55–57). On the other hand,
liver peroxidation aided in the breakdown of FAs. A series of
events culminated in the reduction of FAs in arthritis models.
The imbalance between FA synthesis and breakdown may be the
primary cause of the decrease of FAs in the liver of arthritis
models, and the conversion of amino acids, glucose, and other
substances may be involved. This was largely consistent with the
findings of the study of Wendt et al., which showed that hepatic
lipid metabolism in rats with AIA was shifted toward a catabolic
state instead of other chronic wasting diseases (11).

Apart from the imbalance of lipid metabolism in the liver,
pathogenic substances such as cytokines and interferon
produced during RA may also impact the liver immune
Frontiers in Immunology | www.frontiersin.org 9
function (58). Our proteomics results revealed that the liver
immune function of arthritic rats had changed, particularly at the
CIA peak phase. In our study, the key immune-related DEPs that
have been verified were PGLYRP1, KNG1, and GPNMB.
PGLYRP1 is a protein that activates innate immunity and is
stored in neutrophil gelatinase granules, which plays an essential
role in phagocytosis and sterilization (59). Meanwhile, Luo et al.
found that PGLYRP1 in RA patients’ sera was correlated with
rheumatoid factor and anti-cyclic citrullinated peptide, and the
increased expression could serve as a potential biomarker for RA
diagnosis (60). However, it is unknown whether the increase of
PGLYRP1 in liver tissue was associated with blood in CIA rats.
KNG1 is a macromolecular inflammatory response mediator
produced primarily by liver cells (61). A previous study found
that KNG1 overexpression exacerbated oxidative stress and
mitochondrial damage (62). Singh et al. (63) predicted that
KNG1 may be the potential target of RA by bioinformatics,
which requires further experimental verification. The level of
GPNMB is low in normal hepatocytes but higher in
hepatocellular carcinoma cells according to research (64, 65).
GPNMB is involved in immune system function and is highly
expressed in a variety of innate immunity cells, which may play
an important role in the pathogenesis of autoimmune
diseases (66).

The analysis of IPA showed that the functions of DEPs related
to immune function mainly included “binding of granulocytes,”
“adhesion of immune cells,” “cell movement of leukocytes,”
“leukocyte migration,” “complement activation,” “accumulation
of granulocytes,” “binding of macrophages,” “activation of
leukocytes,” “immune response of cells,” “cellular infiltration
by leukocytes,” and “abnormal inflammatory response.” This
demonstrated that immunologic insults did not exist solely in the
circulating blood and joints of RA (67, 68). A few animal studies
have demonstrated that immune cells in the liver of arthritis
models changed. To be more specific, iNKT cells were only
activated at the early phase of the onset of arthritis in mice, while
they did not change in the spleen and lymph nodes (69).
Compared to mice with arthritis in the control group, the lack
of KCs reduced arthritis score and joint swelling but maintained
joint space improvement (70). Our proteomics studies showed
that liver immune functions such as cellular infiltration,
inflammatory response, complement activation, and migration
and adhesion of immune cells were affected in the CIA rats at the
peak phase. The HE staining results confirmed the accumulation
and infiltration of immune-related cells in the liver of CIA rats
compared with the normal group. This was consistent with the
proteomic results of the infiltration of immune cells and
inflammatory response. In addition, we found that the levels of
C3, MMP-8, CTSZ, and S100A9 were significantly elevated in the
liver of CIA rats. C3 is a core hub of the complement activation
pathway. A clinical study showed that the serum level of
complement component C3 was increased in patients with
active untreated RA (71). C3 can be produced by hepatocytes,
macrophages, and so on and has been proven to play an
important role in multiple immunological processes including
accumulation of immune complexes, aggregation of immune
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cells, inflammation, and so on (72). MMP-8 is also known as
collagenase-2 or neutrophil collagenase, which can be produced
by neutrophils (73). Research has shown that the level of MMP-8
in synovial fluid was low in the early phase and increased with
the progression of RA (74). Previous studies have demonstrated
that the increase of MMP-8 activity enhanced synovial fibroblast
migration across collagen type I in RA (75). CTSZ was
predominantly expressed by monocytes, macrophages, and
dendritic cells, and it could enhance the adhesion of
monocytes/macrophages to fibrinogen as well as the
maturation of dendritic cells, a process crucial in the initiation
of adaptive immunity (76). Studies found that CTSZ was
specifically increased in the synovial membrane of RA and
involved in modulating the attachment of migrating cells to
the ECM component (77, 78). S100A9 is a Ca(2+)-binding
protein of innate immune response and is tightly associated
with pro-inflammatory and adhesion functions of neutrophils
(79). It has been found at high concentrations in the synovial
fluid of patients with RA which is known as damage-associated
molecular patterns (80). These molecules interact with each
other to influence the hepatic immune function of CIA rats in
the peak phase. Abnormalities of immune cells in RA disease
may be related to the DEPs that were detected by proteomics,
and this will be the focus of our next research.

Our studies provided additional evidence for the changes in
the immune function of CIA rats, particularly when the disease
was at its peak. There may exist a close connection between the
change of immune function and immune cells in the liver of the
RA model and further research is needed. Although the
quantitative proteomics revealed the dynamic changes in
hepatic lipid metabolism and immune function during the
development of CIA, we only validated the dysregulated lipid
metabolism in the induction phase and the immune function at
the peak phase. The dynamic changes of lipid metabolism and
immune function will be further studied in our future work.
CONCLUSION

In conclusion, this study revealed that lipid metabolism of the
liver was affected, particularly in the induction phase of CIA, and
Frontiers in Immunology | www.frontiersin.org 10
that an obvious change of immune function existed in the liver of
CIA rats, particularly at the peak phase. Such a condition should
be considered in therapeutic interventions, especially the use of
drugs that may affect the liver.
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