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Liver diseases, including cirrhosis, viral hepatitis, and hepatocellular carcinoma, account for approximately two million annual
deaths worldwide. They place a huge burden on the global healthcare systems, compelling researchers to find effective
treatment for liver fibrosis-cirrhosis. Portacaval anastomosis (PCA) is a model of liver damage and fibrosis. Arginine
vasopressin (AVP) has been implicated as a proinflammatory-profibrotic hormone. In rats, neurointermediate pituitary
lobectomy (NIL) induces a permanent drop (80%) in AVP serum levels. We hypothesized that AVP deficiency (NIL-induced)
may decrease liver damage and fibrosis in a rat PCA model. Male Wistar rats were divided into intact control (IC), NIL, PCA,
and PCA+NIL groups. Liver function tests, liver gene relative expressions (IL-1, IL-10, TGF-β, COLL-I, MMP-9, and MMP-
13), and histopathological assessments were performed. In comparison with those in the IC and PCA groups, bilirubin, protein
serum, and liver glycogen levels were restored in the PCA+NIL group. NIL in the PCA animals also decreased the gene
expression levels of IL-1 and COLL-I, while increasing those of IL-10, TGF-β, and MMP-13. Histopathology of this group also
showed significantly decreased signs of liver damage with lower extent of collagen deposition and fibrosis. Low AVP serum
levels were not enough to fully activate the AVP receptors resulting in the decreased activation of cell signaling pathways
associated with proinflammatory-profibrotic responses, while activating cell molecular signaling pathways associated with an
anti-inflammatory-fibrotic state. Thus, partial reversion of liver damage and fibrosis was observed. The study supports the
crucial role of AVP in the inflammatory-fibrotic processes and maintenance of immune competence. The success of the AVP
deficiency strategy suggests that blocking AVP receptors may be therapeutically useful to treat inflammatory-fibrotic liver diseases.

1. Introduction

Liver diseases (e.g., cirrhosis, viral hepatitis, and hepatocellu-
lar carcinoma) create an enormous burden on the global
healthcare system, accounting for approximately two million
deaths per year. In Mexico, it is the third leading cause of
death in men and seventh in women [1]. Currently, research
into new treatments for liver diseases is of great importance.

Liver disease and fibrosis are the result of chronic inflamma-
tory processes, which are independent of its etiology (e.g.,
drugs, alcohol history, hepatitis virus B and C, obesity, and
autoimmunity). Liver inflammation and fibrosis are initiated
in response to permanent liver damage with excessive
accumulation of collagen overdegradation [2–5]. During
the initial stage, liver damage induces the release of proin-
flammatory cytokines like IL-1, TNF-α, and IL-8 [2, 3, 6]. If
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the liver damage persists, the inflammatory response
includes infiltration of lymphocytes, plasma cells, polymor-
phonuclear cells, histiocytes, fibroblast, and development of
regeneration nodules, vascular distortion, and fibrosis [3].
During persistent inflammation, the hepatic stellate cells
(HSCs) are activated by different kind of factors: cytokines
(IL-1, TNF-α, and IL-8), growth factors (TGF-β, PDGF,
and ET-1), and factors from the endothelial cells, Kupffer’s
cells, hepatocytes, and platelets. All these factors induce
differentiation of HSCs into myofibroblasts with properties
such as proliferation, contraction, fibrogenesis, and expres-
sion of type I collagen (Col1al) and alpha-smooth muscle
actin (α-SMA) [2, 4], thus making HSCs one of the main
responsible factors for liver fibrosis and liver failure.
Currently, liver fibrosis treatment is done to revert fibrosis
and to restore the liver functions [2, 7–10].

There are several models of experimental fibrosis-cirrho-
sis, which have physio-pathogenic characteristics of the
human cirrhosis. Some models of the experimental liver
fibrosis are induced by (1) CCl4 administration for eight
weeks, (2) acetaminophen administration for ten weeks, (3)
ethanol administration for more than ten weeks, (4) hyper-
caloric diets for more than 12 weeks [5, 7, 8, 11], and (5)
portacaval anastomosis (PCA) [12–14].

In rats, PCA induces a decrease in serum albumin,
hyperbilirubinemia, and increased serum levels of bile acids,
alkaline phosphatase (AP), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydroge-
nase (LDH), creatinine, urea, and ammonium [13–15] with
clear signs of liver histopathological damage such as hepato-
cytic necrosis and apoptosis, portal inflammation, biliary
proliferation, steatosis, and fibrosis. All these observations
indicate that the PCA model reproduces the clinical and
histopathological signs of chronic liver disease [13–15].

In recent years, neuro-immune-endocrine interactions
in inflammatory diseases have allowed for a better under-
standing of pathological regulatory processes. In this
context, arginine vasopressin (AVP), also called antidiuretic
hormone, synthesizes in the paraventricular and supraoptic
nuclei of the hypothalamus, passes through the axons to
the posterior lobe of the pituitary gland (neurohypophysis),
and releases into the blood. Corticotropin-releasing
hormone (CRH) and AVP of the hypothalamic paraventric-
ular parvocellular neurons play an important role in coordi-
nating hypothalamic-pituitary-adrenal axis activity during
stress, inflammation, and autoimmune diseases [16, 17].
AVP also has several other activities that include diuresis
inhibition, contraction of vascular smooth muscle cells,
and liver glycogenolysis. AVP is also involved in several
brain functions that affect memory, anxiety, and depression
[18, 19]. Presently, most of the evidence indicates that AVP
acting directly on different cells of the immune system is a
proinflammatory hormone [20–23]. We have shown that
animals that underwent surgical removal of the neurohy-
pophysis (NIL) showed a permanent decrease in AVP and
oxytocin (OXT) blood levels (80% and 90% below the
normal ranges, respectively) [24]. Experiments from others
[25] and from our lab have demonstrated that decreased
AVP serum levels (NIL-induced) diminish humoral and

cellular immune responses [20, 21, 26, 27]. Profibrogenic
properties of AVP on the heart, liver, and kidney have been
demonstrated [28–32]. In addition, we have reported that
AVP deficiency promotes the reduction of collagen deposits
in a CCl4 cirrhosis hamster model and restores the balance
between metalloproteinases and tissue inhibitors of metallo-
proteinases (TIMPs) [33]. All this evidence supports that
AVP is a major player in the regulation of immune
responses and fibrosis; however, less is known on cell and
molecular mechanisms through AVP deficiency may modu-
late the immune responses. Thus, in this work, we study the
effects of AVP deficiency (NIL-induced) on liver inflamma-
tion, tissue damage, and fibrosis in the PCA rat model.

2. Materials and Methods

2.1. Animals. Male Wistar rats (Rattus norvegicus) at 6-8
weeks old (200-250 g body weight) from our Animal Care
Facility were used. Animals were treated according to the
Institutional Normative Welfare Standards of the Autono-
mous University of Aguascalientes and the official Mexican
regulations (NOM-062-ZOO-1999). Experimental protocols
were approved by the Institutional Bioethics Committee.

Animals were maintained in a 12h/12 h light/dark cycle
and 21-22°C room temperature and fed with Purina Rat
Chow (Ralston Purina Company, St. Louis, MO, USA). Food
and water were provided ad libitum. The rats were divided
into the following four groups (4-6 animals/group): (1)
intact control (IC), (2) NIL, (3) PCA, and (4) PCA+NIL.
In the PCA+NIL group, NIL surgery was performed three
weeks after PCA. Figure 1 shows the experimental schedule.

2.2. Portacaval Anastomosis (PCA). PCA was performed at
week 0 in the PCA and PCA+NIL groups (Figure 1). The
PCA microsurgery technique used was an adaptation of
those described by Aller et al. [13] and Padilla-Sánchez
[34]. Rats were anesthetized with a mixture of ketamine
(80%) and xylazine (20%) (Cheminova, Mexico) (1μL/g of
body weight/i.p.), and a laparotomy was performed to access
the abdominal organs. Under stereomicroscope (Zeiss
OPMI-19 FC at 6x magnification), the portal vein was dis-
sected, followed by the right kidney vein and the inferior
cava vein. The cava vein was dissected from above the left
kidney vein to where the cava vein is covered by the liver
lobule. The right kidney vein and the ends of the isolated
cava vein were transiently occluded by a gentle pull of
removable threads. On the left side of the dissected cava, a
window was opened and washed with heparin-saline solu-
tion (1%) (Inhepar, Heparina, Pisa, Mexico). The dissected
portal vein was temporarily occluded with a surgical clip at
its union with the splenic vein, and the vein was tied and
cut below the knot at the hilum liver level. The remnant vein
blood was washed with heparin-saline solution. The open
end of the portal vein was then anastomosed with the cava
vein window. The PCA was performed in less than 15min.
After surgery, the animals were placed in a recovery box
with clinical oxygen and controlled temperature. For infec-
tion prevention, animals were injected with penprocillin
(6000 IU, i.m.) (Pisa, Mexico) once a day for three days.
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For analgesia, sodium metamizole (Pharmalife, Mexico)
(10mg/kg i.m.) was administrated once daily for three days.
After anesthesia recovery, the animals were put in cages with
food and water ad libitum.

2.3. Neurointermediate Pituitary Lobectomy (NIL). NIL sur-
geries were performed on the NIL and PCA+NIL groups
at week 3 of the experiment (see experimental schedule
in Figure 1).

The method employed has been described in our previ-
ous work [35]. Fifteen minutes prior to anesthesia, 0.06mg
atropine/s.c. (Atropisa, Pisa, Mexico) was injected to prevent
excessive airway secretion. Animals were anesthetized with a
mixture of ketamine 80% and xylazine 20% (1μL/g body
weight/i.p.). Removal of the neurointermediate pituitary
lobe (neural and intermediate lobes) was performed under
a dissecting microscope (Zeiss OPMI-19 FC at 6x magnifica-
tion) through the parapharyngeal-transoccipital-sphenoidal
approach. After direct viewing of the neurointermediate
lobe, it was gently aspirated using a bent needle as follows.
The neck was shaved, and the animal was placed into dorsal
decubitus on the operating table. With the upper incisor
fork, the head was fixed to the table, while the legs were
fastened with threads to the lateral edges of the table. The
trachea was cannulated through the snout. The surgical
approach to the pituitary gland included the following steps:
(1) asepsis and cutting of the skin on the anterior aspect of
the neck, (2) identification of the left digastric muscle, (3)
blunt separation of the digastric muscle central tendon, (4)
placement of retractors to get a wider view of the bottom
of the opening, (5) identification of the distal end of the pter-
ygoid process and the long neck muscles, (6) identification
and cleaning of the basioccipital and basisphenoid bones,
(7) display of the occipital-sphenoid joint, (8) trepanation
of the skull in the center of the occipital-sphenoid joint until
the pituitary capsule can be viewed, (9) cutting of the pitui-
tary capsule at its most posterior end, (10) elevation of the
adenohypophyseal lobe and visual identification of the inter-
mediate and neural lobes of the hypophysis, and (11) gentle
aspiration of the neurointermediate lobe with a bent needle

The total time of the surgery was within 15min, and
animals were fully recovered within 40min. For infection

prevention, animals were injected with penprocillin after
the surgery (6000 IU, i.m./3 days). For analgesia, sodium
metamizole (10mg/kg/i.m./2 days) was used.

All groups were euthanized at the fourth week of experi-
mentation. Before euthanasia, animals were anesthetized
with sodium pentobarbital (Maver, China), bled from the
abdominal aorta, and the serum was aliquoted and frozen
at −70°C until the liver function tests. Samples of liver tissue
were immediately immersed in RNA later (Invitrogen,
Thermo Fisher Scientific, USA) and processed to determine
pro- and anti-inflammatory and pro- and antifibrogenic gene
expression (relative levels). For histopathological study, liver
tissue samples were fixed in 10% neutral formalin solution in
paraffin, cut into 5μm thick slices, mounted on slides, and
stained with hematoxylin-eosin (HE) for histopathological
study andMasson’s trichrome and Sirius Red stains for fibro-
sis area and collagen content estimation [36]. Fuji software
was used to determine the percentage of fibrosis area [37]
from Sirius Red-stained slides observed under polarized light
at 400x magnification. The histopathological study was
performed under a Nikon light microscope Optiphot-2.

2.4. Liver Function Tests. Serum samples were defrosted, and
the following markers of hepatic function were assessed:
AST, ALT, AP, LDH, total bilirubin, total protein, albumin,
and urea serum levels. All tests were performed using kits
from Spinreact (Girona, Spain) following the manufactur-
er’s instructions. Samples were read in a spectrophotomet-
ric semiautomatic bts-350 analyzer (Biosystems, Quezon
City, Philippines).

2.5. RNA Isolation and Determination of Gene Expression by
Real-Time qPCR. Total RNA was isolated from 100mg of
liver samples with the Jena Bioscience Isolation System (Jena
Bioscience, Jena, Germany), following the manufacturer’s
protocol. Total RNA was quantified with a NanoDrop
2000 (Thermo Scientific, Waltham, MA, USA). Reverse
transcription was performed with 1μg of total RNA using
the GoScript Reverse Transcription System (Promega) for
real-time quantitative PCR, which was analyzed using qPCR
GreenMaster with UNG-clear (Jena Bioscience, Jena,
Germany) in a StepOne machine (Applied Biosystems)

IC
NIL

PCA
PCA+NIL

WEEKS
0 1 2 3 4

PCA NIL

Bleeding and euthanized

 (i) Serum aliquots for liver function tests: AST,
ALT, TB, BUN, Alb, TP, and AP

 Liver samples:
 (i) RNA later for inflammatory and fibrogenic

factors expression: COL-1, MMP-13, MMP-9,
TGF-𝛽, IL-10, IL-1

 (ii) Liver slides stained with H-E, Masson
trichrome and Sirius red for histopathological
and collagen content studies

 (iii) Glycogen content.

Figure 1: Experimental schedule. Rats were divided into intact control (IC), neurointermediate pituitary lobectomy (NIL), portacaval
anastomosis (PCA), and the PCA+NIL groups. PCA and NIL surgeries were performed at weeks 0 and 3, respectively. At week 4, all
animals were anesthetized, bled, and euthanized. Serum aliquots were used for assessing functional liver test, tissue liver samples were
used to assess inflammatory and fibrogenic factors expression, histopathological studies and collagen and glycogen contents. n = 4 − 6
animals/group.
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under the following conditions: 50°C for 2min, 95°C for
3min, 40 cycles of 95°C for 45 sec, and 60°C for 45 sec. Oli-
gonucleotides were designed to target type I collagen
(COL-I), MMP-13, MMP-9, TGFβ, IL-10, IL-1, and β-actin
(as a reference control) (Table 1). Relative expression level
was normalized with β-actin as reference gene, and differ-
ences were determined using the 2−ΔΔCt method.

2.6. Statistical Analyses. All data were evaluated for Gaussian
distribution using the Kolmogorov-Smirnov normality test.
Multiple comparisons between the groups were performed
for each parameter. One-way ANOVA and Tukey’s post

hoc test for parametric data or the Kruskal-Wallis test and
Dunn’s post hoc test were performed for nonparametric data,
according to the Kolmogorov-Smirnov normality test. Two-
way ANOVA was performed to analyze differences in total
area of fibrosis between the groups (green and red); p <
0:05 were considered significant in all cases. All statistical
analyses were performed using GraphPad Prism 7.0 software.

3. Results

3.1. Liver Function Assessment. As shown in Figure 2(a),
serum levels of total proteins in the NIL group were not

Table 1: Oligonucleotide sequences.

Gene Oligonucleotide-F Oligonucleotide-R Accession number

IL-1 5′-CTGTGACTCGTGGGATGATG-3′ 5′-GGGATTTTGTCGTTGCTTGT-3′ NM_031512.2

IL-10 5′-GAATTCCCTGGGAGAGAAGC-3′ 5′-CGGGTGGTTCAATTTTTCAT-3′ NM_012854.2

TGF-β 5′-GACTCTCCACCTGCAAGACCA-3′ 5′-CGGGTGACTTCTTTGGCGTA-3′ AY550025.1

COL-1 5′-TTGACCCTAACCAAGGATGC-3′ 5′-CACCCCTTCTGCGTTGTATT-3′ NM_053356.1

MMP-9 5′-CAGAAGCCCAAGGAAGAGTG-3′ 5′-AGACCCACAGGAAACCACAG-3′ AJ438266.1

MMP-13 5′-ATCCCAGCTTAGGGCTCAAT-3′ 5′-GGGAAAACAGCTACGCTGAG-3′ AY135636.1

β-Actin 5′-GTCGTACCACTGGCATTGTG-3′ 5′-GCTGTGGTGGTGAAGCTGTA-3′ XM_032887061.1
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Figure 2: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on total proteins (a),
albumin (b), and urea (c) serum levels. The intact control (IC) group served as reference. (a) ∗p < 0:05: NIL vs. PCA+NIL. (b) ∗p < 0:05:
IC vs. PCA and ∗∗p < 0:01NIL vs. PCA. (c) Nonstatistical (NS) differences between groups were observed. It was evaluated with analysis
of variance test with the Tukey post hoc values, which are expressed as the mean ± SD.
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significantly different from the IC group. PCA induced a sig-
nificant decrease in total proteins (p < 0:05) as compared
with those in the NIL group, whereas the NIL surgery
restored the serum proteins to normal in the PCA+NIL
group (NS: NIL vs. NIL+PCA). The albumin serum levels
were not significantly different in the IC, NIL, and PCA
+NIL groups, while a significant decrease in the serum albu-
min occurred in the PCA group (p < 0:05 and p < 0:01: PCA
vs. IC and NIL, respectively; Figure 2(b)). In the PCA+NIL
group, the AVP deficiency caused a mild recovery in the

albumin serum levels (NS: IC and NIL vs. PCA+NIL;
Figure 2(b)). Compared with the IC group, NIL, PCA, and
PCA+NIL did not affect the urea serum levels (Figure 2(c)).

In comparison with the IC group, no significant changes
in total bilirubin serum levels occurred in the PCA and PCA
+NIL groups. The NIL surgery alone caused a significant
increase in the bilirubin serum levels in the NIL group
(p < 0:05: IC vs. NIL) (Figure 3(a)). In comparison with the
IC and NIL groups, the PCA surgery alone induced a signif-
icant decrease in the glycogen content (p < 0:05: IC and NIL
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Figure 3: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on (a) total bilirubin serum
levels and (b) hepatic glycogen. ∗p < 0:05 IC vs. NIL. The intact control (IC) group served as reference. It was evaluated with analysis of
variance test with the Tukey post hoc values, which are expressed as the mean ± SD.

0

200

400

600

800

1000

A
lk

al
in

e p
ho

sp
ha

ta
se

 (U
/L

)

PCA PCA+NILIC NIL

ns

(a)

0

50

100

150

200

A
la

ni
ne

 am
in

ot
ra

ns
fe

ra
se

 (U
/L

)

PCA PCA+NILIC NIL

ns

(b)

0

100

200

300

A
sp

ar
ta

te
 am

in
ot

ra
ns

fe
ra

se
 (U

/L
)

PCA PCA+NILIC NIL

ns

(c)

0

2000

4000

6000

La
ct

at
e d

eh
yd

ro
ge

na
se

 (U
/L

)

PCA PCA+NILIC NIL

ns

(d)

Figure 4: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on (a) alkaline
phosphatase (AP), (b) aspartate aminotransferase (AST), (c) alanine aminotransferase (ALT), and (d) lactate dehydrogenase (LDH)
serum levels. Nonstatistical differences between groups were apparent. The intact control (IC) group served as reference. It was evaluated
with analysis of variance test with the Tukey post hoc values, which are expressed as the mean ± SD.
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vs. PCA group), whereas the NIL to the PCA+NIL group
caused a mild recovery in the glycogen content (NS: IC,
NIL, and PCA vs. PCA+NIL group) (Figure 3(b)).

The serum levels of the enzymes AP, AST, ALT, and
LDH were not significantly affected by the different experi-
mental conditions (Figures 4(a), 4(b), 4(c), and 4(d)). In
summary, as shown in Figures 2, 3, and 4, four weeks of
PCA is a model of liver damage, where the pathophysiologi-
cal changes do not develop concurrently.

The relative gene expression levels of proinflammatory
cytokine IL-1 and anti-inflammatory cytokines IL-10 and
TGF-β showed that in comparison with the IC group, PCA
induced a significant increase in IL-1 level (p < 0:001: IC
vs. PCA), NIL surgery did not affect the IL-1 expression
level, while the PCA+NIL group showed a diminution of
the IL-1 expression levels to basal levels (Figure 5(a)). Com-
pared with the IC, NIL, and PCA groups, the expression
levels of the anti-inflammatory cytokines IL-10 and the
TGF-β were significantly higher in the PCA+NIL group
(p < 0:001 and p < 0:01; IC vs. PCA+NIL, respectively;
Figures 5(b) and 5(c)).

The relative gene expression levels of COLL-I, MMP-9,
and MMP-13 showed that while PCA induced a significant
increase of the COL-I expression level (p < 0:01: IC vs.
PCA), the PCA+NIL group showed a decrease in COLL-I

expression level, although not to the IC group levels
(p < 0:05: IC vs. PCA+NIL group; Figures 6(a), 6(b), and 6(c)).

The MMP-9 was not significantly expressed in the NIL,
PCA, and PCA+NIL groups compared with the IC group
(Figure 6(b)). While the NIL and PCA+NIL groups showed
significantly increased MMP-13 expression levels (p < 0:001:
IC vs. NIL and PCA+NIL, respectively), no significant differ-
ences were found between the expression levels in the IC vs.
PCA groups (Figure 6(c)).

3.2. Effects of NIL, PCA, and PCA+NIL on the Liver
Histopathology. The livers from all the groups showed histo-
pathological changes in response to different experimental
conditions. Table 2 summarizes the main stromal and cellu-
lar changes found in the different experimental groups.
Figure 7 shows liver slides stained with HE method at 20x
magnification. As shown in Figure 7(a), a normal pattern of
the blood sinusoids and tissue morphology from an IC group
show normal liver lobules and triads: hepatic artery (aster-
isk), bile ducts (arrow), and portal vein (arrowhead). No
inflammatory infiltrates, necrosis, or fibrosis was observed
(Table 2). The NIL group (Figure 7(b)) showed a similar nor-
mal histological pattern as the IC group (Table 2). The PCA
group showed significant changes in the morphology of liver
structures, mainly in the periportal zone, with a significant
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Figure 5: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on the relative expression
of (a) IL-1, (b) IL-10, and (c) TGF-β. (a) ∗∗∗p < 0:001: IC vs. PCA, ∗p < 0:05: NIL vs. PCA, and ∗∗∗p < 0:001: PCA vs. PCA+NIL. (b) ∗∗∗

p < 0:001 IC vs. PCA+NIL. (c) ∗∗p < 0:01: IC vs. PCA+NIL. The intact control (IC) group served as reference. It was evaluated with
analysis of variance test with the Kruskal-Wallis test and Dunn’s post hoc values, which are expressed as the mean ± SD.

6 Journal of Immunology Research



thickening around the bile ducts (arrows), artery walls (aster-
isks), and portal veins (arrowhead) caused by increased colla-
gen deposits (Figure 7(c)). Some inflammatory infiltrations
were occasionally observed (Table 2). The PCA+NIL group
showed a partial reversion in the stroma and cell patterns
as compared to the PCA and IC groups (Figure 7(d))
(Table 2). The periportal area showed the restored morpho-
logical pattern of the hepatocytes and sinusoids and the
slimming of the portal vein wall (arrowhead).

Masson’s trichrome staining method to assess the distri-
bution of collagen fibers (blue) in the several liver groups
showed major histopathological changes mainly in the peri-
portal area of the PC and PC+NIL groups (Figure 8). The IC

(Figure 8(a)) and NIL (Figure 8(b)) groups showed a thin
pattern of collagen distribution around the portal vein
(arrowhead). The effects of PCAwere observed as an increased
collagen deposition around the triad vessels andmildly into the
surrounding liver parenchyma (asterisk in Figure 8(c)). In addi-
tion, isolated inflammatory infiltrates were observed (arrow).
In comparison with the APC group (Figure 8(c)), the PCA
+NIL group (Figure 8(d)) showed decreased collagen deposits
around the triad and liver parenchyma (asterisk). All photo-
graphs were taken at 20x magnification.

The slides stained with Sirius Red and analyzed under
polarized light to assess the collagen types and areas of fibro-
sis showed normal basal distribution of type III collagen
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Figure 6: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on the relative expression
of (a) collagen type 1 (COLI), (b) metalloproteinase-9 (MMP-9), and (c) metalloproteinase-13 (MMP-13). (a) ∗p < 0:05: IC vs. PCA-NIL
and ∗∗p < 0:01: IC vs. PCA. (b) Nonstatistical differences between groups were apparent. (c) ∗∗p < 0:01: IC vs. NIL, ∗∗p < 0:01: IC vs.
PCA+NIL, and ∗p < 0:05: NIL vs. PCA. The intact control (IC) group served as reference. It was evaluated with analysis of variance test
with the Kruskal-Wallis test and Dunn’s post hoc values, which are expressed as the mean ± SD.

Table 2: Table of parameters of magnitude of cell damage and stroma.

Experimental group
Stromal changes Cell changes

Arterial wall thickening Collagen fibers Inflammatory infiltrate Pleomorphism Binucleation Balonization

IC - - - - - -

PCA ++ +++ ++ ++ ++ +++

NIL - - - - - -

PCA+NIL ++ + + ++ + ++

-: parameter not found in histological preparations; +: magnitude of damage found in histological preparations.
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(mainly yellow and green colors) in the periportal area from
an IC group (Figure 9(a)). The NIL group showed similar
distribution of collagen, although thinner than that observed
in the IC group (Figure 9(b)). In the PCA group,
(Figure 9(c)) large changes in the distribution and type of
collagens were observed such as increased fibrosis in the
periportal area type III collagen (green, asterisk), thickness
of the triad vessels, and increased collagen invasion into
the surrounding liver parenchyma (arrow). PCA+NIL ani-
mal showed a decreased amount of collagen invading the
liver parenchyma (type III collagen) and a significant dimi-
nution of the periportal fibrotic area (asterisk; Figure 9(d)).
To assess the percentage of liver fibrosis, the ImageJ software
program was used [36, 37]. On comparing the percentage
area of fibrosis among the different groups, NIL surgery
showed no effect on the percentage of fibrosis as compared
to the IC group (Figure 9(e)). In contrast, the PCA group
developed a significant increase in the fibrotic area
(p < 0:001: IC vs. PCA, Figure 9(e)). The PCA+NIL group
showed significantly lower percentage (p < 0:01: PCA vs.
PCA+NIL group, Figure 9(e)).

Previously, it was demonstrated that NIL induced an
immediate but transient increase in water intake and urine
output (diabetes insipidus) for 2-4 weeks and a permanent

drop in AVP serum levels. AVP assessed at 3, 15, 45, and
90 days after NIL were on average 2:4 ± 0:16 pg/mL versus
10:6 ± 0:08 pg/mL of their respective control groups [24].
Similar low AVP serum levels were also reported 3 and 8
weeks after NIL surgery [38].

4. Discussion

In the present work, PCA as a model of chronic liver disease
is supported by the decreased circulating levels of total
proteins and albumin, decreased liver glycogen level, the
increased relative expression levels of IL-1 and COLL-I genes,
nonsignificant changes in gene expression levels of MMP-13
and IL-10, and the significant increase in periportal (triads)
and Rappaport parenchymal 1 and 2 fibrosis. This informa-
tion, along with those previous findings of Aller et al. [13],
Vázquez-Martínez et al. [14], and Gandhi et al. [39], rein-
forces that PCA is a paradigm of chronic liver damage.

The stimulating role of AVP in fibrotic process has been
demonstrated in several clinical and experimental condi-
tions. In vitro, AVP stimulates the mesangial cell prolifera-
tion, hypertrophy, type IV collagen production, and
increased concentration of TGF-β, which are inhibited by
the selective V1a AVP receptor antagonist (YM218) [30].

(a) (b)

(c) (d)

Figure 7: Liver slides HE stained from the IC, NIL, PCA, and PCA+NIL groups. (a) Slide from an IC animal. Normal pattern of the liver
lobules, triads (hepatic artery ∗), bile ducts (arrow), portal vein (arrowhead), and blood sinusoids are apparent. Neither inflammatory
infiltrates nor necrosis or fibrosis is present. (b) The NIL group. Similar normal structural patterns of the IC liver morphology are
discernible. (c) PCA slide. Evident morphological changes are noted in the periportal zone, increased collagen deposits, thickening of the
bile ducts (arrows), artery walls (∗), and portal veins (arrowhead). (d) PCA+NIL slide. A restored morphological pattern of hepatocytes
and sinusoids (∗) is apparent, as well as slimming of the portal vein wall (arrowhead). All images taken at 20x magnification. n = 5 − 6
animals/group.
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Experiments in rats and human observational studies
suggest that AVP may play a role in the genesis and exacer-
bation of renal damage and chronic renal insufficiency [32].
Yan-Hong et al. [29] described the effect of AVP on cardiac
fibroblast differentiation into collagen producer myofibro-
blasts, and Niu et al. [28] found a synergistic effect of angio-
tensin (fragments 1-7) and AVP on proliferation and
collagen synthesis in rat cardiac fibroblasts. The presence
of V1a and V2 AVP receptors in immune system cells and
its stimulatory role during inflammatory responses has also
been demonstrated [40]. AVP V1a receptors were present
in blood monocytes, macrophages, splenic lymphocytes,
and B cells; V2 AVP receptors in peripheral blood cell
cultures; and V1b receptors in the thymus and spleen cells.
Furthermore, the V1a AVP receptors in HSCs and their acti-
vation and differentiation into collagen producer myofibro-
blasts were demonstrated by Bataller et al. [31], whereas
the presence of V1a and V2 AVP receptors and their activa-
tion by AVP in hepatocytes and cholangiocytes were
described by Dünser and Westphal [41]. Together, this
information strongly supports that AVP is directly involved
in innate and acquired immunity, as well as in the activation
and development of the fibrotic process. This view is sup-
ported by the present results in the AVP-deficient animals.

In the NIL group, AVP deficiency increased both total
bilirubin serum levels and relative gene expression levels of

the MMP-13, with no significant effects on the remaining
biochemical and histopathological parameters. Although
the mechanism by which AVP deficiency (NIL-induced)
causes hyperbilirubinemia is not known, a possible explana-
tion for this may be that AVP in the liver is involved in
hepatocyte ureogenesis, glycogenolysis, neoglucogenesis,
and cell regeneration through its V1a receptors [41], while
the V2 AVP receptors regulate the biliary epithelium func-
tions [42]. It is known that AVP stimulates efflux of the bile
salts taurocholate and glycocholate in suspended hepato-
cytes, via its association with the AVP V1 receptors on hepa-
tocyte membranes [43, 44]. It is also known that several
hepatobiliary organic anion-transporting polypeptide
systems (Oatps in rodents) located in the basolateral
membrane extract chemicals from sinusoidal blood into
the hepatocytes, while canalicular transporters mediate the
movement of chemicals into the lumen of the bile canalicu-
lus, including the bile acids and unconjugated bilirubin (in
rodents) [45]. Therefore, we speculate that the hyperbilirubi-
nemia in the NIL group may be due to the low AVP circulat-
ing levels, which were not enough to activate the AVP
receptor signaling mechanisms that mediate the hepatocyte
bilirubin excretion. Further experiments must be conducted
to evaluate this possibility.

Results also show that one week of AVP deficiency in the
PCA+NIL animals caused the following effects: (i) reversion

(a) (b)

(c) (d)

Figure 8: Liver slides stained with Masson’s trichrome to identify collagen distribution (blue) in the several experimental groups. In (a) from
an IC and (b) from a NIL group, a thin pattern of collagen fibers is distributed around the triad (hepatic artery, bile duct, and portal vein)
(arrowhead). (c) PCA liver slide. An increase in collagen distribution around the vessels of the triad and a mild invasion into the liver
parenchyma is observed (∗). In addition, isolated foci of inflammation are observed (arrow). (d) PCA+NIL liver slide. In comparison
with the PCA group, the collagen distribution around the triad and liver parenchyma is less apparent (∗). All photographs are taken at
20x magnification.
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of some of the altered metabolic parameters to normal (total
proteins and serum albumin and liver glycogen content), (ii)
increase in the anti-inflammatory IL-10 gene expression
level, (iii) decrease of both COLL-I gene expression level
and deposition of type I collagen, and (iv) increase in
MMP-13 gene expression level and depressed liver fibrosis
(assessed by histopathology). The anti-inflammatory and

antifibrotic role of IL-10 has been associated with the control
of inflammation in many organs with clinical diseases and
experimentally induced fibrosis [46, 47]. Currently, the
administration of IL-10 is considered as a tentative pharma-
cological tool in the treatment of liver inflammation and
fibrosis [46, 48]. Considering all the previous observations,
present results can be partially explained as follows: the
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Figure 9: Liver slides stained with Sirius Red analyzed under polarized light to assess the area of fibrosis. (a) Periportal area from an IC
animal. Normal distribution of type III collagen (mainly green color) is observed. (b) NIL liver slide. Similar distribution of collagens of
the IC group is apparent. (c) PCA liver slide. Increase in collagen type I (red) and III (yellow) distribution is observed in the periportal
area, with thickening of the triad vessels. Also, an increased collagen invasion into the surrounding liver parenchyma (∗) is apparent. (d)
PCA+NIL. It shows regression of type I collagen, mainly in the periportal area (∗). (e) Comparisons of percentage of the fibrosis areas in
the several experimental groups. Observe that between the IC and NIL groups, similar percentages of fibrosis are apparent. In contrast,
the PCA animals developed a significant increase in the fibrotic area (∗∗p < 0:001: IC vs. PCA). In the PCA+NIL group, the percentage
of fibrosis was significantly decreased as compared with the PCA group (∗p < 0:01: PCA vs. PCA+NIL group), indicating reversible effect
of AVP deficiency on liver fibrosis. It was evaluated with analysis of variance test with the Tukey post hoc values, which are expressed as
the mean ± SD. Pictures are taken at 20x magnification.
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low levels of AVP (NIL-induced) are not enough to activate
the AVP receptors of the immune cells and HSCs, resulting
in a decreased activation of the cell signaling pathways asso-
ciated with the proinflammatory-profibrotic responses (IL-1,
COLL-1). Simultaneously, the AVP deficiency activates cell
signaling pathways associated with an anti-inflammatory-
antifibrotic state (IL-10 and MMP-13), thus favoring a
decreased liver inflammatory response and less activation
of the HSCs and fibrosis, favoring liver recovery. This possi-
bility is supported by our previous work on NIL-cirrhotic
hamsters, in which both overexpression of MMP-13 and
decreased expression level of TIMP-2 were accompanied
by a significant regression in liver cirrhosis [33].

In response to acute and chronic liver injury, TGF-β is
activated from the ECM deposits and then expressed and
released from various cell types. The presence of V1a AVP
and TGF-β receptors in the HSCs and its activation by
inducing transdifferentiation of HSCs into collagen producer
myofibroblasts have been demonstrated previously [31, 49].
In cooperation with other signaling pathways (reactive oxy-
gen species (ROS), platelet-derived growth factor (PDGF),
and connective tissue growth factor (CTGF)), the TGF-β
signaling is considered the key fibrogenic factor in liver
fibrosis [49]. In the present study, despite significant
increase of TGF-β gene expression levels in the PCA+NIL
animals, the inflammatory-fibrotic process (PCA-mediated)
was downregulated. A possible explanation for this may be
that the increased expression level of TGF-β combined with
the inhibition in the expression of the IL-1 and COLL-1
(proinflammatory-profibrotic factors) was overcome by
anti-inflammatory-antifibrotic factors (IL-10 and MMP-
13). However, further experiments are required to establish
this interpretation.

The effects of NIL on the adenohypophyseal hormone
secretions have been reported [50–53]. Based on the litera-
ture and our previous work, the short- and long-term effects
of the NIL surgery on several adenohypophyseal hormone
secretions might be differentially regulated; thus, the main
hormone secretory changes in response to NIL occur for a
short time, returned to basal conditions after a few weeks,
including the ability of the pituitary cells to respond to
different physiological challenges [50–53]. In our studies,
the effects of NIL on GH and TSH secretions decreased after
3 weeks of NIL and reverted to normal levels after eight
weeks after surgery, whereas PRL, FSH, LH, and ACTH
always showed normal ranges [27, 38, 53, 54]. Furthermore,
to assess the viability of the physiological reactivity of the
hypothalamic-pituitary-thyroid axis, NIL rats were simulta-
neously subjected to thyroidectomy. Results showed that
NIL-thyroidectomized rats responded with a significant
increase in TSH secretion levels, accompanied by significant
changes in pituitary thyrotrophs, which underwent hyper-
trophy, hyperplasia, and development of thyroidectomy cells
[53, 55]. These results suggest that short- and long-term
endocrine effects of NIL on adenohypophyseal hormonal
secretion are transient and that the regulatory
hypothalamic-adenohypophyseal mechanisms for hormone
secretions in the NIL animals were able to adapt to the
permanent diminution of AVP and OT serum levels.

5. Conclusions

From the present study, we conclude that PCA is a good
model to study chronic liver damage. The inflammatory and
fibrotic effects of PCA are partially reverted by the AVP defi-
ciency (NIL-induced) through both decreased expression of
inflammatory-fibrotic factors and increased expression of
the anti-inflammatory-antifibrotic factors, resulting in a
decreased fibrosis and improvement in liver functions. Pres-
ent results support the view that AVP plays a direct role in
the regulation of the immune system and fibrotic process.
Further experiments are required in order to obtain better
insight regarding cell and molecular mechanisms through
the AVP deficiency which stimulate or inhibit the cell signal
pathways involved in the anti-inflammatory and antifibrotic
processes responsible of improvement liver damage.
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The search for common mechanisms underlying the pathogenesis of chronic inflammatory conditions has crystalized the concept
of continuous dual resetting of the immune repertoire (CDR) as a basic principle of the immune system function. Consequently,
outlined was the first dynamic comprehensive picture of the immune system function. The goal of this study is to elaborate on
regulation of immune responses and mechanisms of tolerance, particularly focusing on adaptive immunity. It is well
established that the T/B cell repertoire is selected and maintained based on interactions with self. However, their activation
also requires interaction with a self-specific major histocompatibility complex (MHC) “code,” i.e., the context of MHC
molecules. Therefore, not only repertoire selection and maintenance but also the T/B cell activation and function are self-
centered. Thus, adaptive effectors may be primarily focused on the state of self and maintenance of integrity of the self, and
only to a certain degree on elimination of the foreign. As examples of such function are used immunologically poorly
understood MHC-disparate settings typical for transplantation and pregnancy. Transplantation represents an extreme setting
of strong systemic compartment-level adaptive/MHC-restricted immune responses. Described are clinically identified
conditions for operational tolerance of MHC-disparate tissues/living systems in allotransplantation, which are in line with the
CDR-proposed self-centered regulatory role of T/B cells. In contrast, normal pregnancy is coexistence of semiallogeneic or
entirely allogeneic mother and fetus, but without alloreactivity akin to transplantation settings. Presented data support the
notion that maintenance of pregnancy is a process that relies predominantly on innate/MHC-independent immune
mechanisms. By the inception of hemotrophic stage of pregnancy (second and third trimester), both mother and child are
individual living systems, with established adaptive immune repertoires. Although mother-fetus interactions at that point
become indirect systemic compartment-level communications, their interactions throughout gestation remain within the innate
realm of molecular-level adaptations.

1. Introduction

The concept of continuous dual resetting of the immune
repertoire (CDR) as a basic principle of the immune system
function outlines a comprehensive, dynamic picture of the
immune system function that is governed by the random-
ness of interactions and uncertainty of outcomes [1]. The
original paper focuses on applying CDR to describe com-
mon mechanisms underlying the pathogenesis of chronic
inflammatory conditions and autoimmune diseases, includ-
ing processes associated with both pathologic and aging-
related immunosenescence. It also defines the elusive immu-

nological self and describes the dynamics of regulation of
immune responses and tolerance [2]. This paper’s inten-
tion is to further develop the notion that adaptive effectors
represent a high-level regulatory mechanism to maintain
integrity of a living system. Discussed will be the role of
major histocompatibility complex (MHC) in the proposed
primary focus of adaptive immunity on the state of self.
Prominent examples of regulation of immune responses
and maintenance of states of tolerance/integrity of a living
system(s) will be used allogeneic settings inherent to both,
transplantation and pregnancy. First segment of this paper
will tackle the coexistence of MHC-disparate tissues in
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transplantation and then proceed to analyze the physio-
logic setting that supports semiallogeneic or entirely allo-
geneic pregnancy.

This paper briefly outlines the segments of the CDR per-
tinent to discussed issues. However, broader familiarity with
the CDR is advisable.

1.1. Getting Priorities Straight: Maintenance of Integrity
Supersedes Elimination of the Foreign or Dangerous. The
CDR puts immunity into a more general context of mainte-
nance of organism’s integrity instead of perceiving immune
processes as a battle against the foreign or dangerous. It out-
lines a rather pacifistic picture of the immune system func-
tion: continuous molecular-level resetting/adjustments in
response to molecular-level changes/disturbances instead of
antagonizing them. Disturbances that may trigger the
immune repertoire resetting include (a) interactions with
the environment and (b) intrinsic changes of self. There is
no inherent animosity against intruders or unknowns.
Although perceived as such, the drive to destroy or kill often
used to describe immune reactions is not congruent with
nature’s intrinsic mechanisms of adaptation. Instead, the
main purpose of immune responses is about overcoming a
disturbance (regardless of its nature) with minimum energy
expenditure, and guiding innate responses (sometimes
through actions of adaptive immunity) toward equilib-
rium/steady-states.

Such a seemingly subtle shift in understanding immunity
has complex implications. This CDR-driven concept of
integrity maintenance versus elimination/neutralization of
everything sensed as a foreign is with an understanding that
disturbances are not just the foreign. Disturbance can be also
physiologic growth, hormonal effects, pregnancy, mechani-
cal injury, etc. The system continues resetting toward more
energy-efficient states, which are never the same as before.
The change is continuous and a constant in living system’s
existence, and there is no going back to previous states. In
response to disturbances, the system takes thermodynami-
cally optimal path to acquire appropriate steady-states.
Those steady-states may not be always perceived as states
of health but are the optimum for given parameters and
under given circumstances.

2. Transplantation

Despite significant advances in transplantation approaches,
conditioning procedures that deplete immune system of
recipients, continuous immunosuppression required in
many patients, and paucity of reliable markers to guide clini-
cians in decisions about caring for their patients make trans-
plantation a difficult process with uncertain outcomes.
Operational tolerance that results in a stable long-term func-
tion without the need for immunosuppression remains diffi-
cult to achieve. Recent clinical studies demonstrate that
induction of a stable mixed chimerism or inclusion of
donor’s liver in the combined transplantation with other
parenchymal organs improve transplantation outcomes
[3–9]. However, underlying immunological processes associ-
ated with tolerance remain unclear. The most limiting issue

is the lack of a general understanding of immunity, which
would provide more grounded rationale for various trans-
plantation approaches.

2.1. Conventional Adaptive Immunity in Maintenance of
Integrity: the Importance of Knowing Thy Self. The CDR
describes regulation of adaptive responses through fluctua-
tions in the phenotype profile of a T cell receptor- (TCR)
diverse T cell population activated in a particular adaptive
response, so that immune response eventually enters the
phase of repair and resolution [1]. How does understanding
of the T cell function as focused on the maintenance of sys-
tem’s integrity makes a difference as compared to the per-
ception of T cells as focused on a particular antigen and its
elimination?

It is well established that T cell repertoire is selected
based on interactions with self and therefore mirrors the self.
This “self-obsession” continues as a requirement for homeo-
static signaling from interactions with self (self-awareness),
which is necessary in maintenance of T cell repertoire/spec-
ificities in the periphery [10]. Surprisingly, implementation
of the CDR leads to a conclusion that not only T cell reper-
toire selection and its maintenance are self-centered, but the
T cell function is self-centered as well: T cell repertoire,
knowing/mirroring the self and responding only to MHC-
restricted innate alerts, may primarily focus on the state of
self (hence the MHC restriction of a self-based adaptive rep-
ertoire that is useless in a MHC-mismatched host). Here, it
is important to keep in mind that the T cell repertoire selec-
tion in thymus proceeds through interactions between the
MHC-bound self-antigens presented by thymic epithelial
cells and the randomly assembled TCRs on newly formed
T cells. The MHC is always a component of the molecular
pattern that interacts with TCRs, i.e., TCRs recognize epi-
topes only in the MHC context. Therefore, MHC serves as
a “code” that allows cognate interactions with T cells, but
only with the code-matching antigen-presenting cells
(APCs). The MHC code is unique to a particular living sys-
tem, which implies that information exchanged through
MHC-restricted communications is pertinent only to that
particular living system and directed toward regulation of
its integrity. Thus, such communication regulates innate
immune responses in the context of self and toward mainte-
nance of self’s integrity. More precisely, as APC-delivered
antigen presentation does not discriminate self/altered self
from the foreign, activation of T cell specificities in response
to foreign epitopes is due to cross-reactivity of the T cells’
self-mirroring repertoire with the foreign, as well as with
the APC-presented damaged self. Thus, T cell activity is
determined by the self and proceeds in the context of self
regardless whether elicited by a foreign or by the self-
antigens. Innate mechanisms/effectors, guided and regulated
by T/B cells, are actually doing the basic work—eliminating
infectious agents, removing destructed tissue, etc. The self-
regulating loop closes when innate signals, modulated by
T/B cells’ regulatory capacity (determined by their reper-
toire’s granularity), eventually change the quality/intensity
of integrated signaling toward T/B cells and terminate
their engagement. So, it is the innate→adaptive→innate
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mutuality of signaling/interactions that eventually establish
homeostasis (Figure 1).

How this view of immunity applies to transplantation?
In a recipient, the presence of allotransplant is first sensed
by innate mechanisms as a major disturbance in a system.
It is not only the foreign but also the trauma caused by the
procedure that could overwhelm the system and take it
toward the loss of integrity/death. As immune reactions are
triggered by mechanisms that do not distinguish between
disturbances caused by the foreign or the damaged self, min-
imizing the injury during initial stages of transplantation
(recipient’s trauma by the diseased organ resection and graft
attachment; graft’s trauma by detachment and subsequent
reperfusion injury) may be beneficial. Establishing an
acceptable pace of innate reactions could allow appropriate
time for resetting/adaptation to new circumstances on both
recipient’s and graft’s sides. As regulatory mechanisms of
adaptive responses are to engage later in the process, impor-
tant element in successful regulation of innate responses
would be a diverse repertoire of adaptive effectors on both,
recipient’s and donor’s sides. The dynamics and outcomes
of those processes are uncertain. However, some level of
control of the pace of those initial innate and consequent
adaptive processes may help the system to overcome such
a major disturbance and gradually establish equilibrium
states compatible with integrity of the newly created chime-
ric system.

As CDR posits, T/B cells’ function is primarily to guide
innate immune responses toward homeostasis, resolution,
and repair. Their self-centered repertoire determines the sys-
tem’s ability to maintain integrity, i.e., through continuous
resetting maintain the states of homeostasis. Being evolu-
tionary developed only in most complex and highly orga-
nized living systems (yawed vertebrates) further supports
the notion that the range of T cell phenotypes may represent
a self-centered regulatory mechanism to maintain integrity
of those most complex living megaorganisms. This view of
T/B cell function may explain consequences of iatrogenic

or disease-induced lymphopenia. Lymphopenic patients
become susceptible and often succumb to infections with
microorganisms considered commensals or environmental
flora (Candida species, Pseudomonas aeruginosa, and Pneu-
mocystis jirovecii), possibly due to unregulated innate
responses. Depleted T cell population, and thus reduced rep-
ertoire, may result in inability to regulate/channel innate
responses toward maintenance of system’s integrity. Similar
effects of lymphopenia in a transplant recipient could jeop-
ardize regulatory mechanisms required to establish equilib-
rium states and eventual graft tolerance. In addition,
transplant’s integrity (as explained below) may be similarly
affected.

2.2. Maintenance of Integrity in Transplantation. How the
proposed function of self-centered adaptive repertoire in
maintenance of system’s integrity can be applied to under-
stand issues in transplantation? In a transplanted organ that
lacks autochthon T cells and their MHC-matched APCs
(T cells +MHC −matchedAPCs = TAPCs), transplant’s dis-
turbances (ischemic injury, innate alloreactions, etc.) remain
unattended/unregulated, because the transplant is outside
the “jurisdiction” of host’s TAPCs. Transplant remains a
stranger to host’s TAPCs. Even when relative homeostasis
can be established, specific regulatory mechanisms to pre-
serve integrity of a transplant (would be in the domain of
its own TAPCs) may not function appropriately, and integ-
rity of a transplant may be brittle. Although survival can be
prolonged, it would be in the context of host’s integrity.

If the graft/transplant brings its own self-focused/integ-
rity-preserving TAPCs into a host with functioning TAPCs
(that regulate host’s innate responses and watch over host’s
integrity), the resetting processes may be directed toward
steady-states that would allow coexistence of both enti-
ties—the host and the transplanted organ. Such a setting
may exist in liver transplantation. Liver, due to its complex
function as an immunological barrier between the gut’s
mucosal compartment and the systemic compartment, has

INNATE RESPONSE

EQUILIBRIUM

APC

DISTURBANCE

ADAPTIVE RESPONSE
MHC-restricted effectors

Figure 1: Activation of the innate-adaptive-innate regulatory loop. Innate signaling above the threshold activates adaptive responses
(conventional T/B lymphocytes) to regulate innate responses toward resolution and new equilibrium states.
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its own resident population of lymphocytes and APCs. That
puts liver in a position to regulate its own resetting processes
toward maintaining its own integrity versus host’s own
immune mechanisms maintaining host’s integrity. Although
(allo)reactions (including host vs. graft and graft vs. host)
may continue, regulatory mechanisms on both sides may
eventually reach sustainable steady-states and allow both
MHC-distinct entities to coexist. Liver’s TAPCs, supported
by their autochthon environment, are likely to continue their
function even in a MHC-mismatched host. Spontaneous
operational tolerance of liver transplants is indeed more
common than with other parenchymal organ transplants [9].

The proposed benefit of having functional both host and
donor TAPCs is demonstrated in a particular approach to
transplantation of organs that, unlike liver, lack autochthon
TAPCs. It has been recognized that establishing stable mixed
chimerism in organ transplantation may reduce complica-
tions and help achieve tolerance [3–7]. Reports suggest that
establishing stable mixed chimerism with infusion of donor
haematopoietic stem cells (HSC)+T cells in a solid organ
recipient can prevent rejection, eventually lead to cessation
of immunosuppressive therapy and induction of transplant
tolerance [3–5]. Preserved recipient’s T cell repertoire, B cell
lymphopoiesis, and myelopoiesis may be the source of recip-
ient’s replenished population of lymphocytes and APCs
undergoing posttransplant resetting against the donor’s
molecular patterns. In the case of B cells, the resetting pro-
cess may include de novo posttransplant repertoire selec-
tion/replenishment. The observed strong B cell signature in
subjects with operationally tolerant kidney transplants orig-
inates from naïve and transitional B cells, which suggests
that indeed newly derived B cell repertoire may be resetting
against the newly present alloentity [11, 12]. At the same
time, infused donor’s HSC+T cells may be resetting against
the recipient’s environment, looking for the way to engraft
and find a “home” for donor’s TAPCs. Successful resetting
processes may result in mixed chimerism, with both recipi-
ent’s and donor’s TAPCs providing maintenance of respec-
tive immunologically disparate entities that coexist within
the recipient’s body. The innate (allo)reactions on both sides
would be regulated by the respective MHC-matching
TAPCs, while functioning in the context of preserving integ-
rity of the newly created chimeric megaorganism. While out-
comes are uncertain, the CDR-postulated intrinsic lack of
animosity toward the foreign and intrinsically regulated
resetting processes toward energy-efficient steady-states
may result in persistence/maintenance of integrity of a chi-
meric megaorganism. Indeed, contribution of both recipient
and donor cells to the population of peripheral blood regula-
tory T cells (Tregs) has been recently reported in subjects
with mixed chimerism post HSC transplantation [13].

Consistent with the CDR’s understanding of graft tolerance
and importance of having both donor and recipient MHC-
matched TAPCs to maintain the integrity of a chimeric living
system, the full donor chimerism associates with graft-versus-
host disease, recipient’s immunodeficiency and immune
incompetence, suggesting that donor’s leucocytes may not be
appropriate/sufficient to maintain recipient’s integrity [6, 7, 14].

It has been observed that tolerance can be lost after years
of stable allograft function. In some subjects, the triggers
were viral or bacterial infections, while others can develop
immunologically driven rejection [15, 16]. Indeed, conclu-
sions drawn from transplantation studies indicate that toler-
ance is an acquired and metastable condition [17]. These
clinical observations are consistent with the CDR view of
tolerance as a dynamic process maintained by a continuous
resetting of the immune repertoire in a system whose func-
tion is governed by randomness of events and uncertainty
of outcomes. Significant disturbances in the system (such
as infection or even allograft biopsy procedure) may carry
a risk of resetting processes that could trigger rejection.
The rejection could be due to reduced regulation of reactions
unrelated to the transplant itself (bystander effects due to
cross-reactivity triggered by infection, transplant-unrelated
injury), and also due to physiologic reduction in repertoire
diversity related to aging [1]. Consistent with uncertainty
of living system’s function, those events could occur at any
point in time.

As mentioned, equilibrium states are established by ther-
modynamically optimal mechanisms, which could include
markers otherwise associated with pathology. Nevertheless,
those may reflect equilibrium states still compatible with
maintenance of integrity. In that context, biopsy-detectable
indicators of continuing alloreactivity despite clinically evi-
dent operational tolerance may not be surprising or a sign
of rejection. Therefore, routine biopsy to assess the state of
a transplant may not be as useful/informative, particularly
considering the risk that may carry. Perhaps looking for
peripheral blood markers of innate activation reflective of
the transplant-related resetting processes (and indicators of
potentially significant disturbance leading to activation of
adaptive reactions) may constitute a better warning system
of possible rejection. As each patient’s immune states are
expected to be unique, personalized pre- and posttransplant
“baselines” for future follow-up may need to be established.
For that purpose, identifying the parameters most indicative
of pretransplant immunological setting/background (may be
influenced by gender, age, genetics etc.; ref. 1) and the post-
transplant states may require multifactorial profiling/analy-
ses of many patients.

While the “self-obsession” and self-awareness hint at basic
requirements, what exactly constitutes the homeostatic signal-
ing that gives a sense of home for lymphocyte/APC popula-
tions (and thus may create a refuge for donor cells that
results in engraftment) is unknown [10]. As liver can be a
home and a source of donor’s TAPCs, perhaps an organ trans-
plant with adjacent lymph nodes or lymphoid tissue could
provide similar homing sites and a source of transplant-
preserving donor TAPCs for maintenance of a stable mixed
chimerism.

2.3. Concluding Remarks regarding Transplantation. Under
appropriate conditions, immune interactions may result in
acceptance of an allotransplant and persistence/maintenance
of integrity of a chimeric organism. Having in mind that sto-
chasticity and chaotic behavior govern the function of living
systems, iatrogenic elimination of particular segments of
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those processes may not be a good strategy to achieve better
outcomes. Instead, supporting the living system’s resetting
mechanisms and directing them toward outcomes that
would be less detrimental for system’s integrity may be a
more productive strategy. These issues may be of particular
interest for approaches to modulate early posttransplant
resetting processes. The goal would be to skew those initial
“raw state” processes toward equilibrium states conducive
to better clinical outcomes instead of allowing the system
to take a direct “shortcut” toward acute situation-
appropriate equilibrium states that may associate with unac-
ceptable pathology, rejection, or loss of integrity/death [18].

The proposed self-centered function of conventional T/B
cells represents an upper-tier regulatory mechanism that is
engaged only under circumstances that require channeling
innate responses toward maintenance of living system’s
integrity. Therefore, a diverse repertoire of T/B cells and
MHC-matching APCs to regulate interactions and resetting
processes of both entities in the newly created chimeric liv-
ing system may be essential. That means that preserving
adaptive repertoire of both the recipient and the donor
may be necessary to acquire an immunosuppression-free
operational tolerance. In that context, donor-specific anti-
bodies may be a part of those regulatory processes and not
necessarily an indicator of rejection. Indeed, while donor-
specific anti-human leukocyte antigen (HLA) antibodies
may associate with graft loss, they do not reliably predict
allograft rejection [17]. Unlike with T cells (whose repertoire
is limited by thymus involution), the B cell repertoire con-
tinues to be replenished throughout one’s life, which makes
them a more “adaptable” element of regulatory processes
and tolerance. Also, antibodies, regardless of origin, may
bind both donor’s and recipient’s epitopes and thus contrib-
ute to the regulation of immune responses.

Considering that the T cell repertoire is formed at the
end of individual’s growth/maturation (which also coincides
with involution of thymus), transplant tolerance in humans
is operational tolerance. It depends on repertoire’s granular-
ity/diversity [1]. The role of the thymus and central toler-
ance in humans could be potentially a factor only in very
young children, while the thymus is still active. Proposals
to reactivate the function of thymus in adults (and thus
derive/select new Tregs) are disconcerting, as clinical data
show that activation of thymus in adults associates with
autoimmunity [19–21].

Association between the increase in Tregs and transplant
tolerance has resulted in approaches to condition polyclonal
T cells in vitro to acquire a regulatory phenotype and use
those Tregs to induce transplant tolerance in vivo. Consider-
ing that the phenotype of all cells, including T cells, forms
and fluctuates as a result of integrated signaling received
from cells’ environment, potential regulatory effect of
in vitro-conditioned Tregs may not translate to in vivo
setting.

3. Pregnancy

Immunologically, pregnancy is a puzzling physiologic phe-
nomenon. Contrary to incompatibility between allogeneic

tissues that makes transplantation such a challenging and
uncertain process, a woman’s body cradles and supports
the growth of not only her own semiallogeneic fetus but, in
gestational surrogacy, supports an allogeneic fetus created
from other woman’s oocyte. In transplantation, an alloge-
neic transplant can only rarely maintain its function without
immunosuppression. Pregnancy, a basic physiologic event,
readily supports the development of an MHC-disparate
fetus. Mechanisms involved in that physiologic process are
still poorly understood.

Per CDR, rather than acting against unknowns, immu-
nity includes a molecular-level resetting process of adapta-
tion to disturbances in the system. Maintenance of
integrity (i.e., immunity) is a matter of adaptation to
changes. Also, regardless whether (innately) detected
changes are due to continuous changes of self or originating
from the environment (including infectious agents and allo-
geneic interactions), there is no intrinsic animosity: reac-
tions are self-regulated, and their outcomes depend on the
living system’s immune repertoire and its competency. Such
a pacifistic understanding of immunity, as opposed to the
presumption of intrinsic aggression against unknowns,
allows for a different view of pregnancy, as well as transplant
tolerance. Therefore, per CDR, pregnancy is a matter of
adaptation to an allogeneic entity—conceptus/fetus.

3.1. Compartmentalization of the Immune System: the
Importance of Sequestration of the Systemic Compartment.
An important element of the CDR to emphasize before dis-
cussing the immunological aspects of pregnancy is compart-
mentalization of the immune system. Compartmentalization
is essential in maintenance of living system’s integrity [1].
The surface-lining mucosal compartment (MC) functions
as a barrier against the environment and keeps the systemic
compartment (SC) sequestered/isolated. Equipped with a
particular population of unconventional cells and innate
mechanisms to interact with the environment, MC could
be considered an immune-privileged site where more is
“allowed” without triggering an adaptive response/engage-
ment of the systemic effectors.

Figure 2 outlines the hierarchy in activation of effector
mechanisms (in the domain of cellular immune responses)
during the course of an immune response, which is clinically
evident in typical dynamics of an acute inflammatory reac-
tion. As a rule, and regardless whether the trigger is infection
or a noninfectious injury/disturbance, early stages of an
acute inflammatory reaction are marked by a prompt
increase in neutrophils/granulocytes (left shift). Neutro-
phil/granulocyte recruitment and influx are an innate
prompt reaction to a range of infectious or noninfectious
disturbances in the system. While relatively short-lived, their
role has been proven indispensable [22]. Although not as
numerous as neutrophils, eosinophils and basophils (high-
lighted as “degranulators”) emerge as unique innate cells
that are engaged in immunologically challenging reactions
triggered at mucosal surfaces (allergy, responses to para-
sites), and also in regulation of repair and profibrotic pro-
cesses [23]. Mast cells, unlike granulocytes, constitute a
resident population of cells distributed along epithelial and
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endothelial surfaces. They are considered essential for
homeostasis and barrier function of the mucosal immune
compartment (MC) [24–26]. Nonconventional T/B cells
represent an innate segment of local regulatory mechanisms
that function within the MC. Unlike conventional T/B cells,
they are directly activated by innate signals/interactions and
are able to act promptly.

Eventual lymphocytosis (when adaptive arm of immu-
nity is engaged) is established several days later and is con-
sidered a marker of late stages of an inflammatory
reaction. Activation of conventional T cells is MHC-
restricted. The highly regulated activation and clonal expan-
sion make the conventional lymphocytes slow-reacting
effectors reserved for processes that cannot be resolved solely
by innate mechanisms, i.e., those innate processes that reach
a threshold of signaling indicating significant disturbance in
the system (Figure 1). Conventional T cells require interac-
tions with APCs-activated cells capable to pre-process anti-
gens and present those in the context of MHC molecules.
Similarly restricted conventional B cells require cognate T
cell help to undergo class switch and specificity maturation
(somatic hypermutation).

Clinically, a drop in peripheral blood neutrophils and
concomitant lymphocytosis associate with resolution and
recovery. In infectious diseases, the drop in peripheral blood
neutrophils coincides also with the specific disease-
associated seroconversion and increase in immunoglobulin
G levels. That typically occurs 7-10 days after initial symp-
toms of the disease. The timing of those routinely measur-
able effects is consistent with the CDR view: initial strong

innate reaction is subsequently regulated by T/B
lymphocytes.

The sequestered SC is a home of adaptive T/B cell effec-
tors. Their MHC-guided/focused responses are activated
only when disturbances reach a threshold requiring a
specificity-driven adaptive reaction (Figure 1). Those adap-
tive responses, through innate effectors, neutralize and
repair the damage, thus regulating inflammatory reactions.
Reliance on mucosal/innate protection, with seldom activa-
tion of the systemic compartment effectors/adaptive
responses, reduces immune repertoire attrition (intrinsic to
the CDR) and preserves regulatory capacity of the system.
Unlike with transplantation, where recipient-donor interac-
tions occur as a direct systemic event (surgery or parenteral
introduction of heterologous cells is a harsh disturbance of
the SC), appropriate compartmentalization of the immune
system and strong MC may play a major role in implanta-
tion and maintenance of pregnancy.

Another important element in discussing the immu-
nologic aspects of pregnancy is the role of glycosylation
and glycation, in which CDR considers the driving force
in growth, differentiation, immune repertoire development,
and aging [1]. Here, the role of glycosylation will be con-
sidered related to appropriate decidualization and placen-
tation processes, creation of an immunologically inert
uterine environment, and its systemic impact on mother’s
immune status.

Finally, this study will address how fetal and maternal
immune systems’ interactions may shape the development
of fetal immunity and affect mother’s immune status.
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„Degranulators”– cells that contain granules filled with distinct
array of mediators. Release of those mediators by degranulation is
their most prominent mode of function.
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Figure 2: The engagement sequence pyramid of cellular immune effectors. Physiologic characteristics of immune cells, their timing of
recruitment, number, and distribution are consistent with their function. Innate effectors are the first/acute responders. Conventional T/
B cells (MHC-restricted adaptive effectors) are secluded within the systemic immune compartment (SC) and activated only when innate
reactions reach a particular threshold, i.e., in later stages of an immune response.
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3.2. First Trimester of Pregnancy—a Mucosal Event. It has
been established that the first 10-12 weeks of pregnancy rep-
resent a histiotrophic phase, during which the carbohydrate
moieties/glycoprotein-rich endometrial/decidual environ-
ment are the source of nutrients for the conceptus/fetus
[27]. Preimplantation conditioning of endometrium
includes a progesterone-driven glycosylation processes, with
abundant secretion of highly glycosylated moieties. Histo-
logic studies show uterine epithelium immersed in mucous
secretion [27]. Mucous secretion at other mucosal surfaces
(respiratory and digestive tract) functions as a protective
and antigen-exclusion mechanism. It renders epithelial sur-
faces less reactive to environmental triggers, which modu-
lates epithelial signaling to stromal cells and thus
modulates the mucosal environment. That, in turn, shapes
the phenotype and function of resident immune cells and
regulates the influx of other cells involved in immune reac-
tions/responses [1]. While other mucosal surfaces are
directly exposed to the environment and their mucous secre-
tion is triggered by exogenous stimuli, endometrium is
largely protected from such exposures. Endometrial mucous
secretion is endogenously (due to hormonal changes)
induced to create a pregnancy-conducive environment.

The prominent glycosylation, so obvious in uterine epi-
thelium/glands, may change decidual/stromal environment
as well. The process of decidualization creates a particular
tissue environment that modifies the phenotype and func-
tion of resident cells, including stromal cells, decidual natu-
ral killer (NK) cells, and macrophages. The placentation
processes under such conditions are governed by appropri-
ate interactions between decidual/stromal environment and
both, maternal and fetal cells (trophoblast), and proceed to
form an appropriate maternal-fetal interface [28, 29].

Glycosylation, an enzymatic addition of carbohydrate
sequences to proteins and lipids, is known to differentially
affect all molecular interactions—adhesion, receptor-ligand
binding/signaling, innate signaling, etc. [30, 31]. The
pregnancy-induced glycosylation may create an immunolog-
ically inert environment that is during the first trimester
conducive to implantation, propagation of fetal trophoblast
deeper into decidual layers, and formation of the placenta.
Indeed, recent studies demonstrate differential glycosylation
in specific phases of the menstrual cycle, implantation, and
in placentation-associated pathology of pregnancy [32, 33].
In addition, reported is a complex role of glycan-binding
galectins in placentation and pregnancy disorders [34, 35].
Also, baseline-altered glycosylation and/or glycation (due
to aging or other altered glycosylation/glycation states such
as diabetes, obesity, and chronic inflammatory conditions)
could result in impaired placentation and unfavorable preg-
nancy outcomes. Indeed, murine reproductive decline in
aged dames associates with altered uterine environment,
blunted hormonal responsiveness, and thus deficient decid-
ualization and placentation [36]. Those could be due to
aging-associated changes in glycation/glycosylation [1].

Therefore, under physiologic conditions, adaptation to
the invading alloentity during implantation may proceed
regulated solely by innate mechanisms residing within the
uterine mucosa. Those innate mechanisms include the

molecular-level resetting and the local tissue-modulated
interactions between the fetal trophoblast, decidual NK cells,
and macrophages. From the CDR perspective, it is impor-
tant for this mucosal process to remain within the innate
realm of interactions and not to engage mother’s SC/adap-
tive immune mechanisms (fetal immunity is at that point
still limited to the innate). As emphasized before, adaptive
responses are intrinsically autoreactive and thus could not
only jeopardize the pregnancy/fetal survival but also hurt
the mother.

3.3. Second and Third Trimester of Pregnancy:
Communication of Maternal and Fetal Systemic Immune
Compartments. The blood flow within the newly formed pla-
centa is detectable around 12th week of pregnancy and
marks the beginning of the hemotrophic phase of pregnancy
[27]. Mother’s blood bathes the large surface of intricately
branched placenta. The layer of placental syncytiotropho-
blast (STB) facing mother’s side represents the barrier that
from second trimester onward maintains molecular-level
communication between the fetus and the mother. In addi-
tion to gas, nutrients, and waste exchange, trafficking
includes various molecules (environmental particles and
other environmental cues), inflammatory mediators, immu-
noglobulins, exosomes/extracellular vesicles, etc. [37, 38].
Also, a certain number of cells are exchanged between the
mother and her developing child [39, 40].

During the histiotrophic phase, mother-fetus interac-
tions are limited: mother’s uterine mucosal environment
resets against the proliferating and differentiating fetal tro-
phoblast, and vice versa. With the placental blood flow
established, the fetal STB begins its adaptation to systemic
molecular patterns of mother’s self. Also, mother’s exposure
to the STB is now direct/systemic—not through decidua/
MC. In addition to mother-fetus interactions, the STB layer
is to modulate interactions with molecular patterns of the
environment that may break through mother’s mucosal bar-
rier (genital, respiratory, and gut mucosa and skin) and
reach the blood circulation. Thus, the strength of mother’s
MC and its barrier function will directly affect the degree
of fetal exposure to the environment. While modulated by
STB, both mother’s self and the foreign/environment may
translate into molecular-level disturbances in the fetus and
trigger the resetting processes pertinent to the fetal growth,
its immune repertoire development, and maintenance of its
integrity.

3.3.1. Fetal Immunity. Fetal immune system’s T cell com-
partment begins to develop at 10 weeks of gestation [41].
That precedes the inception of placental blood flow and
increased level of disturbances due to the more direct expo-
sure of STB/fetus to mother’s immune environment. The
thymus-derived populations of T cells include conventional
αβ T cells, as well as the innate γδ T cells, αβ innate natural
killer T cells (iNKT cells), and mucosa-associated innate T
cells (MAIT cells) [42]. Innate T cells populate fetal mucosal
tissues and mature before the postnatal microbial exposures
[43]. Similar timing and distribution are observed for
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myeloid lineages, including innate B1 and marginal zone B
cells, monocytes, and macrophages [44].

3.3.2. Mother’s Immune Status. A mother’s entire body
undergoes changes under the influence of pregnancy-
induced hormonal environment. The number of various
forms of steroid hormones increased in pregnancy (proges-
togens, estrogens), numerous forms of steroid hormones’
receptors, and the well-recognized promiscuity in their
interactions makes it difficult to clearly understand the role
of hormonal setting typical for pregnancy. That includes
the function of the most investigated and clearly essential
progesterone [45]. Still, it is reasonable to infer that the
progesterone-associated highly glycosylated local/uterine
environment may be reflective of a similar pregnancy-
induced systemic increase in glycosylation. Systemically
increased glycosylation of molecular patterns involved in
signaling, matrix composition, and cellular interactions
could result in phenomena quite typical for pregnancy. For
example, altered function of olfactory and gustatory recep-
tors could result in altered sense of smell or taste in preg-
nancy; glycosylation-affected insulin receptors could
associate with insulin resistance and gestational diabetes;
altered epitopes of tissue structural elements could underlie
amelioration of rheumatoid arthritis symptoms that is
known to occur during pregnancy, etc. Similarly, increased
glycosylation may result in generally different tissue/
immune environment, which can shift the signaling toward
a predominantly Th2 realm of humoral responses, another
common feature of pregnancy. Although a Th2 pattern of
responses is known to be prominent also in nonpregnant
women, in pregnancy, it is considered part of a tolerogenic
environment that protects the pregnancy [46]. Indeed, preg-
nancy may associate with somewhat blunted responses to
certain pathogens and increased susceptibility to infections
such as listeriosis, malaria, and human immunodeficiency
virus (HIV) infections [47]. However, pregnancy is not con-
sidered an immunosuppressed state.

3.4. Mother-Fetus Interactions: the Balancing Act of
Maintaining Integrity. A mother, an immunologically com-
petent living system with a well-developed MC that func-
tions as a strong barrier against the environment, will
primarily rely on the innate mechanisms of her MC for
appropriate implantation and placentation during the first
trimester of pregnancy. The highly glycosylated uterine envi-
ronment may facilitate the resetting processes of adaptation
to the presence of the conceptus. The MC will regulate those
innate interactions/disturbances to remain below the thresh-
old of activation of the SC’s conventional/adaptive effectors.
Fetal trophoblast uses only innate mechanisms of molecular
resetting/adaptation to continue growing and invading the
decidual layer, the associated remodeling process facilitated
by mother’s NK cells and macrophages. Such a setting is
unlikely to elicit immune interactions that would damage
either side.

At the beginning of the second trimester, fetus and
mother are individual living systems whose SCs come into
close contact—separated only by the fetal STB. Fetus is in

the process of developing its own SC’s repertoire of T/B cells
using its self-template in the selection process in thymus
[10]. Its self-template rapidly changes due to endogenous
physiologic processes of intense growth and differentiation
of fetal organs and tissues. Sequestered/undisturbed from
outside, the fetal repertoire selection will produce a self-
mirroring repertoire needed for regulation of innate reac-
tions triggered by various disturbances, which will work
toward maintenance of fetus’ integrity. The STB may infor-
mation (various mediators, exosomes, immunoglobulins
etc.) received from mother’s blood “translate” into an
instructive element in the process of fetal adaptation to the
post-natal life. On the other hand, information from the fetal
side toward mother is propagated into a large, quiescent
arena of the mother’s SC. Unless it contains alarming signals
capable of inducing strong innate (and possibly adaptive)
reactions, there is little unknown about the fetus that mother
would detect as a significant disturbance requiring engage-
ment of her adaptive effectors.

Although mother’s strong MC shields the STB and fetus
from exposures to the environment, the lack of a more com-
plex/mucosa-like barrier on the fetal side makes the fetus
vulnerable. Fetal SC may be exposed to exogenous/environ-
mental disturbances otherwise innocuous for the mother
(toxins, chemicals, allergens, and microbial antigens). Those
could reach fetal circulation and trigger fetal systemic-level
resetting processes. That may alter not only the fetal devel-
opmental processes (which, depending on the time of expo-
sure, could cause major structural and functional
alterations) but also its self-template and thus the selection
of fetal T/B cell repertoire. Outcomes of those fetal
systemic-level intrusions could range from the postpartum
phenotypically undetectable to significant functional and
immunologic alterations in early childhood/adolescence/
adulthood. An extreme example of such processes is fetal
inflammatory response syndrome (FIRS): mother’s mild
inflammatory reaction to viral infection (where infection
itself does not spread to the placenta/fetus and mother’s
inflammatory reaction does not terminate the pregnancy)
associates with increased risk for diagnosis of autism, schizo-
phrenia, neurosensorial deficits, and psychosis later in life
[48]. In that situation, despite the absence of placental trans-
mission of infection, the sole exposure of the fetal immune
system to molecular-level disturbances associated with infec-
tion may adversely affect fetal development and result in
major health problems later in life. In this context, it may
be necessary to rethink immunization of women during
pregnancy [49].

4. Conclusions

This paper further develops the CDR’s notion that adaptive
arm of immune responses is activated primarily to regulate
innate reactions and maintain integrity of a particular living
system. It proposes that not only the already recognized
adaptive repertoire selection and maintenance but also its
function are all self-centered, i.e., dependent and focused
on the state of self. Interpretation of regulatory processes
and tolerance in allotransplantation suggests that adaptive
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effectors can exert their regulatory function only in a living
system whose molecular patterns of self and its MHC “code”
have originally served as a template for development and
maintenance of that particular system’s adaptive repertoire/
specificities. Therefore, congruent/matching MHC-coded
communications between innate and adaptive effectors pro-
vide regulation of immune responses, which are focused on
that particular living system. Consistent with such a view of
MHC-restricted adaptive immunity, immunosuppression-
free operational tolerance in allotransplantation is more likely
in patients with stable mixed chimerism, where both donor’s
and recipient’s adaptive effectors maintain integrity of their
respective MHC-matching tissues. The coexistence of MHC-
disparate entities in such a living system also confirms that
immunity is about adaptation and not elimination of a foreign:
immunity is focused primarily on finding a sustainable equi-
librium in a system to maintain its integrity, even in an alloge-
neic setting.

Pregnancy is an example of coexistence of MHC-
disparate entities solely due to innate-level adaptation/
molecular-level resettings to foreign molecular patterns.
Adaptive immunity does not regulate those interactions:
semiallogeneic or entirely allogeneic living systems during
pregnancy are in close contact, but innate mechanisms suf-
fice to maintain equilibrium states of involved living sys-
tems. The fact that in pregnancy cells are interchanged
between MHC-disparate living systems and are detectable
in mothers and their children long after birth further sup-
ports the notion that immunity is a matter of adaptation.
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Background. T cell immunoglobulin and ITIM domain (TIGIT) is a recently identified immunosuppressive receptor. The
expression levels of TIGIT affect the prognosis of patients with solid tumors. To fully comprehend the role of TIGIT on the
prognosis of patients with solid tumors, we conducted a meta-analysis. Methods. We performed an online search of PubMed,
Embase, Web of Science (WOS), and MEDLINE databases for literature published till March 31, 2021. The Newcastle-Ottawa
Scale (NOS) was used to evaluate the quality of the literature, and Stata 16.0 and Engauge Digitizer 4.1 software were used for
data analysis. Results. Our literature search identified eight papers comprising 1426 patients with solid tumors. Increased
expression of TIGIT was associated with poor prognosis. High expression of TIGIT was a risk factor for overall survival (OS)
{hazard ratio ðHRÞ = 1:66, 95% confidence interval (CI) [1.26, 2.20], P < 0:001} and progression-free survival (PFS) (HR = 1:44,
95% CI [1.15, 1.81], P = 0:01). We performed subgroup analysis to explore the source of heterogeneity, colorectal cancer
(HR = 2:07, 95% CI [0.23, 18.82], P = 0:518), lung cancer (HR = 1:29, 95% CI [0.96, 1.72], P = 0:094), esophageal cancer
(HR = 1:70, 95% CI [1.20, 2.40], P = 0:003), and other cancers (HR = 1:83, 95% CI [1.25, 2.68], P = 0:002). In addition to
cancer type, expression location, sample size, and different statistical analysis methods are also considered the possible causes
of heterogeneity between studies. Funnel plots suggested no publication bias for OS (P = 0:902), and Egger’s test supported this
conclusion (P = 0:537). Conclusion. TIGIT expression was associated with OS and PFS in patients with solid tumors. Patients
with elevated TIGIT expression have a shorter OS and PFS, and TIGIT expression could be a novel biomarker for prognosis
prediction and a valuable therapeutic target for solid tumors.

1. Introduction

The global burden of cancer morbidity and mortality is
rapidly increasing. By 2020, there are estimated to be
19.29 million new cancer cases and 9.96 million deaths
worldwide. It is expected that by 2040, the global burden
of cancer will reach 28.4 million cases, an increase of 47%
compared with that in 2020 [1]. In recent years, with deep-
ening of the understanding of tumor molecular mecha-
nisms, many tumor markers have been identified, which
can be used for tumor diagnosis and prognosis judgement.
Identification of new biomarkers with the potential to
predict the progress and prognosis of cancer has brought
new hope for cancer patients.

T cell immunoglobulin and ITIM domain (TIGIT), also
known as WUCAM, Vstm3, and VSIG9, is a newly discov-
ered coinhibitory receptor belonging to the poliovirus
receptor/nectin family. TIGIT is primarily expressed in T
cells and natural killer cells. Yu’s group was the first to
determine the unique structure of TIGIT and explore its
function [2]. TIGIT is expressed in various levels in various
T cell subsets. Abnormally expressed TIGIT suppresses
immune cells in multiple steps of the tumor immune cycle
and promotes tumor immune escape to a great extent
[2–4]. Similar to the classical immune checkpoint of pro-
grammed cell death protein 1/programmed cell death ligand
1 (PD-1/PD-L1), cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4)/B7.1/2 and CD226/TIGIT-CD155/CD112 are
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considered emerging pathways that precisely regulate T cell
activation [5].

TIGIT is overexpressed in many solid tumors, including
in liver cancer [6, 7], colorectal cancer (CRC) [8–10], breast
cancer [11, 12], thyroid cancer [13], lung cancer [14–16],
gastric cancer (GC) [17, 18], esophageal squamous cell carci-
noma (ESCC) [19], and melanoma [20, 21]. Liang et al.
discovered that TIGIT expression level in tumor tissue was
correlated with CRC recurrence and survival [10]. TIGIT
expression was considerably higher in advanced CRC than
in early CRC. TIGIT expression is an independent prognos-
tic factor for CRC and leads to a poor prognosis. However,
other studies have shown that TIGIT expression is downreg-
ulated in the peripheral blood in advanced CRC, and there is
no strong relationship between TIGIT expression and the
overall survival (OS) rate of CRC [8, 9]. The prognosis
prediction value of TIGIT for various cancers remains
controversial. Therefore, we performed a meta-analysis to
gain a better understanding of the impact of TIGIT on the
prognosis of patients with solid cancer.

2. Methods

2.1. Search Strategies. We followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
criteria. We searched PubMed, EMBASE, Web of Science
(WOS), and MEDLINE databases for articles on the correla-
tion between TIGIT expression and the prognosis of malig-
nant tumors from the date of establishment of the database
to March 31, 2021. The keywords used were “TIGIT,” “T-
cell Ig and ITIM domain,” “WUCAM,” “Vstm3,” “VSIG9,”
“carcinoma,” “tumor,” “neoplasia,” “neoplasm,” “cancer,”
“malignancy,” “malignant neoplasm,” “prognostic,” “sur-
vival,” “prognosis,” “recurrence,” “outcome,” and “mortal-
ity.” Based on the characteristics of different databases, we
conducted a comprehensive search of medical subject words
(MeSH) combined with text words. The language of the
restricted search was English.

2.2. Criteria for Inclusion and Exclusion. The inclusion cri-
teria were as follows: (1) patients with solid tumors who
underwent pathological testing to verify their diagnosis; (2)
prospective or historical cohort studies; (3) immunohisto-
chemistry (IHC) staining was used to determine TIGIT
expression; (4) the cut-off value of TIGIT was reported; (5)
correlation of TIGIT with survival indexes, such as OS,
progression-free survival (PFS), disease-free survival (DFS),
and relapse-free survival (RFS) was described; and (6) the
hazard ratio (HR) and its 95% confidence interval (CI).

Exclusion criteria were as follows: (1) abstracts, reviews,
case reports, letters, or nonclinical studies; (2) insufficient
data for HR and 95% CI; (3) there were no studies published
in English; and (4) duplicate data or analysis was identified
in the studies.

2.3. Data Extraction and Quality Evaluation. Two indepen-
dent authors (KMX and KLX) evaluated and extracted all
candidate papers. In case of a dispute, the two authors
consulted with a third author (KXL). The following details

were extracted from the studies: first author, publication
year, patient source, sample size, TIGIT positive rate, cancer
type, detection method, expression location, cut-off value,
statistical method, results, HR estimation method (univar-
iate and multivariate analysis), and HR ratio. The required
data were directly extracted or obtained from the survival
curve using Engauge Digitizer 4.1 software to calculate the
HR and 95% CI. Two independent authors (KMX and
KLX) used Newcastle-Ottawa Scale (NOS) to determine
the quality of the studies involved [22]. When the score
was ≥6, the included literature was considered to be of
high quality.

2.4. Statistical Methods. HR and 95% CI were pooled using
Stata 16.0, to evaluate the impact of high and low TIGIT
expression on the prognosis of patients with solid tumors.
I2 is a quantitative statistic that reflects the percentage of
interstudy variation in the overall variation [23]. According
to the rule of thumb, for interpreting I2 statistics provided
by the Cochrane Handbook [24], I2 ≥ 50% indicates substan-
tial heterogeneity. The random-effects model was used when
significant heterogeneity was observed; otherwise, a fixed-
effects model was used. Subgroup and sensitivity analyses
were used to investigate the origins of heterogeneity; Begg’s
and Egger’s tests were used to determine publication bias. A
2-sided P < 0:05 was considered statistically significant.

3. Results

3.1. Study Selection. A total of 862 papers were initially iden-
tified. After removing duplicate literature and reading the
title, abstract, and full text, according to the study’s inclusion
and exclusion requirements, eight papers were included [9,
10, 15–17, 19, 21, 25]. The process and results of the litera-
ture screening are presented in Figure 1.

3.2. Study Characteristics. Table 1 shows the basic character-
istics of the studies involved in this meta-analysis. Eight arti-
cles included in this meta-analysis were published from 2018
to 2021, involving 1426 patients. All studies used IHC to
detect TIGIT expression levels, but the cut-off values were
not identical. The study subjects were from China (n = 7)
and South Korea (n = 1). Cancer types included melanoma,
lung adenocarcinoma (LUAD), GC, small cell lung cancer
(SCLC), ESCC, primary small cell carcinoma of the esopha-
gus (PSCCE), and CRC. Five studies explicitly documented
reported HRs and 95% CIs, while the other three studies
calculated HR and 95% CI from the survival curves. All
studies evaluated the correlation between TIGIT expression
and OS in patients with solid tumors [9, 10, 15–17, 19, 21,
25], and three studies evaluated the relationship between
TIGIT expression and PFS in patients with solid tumors
[16, 21, 25]. Zhou et al. [9] and Liang et al. [10] reported
the relationship between TIGIT expression and DFS and
RFS, respectively. The NOS scores of all included articles
were ≥6, and the scoring details are presented in Table S1.

3.3. Overall Survival. Eight studies provided sufficient data to
investigate the connection between TIGIT expression and
OS. The pooled results of the meta-analysis indicated that
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Figure 1: Literature screening process and results.

Table 1: Basic characteristics of included studies.

Author Year
Patient
source

Sample
size

TIGIT
+

Cancer
type

Method
Expression
location

Cut-off value Outcome M/U HR ratio NOS

Zhao JJ 2018 Chinese 154
76

(49.4%)
ESCC IHC TIL Median level OS M Reported 8

Tang W 2019 Chinese 441
343

(77.8%)
GC IHC Tumor cell

>5%
positivity

cell
OS M Reported 8

Xu Y 2019 Chinese 60
21

(35%)
SCLC IHC Tumor cell Median level OS U Survival curve 6

Lee WJ 2020 Korea 124
52

(41.9%)
Melanoma IHC Tumor cell

≥20%
positivity

cell
OS/PFS U Survival curve 7

Sun Y 2020 Chinese 334
204

(61.1%)
LUAD IHC TIL

≥5%
positivity

cell
OS/PFS M

Reported/
survival curve

7

Zhao K 2020 Chinese 114
74

(64.9%)
PSCCE IHC Tumor cell

≥5%
positivity

cell
OS/PFS M

Reported/
survival curve

8

Zhou X 2020 Chinese 60
21

(35%)
CRC IHC Tumor cell Score ≥ 1 OS/DFS M Reported 8

Liang R 2021 Chinese 139
40

(28.8%)
CRC IHC Tumor cell Median level OS/RFS U Survival curve 6

OS: overall survival; PFS: progress-free survival; DFS: disease-free survival; RFS: recurrence-free survival; U: univariate; M: multivariate; TIL: tumor infiltrating
lymphocyte; IHC: immunohistochemistry; LUAD: lung adenocarcinoma; GC: gastric cancer; SCLC: small cell lung cancer; ESCC: esophageal squamous cell
carcinoma; PSCCE: primary small cell carcinoma of the esophagus; CRC: colorectal cancer.
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upregulation of TIGIT expression was correlated with wors-
ening OS in patients with solid cancer (HR = 1:66, 95% CI
[1.26, 2.20], P < 0:001). Heterogeneity across studies was I2

= 52:9%, P = 0:038; therefore, a random-effects model was
used for analysis (as shown in Figure 2). Subgroup analysis
was used to investigate the origin of heterogeneity. The
heterogeneity of CRC (HR = 2:07, 95% CI [0.23, 18.82], P
= 0:518) was as high as I2 = 91%, while lung cancer
(HR = 1:29, 95% CI [0.96, 1.72], P = 0:094), esophageal can-
cer (HR = 1:70, 95% CI [1.20, 2.40], P = 0:003), and other
cancers (HR = 1:83, 95% CI [1.25, 2.68], P = 0:002) did not
show heterogeneity. The expression of TIGIT and TILs on
tumor cells was significantly correlated with poor OS (tumor
cells HR = 1:78, 95% CI [1.19–2.65], P = 0:005); tumor infil-
trating lymphocytes (TILs) (HR = 1:41, 95% CI [1.09, 1.83],
P = 0:009). Studies with sample sizes ≥100 showed a ten-
dency to increase the risk of short OS (HR = 1:80, 95% CI
[1.36, 2.39], P ≤ 0:001). Studies with sample sizes >100
showed the opposite trend (HR = 0:92, 95% CI [0.47, 1.78],
P = 0:802); however, significant differences were not
observed. In terms of methods for estimating HR, univariate
analysis had a greater effect on prognosis than multivariate
analysis (HR = 2:57, 95% CI [1.17, 5.67], P = 0:019 vs. HR
= 1:49, 95% CI [1.24, 1.80], P ≤ 0:001) (Table 2).

3.4. Progression-Free Survival. Three studies involving 572
patients reported an association between TIGIT expression
and PFS in patients with solid tumors, and Lee WJ analysis
showed that patients with high TIGIT expression had
considerably worse PFS than patients with low TIGIT
expression (59.0 months vs. 32.0 months, P = 0:01); how-
ever, HR values and Kaplan-Meier curves were not provided;
therefore, a meta-analysis could not be conducted. The

fixed-effects model was used in this analysis because there
was no significant heterogeneity between the studies
(I2 = 0:0%, P = 0:583). The results showed that high expres-
sion of TIGIT was a risk factor for poor PFS (HR = 1:44,
95% CI [1.15, 1.81], P = 0:01). As DFS and RFS were docu-
mented in only one related article, they were not sufficient
for a meta-analysis (Figure 3).

3.5. Sensitivity Analysis. Sensitivity analysis eliminated each
study individually, and then, a combined analysis was con-
ducted for the remaining studies. The results showed that
the combined effect value before and after the elimination
of any study had no significant change, suggesting that the
results of this study were stable (as shown in Figure 4).

3.6. Publication Bias. Begg’s and Egger’s methods were used
to assess the publication bias. The funnel plot revealed no
major asymmetry (P = 0:902; Figure 5(a)). Furthermore,
Egger’s test supported this conclusion (P = 0:537;
Figure 5(b)). Therefore, our meta-analysis did not reveal
any publication bias.

4. Discussion

TIGIT is a fairly new immunosuppressive receptor, discov-
ered 11 years ago. In recent years, TIGIT expression has
been shown to have prognostic significance in patients
with solid tumors in a variety of trials, but its role has
been inconsistent and unclear. Therefore, we reviewed
published studies and performed a meta-analysis. Our
present meta-analysis may be the only study to date eval-
uating the association between TIGIT expression and OS
in patients with solid tumors.

Overall (I−squared = 52.9%, p = 0.038)

Zhao K (2020)

Liang R (2021)

Zhou X (2020)

Lee WJ (2020)

Tang W (2019)

Xu Y (2019)

Zhao JJ (2018)

Sun Y (2020)

ID

Study

1.66 (1.26, 2.20)

1.59 (0.97, 2.61)

6.47 (2.39, 17.53)

0.68 (0.28, 1.63)

2.08 (1.17, 3.70)

1.79 (1.27, 2.52)

1.38 (0.50, 3.81)

1.81 (1.12, 2.92)

1.28 (0.94, 1.74)

HR (95% CI)

100.00

14.45

6.02

7.32

12.43

18.99

5.84

14.86

20.08

Weight

%

.0571 1 17.5

NOTE: Weights are from random effects analysis

Figure 2: Forest plot for OS.
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Our meta-analysis included 1430 patients with solid
tumors from eight studies. The results showed that increased
expression of TIGIT was associated with a poor prognosis.
High expression of TIGIT was a risk factor for OS
(HR = 1:66, 95% CI [1.26, 2.20], P < 0:001) and PFS
(HR = 1:44, 95% CI [1.15, 1.81], P = 0:01). In addition, we
found that the cancer type, expression location, sample sizes,
and different statistical analysis methods are possible reasons
for the heterogeneity between studies. Our results emphasize
the prognostic value of TIGIT expression in patients with
solid tumors.

The immune checkpoint is one of the main causes of
immune tolerance. Immunotherapy targeting the classical
immune checkpoints of PD-1/PD-L1 and CTLA-4/B7.1/2
has brought hope to patients with tumors. However, in
actual clinical applications, only a part of the dominant pop-
ulation has an immune response, and PD-1/PD-L1 immune
checkpoint inhibitors are prone to drug resistance and

severe adverse effects [26, 27]. Therefore, there is an urgent
need to identify new immune checkpoints to compensate
for low response rates, drug resistance, and severe adverse
reactions, such as lymphocyte activation gene 3 (LAG-3)
[28], T cell immunoglobulin-3 (TIM-3) [29], and TIGIT,
which can negatively regulate T cell activation and function
and induce T cell exhaustion; however, they each have
unique signaling pathways and regulatory functions, so their
clinical applications are different [30]. Compared with those
on LAG-3 and TIM-3, studies on TIGIT expression pro-
vided more encouraging results [31]. TIGIT has a higher
positive rate in TILs than does PD-1 [19], and TIGIT inhib-
itors can transduce CD155-mediated signals to CD226
activation, thus improving immunotherapy, which is advan-
tageous [20]. In CITYSCAPE, a phase II clinical trial, 135
patients with PD-L1 positive non-small-cell lung cancer
were randomized to receive the TIGIT inhibitor tiragolumab
in combination with a PD-L1 inhibitor or PD-L1 inhibitor

Table 2: Subgroup analysis results.

Random-effects model Fixed-effects model Heterogeneity
Analysis N HR (95% CI) P HR (95% CI) P I2 pH

Cancer type

Colorectal cancer 2 2.07 (0.23, 18.82) 0.518 1.81 (0.94, 3.50) 0.076 91.0% 0.001

Lung cancer 2 1.29 (0.96, 1.72) 0.094 1.29 (0.96, 1.72) 0.094 0.0% 0.886

Esophagus cancer 2 1.70 (1.20, 2.40) 0.030 1.70 (1.20, 2.40) 0.003 0.0% 0.715

Others 2 1.86 (1.39, 2.50) 0.001 1.86 (1.39, 2.50) 0.001 0.0% 0.662

Expression position

Tumor cells 6 1.78 (1.19, 2.65) 0.005 1.77 (1.40, 2.22) 0.001 57.7% 0.037

TILs 2 1.44 (1.04, 2.00) 0.027 1.41 (1.09, 1.83) 0.009 30.2% 0.231

Sample size

<100 2 0.92 (0.46, 1.83) 0.817 0.92 (0.47, 1.78) 0.802 6.5% 0.301

≥100 6 1.80 (1.36, 2.39) 0.001 1.67 (1.40, 1.99) 0.001 54.1% 0.054

Method to estimate HR

Multivariate analysis 5 1.49 (1.17, 1.88) 0.001 1.49 (1.24, 1.80) 0.001 31.9% 0.209

Univariate analysis 3 2.57 (1.17, 5.67) 0.019 2.42 (1.54, 3.78) 0.001 61.4% 0.075

Overall (I−squared = 0.0%, p = 0.583)

Zhao K (2020)

Study

Sun Y (2020)

ID

1.44 (1.15, 1.81)

1.30 (0.84, 2.02)

1.50 (1.15, 1.95)

100.00

26.21

%

73.79

Weight

.496 1 2.02

HR (95% CI)

Figure 3: Forest plot for PFS.
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alone. The results showed that addition of tiragolumab
significantly improved patient outcomes, with the objective
response rate increasing from 21% to 37% and the median
PFS increasing from 3.9 months to 5.6 months without an
increase in adverse events. In particular, the objective
response rate of patients with high PD-L1 expression
(>50%) increased from 24% to 66% after the addition of
tiragolumab [32]. In addition to the combination of PD-
1/PD-L1 inhibitors, the combination of TIGIT antibody
and other immune checkpoint inhibitors can also produce
synergistic effects and improve the efficacy of immuno-
therapy [33].

TIGIT affects the prognosis of cancer patients by inhibit-
ing the function of immune cells through a variety of mech-
anisms [34]. These are as follows: (1) TIGIT binds to CD155
and causes T cells to send a direct inhibition signal, inducing
immune tolerance [35]; (2) TIGIT stimulates the immune
response indirectly by activating CD155 on DCs, increasing
IL-10 secretion while decreasing IL-12 secretion [2]; (3)
TIGIT not only competes with the CD226 ligand but also
binds directly to CD226 and disrupts its homodimerization,
thereby disrupting its costimulatory effect and preventing
CD226-mediated T cell activation [4]; (4) TIGIT signaling
in regulatory T cells (Tregs) affects the secretion of cytokines
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and suppresses proinflammatory Th1 and Th17 T cell
responses [36], which enhances the immunosuppressive
function and stability of Tregs.

We showed an association between TIGIT expression
and the prognosis of patients with solid tumors, but the
prognostic effects of TIGIT on different tumors were incon-
sistent, which may be due to different characteristics and
different expression sites of different tumors. Significant
heterogeneity was observed in the two CRC studies, which
could be explained by study’s methodological design and
confounders of clinical covariates. PFS, DFS, and RFS can
all predict and reflect clinical benefits, but there are few
relevant studies reported at present, and it is impossible to
measure the combined HR. Many studies are needed to
evaluate the prognostic value of TIGIT.

Although we tried our best to conduct a comprehensive
analysis, our meta-analysis has certain limitations. Despite
the use of subgroup and sensitivity analyses, the origin of
the heterogeneity could not be completely traced. Second,
all the studies were retrospective, with all subjects being
Asian, which does not represent the whole population.
Third, the scale of the included studies was small. Some
studies include only one kind of cancer, and studies with a
larger sample size are required to fully understand the con-
nection between TIGIT and the survival index. Third,
although IHC was used in all the studies, the antibodies used
were no identical, and the thresholds were not consistent.
We should further explore the establishment of a unified
threshold. Fourth, the number of studies included in this
article was very limited. When the number of included arti-
cles is less than 10, the efficiency of Begg’s test and Egger’s
test detection tend to reduce, and as this study included
English language articles, publication bias cannot be ruled
out. We hope that this meta-analysis not only represents
the end point of the study but also begins to pay attention
to the value of TIGIT in solid tumors and to look forward
to more high-quality studies.

5. Conclusion

Taken together, our findings indicate a significantly
increased risk of OS and PFS associated with elevated TIGIT
expression. TIGIT appears to be a promising therapeutic
target for solid tumors as well as a prognostic predictor,
which deserves the attention of researchers and clinicians.
Due to the limitations of the number and quality of the
included literature, our results need to be interpreted care-
fully. Further studies are necessary to evaluate the molecular
mechanism of TIGIT in patients with solid tumors.
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Uric acid is an effective antioxidant. Oxidized low-density lipoprotein (ox-LDL) is derived from circulating LDL and promotes
atherosclerosis. The Keap1-Nrf2-ARE pathway is a key body pathway involved in protection against internal and external
oxidative damages. The role of uric acid on vascular endothelial function damaged by ox-LDL, and its effect on the Keap1-
Nrf2-ARE pathway has not been fully explored. HUVECs were treated with different concentrations of uric acid and ox-LDL
to explore the effect of uric acid in vitro. Cell phenotype was determined by cytometry and Western blot. Nuclear translocation
of Nrf2 was determined by immunofluorescence. Coimmunoprecipitation was used to determine the level of Nrf2
ubiquitination. A microfluidic device was used to mimic the vascular environment in the body, and the level of mRNA levels
of inflammatory factors was determined by RT-PCR. The findings of this study show that suitable uric acid can significantly
reduce endothelial damage caused by ox-LDL, such as oxidative stress, inflammation, and increased adhesion. In addition, uric
acid reduced Nrf2 ubiquitination and increased nuclear translocation of Nrf2 protein, thus activating the Keap1-Nrf2-ARE
pathway and playing a protective role. Interestingly, the effects of UA were significantly inhibited by administration of
Brusatol, an inhibitor of Nrf2. In summary, suitable concentrations of uric acid can alleviate the oxidative stress level of
endothelial cells through Nrf2 nuclear translocation and further protect cells from damage.

1. Introduction

Oxidized low-density lipoprotein (ox-LDL) promotes ath-
erosclerosis (AS). Oxidized LDL level increases during the
occurrence of AS, which can lead to damage vascular endo-
thelial cells [1]. Several studies report that vascular endothe-
lial cell damage and functional changes are initial
manifestations of the occurrence and development of AS
[2]. ox-LDL deposited in the vascular wall induces vascular
endothelial cell apoptosis. ox-LDL-induced oxidative stress
is a major cause of endothelial cell injury [3]. ox-LDL causes
apoptosis of endothelial cells by inducing intracellular oxida-
tive stress and endoplasmic reticulum stress [2, 4]. Therefore,
inhibiting ox-LDL-mediated endothelial injury is a potential
strategy for preventing or slowing progression of AS.

Uric acid (UA) is the final metabolite of purine catabo-
lism in humans. Studies report that hyperuricemia can

induce endothelial dysfunction and lead to the occurrence
and development of a variety of cardiovascular diseases
[5–11]. However, in an in vitro study, it was demonstrated
that the antioxidant effect of UA is equal to that of ascorbate,
a significant antioxidant in plasma [12]. Human plasma
urate levels are significantly greater than ascorbate levels.
As a result, UA is estimated to be responsible for neutraliz-
ing more than half of the free radicals in human blood
[13]. UA effectively removes reactive oxygen free radicals,
hydroxyl free radicals, and peroxides in the body. In addi-
tion, it blocks the nitrification reaction and chelates metal
ions such as iron ions, thus reducing oxidative stress reac-
tion in the body and maintaining immune defense ability
of the body [14–16]. A previous study reports that the
appropriate concentration of UA (300μM) can significantly
increase the activity of neurons and reduce the production of
reactive oxygen species [17]. In addition, significantly low
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levels of uric acid are associated with Alzheimer’s disease,
cardiovascular disease, diabetes, and other neurological dis-
eases. Therefore, we hypothesized that appropriate uric acid
concentration can be effectively alleviated of ox-LDL-
mediated endothelial injury.

The Kelch-like ECH-associated protein 1-nuclear factor
erythroid 2-related factor 2-antioxidant response elements
(Keap1-Nrf2-ARE) pathway is one of the most important
defense mechanisms against oxidative stress [18] and is
associated with a number of oxidative stress-related diseases,
including cancer, neurodegenerative diseases, cardiovascular
diseases, and aging [19]. Nrf2 signaling pathway activation
can modulate expression of genes implicated in detoxifica-
tion and antioxidant defense functions, such as NAD (P)
H: quinone oxidoreductase 1, superoxide dismutase, heme
oxygenase-1 (HO-1) and catalase, thioredoxin reductase
[20]. In the physiological environment, Nrf2 is located in
the cytoplasm and it binds to Keap1 which controls Nrf2
activity. Oxidative or electrophilic stress induces a confor-
mational change of Keap1 or directly promotes phosphory-
lation of Nrf2. Therefore, Nrf2 is segregated from Keap1
and translocated to the nucleus to effectively combine with
antioxidant reaction components (ARE). As a result, it upre-
gulates transcription of antioxidant and detoxifying genes
[21]. Studies report that Nrf2 activation can protect endo-
thelial cells from oxidative damage [22] and inflammatory
response [23].

In this study, it was hypothesized that suitable concen-
trations of UA can minimize endothelial cell damage caused
by ox-LDL. Therefore, the mechanism of action of uric acid
in alleviating ox-LDL-induced damage and its effect on the
Nrf2 pathway in human umbilical vein endothelial cells
(HUVECs) were explored.

2. Materials and Methods

2.1. Materials. UA was obtained from Sigma-Aldrich (St.
Louis, MO, USA). ox-LDL (UBC-ox-LDL5) was obtained
from Yiyuanbiotech (Guangzhou, China) with a 2.1-
2.5mg/mL concentration. Brusatol (BT, a Nrf2 inhibitor)
was purchased from MCE (Burlington, NJ, USA) and was
dissolved in dimethyl sulfoxide (DMSO, the final
concentration < 0:1%). An antibody against ICAM-1 was
obtained from Cell Signaling Technology (Danvers, MA,
USA). Dihydroethidine (DHE) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Endothelial Cell Medium
(ECM) was obtained from ScienCell (San Diego, CA,
USA). Antibodies against histone H3 (17168-1-AP), HO-
1 (10701-1-AP), NQO1 (11451-1-AP), and α-tubulin
(66031-1-Ig) were purchased from Proteintech (Wuhan,
Hubei, China). Antibodies against Keap1 (ab139729) and
Nrf2 (ab137550) were purchased from Abcam (Cambridge,
MA, USA).

2.2. Cell Culture. HUVECs and THP-1 cell were donated by
Yang et al. [24]. HUVECs were incubated in ECM contained
with 5% fetal bovine serum (FBS), containing 1% penicillin/-
streptomycin (P/S) and 1% endothelial cell growth factor at
5% CO2 and 37°C. THP-1 cells were incubated in RPMI1640

containing 10% FBS and 1% P/S. After achieving ~70% con-
fluence, cells were divided into the five groups. The groups
included a control group, in which cells were grown in
ECM; an UA group, in which cells were grown for 24 h in
different concentrations of UA (1, 2, 3, 5, 6, 9, 12, 15, and
18mg/dL); an ox-LDL group, in which cells were grown
for 24h in different concentrations of ox-LDL (10, 20, 50,
100, and 200μg/mL); an ox-LDL+UA group, in which cells
were grown in different concentrations of UA and ox-LDL
(100μg/mL) for 24 h; and an ox-LDL+UA+brusatol group,
in which cells were pretreated with brusatol (300 nM) for
2 h before incubation with UA (5mg/dL)+ox-LDL
(100μg/mL) for 24h.

2.3. Cell Viability Assay. Cell Counting Kit-8 (CCK-8) (Key-
GEN Biotech, Jiangsu, Nanjing, China) was used to explore
cell viability of HUVECs following the manufacturer’s
instructions. In summary, HUVECs were incubated in a
96-well plate and were treated with CCK-8 diluted in culture
medium (1 : 10) for 4 hours. Cell viability, using a microplate
reader (M1000 PRO, Tecan, USA), was then determined at
450 nm. A total of 5 replicates were used.

2.4. MDA, ET-1, and NO Levels. MDA level was measured
using a Nanjing Jiancheng assay kit to determine lipid per-
oxidation. Level of MDA was measured using the assay kit
following the manufacturer’s instructions. Human plasma
endothelin-1 level (ET-1) was determined using CUSABIO
BIOTECH human ET-1 enzyme-linked immunosorbent
assay (ELISA) kit (Wuhan, China). The NO level was deter-
mined by the Classic Griess Reagent method using a NO
production assay kit.

2.5. Nrf2 Nuclear Translocation. HUVECs were fixed with
4% paraformaldehyde for 15 minutes and blocked with
10% goat serum for 60 minutes and with 2‰ Triton X-100
for 15 minutes at room temperature. Cells were then grown
overnight at 4°C with anti-Nrf2 rabbit polyclonal antibody
(1 : 500 dilution) and then probed for 1 h with goat anti-
rabbit secondary antibody Alexa Fluor ® 488 (1 : 500) at
room temperature under dark conditions. Nuclear staining
was performed using DAPI (100 ng/mL) for 5 minutes and
then observed under a microscope (Nikon).

2.6. Western Blot Analysis. HUVECs were added to ice-cold
RIPA buffer containing inhibitors and PMSF (100mM;
Solarbio, Beijing, CHN) and sonicated. The BCA method
was used to determine protein concentration. Proteins were
transferred to SDS-PAGE gel and separated by electrophore-
sis; then, they were blotted onto the PVDF membrane
(Millipore, Billerica, MA, USA). Nrf2 (1 : 500), NQO1
(1 : 1000), Keap1 (1 : 500), HO-1 (1 : 1000), α-Tubulin
(1 : 2500), and Histone-3 (1: 500) antibodies were used.
The blots were generated using enhanced chemiluminescent
system (ECL Plus, Thermo Fisher, Waltham, MA, USA),
and FluorChem M system (ProteinSimple, San Jose, CA,
USA) was used for signal acquisition. ImageJ software was
used for quantitative analysis of protein, which were then
standardized using the concentration of endogenous α-tubu-
lin and histone-3.
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2.7. Realtime PCR. Total RNA was extracted from HUVECs
using TRIzol reagent and reverse transcribed using a reverse
transcription kit to synthesize first-strand cDNA (RR047A;
Takara, Tokyo, JPN). qPCR amplification was conducted
using SYBR Green on an Applied Bio Systems 7500 Real-
Time PCR system (Applied Bio systems/Thermos Fisher Sci-
entific, Foster City, CA, USA). cDNA was amplified using a
primer pair specific to human TGFβ IL-1β, IL-6, NOX 4,
TNFα, and GADPH. Relative levels of mRNA were stan-
dardized to endogenous control (GAPDH) levels. Primer
sequences are presented in Table 1.

2.8. Immunofluorescence Staining. HUVECs were fixed on
coverslips for 15 minutes at room temperature with 4%
paraformaldehyde. After blocking cells in 10% goat serum
for 1 h and 1‰ Triton-X 100 for 15 minutes, ICAM-1 anti-
body diluted at 1 : 100 was added and the mixture was incu-
bated overnight at 4°C. After washing three times with PBS,
the second Alexa Fluor ® 555 antibody at a concentration of
1μg/mL was added and the mixture incubated for 1 h at
room temperature. Nuclei were stained with 100ng/mL
DAPI for 5min. 1 : 200 dilutions of dihydroethidine (DHE)
were added for 1 hour at room temperature. Covers were
then sealed, and cells were observed under fluorescence
microscopy with an antifade mounting medium (magnifica-
tion, ×20).

2.9. Immunoprecipitation. Immunoprecipitation was used to
determine the level of Nrf2 ubiquitination as described pre-
viously [25]. In summary, cell extracts were treated with a
primary antibody (4μg) and incubated overnight at 4°C.
Cells were then centrifuged at 3000 rpm at 4°C. Bound pro-
teins were eluted in 4x sample buffer by boiling beads. Pre-
cipitated proteins were separated by SDS-PAGE using 6
percent gels followed by Western blot analysis. ImageJ was
used for analysis and quantification of immunoblot data.

2.10. Cell Adhesion Assay. Cells were added into 6-well
plates, and the adhesion assay was performed to determine
the effect of uric acid and ox-LDL on THP-1 cell adhesion
to HUVECs. HUVECs stimulated with UA or ox-LDL were
dyed with green fluorescence (Mito-Tracker Green, Solarbio,
Beijing, China) and incubated on the lower Transwell cham-
ber (8.0μm diameter pore, Corning) at 5% CO2 at 37

°C for
24 h. After 24h in the upper chamber DiI (red fluorescence),
prestained THP-1 cells were cocultured with HUVECs for
4 h. After washing, the adhesion rate of THP-1 cells was
determined by observation under a fluorescence microscope
(Olympus BX50).

2.11. Development of Microfluidic Devices. As previously
described [26], microdevices were designed using standard
microfabrication techniques. PDMS prepolymer (10 : 1 =
base: curing agent) was degassed and filled in equipped mas-
ters before sealing it irreversibly with a clean glass substrate.
The unit used for cell culture had one entry, one outlet, and
four chambers measuring 200μm in height, 1mm in width,
and 2 cm in length.

2.12. Statistical Analysis. The GraphPad Prism-7.0 applica-
tion was used to do all statistical calculations. The mean ±
standard deviation was used to express all of the data. To
identify differences among various groups, one-way or
two-way ANOVA was used, followed by a Tukey post hoc
test for pairwise comparison. P < 0:05 was used to determine
statistical differences.

3. Results and Discussion

3.1. Effect of Uric Acid and ox-LDL on HUVECs. The CCK-8
assay was used to investigate the effect of varying ox-LDL
concentrations on HUVEC viability. Cell viability gradually
decreased with an increase in ox-LDL concentration
(Figures 1(a) and 1(b)). MDA and DHE staining were used
for determination of ROS levels in HUVECs after treatment
different concentrations of ox-LDL. Increased ox-LDL con-
centration resulted in a considerable increase in MDA levels
(Figure 1(c)). The intensity of DHE staining increased as the
concentration of ox-LDL increased, according to the find-
ings (Figures 1(d) and 1(e)). ICAM-1 staining was used to
detect occurrence of inflammatory response after treatment
with different concentrations of ox-LDL. Similarly, as the
concentration of ox-LDL increased, the fluorescence inten-
sity of ICAM-1 increased considerably (Figures 1(f)–1(g)).
Treatment with different high concentrations of uric acid
(6 to 18mg/dL) showed strong (P < 0:05) cytotoxicity
towards HUVECs.

Treatment with concentration of UA ≥ 6mg/dL signifi-
cantly decreased cell viability (Figures 2(a) and 2(b)). In
addition, a significant increase in fluorescence intensity of
DHE and ICAM-1 was observed (Figures 2(c)–2(f)). How-
ever, treatment with 1-5mg/dL uric acid had no effect on cell
viability.

Treatment of HUVECs with UA and ox-LDL showed
strongest cell viability at 5mg/dL UA concentration com-
pared with treatment with ox-LDL (100μg/mL) alone
(Figures 3(a) and 3(b)). Pretreatment with 5mg/dL uric acid
significantly decreased MDA level by 53% (P < 0:05;
Figure 3(c)). Similarly, the fluorescence intensity of DHE
and ICAM1 were weakest after treatment with 5mg/dL
UA (Figures 3(d)–3(g)). These findings show the stable dose
range for uric acid against HUVECs cell line for subsequent
studies and show that the adverse effect of ox-LDL can be
attenuated by uric acid. Subsequent experiments were per-
formed using 5mg/dL uric acid.

3.2. Uric Acid Attenuated HUVEC Injury Induced by ox-
LDL. Further, the effect of uric acid protected HUVECs
against ox-LDL-induced inflammation and oxidative stress.
Fluorescence intensity of DHE staining and ICAM-1 stain-
ing in the ox-LDL group increased by 386% and 484%,
respectively (P < 0:05 vs. the control group; Figures 4(a)–
4(c)). Notably, uric acid (5mg/dL)+ox-LDL (100μg/mL)
treatment reduced fluorescence intensity of DHE staining
and ICAM-1 staining by 61.6% and 50.2%, respectively
(P < 0:05 vs. the ox-LDL group; Figures 4(a)–4(c)). The con-
trol group and uric acid group showed no significant differ-
ence in fluorescence staining (P > 0:05). Furthermore,
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treatment with UA (5mg/dL) significantly reduced ox-LDL-
induced inflammatory responses in HUVECs, as shown by a
significant decrease in monocyte adhesive capacity (P < 0:05
vs. the ox-LDL group; Figures 4(d)–4(f)). Levels of NO and
ET-1 in the culture medium were determined to explore
the effect of UA treatment on endothelial function in ox-
LDL-induced HUVECs damage. ET-1 levels were slightly
higher whereas NO production levels were decreased in the
ox-LDL group (P < 0:05 vs. the control group; Figures 4(g)
and 4(h)). In addition, the uric acid (5mg/dL)+ox-LDL
(100μg/mL) group showed significantly lower ET-1 levels
and higher NO production levels compared with the levels
in the ox-LDL group (P < 0:05; Figures 4(g) and 4(h)).

3.3. Activation of Nrf2 Is Consistent with the Protective Effect
of Uric Acid against ox-LDL-Induced HUVEC Injury. To
explore the correlation between the protective effect of uric
acid on ox-LDL-induced HUVEC injury and Nrf2 activa-
tion, cytosolic and nuclear compartments of HUVEC cells
were fractionated and immunoblotted. Treatment with uric
acid (5mg/dL)+ox-LDL (100μg/mL) resulted in 2.33-fold
and 3.44-fold increase in cytoplasmic Nrf2 protein levels
and resulted in 1.62-fold and 4.14-fold increase in nuclear
Nrf2 protein levels compared with the levels in the control
and ox-LDL groups (P < 0:05; Figures 5(a)–5(c)). Addition-
ally, determination of protein level of keap1 showed that uric
acid and ox-LDL did not affect the expression of Keap1
(Figure 5(d)). To further verify that uric acid protects
HUVECs injured by ox-LDL through the Nrf2 pathway,
cells were cotreated with brusatol. Expression levels of total
Nrf2, HO-1, and NQO1 were determined through Western
blotting (Figure 5(e)). On the contrary to treatment with
ox-LDL alone, uric acid pretreatment increased expression
levels of total Nrf2, HO-1, and NQO1 by 60%, 63.5%, and
106.5%, respectively (P < 0:05; Figures 5(f)–5(h)). Also, ET-
1 levels were significantly reduced compared with the levels
in the ox-LDL group whereas levels of NO production were
significantly increased in the UA+ox-LDL group (P < 0:05,
Figures 5(i) and 5(j)). However, these changes were reversed
by administration with brusatol. Further, immunofluores-
cence staining was performed to explore the subcellular dis-
tribution of Nrf2. Analysis showed that expression levels of
Nrf2 in the control group were significantly higher in the

cytoplasm, whereas lower expression levels were observed
in the nucleus. On the contrary in the UA+ox-LDL group,
Nrf2 was mainly localized in the nucleus. Treatment with
the inhibitor showed reduction in Nrf2 levels in the nucleus
compared with the levels in the UA+ox-LDL group
(Figure 5(l)).

3.4. Uric Acid Suppressed Nrf2 Ubiquitination and
Degradation. Nrf2 is a main regulator of the transcription
of several antioxidant genes that protect cells against oxida-
tive stress. In this study, treatment with 5mg/dL uric acid
significantly increased Nrf2 protein levels in nucleus and
cytoplasm. Therefore, ubiquitin protein level and its interac-
tion with Nrf2 were determined through immunoprecipita-
tion. Notably, addition of proteasome inhibitor MG132
showed significant decrease in levels of ubiquitin protein in
Nrf2 immunoprecipitation from uric acid treated cells.
However, the protein expression level of Nrf2 showed a sig-
nificant increase (Figures 5(m) and 5(k)).

3.5. Effects of Uric Acid on Inflammation and Oxidative
Stress Caused by ox-LDL in Microfluidic Devices. The vascu-
lar microfluidic model was used to verify the stable and
appropriate concentration of uric acid for establishing a
mouse model in vivo (Figures 6(a)–6(c)). HUVECs were
incubated with ox-LDL (100μg/mL) with or without uric
acid (5mg/dL) for 24 h under low shear stress (5μL/min)
in a microfluidic sdevice (Figure 6(b)). THP-1 cells and
HUVECs were cocultured in a microfluidic system for 4
hours under low shear pressure (Figures 6(c) and 6(d)).
Analysis showed that HUVECs treated with UA attenuated
THP-1 cell adhesion compared with those treated with ox-
LDL alone. qPCR analysis was used to determine mRNA
expression level of TGFβ, IL-1β Nox4, IL-6, and TNF α to
further explore the anti-inflammatory and antioxidant effect
of uric acid in ox-LDL-treated HUVECs. Treatment with ox-
LDL significantly increased expression levels of above genes
(P < 0:05 vs. the control; Figure 6(e)). Notably, pretreatment
with uric acid (5mg/dL) resulted in 53.9%, 59.6%, 93.8%,
32.3%, and 74.2% decrease in mRNA expression level of
TGFβ, IL-1β, Nox4, IL-6, and TNFα, respectively (P = 0:05
vs. the ox-LDL group; Figure 6(e)).

Table 1: Primers used for quantitative real-time PCR analysis.

Gene Forward Primer Reverse primer

TGFβ 5′-CGCCGAGCCCTGGACACCAACTA-3′ 5′-GACAGCTGCTCCACCTTGGGCTT-3′
NOX4 5′- CCGAACACTCTTGGCTTACCTCC-3′ 5′- AGCAGCCCTCCTGAAACATGCAA-3′
TNFα 5′- CACGCTCTTCTGCCTGCTGCACT-3′ 5′- GGTACAGGCCCTCTGATGGCACCAC-3′
IL-1β 5′-TCCAGCTACGAATCTCCGACCAC-3′ 5′-TGGGCAGACTCAAATTCCAGCTT-3′
IL-6 5′- AGCCACTCACCTCTTCAGAACGA-3′ 5′- ACTTTTGTACTCATCTGCACAGCTC-3′
GAPDH 5’-CACCATCTTCCAGGAGCGAGATCCC-3’ 5’-CCATCACGCCACAGTTTCCCGGAGG-3’
TGFβ, transforming growth factor-β; Nox4, nicotinamide adenine dinucleotide phosphatase oxidase 4; IL-1β, Interleukin-1β; IL-6, Interleukin-6; TNF-α,
Tumor necrosis factor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 1: Continued.
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4. Discussion

Uric acid is considered a neuroprotective agent for Parkin-
son’s disease. And uric acid has direct and indirect neuro-
protective effects [27, 28]. However, the mechanisms that
underlie the protection of uric acid in cardiovascular
remains poorly understood. In this study, we evaluated the
effect of uric acid on ox-LDL-induced HUVECs damage.
We found that ox-LDL (100μg/mL) reduced cell viability
and increased the level of MDA, while the effect of uric acid
(5mg/dL) for 24h reversed this effect. The findings of this
study showed that UA was effectively inhibited ox-LDL-
induced HUVEC damage in vitro. The protective effect
was mediated through (1) inhibition of ROS production,
(2) suppression of inflammation, and (3) inhibition of Nrf2
ubiquitination, induction of Nrf2 nuclear translocation,
and induction of HO-1 and NQO1 gene expression as
shown in Figure 7. Notably, protective effects caused by
UA were reversed by treatment with brusatol. These findings
showed that UA protected HUVECs from ox-LDL damage
through induction of Keap1-Nrf2-ARE pathway activation.

Several essential mechanisms, including oxidative stress
[29], vascular endothelial damage [30], and the release of
inflammatory mediators [31], can initiate and exacerbate
atherosclerosis, which is a contributing factor in many car-
diac and cerebral vascular disorders. ox-LDL is implicated
in the initiation and progression of atherosclerosis, through
endothelial damage, adhesion molecule expression, and leu-
kocyte recruitment and retention [32]. Accumulation of ox-
LDL in the blood vessel wall can cause early vascular dys-
function, significantly decreasing NO production and
increasing ROS [33]. These changes affect vascular endothe-
lial function and promote atherosclerosis-related pathogenic
processes. In previous studies, they demonstrated that ox-
LDL (100-150μg/mL) exposure reduced cell viability [34,
35]. Consistent with the previous studies, the findings of
the current study showed that high ox-LDL concentration

(20-200μg/mL) induced cytotoxic effects, directly up-
regulated production of ROS, significantly increased MDA
level, and enhanced expression of ICAM1 in HUVECs
(Figure 1). Therefore, we used ox-LDL as a drug to induce
endothelial injury of HUVECs as an in vitro model to study
the protective effect of uric acid on HUVECs.

Endothelial cells play a key role in maintaining the phys-
iological functions of the cardiovascular system by regulat-
ing blood circulation, coagulation, angiogenesis, and
inflammation [36]. The present study shows that uric acid
can inhibit ROS production, and suppress inflammation
responses of HUVECs exposed to ox-LDL (Figure 4), which
is in accordance with a clinical trial study that reported using
intravenous uric acid injections in healthy and diabetes vol-
unteers can restore endothelial function in diabetes patients
who are regular smokers [37]. Previous studies also reported
that short-term administration can enhance the physiologi-
cal effects of uric acid to avoid oxidative and free-radical
driven tissue damage, such as sepsis. Early use of combina-
tion of uric acid and antioxidants results in a significant
increase in cardiovascular hemodynamic [38]. Furthermore,
administration of uric acid and vitamin C to healthy volun-
teers showed a significant enhancement in serum free-
radical scavenging capacity from baseline, with no adverse
effects observed after administration of 1,000mg uric acid
[39]. However, our results are also contradictory to previous
reports on the effect of uric acid on cardiovascular disease.
For example, epidemiological studies have also shown that
serum uric acid levels are related to hypertension, dyslipide-
mias, diabetes, chronic kidney disease, atrial fibrillation, and
cardiovascular events [5–11]. Basic experimental researches
have shown that uric acid leads to endothelial dysfunction
by activating NADPH oxidase, activating the RAAS system,
and increasing oxidative stress and inflammation [24, 40]. In
the current study, we observed that 0-5mg/dL uric acid did
not induce HUVEC damage (Figure 2), and 5mg/dL uric
acid can significantly reduce endothelial damage caused by
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Figure 1: HUVEC injury caused by ox-LDL stimulation at different concentrations HUVECs were stimulated with 0, 10, 20, 50, 100, and
200μg/mL ox-LDL for 24 h. Changes in (a) cell morphology in different groups. (b) Cell survival rate in different groups by CCK-8 assay.
Scale bar = 200μm. (c) Changes in MDA levels. (d, e) DHE immunofluorescence image and densitometry analysis of immunofluorescent
intensity of DHE. Scale bar = 50 μm. (f, g) ICAM1 immunofluorescence image and densitometry analysis of immunofluorescent intensity
of ICAM1. Scale bar = 50μm. DHE: dihydroethidium; HUVECs: human umbilical vein endothelial cells; ox-LDL: oxidized low-density
lipoprotein; MDA: malondialdehyde. The statistical analyses were done using GraphPad Prism V-7.0 software. Data are expressed as the
mean ± standard deviation (n = 3). One-way ANOVA was used in statistical analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001,
and ∗∗∗∗P < 0:0001 versus the control.
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Figure 2: Continued.
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ox-LDL (Figure 4). However uric acid (>5mg/dL) had
adverse effects on HUVEC (Figure 2) and >5mg/dL uric
acid had a synergistic effect on endothelial cell damage with
ox-LDL (Figure 3). This phenomenon is because different
concentrations of uric acid will produce different effects.
As we all know, the physiological role of uric acid is a pow-
erful antioxidant [12]. As the level of uric acid in the body
increases, the absorption of uric acid into endothelial cells
through uric acid transporters increases, leading to inflam-
mation, oxidative stress, eNOS dephosphorylation, and
endothelial dysfunction by reducing the bioavailability of
NO [41].

This study showed that uric acid activated the Nrf2 anti-
oxidant pathway and had a protective effect on endothelial
damage induced by ox-LDL (Figure 5). Previous studies
report that Nrf2 plays a key role in promoting cell redox
homeostasis, thus maintaining cardiovascular health [42,
43]. Several experimental studies have determined the role
of Nrf2 on expression of oxidative stress defense genes and
protection of vascular health [43], and overexpression of
Nrf2 in endothelial cells can reduce expression levels ofinter-

leukin1β (IL-1β), tumur necrosis factor (TNF), and protein
1 vascular cell adhesion (VCAM1) and protein 1 monocyte
chemoattractant (MCP-1) [43]. However, low Nrf2 activity
promotes to overexpression of proinflammatory chemokines
and adhesion molecules in endothelial cells [44]. Our results
showed that ox-LDL promoted oxidative stress, reduced
Nrf2 protein expression, and Nrf2 nuclear translocation
(Figure 5), which is inconsistent with previous reports [34,
45]. This contradiction may be because ox-LDL can induce
endothelial cell senescence [46], and endothelial cell senes-
cence is caused by transcriptional inhibition of Nrf2 expres-
sion [35, 47]. In previous studies, UA reduced the
ubiquitination and degradation of Nrf2, promoted its
nuclear translocation, and promoted the transcription and
translation of antioxidant genes targeted by Nrf2, thereby
providing neuroprotection to dopaminergic cells against 6-
OHDA toxicity [48]. Therefore, the activation of Nrf2 may
be an important mechanism of uric acid against atheroscle-
rosis, but it has not been reported in the literature. In our
study, UA stimulation increased the protein expression of
Nrf2 in the nucleus and cytoplasm, suggesting that UA
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Figure 2: Changes of HUVECs under the stimulation of different concentrations of uric acid HUVECs were stimulated with 0, 1, 2, 3, 5, 6, 9,
12, 15, and 18mg/dL uric acid for 24 h. Changes in (a) cell morphology in different groups. Scale bar = 200μm. (b) Cell survival rate in
different groups by CCK-8 assay. (c, d) DHE immunofluorescence image and densitometry analysis of immunofluorescent intensity of
DHE. Scale bar = 50μm. (e, f) ICAM1 immunofluorescence image and densitometry analysis of immunofluorescent intensity of ICAM1.
Scale bar = 50μm. DHE: dihydroethidium; HUVECs: human umbilical vein endothelial cells. The statistical analyses were done using
GraphPad Prism V-7.0 software. Data are expressed as the mean ± standard deviation (n = 3). One-way ANOVA was used in statistical
analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 versus the control.
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Figure 3: Continued.
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treatment can promote the translocation of Nrf2 into the
nucleus and reduce Nrf2 ubiquitination (Figure 5). But it
did not affect the expression of Keap1 protein, suggesting
that uric acid can enhance the stability of Nrf2 at the protein
level. It is generally believed that the chemical activation of
Nrf2 is due to the separation of Nrf2 from Keap1, allowing
Nrf2 to escape from Keap1-mediated proteasome degrada-
tion. This structure-activity relationship may be one of the

mechanisms by which uric acid activates Nrf2. Structurally,
UA assumes the form of a ketoenol tautomer, which can
react with the cysteine residue of Keap1, so that the Nrf2
bound by Keap1 cannot be reached by ubiquitin ligase
[49]. This mechanism is consistent with the recently
reported 5,6-dihydrocyclopenta-1,2-dithio-3-thione (CPDT)
and sulforaphane to activate Nrf2 and urate in 6-
hydroxydopamine (6-OHDA) to activate Nrf2.
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Figure 3: Changes of HUVECs under the stimulation of different concentrations of uric acid and fixed concentration ox-LDL. HUVECs
were pretreated with 0, 1, 2, 3, 5, 6, 9, 12, 15, and 18mg/dL uric acid 2 h before 100ug/mL ox-LDL stimulated. Changes in (a) cell
morphology in different groups. Scale bar = 200μm. (b) Cell survival rate in different groups by CCK-8 assay. (c) MDA level in different
groups. (d, e) DHE immunofluorescence image and densitometry analysis of immunofluorescent intensity of DHE. Scale bar = 50μm. (f,
g) ICAM1 immunofluorescence image and densitometry analysis of immunofluorescent intensity of ICAM1. Scale bar = 50μm. DHE:
dihydroethidium; HUVECs: human umbilical vein endothelial cells; ox-LDL: oxidized low-density lipoprotein; MDA: malondialdehyde.
The statistical analyses were done using GraphPad Prism V-7.0 software. Data are expressed as the mean ± standard deviation (n = 3).
One-way ANOVA was used in statistical analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 versus the control.
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Figure 4: Appropriate concentration uric acid attenuated ox-LDL-induced injured in HUVECs. HUVECs were incubated with ox-LDL
(100 μg/mL) for 24 h, with or without uric acid (5mg/dL) preincubated for 2 h. Or HUVECs were incubated with uric acid (5mg/dL)
alone for 24 h. (a) Representative immunofluorescence image of DHE and ICAM1. Scale bar = 50μm. (b) Densitometry analysis of
immunofluorescent intensity of DHE in the HUVECs in different groups. (c) Densitometry analysis of immunofluorescent intensity of
ICAM1 in the HUVECs in different groups. (d–f) Representative images showed adhesive monocytes to HUVECs under uric acid
(5mg/dL) treatment or ox-LDL (100ug/mL) treatment or uric acid (5mg/dL)+ ox-LDL (100 μg/mL). HUVECs were stained by Mito-
Green, determined by green fluorescence, while THP-1 cells were stained by Dil, determined by yellow fluorescence. Quantitation of
adhesive monocytes in different groups was presented in (f). (g) The effect of uric acid and ox-LDL on ET-1 expression in HUVECs. ET-
1 released into the supernatant was measured by ELISA. (h) The effect of uric acid and ox-LDL on NO production in HUVECs. The
results were independently repeated at least three times. DHE: dihydroethidium; HUVECs: human umbilical vein endothelial cells. The
statistical analyses were done using GraphPad Prism V-7.0 software. Data are expressed as the mean ± standard deviation (n = 3). One-
way ANOVA and unpaired t-test was used in statistical analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001
versus the control. #P < 0:05, ##P < 0:01, ###P < 0:001, ####P < 0:0001 versus the ox-LDL group.
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Figure 5: Continued.
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At the same time, consistent with previous studies [49,
50], we found that UA promoted the protein expression of
HO-1 and NQO1 (Figure 5). HO-1 and NQO1 are regu-
lated by Nrf2, which directly affects the body’s antioxidant
balance [20]. Importantly, after the preadministration of
brusatol, the ability of UA to promote the protein expres-
sion of Nrf2/HO-1/NQO1 protein and nuclear transloca-
tion of Nrf2 was significantly hindered, suggesting that

UA may regulate the expression of ARE-related genes by
promoting the activation of Nrf2 and exerting an antioxi-
dant effect. Brusatol treatment could inhibit the protective
effect of UA on HUVECs damaged by ox-LDL. These data
strongly proved the antioxidant effect and endothelial cell
protection effect of UA activating the Nrf2 signaling path-
way. However, this requires further research to evaluate
this mechanism.
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Figure 5: Nrf2 activation is associated with protective effect of uric acid-mediated on ox-LDL induced HUVECs injury. HUVECs were
incubated with ox-LDL (100 μg/mL) for 24 h, with or without uric acid (5mg/dL) preincubated for 2 h. HUVECs were preincubated with
brusatol (300 nM) for 2 h before incubated with UA (5mg/dL)+ox-LDL (100 μg/mL) for 24 h. (a–d) The cytosolic and nuclear
compartments of HUVEC cells were fractionated, cell lysates were analyzed by Western blotting with primary antibodies against Nrf2
and Keap1. Protein levels were quantified by densitometry. α-Tubulin and histone H3 were used as internal controls. (e–h) Cell lysates
were analyzed by Western blotting with primary antibodies against Nrf2, NQO1, and HO-1. Protein levels were quantified by
densitometry. α-Tubulin was used as internal controls. (i) The effect of brusatol, uric acid, and ox-LDL on ET-1 expression in HUVECs.
ET-1 released into the supernatant was measured by ELISA. (j) The effect of brusatol, uric acid, and ox-LDL on NO production in
HUVECs. (k–m) Uric acid inhibited Nrf2 ubiquitination. Cells were treated with or without uric acid (5mg/dL) for 6 h in the presence
of MG132 (25mM). For detecting ubiquitinated Nrf2, samples were subjected to IP with anti-Nrf2, followed by IB with an anti-Ub
antibody. Nrf2 ubiquitination protein levels were quantified by densitometry. (l) Representative pictures showing the subcellular
distribution of Nrf2 (FITC/green) in HUVECs. Nuclei were stained with DAPI (blue). Scale bar = 50μm. The statistical analyses were
done using GraphPad Prism V-7.0 software. Data are expressed as the mean ± standard deviation (n = 3). One-way ANOVA was used in
statistical analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 versus the control. #P < 0:05, ##P < 0:01,
###P < 0:001, and ####P < 0:0001 versus the ox-LDL+UA group.
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Figure 6: Effects of uric acid in microfluidic devices on inflammation and oxidative stress caused by ox-LDL in HUVECs. (a) Schematic
diagram of vascular endothelial cells. (b) Photograph of a prototype. (c) A schematic diagram of cells in the micro chambers. (d) The
microfluidic chambers were perfused with medium containing red THP-1 cells at velocity of 5μL/min. HUVECs were stained by Mito-
Green, determined by green fluorescence. Scale bar = 200μm. (e) The mRNA levels of TGFβ, TNFα, IL-1β, IL-6, and Nox4 were assessed
by reserve transcription PCR. GAPDH served as loading controls. Group data were obtained by normalizing to GAPDH and expressed
as fold of control values. The statistical analyses were done using GraphPad Prism V-7.0 software. Data are expressed as the mean ±
standard deviation (n = 3). One-way ANOVA was used in statistical analyses (n = 3/group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P
< 0:0001 versus the control. #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001 versus the ox-LDL group.
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Currently, it is challenging to establish a stable uric acid
concentration model in mice. Therefore, a microfluidic chip
was used to further verify that an appropriate concentration
of uric acid can reduce vascular damage caused by ox-LDL.
The development of microfluidic organ models is a major
field in bioanalytical chemistry, which is used in biological
research, mainly in drug development. In addition to major
organs including the lungs and liver, blood vessels are signif-
icant targets for biological examination [51]. Under static
conditions, two dimensionally cultured experimental ani-
mals or cells are used to study blood vessels and related dis-
eases. However, the results obtained from animal
experiments are not always applicable to humans, and cells
cultured in vitro are not a good model for vascular disease
due to size differences and lack of blood flow. Three-
dimensional (3D) primary cultures of human cells have been
developed to imitate the human body in recent organ-on-
chip studies. These in vitro models can be used to cultivate
cells in extracellular (ECM) gels to imitate the organ micro-
environment. In the microfluidic chip model, normal blood
vessels, ox-LDL stimulated blood vessels, uric acid-
stimulated blood vessels, and uric acid+ox-LDL costimu-
lated blood vessels were simulated. Immunofluorescence
results showed that ox-LDL significantly increased the
expression of adhesion molecules on HUVECs, but 5mg/dL
uric acid reversed this phenomenon. The microfluidic chip
also showed that uric acid suppressed inflammatory
response and oxidative stress, as evidenced by decreased
mRNA expression of TGFβ, TNFα, IL-1b, IL-6, and Nox4
in HUVEC cells (Figure 6). Previous studies have demon-
strated that HUVECs injured by ox-LDL secreted and
expressed multiple proinflammatory cytokines, including
IL-6, TNFα, IL-1β, and MCP-1 [34, 52], which is consistent
with our in vitro results. These data indicated that the micro-
fluidic model is feasible to mimic the in vivo environment.
Further exploration is needed in the future.

5. Conclusions

Overall, the results showed that suitable concentration UA
can attenuate oxidative stress and inflammatory response
caused by ox-LDL in HUVECs through the Keap1-Nrf2-
ARE pathway (Figure 7). The different concentrations of
uric acid still have important guiding significance for clinical
work. Therefore, although there is need to pay attention to
hyperuricemia, the physiological effect of uric acid should
be considered.
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Objective. This study explored the consistency and differences in the immune cells and cytokines between patients with COVID-19
or cancer. We further analyzed the correlations between the acute inflammation and cancer-related immune disorder. Methods.
This retrospective study involved 167 COVID-19 patients and 218 cancer patients. COVID-19 and cancer were each further
divided into two subgroups. Quantitative and qualitative variables were measured by one-way ANOVA and chi-square test,
respectively. Herein, we carried out a correlation analysis between immune cells and cytokines and used receiver operating
characteristic (ROC) curves to discover the optimal diagnostic index. Results. COVID-19 and cancers were associated with
lymphopenia and high levels of monocytes, neutrophils, IL-6, and IL-10. IL-2 was the optimal indicator to differentiate the two
diseases. Compared with respiratory cancer patients, COVID-19 patients had lower levels of IL-2 and higher levels of
CD3+CD4+ T cells and CD19+ B cells. In the subgroup analysis, IL-6 was the optimal differential diagnostic parameter that had
the ability to identify if COVID-19 patients would be severely affected, and severe COVID-19 patients had lower levels of
lymphocyte subsets (CD3+ T cells, CD3+CD4+ T cells, CD3+CD8+T cells, and CD19+ B cells) and CD16+CD56+ NK cells and
higher level of neutrophils. There were significant differences in the levels of CD3+CD4+ T cells and CD19+ B cells between T1-2
and T3-4 stages as well as IL-2 and CD19+ B cells between N0-1 and N2-3 stages while no significant differences between the
metastatic and nonmetastatic cancer patients. Additionally, there were higher correlations between IL-2 and IL-4, TNF-α and
IL-2, TNF-α and IL-4, TNF-α and IFN-γ, and CD16+CD56+NK cells and various subsets of T cells in COVID-19 patients.
There was a higher correlation between CD3+CD4+ T cells and CD19+ B cells in cancer patients. Conclusion. Inflammation
associated with COVID-19 or cancer had effects on patients’ outcomes. Accompanied by changes in immune cells and
cytokines, there were consistencies, differences, and satisfactory correlations between patients with COVID-19 and those with
cancers.

1. Introduction

A new coronavirus appeared in 2019 after two major infec-
tious disease pandemics caused by the severe acute respira-
tory syndrome coronavirus (SARS-CoV) and the Middle
East respiratory syndrome coronavirus (MERS-CoV) in
2002 and 2012, respectively. The virus was named SARS-
CoV-2 by the Coronaviridae Study Group (CSG) of the
International Committee on Taxonomy of Viruses [1].
Coronavirus disease 2019 (COVID-19) caused by SARS-
CoV-2 has a wider and deeper impact and has been declared
a Public Health Emergency of International Concern
(PHEIC) by the World Health Organization (WHO). There

were more than 50 million confirmed cases and more than 1
million deaths by November 2020, and the virus remains a
threat to human health [2]. After SARS-CoV-2 infection,
the body activates innate and adaptive immunity to imple-
ment an immune response, which results in distinct hetero-
geneity of COVID-19 by involving a series of physiological
and pathological mechanisms, such as mild respiratory
symptoms and severe respiratory diseases. Acute inflamma-
tion is critical for the regulation of tissue repair, regenera-
tion, and homeostasis. In patients with severe COVID-19,
activated immune cells produce various cytokines, and then,
cytokines act on immune cells and create an amplified
inflammatory cascade. Lung injury and death are mainly
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induced by an excessive inflammatory response [3]. Lym-
phocyte and macrophage infiltration into the lung paren-
chyma often occurs in COVID-19 patients [4].

Cancer, the enemy of mankind, is always harmful to
human health. The incidence and mortality of cancer are
rapidly increasing around the world. According to the GLO-
BOCAN 2020 report by the International Agency for
Research on Cancer, it was estimated that there were
approximately 19.3 million new cancer cases and nearly 10
million cancer deaths worldwide in 2020 [5]. In past
decades, there was interest in studying the immune-
inflammatory response that occurs in cancer. Infectious
(Helicobacter pylori, human papillomavirus, and hepatitis B
virus) and noninfectious stimulation (obesity, smoking,
and alcohol consumption) can lead to the proliferation and
activation of immune cells and cytokines and the formation
of an inflammatory microenvironment. The stimulation of
chronic inflammation easily promotes the occurrence, pro-
gression, and metastasis of cancer and cancer-related
immune disorder persists and forms the tumor microenvi-
ronment [6–8].

Numerous studies have shown that there are significant
changes in immune cells and cytokines during the occur-
rence and development of COVID-19 and cancer. Tan and
Yang [9] revealed that SARS-CoV-2 can activate various
immune cells (T cells, B cells, macrophages, and natural
killer (NK) cells) and cytokines (interleukin- (IL-) 2, IL-4,
IL-6, interferon- (IFN-) γ, and tumor necrosis factor-
(TNF-) α), which can lead to excessive inflammation and
pulmonary immunopathology. Dranoff’s study in 2004
found that there were complex immune cells and cytokines
in the tumor microenvironment, and the interaction
between them played a decisive role in the antitumor
immune response [10].

In this study, we analyzed the immune cells and cyto-
kines between COVID-19 and cancer patients to explore
the consistency, difference, and differential diagnostic effi-
ciency of these indexes between the acute inflammation
and cancer-related immune disorder. In addition, COVID-
19 and cancer patients were each divided into two groups
according to the condition of severity and metastasis. We
analyzed the immune cells and cytokines of the four sub-
groups to discover the correlations, influencing factors, and
the optimal diagnostic indexes among COVID-19 and can-
cer patients.

2. Materials and Methods

2.1. Patients. We retrospectively recruited 167 and 218
patients who were diagnosed with COVID-19 or cancer at
the Zhongnan Hospital of Wuhan University from Decem-
ber 2018 to October 2020, respectively. There were 86 male
and 81 female patients with COVID-19, with a median age
of 58 (range 17-93 years). According to the clinical classifica-
tion standard of the 7th edition of Guidelines for the Diag-
nosis and Treatment of COVID-19, those with severe or
critical disease were classified as the severe group, while mild
and ordinary types were classified as nonsevere groups.
There were 51 severe and 116 nonsevere patients. There

were 152 males and 66 females with a median age of 57
(range 9-85 years) who had respiratory and nonrespiratory
cancers. There were 96 nonmetastatic and 29 metastatic can-
cer patients, and the status of 93 cancer patients was
unknown.

2.2. Inclusion Criteria and Enrollment. The inclusion criteria
in this study were (1) patients with definite diagnosis of
COVID-19 and solid cancers and (2) patients with complete
records of immune cells and cytokines. Exclusion criteria
were as follows: (1) patients with both COVID-19 and can-
cers, (2) patients with hematological malignancy, and (3)
patients with incomplete medical records.

2.3. Physical Examination and Hematological Data. Periph-
eral blood cells, such as neutrophils, lymphocytes, and
monocytes, were analyzed with a Beckman Coulter DxH
800 automated blood analyzer according to the manufac-
turer’s instructions (Beckman, California, USA). Serum
cytokines, including IL-2, IL-4, IL-6, IL-10, TNF-α, and
IFN-γ, were analyzed by BD FACSCalibur flow cytometry
according to the manufacturer’s instructions. Peripheral
absolute cell counts of CD3+ T cells, CD3+CD4+ T cells,
CD3+CD8+ T cells, CD19+ B cells, and CD16+CD56+natural
killer (NK) cells were obtained by flow cytometry according
to the manufacturer’s instructions.

2.4. Statistical Analysis. The statistical analyses were con-
ducted by IBM SPSS version 22.0 software (SPSS, Chicago,
IL). Quantitative and qualitative variables were measured
by one-way ANOVA and chi-square test, respectively. Pair-
wise comparisons and correlation analyses between groups
were plotted by GraphPad Prism v7.0 software. The receiver
operating characteristic (ROC) curve was applied to assess
the diagnostic efficiency of various immune indicators. A
p value < 0.05 was considered statistically significant.

3. Results

3.1. Baseline Characteristics between COVID-19 and Cancer
Patients. The patients recruited in our study consisted of
those with COVID-19 or cancer of various types. The gen-
eral parameters of the patients were shown in Table 1. Can-
cer was common in men and younger patients, with
respiratory cancers being the most common. There were sig-
nificant differences between metastatic and nonmetastatic
cancer patients as well as between severe and nonsevere
COVID-19 patients. Moreover, most cytokines and immune
cells were significantly different, including IL-6, IL-10, CD3+

T cells, CD3+CD4+ T cells, 4/8 ratio, and CD19+ B cells.

3.2. Variance Analysis of Immune Cells and Cytokines in
Different Groups. COVID-19 and cancer patients were each
further divided into two subgroups, for a total of four
subgroups, and the logarithmic levels of immune cells and
cytokines were displayed in Figure S1. There were 96
nonmetastatic and 29 metastatic cancer patients, and 116
nonsevere and 51 severe COVID-19 patients, respectively
(Table 1). Immune cells and cytokines of COVID-19 and
cancer patients were analyzed by one-way ANOVA
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Table 1: Baseline parameters between COVID-19 and cancer
patients.

Variables n p

Sex ≤0.001
Cancer

Male 152

Female 66

COVID-19

Male 86

Female 81

Age 0.646

Cancer

<60 120

≥60 98

COVID-19

<60 88

≥60 79

COVID-19 ≤0.001
Nonsevere 116

Severe 51

Cancer type 0.104

Respiratory system 121

Nonrespiratory system 97

Cancer distant metastasis ≤0.001
M0 96

M1 29

Unknown 93

IL-2 0.906

Cancer

Normal 195

High 23

COVID-19

Normal 150

High 17

IL-4 0.156

Cancer

Normal 198

High 20

COVID-19

Normal 144

High 23

IL-6 ≤0.001
Cancer

Normal 48

High 170

COVID-19

Normal 83

High 84

IL-10 ≤0.001

Table 1: Continued.

Variables n p

Cancer

Normal 188

High 30

COVID-19

Normal 118

High 49

IFN-γ 0.105

Cancer

Normal 218

High 0

COVID-19

Normal 165

High 2

TNF-α 0.850

Cancer

Normal 217

High 1

COVID-19

Normal 166

High 1

CD3+Abs Cnt 0.028

Cancer

Normal 102

Low 116

COVID-19

Normal 97

Low 70

CD3+CD4+Abs Cnt 0.003

Cancer

Normal 126

Low 92

COVID-19

Normal 121

Low 46

CD3+CD8+Abs Cnt 0.109

Cancer

Normal 79

Low 139

COVID-19

Normal 74

Low 93

4/8 ratio 0.014

Cancer

Normal 110

High 56

Low 52
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(Figure 1). The results showed that there were significant
differences in the levels of IL-2, IL-10, absolute count of
lymphocyte subsets (CD3+ T cells, CD3+CD4+ T cells,
CD3+CD8+ T cells, and CD19+ B cells), CD16+CD56+ NK
cells, and neutrophils between patents with COVID-19 and
cancers. Moreover, immune cell levels were statistically
different between COVID-19 subgroups, including
lymphocyte subsets, NK cells, and neutrophils, whereas there
was no significant difference between metastatic and
nonmetastatic cancer subgroups (Figure 1). Moreover, we
further analyzed immune cells and cytokines in different T
stages, N stages, and differentiation of cancers (Table S1).
There were significant differences in the levels of CD3+CD4+

T cells and CD19+ B cells between T1-2 and T3-4 stages as
well as IL-2 and CD19+ B cells between N0-1 and N2-3 stages
(Figure S2).

There were 121 patients with respiratory cancers and
97 patients with nonrespiratory cancers (Table S1). And
there were significant differences in the levels of NK cells
and neutrophils between squamous carcinoma and
adenocarcinoma in patients with respiratory cancers as well
as NK cells between patients with distant and nondistant
metastatic respiratory cancers (Figure S2). A further analysis
was conducted of immune cells and cytokines among
patients with COVID-19 or cancer. The results suggested
that there were significant differences in the levels of IL-2,
IL-6, IL-10, CD3+ T cells, CD3+CD4+T cells, and CD19+ B
cells (Figure 2).

3.3. Correlation Analysis of Immune Cells and Cytokines. A
correlation analysis was performed on immune cells and
cytokines among patients with COVID-19 or cancer
(Figure 3). The results suggested that there was a satisfactory
correlation among most of these inflammatory markers, and
the correlation analysis was plotted (Figure 4). In the severe
COVID-19 group, the correlation coefficients between IL-4
and IL-2, CD16+CD56+ NK cells and CD3+ T cells, CD16+-

CD56+ NK cells and CD3+CD4+ T cells, CD16+CD56+ NK
cells and CD3+CD8+ T cells, TNF-α and IL-2, TNF-α and
IL-4, and TNF-α and IFN-γ were 0.961, 0.804, 0.659,
0.848, 0.733, 0.7, and 0.629, respectively. In the nonsevere
COVID-19 group, the correlation coefficients of IL-4 and
IL-2, TNF-α and IL-2, TNF-α and IFN-γ, and TNF-α and
IL-4 were 0.887, 0.795, 0.699, and 0.674, respectively. In
the metastatic group, the correlation coefficient between
IL-4 and IL-2, and CD3+CD4+ T cells and CD19+ B cells
were 0.848 and 0.655, respectively. Additionally, the corre-
lation coefficients were 0.66 and 0.598 in the nonmetastatic
group for two pairs of indexes, respectively. Moreover, the
correlation coefficients for IL-4 and IL-2, IL-4 and TNF-α,
and NK cells and T cells were the lowest in nonmetastatic
patients, followed by metastatic and nonsevere COVID-19
patients, and were the highest in severe COVID-19
patients. The correlation coefficients for TNF-α and IL-2,
and TNF-α and IFN-γ were higher in the COVID-19 group
than that in the cancer group, while the correlation coeffi-
cients between CD3+CD4+ T cells and CD19+ B cells were
higher in the cancer group than that in the COVID-19
group (Figure 3).

Table 1: Continued.

Variables n p

COVID-19

Normal 90

High 56

Low 21

CD19+AbsCnt 0.019

Cancer

Normal 35

Low 183

COVID-19

Normal 43

Low 124

CD16+CD56+AbsCnt 0.403

Cancer

Normal 102

Low 116

COVID-19

Normal 71

Low 96

LYM 0.625

Cancer

Normal 111

High 1

Low 106

COVID-19

Normal 89

Low 78

NEU 0.260

Cancer

Normal 144

High 53

Low 21

COVID-19

Normal 122

High 35

Low 10

MONO 0.268

Cancer

Normal 148

High 65

Low 5

COVID-19

Normal 126

High 38

Low 3

Abbreviations: M: metastasis; CD3+Abs: absolute count of CD3+T cells;
CD3+CD4+Abs: absolute count of CD3+CD4+T cells; CD3+CD8+Abs:
absolute count of CD3+CD8+T cells; CD19+Abs: absolute count of CD19+
B cells; CD16+CD56+Abs: absolute count of CD16+CD56+NK cells; LYM:
lymphocyte; NEU: neutrophil; MONO: monocyte.
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In addition, there was a significant correlation between
immune cells and cytokines (Figure 5). Monocytes were
negatively correlated with IL-2, IL-4, and TNF-α in the
COVID-19 severe group. In the metastatic group, neutro-
phils were positively correlated with IL-10. In the nonmeta-
static group, NK cells and lymphocytes were positively
correlated with IL-2 and negatively correlated with IL-6,
and T cells were positively correlated with IL-4 and TNF-α
and negatively correlated with IL-6 and IL-10.

3.4. ROC Curve Analysis of Immune Cells and Cytokines.We
used ROC curves to explore the ability of immune cells and
cytokines to differentiate between COVID-19 and cancers
(Figure 6(a)). The area under the ROC curve (AUC) for
IL-2 (0.741, 0.687-0.796) was larger than that for the other

indexes, indicating that IL-2 was the most optimal differen-
tial diagnostic value between the two diseases. The AUC of
the cytokines IL-4, IL-6, IL-10, IFN-γ, and TNF-α was
0.679, 0.669, 0.541, 0.647, and 0.553, respectively. The AUCs
of the CD3+CD4+ T and CD19+ B immune cells were 0.606
and 0.61, respectively. We further investigated the ability of
immune indexes to differentiate between severe and nonse-
vere COVID-19 (Figure 6(b)). The AUCs of immune
indexes such as IL-6, IL-10, neutrophils, CD3+ T cells,
CD3+CD4+ T cells, CD3+CD8+ T cells, CD19+ B cells,
CD16+CD56+ NK cells, and lymphocytes were 0.848,
0.743, 0.768, 0.792, 0.791, 0.76, 0.746, 0.733, and 0.839,
respectively. These results suggested that there was more
optimal differential diagnostic value for IL-6 and lympho-
cytes between the two groups of COVID-19 patients.
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Figure 1: Analysis of immune cells and cytokines in the four subgroups of patients with COVID-19 or cancer. n: nonsevere; s: severe. (a) IL-
2 (left), IL-10 (middle), and CD3+ Abs (right). (b) CD3+CD4+ Abs (left), CD3+CD8+ Abs (middle), and CD19+ Abs (right). (c)
CD16+CD56+ Abs (left), LYM (middle), and NEU (right).
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However, they exhibited poor diagnostic efficiency in differ-
entiating distant metastatic patients from nonmetastatic
patients (Figure S3).

4. Discussion

Most studies have shown that COVID-19 is often accompa-
nied by lymphopenia, and high levels of neutrophils and
mononuclear macrophages in patients. Cytokine storms with
significant increases in IL-6 and IL-10 often occur in patients
with severe COVID-19 and may play an important role in
the development of lymphopenia, high neutrophils, and high
mononuclear macrophages [11–13]. Giamarellos-Bourboulis
et al. [14] reported that immune dysregulation in cases of
severe COVID-19 was mainly characterized by low expression
of IL-6-mediated human leukocyte antigen D-related (HLA-
DR) and a decrease in lymphocytes and NK cells. Jamilloux
et al. [15] found that the type I IFN response was prolonged
or decreased in COVID-19 patients, the innate and adaptive
immune responses were suppressed, and both NK cells and
lymphocyte subsets were reduced, which indicates that
SARS-CoV-2 is not subject to immune control.

An excessive inflammatory response is significantly cor-
related with poor prognosis in COVID-19 patients. More-
over, Li et al. [16] showed that IL-2, IL-4, IFN-γ, and
TNF-α levels were not significantly different between
deceased patients and survivors of COVID-19, and the abso-
lute counts of CD3+ T cells, CD3+ CD4+ T cells, and CD3+-

CD8+ T cells in the deceased group were always at a low

level. Wu et al. [17] showed that there were no significant
differences in IL-6, IFN-γ, TNF-α, or lymphocyte levels
between patients with mild and moderate COVID-19, while
the IL-10 level was significantly increased, and the neutro-
phil level was significantly decreased in the moderate group.

In this study, there were no significant differences in
cytokines between the severe and nonsevere COVID-19
groups. In accordance with the conclusion of previous stud-
ies, the neutrophils were significantly elevated, and the abso-
lute counts of CD3+ T cells, CD3+CD4+ T cells, CD3+CD8+

T cells, CD19+ B cells, and NK cells were significantly
decreased in patients with severe COVID-19. Moreover,
ROC curve analysis suggested that IL-6 was the optimal
diagnostic index to distinguish severe and nonsevere
COVID-19 in patients.

Currently, many studies have proved the relationship
between chronic inflammation and the occurrence and
development of cancers. Our previous studies also reported
the relationship between immune cells and prognosis of can-
cer [18]. Neutrophils and monocytes can induce immune
tolerance, distant metastasis, chemotherapy resistance, and
cancer progression by forming tumor-associated neutrophils
(TAN) and tumor-associated macrophages (TAM). The
effective immunity of cancer mainly depends on the func-
tion of NK cells and CD3+CD8+ T cells, as cytotoxic lym-
phocytes of the innate and adaptive immune system,
respectively [19–21]. Toyoshima et al. [22] reported that
high levels of IL-6 can interfere with type-I IFN signals in
the immune system and is accompanied by low expression
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Figure 2: Analysis of immune cells and cytokines in three groups of patients with COVID-19 or cancer. Resp: respiratory cancer; Non-resp:
nonrespiratory cancer. (a) IL-2 (left), IL-6 (middle), and IL-10 (right). (b) CD3+ Abs (left), CD3+CD4+Abs (middle), and CD19+ Abs (right).
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of major histocompatibility complex class I (MHC I) mole-
cules, which can then weaken the antitumor effect of CD3+-

CD8+ T cells and promote tumor growth, development, and
distant colonization. IL-10, an anti-inflammatory cytokine,
protects the body from damage caused by immune overre-
action, while IL-10 in cancer has two opposite effects. A
high level of IL-10 has an immunosuppressive effect that
facilitates the immune escape of cancer cells, but IL-10
also has an antitumor effect by increasing the infiltration
of CD3+CD8+ T cells and the production of IFN-γ in tis-
sues, which may be related to the fact that IL-10 targets
different cells (myeloid and T cells) in different cancers
or that T cells respond differently to IL-10 at different
effective stages [23].

These studies showed that both COVID-19 and cancer
have the phenomenon of interference in the type-I IFN
response, immunosuppression, and high levels of cytokines,
such as IL-6 and IL-10. Our results were consistent with
these conclusions. When we analyzed the immune cells
and cytokines between COVID-19 and cancer patients, we
discovered that there were similar changes in these bio-
markers, such as low lymphocytes, high monocytes, high
neutrophils, high IL-6, and high IL-10. The ROC curve sug-
gested that IL-2 was the optimal diagnostic index for both
diseases. We further compared the immune cells and cyto-

kines in patients with COVID-19 or respiratory cancers.
The results showed that there was no significant difference
in IL-6 and IL-10 between the two groups, while COVID-
19 patients had lower levels of IL-2 and higher levels of
CD3+CD4+ T cells and CD19+ B cells. Moreover, the inter-
action between cancer and inflammation is regulated
through a complex network. The inflammatory response
may be varied at different stages of cancer development.
Our study suggested that cancer patients in T3-4 stages had
lower levels of CD3+CD4+ T cells and CD19+ B cells, and
patients in N2-3 stages had lower levels of CD19+ B cells
and higher levels of IL-2. In addition, we conducted a corre-
lation analysis of these inflammatory indexes in COVID-19
and cancers, and the results suggested that there was a higher
correlation between IL-2 and IL-4, NK cells and T cells in
COVID-19 patients, and a higher correlation between CD3+-

CD4+ T cells and CD19+ B cells in cancer patients.
Luo et al. [24] revealed that multiple elevated cytokines

were associated with poor prognosis of severe COVID-19
patients, including IL-2, IL-4, IL-6, IL-10, IFN-γ, and TNF-
α. With the same cytokine receptor γ chain, IL-2 and IL-4
together regulate cell differentiation, promote the formation
of immune cells, improve the killing activity of cytotoxic T
lymphocyte (CTL) and NK cells, and play an important role
in inflammation and cancers [25]. Our study showed that
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there was a good correlation between IL-2 and IL-4 in
patients with COVID-19 or cancers.

TNF-α can guide circulating monocytes to the site of
injury so that they can differentiate into mature macro-
phages [6]. Cytokines secreted by macrophages can activate
NK cells, and IFN-γ produced by NK cells acts on alveolar
macrophages to amplify the inflammatory response [26].
Karki et al. [27] reported that the synergistic effects of
TNF-α and IFN-γ in COVID-19 patients can induce various
types of cell death and tissue damage and result in a poor
prognosis. In patients with severe COVID-19, we found that
TNF-α was satisfactorily correlated with IL-2, IL-4, and

IFN-γ, and monocytes were negatively correlated with IL-
2, IL-4, and TNF-α. In nonmetastatic cancer patients, T
cells were negatively correlated with IL-6 and IL-10 and
were positively correlated with IL-4 and TNF-α.

Although we conducted an analysis of different immune
cells and cytokines between COVID-19 and cancers, there
were some deficiencies in our study. The examination of
cytokines was carried out in 2018, and there was incomplete
case information for many cancer patients. Thus, only 29
metastatic patients were recruited, and they were accompa-
nied by 93 cases with unknown metastatic status in this
study. In addition, this was a single-center retrospective
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Figure 4: The correlation analysis of the four subgroups of patients with COVID-19 or cancer. (a) COVID-19 patients. (b) Cancer patients.
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study. We require data from a larger and multicenter cohort
to better assess the changes in immune response after acute
infection and cancer-related immune disorder.

In conclusion, both COVID-19 and cancers were asso-
ciated with lymphopenia and high levels of monocytes,
neutrophils, IL-6, and IL-10. IL-2 was the optimal indica-
tor to differentiate between the COVID-19 and cancer-
related immune disorder. In comparing patients with

respiratory cancers, COVID-19 patients had lower levels
of IL-2 and higher levels of CD3+CD4+ T cells and
CD19+ B cells, and no difference in levels of IL-6 and
IL-10. In addition, there were higher correlations between
IL-2 and IL-4, TNF-α and IL-2, TNF-α and IL-4, TNF-α
and IFN-γ, and NK cells and T cells in COVID-19
patients, and there was a higher correlation between
CD3+CD4+ T cells and CD19+T cells in cancer patients.
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Moreover, there were lower levels of lymphocyte subsets
(CD3+ T cells, CD3+CD4+ T cells, CD3+CD8+ T cells,
and CD19+ B cells) and NK cells and higher level of neu-
trophils in severe COVID-19 patients, and IL-6 exhibited
the most optimal ability for differential diagnosis between
severe and nonsevere COVID-19 patients. As for cancer
patients, there were no significant differences in immune
cells and cytokines between the metastatic and the nonme-
tastatic group.
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Gut microbiota (GM) dysbiosis and bile acid (BA) metabolism disorder play an important role in the pathogenesis of nonalcoholic
fatty liver disease (NAFLD). Probiotics had a beneficial effect on NAFLD, but further study is needed to explore probiotics as a
potential therapeutic agent to NAFLD. The aim of this study was to investigate the regulatory effect of probiotics on gut
microbiota in NAFLD rats and to explore the possible mechanism of probiotics regulating the bile acid receptor farnesoid X
receptor/growth factor 15 (FXR/FGF15) signaling pathway in rats. We established a rat model of NAFLD fed with a high-fat
diet (HFD) for 14 weeks, which was given different interventions (312mg/kg/day probiotics or 10mg/kg/day atorvastatin) from
the 7th week. Serum lipids and total bile acids (TBA) were biochemically determined; hepatic steatosis and lipid accumulation
were evaluated with HE staining. The expression levels of FXR, FGF15 mRNA, and protein in rat liver were detected. 16S rDNA
was used to detect the changes of gut microbiota in rats. Compared with the HFD group, probiotics and atorvastatin
significantly reduced serum lipids and TBA levels. And probiotics increased dramatically the expression of FXR, FGF15 mRNA,
and protein in the liver. But there were no significant changes in the atorvastatin group. Probiotics and atorvastatin can
upregulate the diversity of gut microbiota and downregulate the abundance of pathogenic bacteria in NAFLD model rats. In
summary, probiotics alleviated NAFLD in HFD rats via the gut microbiota/FXR/FGF15 signaling pathway.

1. Introduction

Nonalcoholic liver disease (NAFLD) is the most common
cause of chronic liver disease worldwide, which is predicted
to become the most frequent indication for liver transplan-
tation in the next decade [1]. NAFLD is confined to liver-
related morbidity and mortality, but now, more and more
evidence shows that NAFLD is a multifactorial disease. It
is strongly associated with dyslipidemia, obesity, hyperten-
sion, and diabetes [2, 3]. However, the pathogenesis of
NAFLD is not totally clear, and it lacks effective pharmaco-
logical treatments.

Recently, bile acid metabolism plays an essential role
in regulating the absorption of food lipids and choles-
terol metabolism and also participates in the balance of
glucose and lipid metabolism, mainly by regulating far-
nesoid X receptor (FXR) and then inducing the expres-
sion of fibroblast growth factor 15 (FGF15) [4, 5].
Many studies have revealed the role of gut microbiota
in the pathophysiology of NAFLD, including the dysbio-
sis of gut microbiota composition and abundance, which
leads to the destruction of intestinal endothelial barrier
function and can further induce bacterial translocation
and liver inflammation [6, 7]. Therefore, gut microbiota
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and bile acids play a key role in NAFLD and may be
potential therapeutic targets.

Probiotics are live microorganisms present in cultured
dairy products, which play a fundamentally important role
in health and disease [8–10]. A study has shown that probio-
tics can reduce liver injury and improve liver function in
patients with NAFLD [11]. Probiotics can regulate gut micro-
biota, enhance intestinal barrier function, regulate the
immune system [12, 13], and improve liver lipid metabolism
by modulating short-chain fatty acid and bile acid metabolism
[14], all of which contribute to the amelioration of NAFLD.

Therefore, it is crucial to study the role of FXR and its sig-
naling pathway in liver bile acid metabolism for exploring the
pathogenesis of NAFLD and finding effective therapeutic tar-
gets. This study is aimed at studying NAFLD bile acid metab-
olism changes and FXR signaling pathway, exploring the
effect of probiotics on the pathway, and seeking new therapy
for NAFLD to provide a theoretical and experimental basis.

2. Materials and Methods

2.1. Animals. 24 male Sprague-Dawley rats (160-180 g) were
purchased from Shanghai Sino-British SIPPR/BK Laboratory
Animal Co. Ltd. (Shanghai, China). All rats were housed in
specific pathogen-free conditions (22°C, a 12 h light/dark
cycle) with ad libitum access to standard laboratory chow.
All animal experiments were approved by the ethics commit-
tee of Zhejiang Chinese Medical University (no. ZSLL-2018-
048), and the study was conducted following the guidelines of
the NIH Guide for the Care and Use of Laboratory Animals.

2.2. Animal Experimental Procedures. 24 male SD rats were
randomly divided into four groups (n = 6): a normal diet
control (NC) group, a high-fat diet-fed (HFD) group, a
high-fat diet-fed+probiotic treatment (HFD-P) group, and
a high-fat diet-fed+atorvastatin (HFD-A) treatment. Atorva-
statin has been proven to improve dyslipidemia in patients
with NAFLD and improve NAFLD effectively. Thus, the
atorvastatin treatment group was increased and compared
with the probiotic treatment group to clearly show the effect
of gut microbiota in NAFLD treatment. The rats were fed
either a normal diet (10% kcal% fat LAD0011) or HFD
(45 kcal% fat TP23000) (Trophic Animal Feed High-tech
Co., Ltd, Nantong, China). After 6 weeks, rats in the NC
and HFD groups were given normal saline. The HFD+P
group rats were given 312mg/kg/d probiotics by gavage once
a day for 8 weeks (Compound Eosinophil-Lactobacillus Tab-
lets, Tonghua Golden-Horse Pharmaceutical Industry Co.,
Ltd, Jilin, China; 107 Eosinophil-Lactobacillus per gram).
Rats in the HFD+A were given 10mg/kg/d atorvastatin by
gavage once a day (Lipitor, Pfizer, Dalian, China) for 8 weeks.
The clinical dosage of Compound Eosinophil-Lactobacillus
Tablets is two tablets at a time for adults (0.5 g each), three
times a day. After conversion, the clinical dosage of adults
is 50mg/kg/d (the adult weight is considered 60 kg). The
equivalent dose for rats is 6.25 times that of adults. Therefore,
each rat is best given 312mg/kg/d probiotics. In the same
way, the dose of atorvastatin in rats is calculated to be
10mg/kg/d. The rats were sacrificed at the end of 14 weeks,

blood was taken from the abdominal vein under fasting anes-
thesia, and liver samples were taken.

2.3. Biochemical Analysis. Serological tests were used to detect
the serum content of triglyceride (TG), cholesterol (CHOL),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), high-density lipoprotein (HDL), low-density lipopro-
tein (LDL), and total bile acid (TBA) (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China). The instrument is an
automatic biochemistry analyzer (HITACHI, Japan).

2.4. Liver Histological Examination. The liver tissue of rats
was fixed in 4% neutral-buffered formaldehyde for 24 hours,
and then, hematoxylin-eosin (HE) staining was used to
observe the presence of fat droplets in the liver under the
microscope (Zeiss, Axio Scan Z1, Germany). The NAFLD
activity score is regarded as a semiquantitative assessment of
the degree of liver inflammation. NAS is calculated from the
weighted sum of hepatocyte steatosis (0 to 3), lobular inflam-
mation (0 to 3), and ballooning (0 to 2). According to the
NAS, NAFLD is divided into “non-NASH” (NAS < 3), “edge
NASH” (NASH = 3-4), and “definite NASH” (NAS = 5-8).

2.5. Detection and Analysis of Gut Microbiota.DNA from dif-
ferent faecal samples was extracted using a E.Z.N.A.® Stool
DNA Kit (OMEGA Bio-Tek Inc., GA, USA) according to
the manufacturer’s instructions. The total DNA was eluted
in 50μL of elution buffer and stored at -80°C until measure-
ment in the PCR. The V3-V4 hypervariable region of the 16S
rDNA gene uses primers 341F (5′-CCTACGGG
NGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTAT
CTAATCC-3′). The amplification was carried out as follows:
initial denaturation at 98°C for 30 s, followed by 30 cycles of
denaturation at 98°C for 10 s, annealing at 54°C for 30 s, elon-
gation at 72°C for 45 s, and finally 72°C for 10min. For each
faecal sample, sequencing and bioinformatics were carried
out by LC-Bio Technology Co., Ltd (Hangzhou, China) on
the NovaSeq PE250 platform.

2.6. Real-Time qRT-PCR Analysis. Total RNA was isolated
from the liver using the TaKaRa MiniBEST Universal RNA
Extraction Kit (TaKaRa, Japan; cat. no. 9767) according to
the manufacturer’s instructions. Real-time PCR was per-
formed using the TB Green™ Premix Ex Taq™ Kit (TaKaRa,
Japan; Cat. no. RR820A) and a CFX384 Real-Time PCR sys-
tem (Bio-Rad, USA). The PCR program included 1 cycle of
95°C for 3min and 40 cycles of 95°C for 5 s and 60°C for
45 s. The specific primers used for amplification are shown
in Table 1. The results were expressed by calculating the 2-

ΔΔCT values, and the housekeeping gene is β-actin.

2.7. Western Blotting Analysis. The sample preparation and
extraction were carried out according to the standard
scheme. Total proteins were extracted from liver tissues of
rats using a total protein extraction kit (KeyGENBioTECH,
KGP2100, Jiangsu, China). The protein content was deter-
mined by the BCA protein assay kit (MultiSciences, 70-
PQ0011, Hangzhou, China). Then, we use SDS-PAGE gel
(10%) isolate proteins, and they were transferred to PVDF
membranes (Bio-Rad, USA). They were blocked with 5%
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skim milk in TBS-Tween 20 (TBST) for 1 h. The membranes
were then incubated with primary antibodies overnight at
4°C. The primary antibodies are FXR monoclonal antibody,
1 : 1000 dilution (abs122163, Abisin); FGF15 monoclonal
antibody, 1 : 1000 dilution (sc-398338, Santa Cruz); and β-
actin monoclonal antibody, 1 : 5000 dilution (Multi Science
Biotech, Cat. no. ab008). Then, the blots were incubated with
the secondary antibodies HRP-conjugated goat anti-rabbit
IgG (1 : 5000) dilution (Multi Science Biotech, Cat. no.
GAR0072) or HRP-conjugated goat anti-mouse IgG
(1 : 5000) dilution (Multi Science Biotech, Cat. no.
GAM0072) for 1 h. Finally, protein expressions were detected
with the enhanced chemiluminescence (ECL) method, and
signals were captured with the Odyssey Fc (LI-COR, USA).

2.8. Statistical Analysis. The SPSS 26.0 software was used for
statistical analysis. All quantitative data are presented as the
means ± standard deviation. The significant differences
between and within the different groups were examined
using one-way ANOVAs, followed by Dunnett’s test.
Microbiome-related analysis figures were created by R soft-
ware. P < 0:05 was considered statistically significant.

3. Results

3.1. Body Weight. In the 6th week, compared with the NC
group (378:7 ± 23:1, mean ± SD), the weight of the rats fed
a high-fat diet increased, but the difference was not statisti-
cally significant (P > 0:05) (HFD: 405:5 ± 25:0, HFD-P:
386:7 ± 16:8, HFD-A: 398:7 ± 27:6, mean ± SD). At the end
of the 10th week and 14th week, compared with the HFD
group, the weight of the HFD-P group and HFD-A group
decreased, but the difference was not statistically significant
(P > 0:05) (Figure 1) (NC: 444:5 ± 33:7, HFD: 456:2 ± 27:1,
HFD-P: 409:6 ± 23:9, HFD-A: 428 ± 22:9, 10th week; NC:
467:8 ± 44:1, HFD: 475:2 ± 29:3, HFD-P: 422:3 ± 31:1,
HFD-A: 444:7 ± 31:3, 14th week, mean ± SD).

3.2. Histology Results. HE staining showed that in the NC
group, the structure of hepatic lobules was clear and com-
plete, without lipid infiltration. In the HFD group, there were
evident steatosis, fatty vacuoles, disorganized structure of
hepatic cord, and infiltration of inflammatory cells. However,
the liver’s fatty degeneration and inflammatory cell infiltra-
tion in the HFD-P and HFD-A groups were significantly
reduced. The results of NAS also showed that the hepatic
inflammation in the HFD group was significantly worse than

that in the NC group. In addition, hepatic inflammation was
greatly improved after treatment with probiotics (HFD-P
group) and atorvastatin (HFD-A group) (Figure 2).

3.3. Biochemical Indexes. Compared with the NC group, the
levels of ALT, AST, TG, CHOL, LDL, and TBA in the HFD
group increased significantly (P < 0:01), while the level of
HDL decreased, but there was no statistical difference
(P > 0:05); compared with the HFD group, the levels of
ALT, AST, TG, and TBA in the HFD-P group and HFD-A
group decreased (P < 0:05 or P < 0:01), and the level of
CHOL in the HFD-P group decreased (P < 0:01) (Table 2,
Figure 3).

3.4. Probiotics Improve Gut Microbiota in HFD-Induced
NAFLD. Compared with the NC group, the alpha diversity
index (Shannon and Simpson) of the HFD group decreased
significantly (P < 0:01, P < 0:05). The HFD-P group and the
HFD-A group were upregulated considerably, and the bacte-
rial diversity was increased (P < 0:05) (Figure 4(a)). The dif-
ferences of gut microbiota among the four groups of rats can
be classified by Principal Component Analysis (PCA) and
Principal Coordinate Analysis (PCoA) (Figure 4(b)). The
four groups can cluster on the PCoA map, and there is no
overlap, indicating that there are differences in beta diversity

Table 1: The specific primers used for amplification.

Name Primers (5′ ⟶ 3′) NCBI gene ID

β-Actin
Sense TGCTGTCACCTTCACCGTTC 81822

Antisense GTCCACCGCAAATGCTTCTA

FXR
Sense CTCCCTGCATGACTTTGTTGTC 60351

Antisense AAGAGATGGGAATGTTGGCTG

FGF15
Sense AAGTGGAGTGGGCGTATTGT 170582

Antisense AGTGGACCTTCATCCGACAC
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Figure 1: Changes in body weight.
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of gut microbiota among the four groups of rats. The separa-
tion between the four groups was far, which represents that
the extent of similarity between different microbial communi-
ties is low. The HFD-P group was close to the NC group after
the intervention, which stated that probiotic intervention had
a certain effect on the diversity of gut microbiota in NAFLD
model rats. Compared with the NC group, Bacteroidia was
increased and Clostridia was decreased in the HFD group at
the class level. After the intervention, Bacteroidia was
decreased in the HFD-P group and Clostridia was increased
in the HFD-A group. At the family level, Porphyromonadaceae
was decreased in the HFD group, the HFD-P group, and the
HFD-A group, while Desulfovibrionaceae was increased in
the HFD-P group and the HFD-A groups (Figure 4(c)). These
results indicate that probiotics and atorvastatin can upregulate
the diversity of gut microbiota and downregulate the abun-
dance of pathogenic bacteria in NAFLD model rats, improv-
ing the imbalance of gut microbiota.

3.5. Effects of Probiotics on the Expression of FXR/FGF15 in
the Liver of NAFLD Rats. The expression of FXR and
FGF15 mRNA in liver tissue of the HFD group was signifi-

cantly lower than that of the NC group (P < 0:01), and after
probiotic intervention, the expression of FXR and FGF15
mRNA was increased dramatically than the HFD group
(P < 0:05). There was no significant difference between the
HFD-A group and the HFD group after atorvastatin inter-
vention (P > 0:05). The protein expression of FXR and
FGF15 in liver tissue of the HFD group was significantly
lower than that of the NC group (P < 0:05, P < 0:01). After
probiotic intervention, FGF15 was markedly higher than that
of the HFD group (P < 0:01), and there was no significant
difference in FXR (P > 0:05). There was no significant differ-
ence between the HFD-A group and the HFD group
(P > 0:05) (Figure 5).

4. Discussion

Emerging evidence has suggested that bile acid metabolism
is closely associated with NAFLD [15, 16]. Bile acids are
important signaling molecules that participate in glycolipid
metabolism and energy metabolism and modulate inflam-
mation in enterohepatic circulation and peripheral organs
[17, 18].
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Figure 2: Effect of probiotics on the histology of liver tissue induced by HFD in NAFLD rats. (a) HE staining results: (A) NC group; (B) HFD
group; (C) HFD-P group; (D) HFD-A group (×200 magnification). (b) NAFLD activity score results. ##P < 0:01 versus the NC group;
∗∗P < 0:01 versus the HFD group.

Table 2: Biochemical indexes in all groups.

NC HFD HFD-P HFD-A

ALT (U/L) 50:4 ± 4:2 221:6 ± 60:8## 161:8 ± 40:5∗ 167:0 ± 48:1∗

AST (U/L) 133:4 ± 20:7 362:8 ± 75:4## 288:6 ± 42:0∗ 267:8 ± 57:4∗∗

HDL (mmol/L) 0:45 ± 0:07 0:42 ± 0:08 0:47 ± 0:10 0:43 ± 0:05
LDL (mmol/L) 0:16 ± 0:02 0:42 ± 0:12## 0:34 ± 0:09 0:44 ± 0:08
CHOL (mmol/L) 1:32 ± 0:19 2:27 ± 0:47## 1:98 ± 0:44∗∗ 2:18 ± 0:17
TG (mmol/L) 0:35 ± 0:06 0:53 ± 0:13## 0:33 ± 0:07∗∗ 0:31 ± 0:08∗∗

TBA (μmol/L) 21:85 ± 10:07 66:28 ± 19:9## 31:42 ± 6:04∗∗ 42:67 ± 9:88∗
##P < 0:01 and #P < 0:05 versus NC; ∗∗P < 0:01 and ∗P < 0:05 versus HFD. n = 6 in each group.

4 Journal of Immunology Research



Some studies have shown that high-fat diet (HFD) can
change the composition of gut microbiota resulting in loss
of commensal bacteria, leading to low-grade inflammation
(LGI) and NAFLD [19, 20]. The composition of the bile acid
(BA) pool is modified by gut microbiota. Perturbations of gut
microbiota shape the BA composition, which, in turn, may
alter essential BA signaling and affect host metabolism [21].
Bile acids are endogenous ligands, which can activate nuclear
receptors, such as farnesoid X receptor (FXR). In the liver,
FXR regulates cholesterol metabolism by regulating the
expression of cholesterol 7α-hydroxylase (CYP7A1). In
intestinal epithelial cells, activated FXR can induce the syn-
thesis of fibroblast growth factor 15/19 (rat/human), which
inhibits the expression of CYP7A1 to limit the synthesis of
bile acids [22].

Clinical and animal experiments have proved that pro-
biotics can improve the imbalance of gut microbiota and
intestinal inflammation [23, 24]. Many types of probiotics
were studied for NAFLD treatment; the most common
include Lactobacillus and Bifidobacteria. The mechanism
mainly includes improving transaminase, liver steatosis,
reducing liver inflammation, and regulating gut microbiota

[25]. This study is aimed at targeting probiotic (Eosinophil-
Lactobacillus) intervention to regulate the gut microbiota-
FXR-FGF15 axis and improve HFD-induced NAFLD in rat.
This work will provide experimental basis for probiotic
monotherapy or combination therapy in the treatment of
NAFLD.

In this study, a NAFLD rat model was established by
feeding rats with high-fat diet for 6 weeks. Compared with
the NC group, the serum levels of ALT, AST, TG, CHOL,
and LDL were increased, and HDL in the HFD group was
decreased. The content of TBA in serum increased signifi-
cantly. Meanwhile, HE staining has shown that the structure
of hepatic lobules was clear and complete, without lipid infil-
tration in the NC group. In the HFD group, there were obvi-
ous steatosis, fatty vacuoles, disorganized structure of hepatic
cord, and infiltration of inflammatory cells. These findings
indicated that the lipid metabolism and bile acid metabolism
were disordered, and the NAFLD model was successfully
established. Compared with the HFD group, the levels of
ALT, AST, TG, CHOL, and TBA in the HFD-P group and
HFD-A group were lower. The levels of LDL were lower,
and the levels of HDL were higher. However, there was no
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Figure 3: Biochemical index changes in all groups: (a) the levels of ALT and AST; (b) the levels of HDL and LDL; (c) the levels of CHOL and
TG; (d) the level of TBA. #P < 0:05 and ##P < 0:01 versus the NC group; ∗P < 0:05 and ∗∗P < 0:01 versus the HFD group.
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statistical difference, suggesting that probiotics and statins
have a particular role in protecting the liver and regulating
lipid and bile acid metabolism.

Gut microbiota is closely related to bile acid metabolism.
The main pathway to regulate bile acid metabolism is hydro-
lysis combined with bile acid, which makes free bile acid
dehydroxylation and complete modification [26]. In this
study, we analyzed the changes of gut microbiota in four

groups. At the phylum level, Bacteroidia was increased, and
Clostridia was decreased in the HFD group. The phylum of
Bacteroidia was reduced in the HFD-P group and raised in
the HFD-A group after intervention. At the family level, Por-
phyromonadaceae was decreased in the HFD group, the
HFD-P group, and the HFD-A group, while Desulfovibrio-
naceae was increased in the HFD-P group and the HFD-A
group. These results indicate that probiotics and atorvastatin

–0.25

0.00

0.25

0.50

–0.3 –0.2 –0.1
PCA1 (41.31%)

PC
A

2 
(1

9.
6%

)
Principal component analysis (P=0.001)

–0.4

–0.2

0.0

0.2

–0.50 –0.25 0.00 0.25 0.50
PCo1 (50.43%)

PC
o2

 [1
6.

96
%

]

Group
Control
HF

HF_A
HF_P

PCoA plot ( P=0.028 )

(b)

HF HF_A HF_P Control HF HF_A HF_P Control

Class

Re
la

tiv
e a

bu
nd

an
ce

 (%
)

0

20

40

60

80

100

Re
la

tiv
e a

bu
nd

an
ce

 (%
)

0

20

40

60

80

100

Bacteroidia
Clostridia
Deltaproteobacteria
Epsilonproteobacteria
Betaproteobacteria

Negativicutes
Subdivision5
Erysipelotrichia
Bacilli
Gloeobacteria

Actinobacteria
Alphaproteobacteria
Mollicutes
Elusimicrobia
Deferribacteres
Gammaproteobacteria
Others

Family

Porphyromonadaceae
Ruminococcaceae
Lachnospiraceae
Desulfovibrionaceae
Helicobacteraceae
Prevotellaceae
Barnesiellaceae
Eubacteriaceae

Rikenellaceae
Bacteroidaceae

Sutterellaceae

Acidaminococcaceae
Subdivision5_genera_incertae_sedis
Clostridiales_family_XIII._incertae_sedis
Erysipelotrichaceae
Clostridiaceae
Peptostreptococcaceae
Lactobacillaceae
Others

(c)

Figure 4: Probiotics improve gut microbiota in HFD-induced NAFLD: (a) Venn diagram, Shannon, and Simpson; (b) PCA and PCoA; (c)
relative abundance of four groups in class and family level.

7Journal of Immunology Research



can upregulate gut microbiota diversity and downregulate
the abundance of pathogenic bacteria in NAFLD model rats,
improving gut microbiota dysbiosis.

FXR/FGF-15 is an adverse feedback regulation pathway
of bile acid synthesis; FXR agonist regulated faecal bile
acid levels in probiotic-treated mice [27]. In our report,
the mRNA and protein expressions of FXR and FGF15
in liver tissues in the HFD model group were significantly
lower than those in the NC group. After probiotic treat-
ment, the mRNA and/or protein expressions of FXR and
FGF15 were substantially higher than those in the HFD
group, indicating that probiotics may affect bile acid
metabolism by upregulating the expression of the
FXR/FGF15 pathway. The improvement effect of atorva-
statin was not noticeable.

5. Conclusion

In conclusion, our study demonstrated that probiotics had a
protective effect against NAFLD in a rat model; its treatment
significantly ameliorated the liver pathology injuries and
serum lipid profiles and alleviated hepatic steatosis in HFD
diet-fed rats; probiotics may affect bile acid metabolism by
upregulating the expression of the FXR/FGF15 pathway
and improving the gut microbiota dysbiosis. In addition,
these protective mechanisms of probiotics on NAFLD may
be related to a reduction in blood lipids, improved liver
pathology, and increased bile acid receptor expression via
the gut microbiota/FXR/FGF15 signaling pathway.
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Figure 5: Effects of probiotics on the expression of FXR/FGF15 in the liver of NAFLD rats: (a) the expression of FXR and FGF15 in the liver of
NAFLD rats; (b) Western blot for FXR and FGF15 in the liver of NAFLD rats. #P < 0:05 and ##P < 0:011 versus the NC group; ∗P < 0:05 and
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The present study investigated the neuroprotective effect of taurine against the deleterious effects of chronic-recurrent
neuroinflammation induced by LPS in the cerebellum of rats. Adult male Wistar rats were treated with taurine for 28 days.
Taurine was administered at a dose of 30 or 100mg/kg, by gavage. On days 7, 14, 21, and 28, the animals received LPS (250
μg/kg) intraperitoneally. The vehicle used was saline. The animals were divided into six groups: vehicle, taurine 30mg/kg,
taurine 100mg/kg, LPS, LPS plus taurine 30mg/kg, and LPS plus taurine 100mg/kg. On day 29, the animals were euthanized,
and the cerebellum was removed and prepared for immunofluorescence analysis using antibodies of GFAP, NeuN, CD11b, and
cleaved caspase-3. LPS group showed a reduction in the immunoreactivity of GFAP in the arbor vitae and medullary center and
of NeuN in the granular layer of the cerebellar cortex. LPS increased the immunoreactivity of CD11b in the arbor vitae and in
the medullary center. Taurine protected against these effects induced by LPS in immunoreactivity of GFAP, NeuN, and CD11b,
with the 100mg/kg dose being the most effective. LPS induced an increase in the number of positive cleaved caspase-3 cells in
the Purkinje cell layers, granular layer, arbor vitae, and medullary center. Taurine showed its antiapoptotic activity by reducing
the cleaved caspase-3 cells in relation to the LPS group. Here, a potential neuroprotective role of taurine can be seen since this
amino acid was effective in protecting the cerebellum of rats against cell death and changes in glial and neuronal cells in the face
of chronic-recurrent neuroinflammation.

1. Introduction

Neurological and neurodegenerative diseases are devastating
conditions that can affect different brain structures, including
the cerebellum [1]. The cerebellum is a central brain structure

deeply integrated into major loops with the cerebral cortex,
brainstem, and spinal cord and is essential for the perfor-
mance of smooth and accurate goal-directed movements,
making postural adjustments to maintain balance and also
learning new motor skills [2–4]. New evidence points to the
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role of the cerebellum in almost all neurological functions,
including cognitive, emotional-social-psychological process,
and lesions of its different parts affect each of these
domains [5–7].

Neuroinflammation is considered a hallmark of brain
diseases [8]. It is characterized by an increase of proin-
flammatory mediators and in the quantity of apoptotic
neurons [9, 10] and often accompanies and/or precedes
the development of pathologies such as ataxia, Parkinson’s
and Alzheimer’s diseases [11], and epilepsy [12]. An
important tool to mimic neuroinflammation in vivo is the
administration of lipopolysaccharide (LPS), a molecule pres-
ent in the outer membrane of Gram-negative bacteria. LPS
causes an immediate systemic inflammatory response mainly
by activating the toll-like receptor (TLR) 4, although there is
also evidence of its interaction with transient receptor poten-
tial- (TRP-) like channels [13, 14]. Generally, LPS is used in
order to stimulate glial cells, mainly microglia. However,
astrocytes and some populations of neurons also express
TLR4 receptors, becoming a target of this toxin, either by
direct or indirect mechanisms [15–19]. Notably, microglial
cells and macrophages may increase their activity mediated
by cytokines and chemokines, such as tumor necrosis factor
alpha (TNF-α), interleukin- (IL-) 1β, and nuclear factor-
kappa B (NF-κβ) [9, 20–22].

The use of nutraceuticals has gained predominance in
recent years. For decades, nutritional errors have been
attributed to the onset of chronic diseases, and an adequate
diet or replacement of nutrients may be the key to a good
quality of life. Taurine (2-aminoethanesulfonic acid) is a
free amino acid commonly found in human tissues [23–
26], which can be synthesized in the body from the amino
acids methionine and cysteine [27, 28]. Another source of
taurine is diet since this amino acid is absorbed from foods
that include meat, nuts, seafood, beans, milk, and their
derivatives [26]. Taurine acts as Anti-inflammatory agent
suppressing inducible nitric oxide synthase (iNOS), cyclo-
oxygenase 2 (COX-2), and prostaglandin E2 expression
and has inhibitory effects against the NF-κβ p65 and NF-
κB DNA-binding activity on exposed macrophages to the
LPS [29]. In the CNS, it regulates ion channels significantly
influencing neuronal activity [23–26]. It has been suggested
that taurine supplementation to antiseizure drugs may be a
promising approach [30].

In the CNS, the upregulation of taurine gene 1 attenu-
ates inflammation via targeting NF-κB1/p50 in a model to
multiple sclerosis [31]. Taurine has the ability to neutralize
the deleterious effects caused by reactive species and
regular pathways of apoptosis in neurons and astrocytes,
protecting them from cell death [32–34]. Furthermore,
taurine effectively maintains neurogenesis in subgranular
zone (SGZ) and attenuates the increase in hippocampal
microgliosis and peripheral proinflammatory cytokines
induced by LPS [35].

Based on this evidence, we designed a study to
assess whether supplementation with taurine attenuates
glial activation, neuronal death, and apoptosis in the
cerebellum of rats exposed to LPS-induced chronic-
recurrent neuroinflammation.

2. Materials and Methods

2.1. Chemicals. Lipopolysaccharides from Escherichia coli
(055:B5) and taurine (TAU, ≥99%, T0625-500G) were
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). All other reagents used in the experiments were of
analytical grade and of highest purity.

2.2. Animals. Male adult Wistar rats (n = 48) weighing 300 g
on average, from the local breeding colony of Universidade
Federal de Ciências da Saúde de Porto Alegre (UFCSPA,
Brazil), were used. All procedures were approved by the
Ethics Committee of UFCSPA (Protocol 192/16, Identification
code: 488/16). The animals were maintained in the Central
Animal House of the UFCSPA in colony cages at an ambient
temperature of 23 ± 2°C and relative humidity of 45–55% with
12h light/dark cycles. The animals had free access to a
standard rodent pellet diet and water ad libitum.

2.3. Experimental Protocol

2.3.1. Treatments. Rats were treated by gavage (1ml/kg) with
taurine in the doses of 30 and 100mg/kg body weight, previ-
ously dissolved in saline during 28 days (at 9 : 00 am). The
doses were chosen based on a previous study by our research
group [34]. LPS was dissolved in saline, and the selected dose
was 250μg/kg as previously described [9, 36], and this toxin
was administered intraperitoneally (i.p.) on days 7, 14, 21,
and 28 (mimicking a chronic-recurrent neuroinflammation;
[37]). A total of 4 administrations were performed. The con-
trol groups received only the vehicle (1ml/kg of saline, i.p.).
Rats were randomly distributed into six groups: vehicle,
taurine 30mg/kg (TAU30), taurine 100mg/kg (TAU100),
LPS, LPS plus taurine 30mg/kg (LPS30), and LPS plus taurine
100mg/kg (LPS100). Further information can be viewed in
the experimental design (Figure 1(a)).

2.4. Preparation of Samples for Immunofluorescence Analysis.
On day 29, the animals were deeply anesthetized with an i.p.
injection of ketamine (80mg/kg; Syntech) and xylazine (5
mg/kg; Syntech 2%) and transcardially perfused with saline
0.9% (during 10min) and 4% paraformaldehyde (PFA, dur-
ing 30min) in 1% phosphate-buffered saline (PBS at pH
7.4). The cerebellums were postfixed in 4% PFA (24 hours),
transferred to a solution of 30% sucrose in PBS-1% until total
submersion [38]. Then, the frozen fixed cerebellums were
sectioned (5 and 16μm coronal sections) using a cryostat
Leica CM3050S (Leica Microsystem, German). Next, the
sections were mounted on slides coated with 2% gelatin plus
0.08% chromalin (chromium and potassium sulfate, from
Sigma-Aldrich, Brazil) and finally allowed to dry at room
temperature during 24 hours. At last, all sections were stored
at -20°C until use.

2.5. Immunofluorescence. Firstly, the cryosections were
immersed in cold acetone (4°C, PA) for 10 minutes. After,
the sections were washed in PBS twice (10min) then block-
ed/permeabilized with 5% bovine serum albumin (BSA)
and PBS plus 0.1% Triton X-100 for 2 hours at room temper-
ature (RT). Sections were incubated with primary antibodies
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diluted in 5% BSA solution: (a) Mouse anti-CD11B (sections
of 16μm, microglia marker) 1 : 500, overnight at 4°C, Abcam
followed by secondary antibody (goat anti-mouse alexa fluor
488, 1 : 500, 2 hr, RT in the dark; Thermo Fischer); (b) Rabbit
anti-GFAP (sections of 16μm, astrocyte marker) 1 : 800,
overnight at 4°C, DAKO followed by secondary antibody
(goat anti-rabbit alexa fluor 555, 1 : 1,000, 2 hr, RT in the
dark; Thermo Fischer); (c) Mouse anti-NeuN (sections of 5
μm, mature neuronal marker) 1 : 6,000, overnight at 4°C,
MilliPore followed by secondary antibody (goat anti-mouse
alexa fluor 488, 1 : 500, 2 hr, RT in the dark, Thermo Fischer);
and (d) Rabbit anticleaved caspase-3 (sections of 16μm, apo-
ptosismarker) 1 : 200, overnight at 4°C, Cell Signaling followed
by secondary antibody (goat anti-rabbit alexa 555, 1 : 1,000, 2
hr RT in the dark, ThermoFischer). The 4′,6-diamidino-2-
phenylindole (DAPI) solution (1μg/ml) was prepared in
PBS-Tx, and an incubation was carried out for 10 minutes in
the dark. Then, the sections were washed 4 times with PBS-
Tx for 5 minutes each. Vecta-Shield was added over the
sections which were then overlaid with a coverslip.

The images were acquired using a Leica DM6-B micro-
scope, Leica DFC 7000-T camera, and Leica Las X software.
A total of 5 sections were used for each rat (see

Figure 1(b)). For each section, 4 images were acquired on
the cerebellar leaflets (cerebellar cortex in the red squares
and arbor vitae in the yellow ones) and 3 images on the med-
ullary center (blue squares, see Figure 1(b)). The images were
acquired in a magnification of 200x, objective lens 20x, and
field area of 200.500,10μm2.

The quantification of GFAP immunoreactivity occurred in
the center of the arbor vitae and the cerebellar leaflet. The quan-
tification of NeuN immunoreactivity occurred in the granular
layer located in the center of the cerebellar leaflets and at the
edge of the medullary center. Quantification of CD11b
occurred in the middle of both the arbor vitae and the medul-
lary center. The positive cleaved caspase-3 cells were counted
in the molecular layer of the cerebellar leaflets, in the Purkinje
cells layer, in the granular layer of the cerebellar leaflets, in the
white substance of arbor vitae, and in the medullary center.
Optical density was performed using the Image Pro-Plus®.

2.6. Statistical Analysis. The normality analysis of the
samples was performed by Kolmogorov Smirnov test. After-
wards, parametric data were analyzed using two-way analysis
of variance (ANOVA) followed by the Bonferroni test when
appropriate. Results were expressed as the mean ± standard

LPS: 250 µg/kg, ip

Acclimatization Taurine (30 or 100 mg/kg, by gavage)

VE or LPS VE or LPS VE or LPS VE or LPS

–10 0 7 14 24 28 29

(a)

(b)

I

II
III

IV

(c)

Figure 1: (a) Schematic illustration of experimental protocol for the taurine (TAU) at doses of 30 or 100mg/kg and chronically exposed to
lipopolysaccharide (LPS) toxin (250 μg/kg, intraperitoneally) treatments of rats. First, the rats were acclimatized for 10 days. Then, the
treatment with TAU occurred once a day through an intragastric tube (gavage) during days 0 until 28. The LPS toxin was administered on
days 7, 14, 21, and 28. On day 29, the animals were euthanized for cerebellar acquisition. (b) Representation of the fields chosen for the
acquisition of the images of the tissue sections. A total of 5 sections were used for each rat. The red squares point to the cerebellar cortex
of the cerebellar leaflets. The yellow squares show the regions chosen for the arbor vitae. The blue squares show the areas where images of
the medullary center of the cerebellum were obtained. The images were acquired in a magnification of 200x, objective lens 20x, and field
area of 200,500.10 μm2. (c) Representation of the layers of the cerebellar leaflets: I, molecular layer; II, Purkinje cell layer; III, granular
layer; and IV, white matter.
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error (SE). P values less than 0.05 (P < 0:05) were considered
as indicative of significance.

3. Results and Discussion

3.1. Taurine Restores Immunoreactivity of GFAP in the
Cerebellum of Rats Subjected to Chronic-Recurrent
Neuroinflammation. Figure 2 shows the immunoreactivity
of the GFAP protein in the arbor vitae and medullary center
in the cerebellum of rats submitted to chronic-recurrent
neuroinflammation induced by LPS and treated with differ-
ent doses of taurine. Figure 2(a) shows a significant interac-
tion between taurine versus LPS treatments (Fð2:28Þ = 3,912,
P < 0:05) for the GFAP in the arbor vitae. LPS reduced the
GFAP immunoreactivity in relation to the vehicle group
(Fð1:28Þ = 24:37, P < 0:001; Figure 2(a)). Taurine 100mg/kg

protected against reduction of GFAP immunoreactivity
induced by LPS (P < 0:01; Figure 2(a)); however, similar
results were not met by taurine 30mg/kg. In the medullary
center, we verified that LPS also reduced immunoreactivity
of GFAP in relation to the vehicle group (Fð1:26Þ = 6:678,
P < 0:05; Figure 2(b)). Taurine reduced immunoreactivity
of GFAP per se at doses of 30 (P < 0:01) and 100mg/kg
(P < 0:001). A significant interaction between taurine versus
LPS treatments was also seen, showing that taurine protected
against the reduction of GFAP induced by LPS at doses of
30 and 100mg/kg (Fð2:26Þ = 8:102, P < 0:05, Figure 2(b)).

Astrocytes, microglia, and neurons may be affected by
LPS via TLR-4 expressed on their membranes or by the pro-
inflammatory cascade mediated by this toxin. Thus, studying
these cell populations against an inflammatory condition is
extremely relevant. The glial fibrillary acidic protein (GFAP)
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Figure 2: Neuroprotective effect of taurine (TAU, 30-100mg/kg by gavage; vehicle saline) on the reduction of glial fibrillary acid protein
(GFAP) in the arbor vitae (a) and in the center of leaflet (b) regions of rats exposed to chronic-recurrent neuroinflammation induced by
the LPS toxin (250 μg/kg, intraperitoneally; vehicle saline). (c) Representative image of the immunostaining obtained through the
fluorescence of the selected fields (white bar: 500μm; yellow bar: 100 μm). P < 0:05 was considered to represent a significant difference. ∗

denotes a significant difference compared to the vehicle group (VE). # denotes a significant difference compared to the LPS group. Two-
way ANOVA followed by Bonferroni’s post hoc. ∗ or # denotes a difference of P < 0:05; ∗∗ or ## denotes a difference of P < 0:01; ∗∗∗ or
### denotes a difference of P < 0:001. Data are expressed as mean ± standard error of the mean (SEM), n = 5-6 per group.
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is an intermediate filament protein present in astrocytes, and
its quantification is widely used to verify astrogliosis. Astro-
cytes have a range of control and homeostatic functions in
health and disease and assume a reactive phenotype in acute
central nervous system (CNS) traumas, ischemia, and in
neurodegenerative diseases [39]. In acute conditions, LPS
stimulates the expression of GFAP, protecting neuronal
activity during inflammatory challenges [40]. On the other
hand, microglia comprise between 5 and 20% of the total glial
cell population, are more frequent in the grey matter, and
found throughout the normal mammalian CNS [41]. The
microglia are the only immune cells present in the CNS
parenchyma and are thus the first responders to environ-
mental change. Under conditions of tissue damage such as
that associated with bacterial or viral infections of the CNS,
microglia play a critical role in clearing debris and restoring
homeostasis in the CNS [42].

Fu et al. [43] verified astrogliosis in rats exposed to LPS
(2mg/kg) over 30 days. Through this time-curve, after a
single i.p. injection, there is an increase in immunoreactivity
of GFAP between days 1 and 7 [43]. Acute exposures to LPS

are capable of inducing astrogliosis by elevating GFAP con-
tent and immunoreactivity in the nervous system, highlight-
ing the hippocampus [44] and cerebellum [45]. As reported
by Perez-Dominguez et al. [37], until seven days after the
systemic LPS challenge, astrocytes present mild cell body
hypertrophy, extended cell processes, and an increased
GFAP immunoreactivity in the hippocampus. However, a
repeated LPS exposure did not elicit an evident astrocytic
reaction suggesting a lack of persistent astrocytic response
after a repeated inflammatory challenge [37]. The same
effect was observed by Fu et al. [43], who reported a
gradual increase in the expression of GFAP, IL-1β, and
TNF-α in the hippocampus up to seven days after the
administration of 2mg/kg of LPS. After the seventh day,
there were no significant differences in the GFAP expres-
sion [43]. We observed the same effect of LPS on GFAP
in both regions studied, but only in the central medullary
region the dose of taurine 30mg/kg showed a protective
effect. Although LPS-induced neuroinflammation has been
pivotally associated with microglia activation, astrocytes
play an important role in maintaining brain homeostasis
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Figure 3: Neuroprotective effect of taurine (TAU, 30-100mg/kg, by gavage; vehicle saline) on the reduction of immunoreactivity for the
NeuN protein in the cerebellar cortex (a) and edges of the medullary center (b) regions of rats exposed to chronic-recurrent
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and protecting surrounding neurons from damage like
infective agents [46].

3.2. Taurine Prevents LPS-Induced Neuronal Death in the Rat
Cerebellum. Figure 3 shows the immunoreactivity for the
NeuN protein in the regions of the cerebellar cortex and at
the edges of the medullary center of the cerebellum of rats
subjected to chronic-recurrent neuroinflammation induced
by LPS and treated with different doses of taurine.
Figure 3(a) shows a significant interaction between taurine
versus LPS treatments (Fð2:26Þ = 7,539, P < 0:01) for the
NeuN protein in the cerebellar cortex. LPS reduced the
immunoreactivity of the NeuN protein in relation to the
vehicle group (Fð1:26Þ = 26:26, P < 0:001; Figure 3(a)). Again,
taurine 100mg/kg, but not 30mg/kg, protected against the
reduction in immunoreactivity for NeuN induced by LPS
(P < 0:001; Figure 3(a)). In the granular layer present at the
edge of the medullary center, no significant differences were
observed between treatments for the immunoreactivity of
the NeuN protein (Fð2:26Þ = 0:2621, P > 0:05; Figure 3(b)).

Neuronal nuclei (NeuN) is a well-recognized marker that is
exclusively detected in postmitotic neurons. NeuN is distrib-
uted in the nuclei of mature neurons and has been considered
a reliable marker of mature neurons in certain diseases and
specific physiological states [47].

Pinato and colleagues [48] reported that intracerebroven-
tricular LPS triggers a reduction in immunoreactivity for
NeuN in the cerebral cortex, in the dentate gyrus of the
hippocampus, and in the granular layer of the cerebellum
of rats. The same effect is reproduced in cerebellar cell
culture. In addition, the authors described that this reduction
was also accompanied by an increase in positive fluoro-jade
cells, which indicate a death of adult neurons by neuroin-
flammation [48]. Although inflammation is implicated in
the progressive nature of neurodegenerative conditions, such
as Alzheimer’s and Parkinson’s diseases [49], and also in
seizure recurrence in epilepsy [19], the mechanisms are yet
poorly understood. Systemic LPS administration results in
rapid brain TNF-α increase by activating brain microglia to
produce chronically elevated proinflammatory factors and
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culminating in delayed and progressive loss of neurons in the
nervous system [50, 51].

3.3. Taurine Suppresses Microglial Immunoreactivity in the
Cerebellum of Rats Submitted to Chronic-Recurrent
Neuroinflammation Induced by LPS. Figure 4 shows the
immunoreactivity of the CD11b protein in the arbor vitae

and medullary center of the cerebellum of rats submitted to
chronic-recurrent neuroinflammation induced by LPS and
treated with different doses of taurine. Figure 4(a) shows a
significant interaction between taurine versus LPS treatments
(Fð2:32Þ = 6:428, P < 0:01) for the CD11b protein in the arbor
vitae. LPS increased the immunoreactivity of the CD11b in
relation to the vehicle group (Fð1:32Þ = 26:26, P < 0:001;
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Figure 4(a)). Treatment with either taurine 30 or 100mg/kg
prevented the expected LPS-induced microglial activation
(TAU 30mg/kg, P < 0:01; TAU 100mg/kg, P < 0:05,
Figure 4(a)). In the medullary center, only the 100mg/kg
dose was able to protect against the increased immunoreac-
tivity of CD11b induced by LPS (Fð2:24Þ = 3:777, P < 0:05;
Figure 4(b)). Microglia, which are the resident macrophages
in the brain, play an important role in the occurrence and
development of neuroinflammation. Under physiological
conditions, microglia mainly eliminate metabolic products
and toxic materials. However, if stimulated, microglia
migrate to the lesion and remove cellular debris. While
microglia activation is necessary and critical for host defense,
excessive or prolonged activation of microglia leads to neuro-
nal death and an increase in proinflammatory cytokines and
oxidative stress [4, 9]. LPS dose-dependently increases
microglial CD11b expression and is an important marker of
neuroinflammation [52]. Indeed, we verified a reduction in
astrogliosis and in the population of mature neurons in the
cerebellum of rats, as well as an increase in microglial immu-
noreactivity in the LPS group. Next, we determined whether
these events can be associated with apoptotic cell death in
different layers and regions of the cerebellum.

3.4. Taurine Reduces Cell Apoptosis in Different Layers of the
Cerebellum of Rats Exposed to LPS-Induced Chronic-
Recurrent Neuroinflammation. Figure 5 shows the immuno-
reactivity for the cleaved caspase-3 protein in the molecular
layer, granular layer, layer of Purkinje cells and white
substance of the arbor vitae, and medullary center in the cer-
ebellum of rats subjected to chronic-recurrent neuroinflam-
mation induced by LPS and treated with different doses of
taurine. Figure 5(a) shows that treatment with LPS did not
change the number of positive cleaved caspase-3 cells in the
cerebellar molecular layer (P > 0:05) compared to the vehicle
group. Taurine 30 and 100mg/kg were able to reduce the
number of cleaved caspase-3 cells in relation to the vehicle
group (Fð2:20Þ = 8:21; P = 0:025; Figure 5(a)). There were no
significant interactions between treatments (Fð2:20Þ = 0:6446;
P = 0:5354; Figure 5(a)).

In the Purkinje cell layer, it was observed that LPS
increased the number of positive cleaved caspase-3 cells in
relation to the vehicle group (Fð1:20Þ = 12:21; P = 12:21;
Figure 5(b)). The treatment with TAU 100mg/kg, but not
30mg/kg, protected against the increase in the number of
cells in apoptosis induced by LPS (Fð2:20Þ = 4:985; P =
0:0189; Figure 5(b)). LPS also increased the number of
cleaved caspase-3 cells in the granular cell layer
(Fð1:20Þ = 12:54; P = 0:0019; Figure 5(c)), and treatment with
TAU 100mg/kg prevented this effect (Fð2:20Þ = 9:121; P =
0:0014; Figure 5(c)). A similar result was observed in the
arbor vitae region where LPS triggered an increase in the
number of apoptotic cells (Fð1:20Þ = 4:980; P = 0:023;
Figure 5(d)), which was again prevented by TAU 100mg/kg
supplementation (Fð2:20Þ = 5:516; P = 0:0116; Figure 5(d)).
Finally, apoptosis was also triggered in the medullary center
of the animals in the LPS group in relation to the vehicle

group (Fð1:20Þ = 4:099; P = 0:029; Figure 5(e)), which was
consistently prevented by TAU 100mg/kg treatment
(Fð2:20Þ = 3:998; P = 0:0398; Figure 5(e)). Liu and colleagues
showed that concentrations above 1 ng/ml of LPS induce
apoptosis in microglial cell culture by analyzing TUNEL pos-
itive cells, DNA fragmentation, nuclear morphology, and
quantification of cleaved caspase-3 [53]. Furthermore, intra-
peritoneal LPS has been shown to be able to increase not only
the activity and expression of iNOS but also the number of
apoptotic brain and Bax-positive cells, as well as decrease
the amount of Bcl-2-positive cells [54].

It is evident that this inflammation orchestrated by the
stimulation of TL4R triggered by LPS resulted in an increase
in apoptosis in different regions of the cerebellum, but with
no effect on the molecular layer. This chronic-recurrent pro-
cess reduced the number of mature neurons and astrocytes
while induced microglia activation. Several evidences have
pointed out the anti-inflammatory role of taurine supple-
mentation, and its ability has already been described to
protect macrophages [55], BV2microglial [56], and liver cells
[57]. Notably, the majority of the studies focus on taurine’s
neuroprotective effects on the hippocampus [35, 58], and
thus far, little is known about the cerebellum and its layers
and regions. Further studies should be done to understand
the complexity of the effects caused by chronic-recurrent
inflammation on the populations that constitute the nervous
system and the action mechanism of taurine as a neuropro-
tective agent. Here, we have verified the antiapoptotic activity
of this nutraceutical agent and the ability to protect neurons
and glial cells against systemic chronic-recurrent inflamma-
tion in the cerebellum.

4. Conclusion

Finally, taurine supplementation not only protects the cere-
bellum against neuronal death but also reduces microglial
activation induced by the recurrent administration of LPS
in the cerebellum of rats. Taurine also showed an interesting
antiapoptotic activity by reducing the increase in caspase-3
cells cleaved in the molecular layer, granular layer, layer of
Purkinje cells and white substance of the arbor vitae, and
medullary center in the cerebellum. Understanding the role
of taurine in the cerebellum and its regulation in several brain
regions should facilitate studies on its neuroprotective mech-
anisms. In this regard, considering taurine as an emerging
adjuvant or alternative drug for neuroprotection, further
study is necessary to understand its real potential human
health benefits.
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Periodontitis is an inflammatory disease whose pathogenesis is closely related with immunology. RNA-binding proteins (RBPs)
were found to play crucial roles in immunity. Therefore, we aimed to investigate the potential impact of RBPs in the immune
microenvironment in periodontitis. The differential expressions of RBPs in periodontitis and healthy samples were determined
and were used to construct an RBP-based classifier for periodontitis using logistic regression. The correlations between RBPs
and immune characteristics were investigated by the Spearman correlation. Unsupervised clustering was conducted to identify
the RBP regulatory patterns. RBP-related genes were identified by WGCNA, while biological distinctions were revealed by
GSVA and GO. 24 dysregulated RBPs were identified, from which a 12-RBP classifier was established to distinguish
periodontitis with AUC of 0.942. Close protein-protein interactions and expression correlations were observed especially
between SPATS2 and ISG20. ISG20 and ESRP1 were found to be highly correlated with immunocyte infiltration, immune
signaling activation, and HLA expressions in periodontitis. Two distinct RBP regulatory patterns were identified with different
immune and other biological characteristics in periodontitis. Our findings indicate a significant impact of RBPs in shaping the
immune microenvironment in periodontitis, which might bring new insights into the understanding of immune mechanisms in
the pathogenesis of periodontitis.

1. Introduction

Periodontitis is an inflammatory disease initiated by bacteria
infection. It detrimentally affects periodontal supporting tis-
sues, causing symptoms such as swelling of gingiva, peri-
odontal pyorrhea, and tooth loosening [1]. It is reported
that severe periodontitis is the sixth most prevalent health
condition, affecting 10.8% of the population around the globe
[2]. It brings about severe health and economic burdens, as
prosthodontic cost for tooth loss caused by periodontitis is
usually not a small budget [2, 3]. Over the years, periodontitis
have been implicated as an etiological factor in systemic dis-
eases such as diabetes, rheumatoid arthritis, and cardiovascu-

lar diseases [4]. Unfortunately, treatment for periodontitis
has thus far failed to reverse the tissue damage, which means
that actually there is currently no cure for periodontitis [5].

The initiation of periodontitis can be recognized to be a
cascade of immune/inflammatory responses that was trig-
gered by periodontal pathogens. The degree of periodontal
damage relies heavily on the host response, particularly on
the inflammatory process and the activation patterns of
immune response pathways during periodontitis [6]. Failure
to resolve inflammation and attempt to restore tissue homeo-
stasis cause neutrophil-mediated destruction in both the
alveolar bone and extracellular matrix [7]. The inflammatory
reaction, rather than the pathogens, causes irreversible
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damage in the periodontal tissue. Thus, a promising therapy
for periodontitis is to resolve inflammation and return tissue
to homeostasis. Elucidation of the mechanisms of immune
regulations in periodontitis is crucial to the development of
novel treatment strategies.

RNA-binding proteins (RBPs) are a large group of
proteins that bind to RNA either directly or as a part of a
macromolecular complex. As a critical part of the posttran-
scriptional gene regulator, RBPs facilitate the maturation,
stability, transportation, and degradation of cellular RNAs
[8]. RBPs play pivotal roles in cell development and stress
response, and its dysregulation could certainly cause diseases
[9]. Various types of RBPs have been identified to be impli-
cated in the maintenance of immune homeostasis [10]. For
instance, conditional deletion of Elavl1 caused impediment
to immune cell development [11, 12]. hnRNPC was involved
in follicular B cell maintenance [13]. Based on the immuno-
regulatory role of RBPs and immunomicrobial pathogenesis
of periodontitis, it is plausible to deduce that RBPs might play
a crucial part in periodontitis. The RBP HuR was reported to
modulate inflammatory responses in periodontitis by
regulating IL-6 [14]. However, evidence on the regulatory
role of RBPs in periodontitis is quite rare. Systematic analyses
exploring the functions of RBPs and their roles in shaping the
immune microenvironment in periodontitis are warranted.

Considering the unveiled role of RBPs in periodontitis and
involvement of RBPs in immunoregulation, this study is aimed
at portraying the overall landscape of RBPs in periodontitis and
uncovering its implications with the immune microenviron-
ment of periodontitis. The findings are expected to reveal the
pathogenesis of periodontitis in the perspective of RBP-
mediated immunoregulatory mechanism.

2. Results

2.1. Expression Landscape of RBPs in Periodontitis. The
overall regulatory mechanisms of RBPs in the immune
microenvironment in periodontitis were presented in
Figure 1(a). The RBP gene list was obtained from a previous
research [15]. The types of RNA which the RBPs were
binding to were concluded in the pie chart (Figure 1(b)).
Differential analysis revealed that 24 RBPs were signifi-
cantly dysregulated between periodontally healthy and
periodontitis samples (adjust p value < 0.01 and ∣logFC ∣
>0:5, Figure 1(c), Table S1). Box plot and heatmap
demonstrated the expression status of the 24 dysregulated
RBPs (Figures 1(d) and 1(e)). To figure out the interaction
relationship of these dysregulated RBPs, a protein-protein
interaction network was constructed (Figure 1(f)), and
their expression correlation relationship was calculated by
correlation analysis. It was found that the most positively
correlated pair is ZC3H12D-SIDT1 while the most
negatively correlated pair is ISG20-ESRP1 (Figure 1(g)).

2.2. Differential Expression Patterns of RBPs between
Periodontitis and Periodontally Healthy Samples. To further
validate the distinction of RBPs expressions between peri-
odontally healthy and periodontitis samples, logistic regres-
sion was conducted. Univariate logistic regression analysis

was performed on the 24 significantly dysregulated RBPs,
and their odds ratio were presented on the forest plot with
the 95% confidence interval (Figure 2(a), Table S2). It
was found that they were all significantly related with
periodontitis (adjust p value < 0.05). To make dimension
reduction and remove unimportant features, we performed
least absolute shrinkage and selection operator (LASSO)
regression for feature selection and reduce overfitting of the
model, and 12 RBPs were identified with the lambda of
0.0146 (Figures 2(b) and 2(c)). Multivariate logistic
regression analysis was performed on the 12 RBPs to
construct a 12-RBP classifier for periodontitis (Figure 2(d),
Table S3), with the risk score calculated for each of the
samples (Figure 2(f)). Receiver operating Characteristic
(ROC) analysis revealed that the classifier had excellent
discriminative ability with the area under the curve (AUC)
of 0.942 (Figure 2(e)). Periodontitis samples had much
higher risk scores compared with periodontally healthy
ones (Figure 2(f)). PCA analysis based on the 12 RBPs
suggests that periodontitis and periodontally healthy
samples had distinct expression patterns of the 12 RBPs
(Figure 2(g)).

2.3. Immune Microenvironment Characteristics in Periodontitis
and Their Correlations with RBPs. The immune microenviron-
ment of periodontitis was explored in 241 periodontitis and 69
periodontally healthy samples. In brief, relative enrichment
score of immunocytes, relative activity of immune-related
pathways, and expression of HLA were calculated, and their
correlations with RBPs were investigated.

The majority of the types of immunocytes showed signifi-
cantly increased infiltration in periodontitis samples compared
with periodontally healthy ones (p < 0:05) (Figure S1A,
Table S4). The most positively correlated immunocyte-RBP
pair is activated B cell and ISG20, both significantly
upregulated in periodontitis. The most negatively correlated
immunocyte-RBP pair is activated B cell and ESRP1, with
significant downregulation of ESRP1 in periodontitis
(Figures 3(a)–3(c), Table S5).

Similarly, as for immune-related pathways, almost all are
significantly activated in periodontitis, except for TGFb fam-
ily member receptor which had a significantly lower activity
(Figure S1B, Table S6). Correlation analysis demonstrated
that the most positively correlated immune pathway-RBP
pair is BCR signaling pathway (B cell receptor signaling
pathway) and ISG20, with higher activities of both in
periodontitis. The most negatively correlated pair is BCR
signaling pathway and ESRP1, with a higher activity of
BCR signaling pathway and a lower expression of ESRP1 in
periodontitis (Figures 4(a)–4(c), Table S7). Similar results
were also found in HLA expression. Almost all the HLA
genes were significantly upregulated in periodontitis,
except for HLA-DQB2 which showed a significantly lower
expression (Figure S1C, Table S8). Correlation analysis
revealed HLA-DOB and ISG20 as the most positively
correlated HLA-RBP pair, with higher activities of both in
periodontitis. The most negatively correlated pair is HLA-
DOB and ESRP1, with a higher expression of HLA-DOB
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Figure 1: Continued.
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and a lower expression of ESRP1 (Figures 5(a)–5(c),
Table S9).

These findings demonstrated strong correlations of the
RBPs ISG20 and ESRP1 with activated B cell infiltration,
BCR signaling activation, and HLA-DOB expression, which
were among the immune characteristics showing the most
significant difference between periodontitis and periodon-
tally healthy samples.

2.4. Identification of Distinct RBP Regulatory Patterns within
Periodontitis Samples. Since RBPs had been linked with peri-
odontal immune homeostasis, we clustered the samples
based on its RBP expression to see if subtypes could be
observed within periodontitis samples. Unsupervised con-
sensus clustering analysis was performed on the 241 peri-
odontitis samples based on their RBP expressions and
identified two subtypes (Figures 6(a)–6(c), Table S10). PCA
analysis demonstrated that the two subtypes had distinct
RBP regulatory patterns (Figure 6(d)). Furthermore, we
compared the clinical characteristics and found that there
was a significant difference in gender between the two
subtypes (Figure 6(e)). The subtype-specific RBPs were
identified, showing different expression patterns between
the two subtypes (adjust p value < 0.01, ∣logFC ∣ >0:6,
Figures 6(f) and 6(g), Table S11).

2.5. Distinct Immune Characteristics Were Observed between
Two RBP Regulatory Patterns. Considering the strong
correlations found between RBPs and the immune microen-
vironment, we looked further into the subtypes to see if
different RBP regulatory patterns correspond to distinct
immune characteristics. Subtype-2 demonstrated more
intense immune reactions, with higher relative enrichment
scores of immunocytes, higher activities of immune-related
pathways, and higher HLA expressions. For instance, the
aforementioned activated B cell and HLA-DOB, which fell
into the most correlated immunocyte-RBP and HLA-RBP
pairs, respectively, were significantly upregulated in
subtype-2 compared with subtype-1. In addition, the BCR
signaling pathway, which belonged to the aforementioned

most correlated immune pathway-RBP pair, had higher
activity in subtype-2. These findings linked two RBP regula-
tory patterns to distinct immune characteristics in periodon-
titis (Figures 7(a)–7(c)).

2.6. Biological Distinctions between the Two RBP Regulatory
Patterns. To figure out the biological reactions happening
under the two RBP regulatory patterns, Gene Set Variation
Analysis (GSVA) on Hallmarks and KEGG pathways was
employed which revealed biological pathway differences in the
two subtypes, respectively (Figure S2A and B). Then, in order
to find what caused the biological differences between the two
RBP regulatory patterns, we identified RBP phenotype-related
genes and employed GO-BP functional enrichment analysis
on them (Figure S2C). To find out if biological differences
occurred specifically regarding immunity, we employed
GO-BP functional enrichment analysis on RBP phenotype-
related immune genes and clustered them according to the
function, and those genes were mostly enriched on immune
receptor related pathways such as the Fc receptor signaling
pathway and immune response-regulating cell surface
receptor signaling pathway (Figure S2D). Furthermore, to
identify gene modules involved in the two RBP regulatory
subtypes, WGCNA was employed. 22 gene modules were
identified, and we performed correlation analysis of those
gene modules with the two subtypes. We found that each
RBP regulatory pattern had their respective matching gene
modules. The modules mostly positively correlated with
subtype-1 or subtype-2 were represented by blue or brown,
respectively. (Figure S3A-D, Table S12).

3. Materials and Methods

3.1. Data Preprocessing. The 310 samples included in this
study (69 periodontally healthy samples and 241 periodonti-
tis samples) came from 120 patients that underwent peri-
odontal surgery [16]. The procedure of sample procession
and RNA extraction were described in the previous study
[16]. The gene expression was detected by Affymetrix
Human Genome U133 Plus 2.0 Array microarray according
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Figure 1: Expression landscape of RNA binding proteins (RBPs) in periodontitis. (a) The overview of RBPs’ regulatory role in periodontitis.
(b) A summary of the types of RNA which the RBPs were binding to. (c) The volcano plot demonstrated the differentially expressed RBPs in
periodontitis and periodontally healthy samples. RBPs with adjust p value < 0.01 and ∣logFC ∣ >0:5 were considered to be significantly
dysregulated, and their gene names were marked. The box plot (d) and heatmap (e) demonstrated the expression status of the 24
dysregulated RBPs between periodontally healthy and periodontitis samples. (f) The protein-protein interaction network of the 24
dysregulated RBPs. (g) The correlation among the 24 significantly dysregulated RBPs in periodontitis samples and whole samples. The
most correlated RBPs in all samples and periodontitis samples were demonstrated in the dot plot.
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to the manufacturer’s instructions [16]. Thedatawas reserved
in theGEOdatabaseunder the serial numberGSE16134 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse16134) and
obtained by the R package “GEOquery.” CEL files in the series
wereprocessedby“RMA”package inRwith“justRMA” function
under default parameters. Probes were annotated as gene sym-
bols, and probes without matching gene symbols or had
multiple matching gene symbols were excluded. Expressions
of duplicate genes were calculated as the median value.
Normalization of the gene expression was processed by “nor-
malizeBetweenArrays” in the R package “limma.” The 1542
RBP gene list used in this study was obtained from a previous
research screening for human RBPs [15] R version: 3.6.1. The
overall regulatory mechanisms of RBPs in the immune micro-
environment of periodontitis were presented in the graphical
abstract which was created with http://biorender.com/.

3.2. Identification of Dysregulated RBPs and the Construction
of the RBP Classifier. Dysregulated RBPs were evaluated by
the “limma” package with adjust p value < 0.01 and ∣
logFoldChange ∣ >0:5. The protein-protein network of the
dysregulated RBPs was constructed by the online database
STRING (https://string-db.org/). Correlation analyses of the

dysregulated RBPs as well as other correlation analysis in this
study were conducted by the Spearman correlation analysis.
Univariate logistic regression, LASSO regression, and multi-
variate logistic regression were used to establish the 12-RBP
classifier and receiver operating characteristic (ROC) analy-
ses were used to evaluate its classification ability.

3.3. Quantitative Evaluation of Immune Microenvironment
in Periodontitis. The evaluation of the overall status of
immune infiltration in periodontitis and healthy samples
was conducted using the same method as we have illustrated
in the previous study, and the results were consistent [17, 18].
In brief, single-sample Gene Set Enrichment Analysis
(ssGSEA) was conducted to evaluate the relative enrichment
score of immunocytes and the activity of immune-related
pathways. The gene sets used in ssGSEA for immune-
related pathway evaluation were from the online database
Immport (http://www.immport.org) [19]. The comparisons
of relative enrichment score of immunocytes [20], activity
of immune-related pathways, and expression of HLA
between periodontitis and periodontally healthy samples
were conducted using Wilcox test; p < 0:05 was considered
to be significant.
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Figure 2: RBPs can well distinguish periodontally healthy and periodontitis samples. (a) Univariate logistic regression analysis was performed
on the 24 dysregulated RBPs. (b) Least absolute shrinkage and selection operator (LASSO) regression coefficients of the 24 dysregulated RBPs.
(c) Tenfold crossvalidation for tuning parameter selection in LASSO regression. The partial likelihood deviance is plotted against log ðλÞ,
where λ is the tuning parameter. Partial likelihood deviance values are shown, with error bars representing SE. The dotted vertical lines
are drawn at the optimal values by minimum criteria and 1-SE criteria. (d) Multivariate logistic regression analysis was performed to
establish a 12-RBP classifier. (e) Receiver operating characteristic (ROC) analysis evaluated the discrimination ability of the 12-RBP
classifier. (f) Risk score distribution of periodontitis and periodontally healthy samples. (g) PCA analysis of the periodontitis and
periodontally healthy samples based on the expression of the 12 RBPs.
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Figure 4: Immune-related pathways in periodontitis and their correlation with RBPs. (a) Correlation analysis between activities of immune
pathways and RBPs expression levels. (b) Dot plot and box plot reveal the relationship between the most positively correlated immune
pathway-RBP pair, BCR signaling pathway, and ISG20. A higher activity of BCR signaling pathway and higher expression of ISG20 were
observed in periodontitis samples. (c) Dot plot and box plot reveal the relationship between the most negatively correlated immune
pathway-RBP pair, BCR signaling pathway, and ESRP1. A higher activity of BCR signaling pathway and lower expression of ESRP1 were
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3.4. Identification of RBP Regulatory Patterns. Based on the
expressions of the 1542 RBP genes, the periodontitis samples
were clustered into two subtypes using unsupervised cluster-
ing analysis. The cluster numbers and robustness were
evaluated by consensus clustering algorithm [20, 21]. The R
package “ConsensuClusterPlus” was used to conduct the
steps described above for 1000 iterations in order to guaran-
tee the robustness of the clustering [22]. The comparisons of
relative enrichment score of immunocytes, activity of
immune-related pathways, and expression of HLA between
the two subtypes were conducted using the Wilcoxon test.

3.5. Biological Functions of the Two RBP Regulatory Patterns.
Hallmarks and KEGG pathways were used to summarize the
biological functions and distinction of the two RBP
regulatory patterns. Gene Set Variation Analysis was used to
evaluate enrichment levels, and the R package “limma” was
used to compare between the two subtypes. Pathways with p
value < 0.01 were considered to be significant. The gene sets
were from “h.all.v7.0.symbols” and “c2.cp.kegg.v7.0.symbols”
which were downloaded from the MSigDB database. The
GO-BP enrichment analysis of the RBP phenotype-related
genes and immune genes was conducted by the “clusterProfi-
ler” package. In addition, to identify gene modules related to
RBP regulatory patterns, weighted gene coexpression network
analysis (WGCNA) was employed on periodontitis samples
using “WGCNA” package. Correlation analysis between gene

modules and subtypes was conducted with the Pearson corre-
lation analysis.

4. Discussion

Periodontitis is a complex infectious disease, and dysregula-
tion of innate and adaptive immunity plays a key role in
the etiology [23]. With more knowledge of RBP regulatory
mechanisms, more evidences show that RBPs play a signifi-
cant role in the initiation and regulation of immune
responses [24]. Our study identified 24 significantly dysregu-
lated RBPs to distinguish periodontitis from periodontally
healthy samples, with 12 of them selected to compose a
molecular classifier for periodontitis, and revealed two RBP
regulatory subtypes corresponding to distinct immunophe-
notypes in periodontitis, with two gene modules significantly
correlated with the division of the two subtypes. It is by far
the first evidence on systematic evaluation of the role of RPBs
in the immune microenvironment in periodontitis.

In this study, the immune microenvironment of peri-
odontitis was found to be characterized by increased infiltra-
tion of immunocytes, higher activities of immune-related
pathways, and upregulated HLA expression, among which,
activated B cells, BCR signaling pathway, and HLA-DOB
were ones of those showing the most significant difference
from periodontally healthy samples, as well as being signifi-
cantly upregulated in the subtype of periodontitis with more
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intense immune reactions. Interestingly, those three were
also the ones having the most significant correlations with
RBP expressions. Paired with the immune characteristics
above, the most strongly correlated RBPs were ISG20 and
ESRP1, suggesting that ISG20 and ESRP1 might have potent
impact on the immune microenvironment in periodontitis.

ISG20 (interferon-stimulated exonuclease gene 20)
responds to interferon and exerts its antiviral abilities by
binding to single-stranded RNA and acts as exonuclease to
degrade viral RNAs. It mainly targets RNA viruses including
hepatitis C virus (HCV), hepatitis A virus (HAV), and yellow
fever virus (YFV) [25]. Higher expression of ISG20 was
associated with suppressed adaptive immune responses,
increased infiltration of monocyte-derived macrophages
and neutrophils, higher tumor grade, and poorer clinical out-
come in glioma [26]. In chronic periodontitis, researchers
detected aberrantly upregulated ISG20 genes in monocytes
stimulated by LPS from Porphyromonas gingivalis [27].
ESRP1 encodes a mRNA splicing factor that regulates the
formation of epithelial cell-specific isoforms [28]. In mela-
noma, patients with a lower expression of ESRP1 expressed
mesenchymal markers and higher level of immune cytolytic
activity and experienced better survival rate [29]. In our
study, ISG20 was found to be highly positively correlated
with activated B cell infiltration, BCR signaling activity, and
HLA-DOB expression, while ESRP1 was highly negatively
correlated with the above. In periodontitis, B cells initiate
immune responses by producing antibodies against peri-
odontal pathogens, and activated B cells could serve as
antigen presenting cells towards CD4+ and CD8+ T cells
[30]. In individuals more susceptible to periodontitis, B cells
exhibited more autoreactive properties [31]. HLA-DOB
belongs to the MHC class II beta chain which forms

HLA-DO to interact with HLA-DM on B cells in the antigen
presentation process [32]. The strong associations among
ISG20, ESRP1 and activated B cell, BCR signaling pathway,
and HLA-DOB in periodontitis were first identified in our
study. Our findings might help to reveal the pathogenesis
of periodontitis in the perspective of RBP-related molecu-
lar biology and to find novel immune therapeutic target
for periodontitis.

Two RBP regulatory subtypes of periodontitis we have
identified exhibited distinct immune profiles, with subtype-
2 having increased infiltration of immunocytes, and higher
activities of immune-related pathways and expressions of
HLA compared with subtype-1, indicating more intense
immune reactions in subtype-2. Furthermore, GSVA and
functional enrichment analyses revealed other biological
distinctions between the two RBP regulatory subtypes aside
from the immune aspects. This RBP-based clustering method
not only gave distinct division of immunophenotypes, but
also sorted out different biological profiles in periodontitis.
The possible associations among the RBPs, immunopheno-
types, and other biological signaling are of interest for further
investigations.

Since RBP regulatory subtypes have been linked with dis-
tinct periodontal immune microenvironment and biological
profiles, comparing the clinical information between the sub-
types is meaningful and worthwhile. However, a limitation of
this study was insufficient information on clinical features
(only gender, age, and PD type were recorded). Therefore,
this comparison could not reflect the entire profile of clinical
characteristics. We found a significant difference in gender
between the two RBP regulatory subtypes, indicating that
individuals of different genders might have different RBP
regulatory patterns, corresponding to different periodontal
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Figure 6: Unsupervised clustering of periodontitis samples based on the RBP expression. (a) Consensus clustering cumulative distribution
function (CDF) for k = 2–7. (b) Relative change in area under the CDF curve for k = 2–7. (c) Heatmap of the matrix of cooccurrence
proportions for periodontitis samples. (d) Principle component analysis (PCA) of the two RBP regulatory subtypes. (e) Clinical features of
the two RBP regulatory subtypes. (f) Expression of subtype-specific RBPs. The subtype-specific RBPs were the differentially expressed
RBPs between the two RBP regulatory subtypes (adjust p value < 0.01, ∣logFC ∣ >0:6). (g) Heatmap of the expression of subtype-specific RBPs.
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immune phenotypes, and possibly associated with distinct
genetic susceptibility to periodontitis. More information on
clinical phenotype and prognosis are expected to draw fur-
ther conclusions.

5. Conclusion

Our study depicted the correlations among RBPs and
immune microenvironment and biological reactions in
periodontitis, with strong correlations of the RBPs ISG20
and ESRP1 with activated B cell infiltration, BCR signaling
activation, and HLA-DOB expression. These findings indi-
cated that RBP-mediated regulation of immune microenvi-
ronment as an important mechanism in the pathogenesis of
periodontitis, which might inspire development of new
therapeutic approaches.
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Increasing evidence indicates a pivotal role of macrophages in innate immunity, which contributes to the pathogenesis of adult-
onset Still’s disease (AOSD). Despite the available reviews that summarized the pathogenic role of proinflammatory cytokines in
AOSD, a systematic approach focusing on the crucial role of macrophages in this disease is still lacking. This review summarizes
the updated functions of macrophages in AOSD and their implication in clinical manifestations and therapeutics. We searched
the MEDLINE database using the PubMed interface and reviewed the English-language literature as of 31 March 2021, from
1971 to 2021. We focus on the existing evidence on the pathogenic role of macrophages in AOSD and its implication in clinical
characteristics and novel therapeutics. AOSD is an autoinflammatory disease mainly driven by the innate immune response.
Among the innate immune responses, macrophage activation is a hallmark of AOSD pathogenesis. The pattern recognition
receptors (PRRs) on macrophages recognize pathogen-associated molecular patterns and damage-associated molecular patterns
and subsequently cause overproduction of proinflammatory cytokines and recruit adaptive immunity. Some biomarkers, such as
ferritin and gasdermin D, reflecting macrophage activation were elevated and correlated with AOSD activity. Given that
macrophage activation with the overproduction of proinflammatory cytokines plays a pathogenic role in AOSD, these
inflammatory mediators would be the therapeutic targets. Accordingly, the inhibitors to interleukin- (IL-) 1, IL-6, and IL-18
have been shown to be effective in AOSD treatment. Gaining insights into the pathogenic role of macrophages in AOSD can aid
in identifying disease biomarkers and therapeutic agents for this disease.

1. Introduction

Adult-onset Still’s disease (AOSD) is a systemic inflamma-
tory disorder characterized by fever, rash, arthritis, liver dys-
function, lymphadenopathy, variable multisystemic
involvement, hyperferritinemia, and even life-threatening
complications such as macrophage activation syndrome
(MAS) [1–4]. AOSD is a rare but important cause of fever
of unknown origin [5]. The reported incidence rates of
AOSD were 0.16, 0.22, and 0.4 per 100,000 persons in west

France [6], Japan [7], and northern Norway [8], respectively.
It is considered an autoinflammatory disease (AID) due to its
characteristic phenotypes and the absence of detectable auto-
antibodies [9]. The innate immune system encompasses the
germline-encoded pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs) and cytosol-expressed
nucleotide-binding oligomerization- (NOD-) like receptors
(NLRs) [10], which may drive autoinflammation with
unknown etiology. Increasing evidence indicates a pivotal
role of macrophage activation in the innate immune response
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with subsequent inflammatory reactions [11], giving rise to
the clinical manifestations of AOSD. Moreover, proinflam-
matory cytokines such as interleukin- (IL-) 1β, IL-6, IL-18,
and tumor necrosis factor- (TNF-) α play a pathogenic role
in AOSD [12–18], leading to an implication of new targeted
therapies [19–22]. Therefore, the biologics targeting IL-1,
IL-6, or IL-18 have been proven effective in the treatment
of AOSD [23–28].

With increasing evidence indicating an immunopatho-
genesis of AOSD, which is attributable to significant
advances in using therapeutic targets for AOSD, this review
is aimed at summarizing the current research results regard-
ing the pathogenic role of macrophage activation in AOSD
and its clinical implication in clinical characteristics and
therapeutics.

2. Materials and Methods

2.1. Literature Search. The present review focuses on the
existing evidence on the pathogenic role of the macrophage
activation and cytokine storm in AOSD and its clinical impli-
cation in therapeutics. We searched the MEDLINE database
using the PubMed interface and reviewed the English-
language literature as of 31 March 2021, from 1971 to 2021.
The search keywords for this updated review included mac-
rophage, innate immunity, immune response, inflammation,
pathogenesis, trigger factors, pathogen-associated molecular
patterns (PAMPs), damage-associated molecular patterns
(DAMPs), TLRs, inflammasomes, proinflammatory cyto-
kines, cytokine storm, MAS, clinical manifestations, AOSD,
autoinflammatory disorders, clinical implication, disease
activity, and therapeutic strategies. The relevant drugs
include corticosteroids, nonsteroidal anti-inflammatory
drugs (NSAIDs), conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs), biologic DMARDs
(bDMARDs), and targeted synthetic DMARDs
(tsDMARDs), mainly Janus kinase (JAK) inhibitors.

2.2. Study Selection. Two authors (PK Chen and DY Chen)
independently assessed the titles and abstracts of articles
identified by the literature search and retrieved the relevant
full-text articles. Both authors also evaluated the full-text
articles for eligibility and examined the selected articles’ ref-
erences for reference. We selected articles if they (1) were
probably relevant to the pathogenic role of macrophages or
macrophage-derived cytokines in AOSD and (2) were poten-
tially relevant to therapeutic agents targeting macrophage-
related cytokines in AOSD. Both authors extracted data from
these studies electronically. Our emphasis is on the updated
role of macrophages in the pathogenesis of AOSD and the
clinical implication in therapeutics by targeting the media-
tors involved in AOSD pathogenesis.

3. Results

3.1. Roles of Macrophage Activation in the Innate Immune
Responses. The innate immune system provides an early
defense to protect the host from invading foreign pathogens,
endogenous danger signals, and allergens [29]. The cells

(monocytes, macrophages, neutrophils, natural killer cells,
and dendritic cells) of innate immunity play a crucial role
in maintaining immune homeostasis by recognizing and
removing pathogens. These cells interact with the adaptive
immune system through cytotoxic reaction or production
of antigen-specific antibodies and cytokines [30]. By the
real-time imaging platform, Kapellos et al. revealed that bone
marrow-derived macrophage priming with Th2 cytokines
such as IL-4 and IL-10 resulted in higher phagocytic function
compared with M1 polarization [31]. Macrophages promote
tissue homeostasis through regulatory and repair functions
[32] and could be divided into classically activated macro-
phages, wound healing or tissue repairing macrophages,
and regulatory macrophages based on three different homeo-
static activities [33]. Host-derived DAMPs released from
damaged tissue, dying cells, or pathogen infections can be
recognized by PRRs on macrophages and subsequently initi-
ate an immune reaction [30, 33–34]. TLRs are well known as
a type of PRRs that mediate PAMP and DAMP recognition.
Upon PAMP and DAMP recognition, TLRs recruit adapter
molecules such as myeloid differentiation primary response
88 (MyD88), activate the downstream signal cascade through
NF-κB, and drive proinflammatory cytokine expression [35].
The NLRs are a family of intracellular sensors to mediate
innate immunity and inflammation. NLRP (nucleotide-bind-
ing oligomerization domain, leucine-rich repeat, and pyrin
domain) can form multimeric protein complexes in response
to stimuli. The assembly of NLRP inflammasomes triggers
cascade-1 activation to convert pro-IL-1β and pro-IL-18 into
mature IL-18 [36–37]. NLRP inflammasomes can be acti-
vated by PAMPs such as microbial toxins and whole patho-
gens, including bacterial, viral, and fungal [38]. They can
also recognize danger molecules such as ATP, extracellular
glucose, crystals of monosodium urate, and calcium oxalate
crystals [39–42]. These observations suggest that the macro-
phages can be activated through the recognition of various
PAMPs and DAMPs by different types of PRRs.

3.2. Pathogenic Role of Innate Immunity in AOSD

3.2.1. Triggering Factors of Innate Immunity in AOSD. The
exact etiology of AOSD is not fully understood, although var-
ious infections, mainly viral infections, have been suggested
as possible causative agents [43]. The reported infectious
triggers, so-called PAMPs, include cytomegalovirus (CMV),
parvovirus B19, Epstein-Barr virus, rubella virus, Measles
morbillivirus, hepatitis virus, influenza virus, adenovirus,
human immunodeficiency virus, Mycoplasma pneumonia,
and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) emerging in late 2019 [43–55]. We demon-
strated that parvovirus B19 nonstructural protein (NS)1
might induce IL-1β and IL-18 expression by activating
NLRP3 inflammasomes in AOSD [56]. Jia et al. recently
revealed that CMV DNA was found in the plasma of AOSD
patients with new-onset disease or relapses, and CMV infec-
tion is strongly associated with the initiation/amplification of
inflammation in AOSD [57]. Besides, Bamidis et al. reported
a patient who suffered from sequelae of COVID-19 mani-
fested as severe AOSD [55]. In consideration of infectious
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triggers, innate immunity plays a crucial role in AOSD
pathogenesis.

The DAMPs including advanced glycation end products
(AGEs), high mobility group box-1 (HMGB1), soluble
CD163 (sCD163), macrophage migration inhibitory factor
(MIF), and neutrophil extracellular trap (NET) have been
implicated in AOSD pathogenesis [1–2, 11, 58]. Accumulat-
ing evidence demonstrates a pathogenic role of advanced gly-
cation end products (AGEs) in inflammation [59–60]. Chen
et al. revealed that the AGE levels were elevated and corre-
lated with activity scores and ferritin levels in AOSD patients
[61], suggesting the involvement of AGEs in AOSD patho-
genesis. HMGB1, a member of DAMPs, is released into the
extracellular space from macrophages following inflamma-
some activation [62]. HMGB1 interacts with TLR2, TLR4,
or the receptor for AGEs (RAGE) and mediates inflamma-
tory response [63]. Jung et al. demonstrated that elevated
HMGB1 levels were correlated with systemic scores and C-
reactive protein (CRP) in AOSD patients and associated with
skin rash and sore throat [64]. The sCD163, a heme receptor
expressed on macrophages, is elevated and related to hyper-
ferritinemia in AOSD patients [65]. MIF, a T lymphocyte-
derived cytokine, inhibits random migration of macrophages
[66–67] and reduces anti-inflammatory actions of corticoste-
roids [68]. Increasing evidence indicates that MIF is a proin-
flammatory cytokine that can upregulate the expression of
proinflammatory mediators, including IL-1β, IL-2, IL-6, IL-
8, TNF-α, IFN-γ, and prostaglandin E2 [69]. Serum MIF
levels were elevated and correlated with disease activity in
AOSD patients [70–71]. Zou et al. also revealed highly
increased intracellular MIF in monocytes [70], suggesting
that macrophages are activated in AOSD and supporting that
AOSD is a disease of histiocyte-macrophage system activa-
tion [72–73]. Hu et al. showed that NET DNA from AOSD
patients exerted a potent capacity to accelerate the activation
of macrophages and increased the expression of IL-1β, IL-6,
and TNF-α [74]. In summary, PAMPs or DAMPs can trigger
an interplay between host genetic factors and macrophage
activation, contributing to AOSD pathogenesis [1–2, 11, 58].

3.2.2. The Common Features of Macrophage Activation in
COVID-19 and AOSD. In response to COVID-19 infection,
macrophages may be activated and produce proinflamma-
tory cytokines, resulting in the development of systemic
hyperinflammation, the so-called cytokine storm [75–76]. A
variety of proinflammatory cytokines, such as IL-1β, IL-6,
IL-8, and IFN-γ, were elevated in severe COVID-19 patients
[77] and active AOSD patients [12–19], suggesting a com-
mon link of the cytokine storm in the pathogenesis of both
diseases. Although Meng et al. recently revealed higher IL-6
and IL-10 in severe COVID-19 than in AOSD [78], a clear
distinction of cytokine profiles between severe COVID-19
and active AOSD is challenging and needs to be explored in
future studies.

3.2.3. Activated Macrophage-Related Mediators as the Disease
Activity Indicators in AOSD. PAMPs or DAMPs initiate mac-
rophage activation through PRRs, including TLRs, NLRP3
inflammasomes [79–82], and C-type lectin domain family

5-member A (CLEC5A)/DAP12 complex, and subsequently
cause the release of proinflammatory cytokines and activate
an adaptive immune response [29, 83]. Virus sensing can
trigger TLRs or activate the NLRP3 inflammasome, leading
to inflammatory responses in AOSD [56, 84]. Hsieh et al. also
revealed elevated expression of NLRP3 inflammasome sig-
naling molecules, which was correlated with disease activity
in AOSD patients [85]. Chen et al. demonstrated that the
levels of CLEC5A-expressing monocytes were increased
and correlated with disease activity and levels of IL-1β and
IL-18 in AOSD patients [86].

It is well known that ferritin is a characteristic mediator
of AOSD [1–3]. The activated macrophages can stimulate
the release of ferritin, and elevated H-ferritin expressions in
the lymph nodes and skin were correlated with the severity
of AOSD [87–88]. Beyond its iron storage role, ferritin takes
a pathogenic role in inflammation [89]. The synthesis of fer-
ritin can be upregulated in response to inflammatory cyto-
kines such as IL-1β and IL-6. Moreover, ferritin can
stimulate inflammatory pathways to amplify the inflamma-
tory process, supporting a hypothesis that ferritin may not
only act as a bystander of acute-phase reaction [90]. Ferritin
could be exported through the gasdermin D pole [91], and
full-length gasdermin D is cleaved into the N-terminal p30
fragment upon activation of inflammasomes. The p30 frag-
ment forms a pore in the cell membrane, through which
the activated IL-1β and IL-18 are exported from the cell
[92]. Recently, Nagai et al. showed that adults or children
with Still’s disease had elevated serum gasdermin D N-
terminal levels correlated with ferritin and IL-18 [93]. Fur-
thermore, the gasdermin D inhibitor could reduce the release
of pyroptosis-mediated ferritin by macrophages. In sum-
mary, increased ferritin frommacrophage activation was cor-
related with disease activity of AOSD and might serve as an
activity indicator of this disease [94].

3.2.4. Inflammatory Reactions and the Related Manifestations
of AOSD. Sustained macrophage activation may lead to tissue
inflammation with increased secretion of proinflammatory
cytokines. After NLRP3 inflammasome activation, caspase
enzymes induce the overproduction of IL-1β and IL-18, the
hallmark cytokines of active AOSD [12–14, 16]. IL-1β and
IL-18 further promote the secretion of proinflammatory
cytokines, including IL-6, IL-8, IL-17A, and tumor necrosis
factor- (TNF-) α [95–96]. IL-1β can also activate macro-
phages that play a crucial role in the cytokine storm or
MAS [97–98]. In the skin, IL-18 is produced in keratinocytes,
Langerhans cells, and dermal dendritic cells and may be
related to the cutaneous manifestation of AOSD [99]. The
locally activated macrophages in the liver produce a high
amount of IL-18 and contribute to AOSD-related hepatitis
[13, 100]. With this unique feature, IL-18 is the first identified
diagnostic marker and indicator of disease activity for AOSD
[14, 101].

Chemokines such as IL-8 are produced mainly by acti-
vated macrophages and act as the chemotactic agents of
inflammatory cells. Chen et al. revealed that the serum IL-8
level was a significant predictor of persistent arthritis [13].
Furthermore, IFN-γ-induced chemokines such as C-X-C
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motif chemokine 9 (CXCL9), CXCL10, and CXCL11 may
contribute to inflammatory responses and cutaneous mani-
festations in AOSD [102]. IL-6 also enhances immune
response and inflammatory reactions and contributes to
AOSD pathogenesis [19–20, 103]. As a proinflammatory
cytokine, IL-6 may be responsible for fever and skin rash,
as well as the production of acute-phase proteins in AOSD
[13, 104]. Therefore, biologics targeting IL-6 or its receptor
have been proved to be effective in the treatment of AOSD.

MAS or hemophagocytic lymphohistiocytosis (HLH) is
characterized by excessive macrophage activation accompa-
nied by the cytokine storm, hemophagocytosis, and hyperfer-
ritinemia [105]. The possible trigger factors of MAS include
infections, medications used, and uncontrolled AOSD
[106–108], and it is associated with high mortality in AOSD
[109]. Besides, di Benedetto et al. reported that ferritin levels
could be used to predict the emergence of MAS in AOSD
patients [110], and AOSD and MAS were both considered
hyperferritinemic syndrome [111]. Inflammasome-derived
IL-18/IL-1β were suggested to play important roles in
MAS-associated rheumatic diseases [112]. AOSD patients
having higher IL-18 levels were more likely to develop
MAS, and their IL-18 and ferritin levels were further
increased at the time of MAS [113].

3.3. Development of New Targeted Therapies. Because AOSD
is a rare disease with a heterogeneity of the clinical course,
there is currently no concise consensus for treating AOSD.
Although corticosteroids and csDMARDs are the standard-
of-care treatment for AOSD [22], a significant proportion
of patients showed poor therapeutic response or corticoste-
roid dependence [21, 114]. Given the pathogenic role of pro-
inflammatory cytokines in AOSD, these inflammatory
mediators would become the therapeutic targets.

3.3.1. Anti-IL-1 Therapy. Given that IL-1 is implicated in the
pathogenesis of AOSD [115–116] and its ligands and recep-
tors are secreted mainly by activated macrophages, the
administration of IL-1-blocking agents in AOSD patients
seems to be a logical therapeutic approach with a
corticosteroid-sparing effect [24–25, 117–120]. The IL-1-
blocking agents include anakinra (an IL-1R antagonist), rilo-
nacept (a soluble IL-1 trap molecule), and canakinumab
(anti-IL-1βmonoclonal antibody). The response to anakinra
therapy was rapid and sustained in most patients with AOSD
[24–25, 117–118]. An open-label randomized study showed
that anakinra induced more beneficial responses than
DMARDs in corticosteroid-refractory AOSD patients [120].
A meta-analysis revealed that anakinra was effective in treat-
ing AOSD with a steroid-sparing effect [121]. Recently, Vas-
tert et al. demonstrated that the use of anakinra could
minimize the steroid dose and improve clinical outcomes in
children or adults with Still’s disease [122]. A systematic
review indicated that anakinra treatment was associated with
a steroid-sparing effect, and a large proportion of patients
could discontinue the use of steroids [123]. A high-dose ana-
kinra has also been successfully used to treat refractory
AOSD complicated with life-threatening MAS [124–125].
Rilonacept, an inhibitor of both IL-1α and IL-1β, has a longer

half-life than anakinra. Limited reports revealed that rilona-
cept effectively treated AOSD patients with the systemic or
articular subtype [126–127]. Although a randomized con-
trolled trial was terminated prematurely with the primary
endpoint not achieved, canakinumab treatment improved
several outcome measures in AOSD [128]. Based on the evi-
dence and consensus, Italian experts recommended that anti-
IL-1 therapy was considered relatively safe and effective in
treating refractory AOSD patients, especially the systemic
subtype patients, as either the first line or a subsequent line
of biological treatment [129].

3.3.2. Anti-IL-6 Therapy. IL-6, a pleiotropic cytokine, binds
to IL-6R and a 130 kDa signal-transducing β-receptor sub-
unit (gp130) forms a functioning hexametric structure
[130]. The activation of gp130 induces the phosphorylation
of the signal transducer and activator of transcription 1
(STAT1), STAT3, and mitogen-activated protein kinase
(MAPK) cascade and then activates proinflammatory reac-
tions [131]. The pathogenic role of IL-6 [12–13, 103] is sub-
stantiated by the successful treatment with IL-6-blocking
agents in AOSD. The IL-6 receptor antagonist, tocilizumab
(TCZ), has recently been proposed as a promising biological
agent for AOSD patients. In a case series of 14 patients with
intractable AOSD, TCZ therapy resulted in complete resolu-
tion of the clinical disease activity in 57% of patients and
markedly reduced the maintenance dose of corticosteroids
[20]. TCZ is effective in treating AOSD patients with either
the systemic or chronic articular patterns [132], including
those who were refractory to anakinra [133–135] or TNF-α
inhibitors [136–137]. Furthermore, TCZ treatment was effec-
tive for AOSD patients complicated with MAS [138]. How-
ever, macrophage activation syndrome developed following
TCZ therapy in one patient with refractory AOSD, implying
that caution should be exercised in the very active status of
this disease [139]. Based on the previous findings [132–138,
140–141], TCZ treatment is effective and well tolerated in
treating refractory AOSD patients.

3.3.3. Anti-IL-17 Therapy. Given the pathogenic role of IL-17
in AOSD pathogenesis [18], the administration of IL-17
inhibitors in AOSD patients seems to be a logical therapeutic
approach with a corticosteroid-sparing effect. The IL-17
inhibitors have recently been proposed as a promising bio-
logical agent for rheumatic patients [142–143]. Clinical trials
showed that anti-IL-17 antibodies significantly reduced
rheumatoid arthritis (RA) signs and symptoms and C-
reactive protein levels [144–145]. Several monoclonal
antibody-mediated IL-17 inhibition approaches for patients
with inflammatory diseases have proceeded to phase III clin-
ical trials.

3.3.4. Anti-IL-18 Therapy. IL-18, one member of the IL-1
family, is expressed on monocytes, macrophages, and den-
dritic cells [146]. The binding of IL-18 to its receptors (IL-
18Rα and IL-18Rβ) triggers proinflammatory reactions. Pre-
vious studies revealed that IL-18 levels were elevated and cor-
related with disease activity in AOSD [12–14], and markedly
increased IL-18 levels were reported in AOSD patients
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complicated with MAS [112]. Given that IL-18 binding pro-
tein (IL-18BP) is an inhibitor of IL-18, a phase II clinical trial
demonstrated that IL-18BP (Tadekinig alfa) was effective and
well tolerated in treating AOSD [28]. Recently, Tadekinig alfa
has been shown to have therapeutic effects with a rapid
decrease of disease activity in active AOSD patients who were
refractory to csDMARDs [147]. These available results indi-
cate that IL-18 may be a promising therapeutic target in
AOSD.

3.3.5. Anti-TNF-α Therapy. TNF-α, an important proinflam-
matory cytokine, has been reported to be elevated in sera and
synovial membranes of AOSD patients compared with oste-
oarthritis patients or healthy subjects [13, 148]. Although

Kraetsch et al. revealed significant improvement in the clini-
cal and laboratory outcomes in 6 AOSD patients receiving
infliximab therapy [149], a recent evidence-based review
showed that TNF-α inhibitors might not be effective in
AOSD treatment [137].

3.3.6. Anti-IFN-γ Therapy. Given a pathogenic role of inter-
ferons such as IFN-γ in AOSD [15], the IFN-γ blockade
may effectively treat AOSD with or without concomitant
MAS [150]. Recently, Gabr et al. reported that emapalumab,
an IFN-γ blockade, effectively eliminated fever and improved
laboratory outcomes of a patient with AOSD complicated by
MAS [151]. Data regarding the effectiveness of the IFN-γ
blockade in treating AOSD remain limited.
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Figure 1: The proposed model for the summary of the pathogenic role of macrophages in adult-onset Still’s disease and its implication in
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member A; Th: helper T cells; NK: natural killer cells; IL: interleukin; TNF: tumor necrosis factor; IFN: interferon.

5Journal of Immunology Research



3.3.7. Janus Kinase (JAK) Inhibitors. Given that JAK inhibi-
tors can block multicytokines, the use of JAK inhibitors
may be feasible for AOSD treatment. Kacar et al. reported
that baricitinib, a JAK1/2 inhibitor, was effective in treating
two AOSD patients who were refractory to csDMARDs and
biological therapy [152]. The combination of baricitinib
and anakinra therapy effectively treated a patient with refrac-
tory AOSD [153]. A recent report from China revealed the
successful use of tofacitinib, a JAK1/3 inhibitor, in 14 patients
with AOSD [154]. Besides, tofacitinib therapy was effective in
treating a patient with AOSD complicated by MAS [155].

4. Conclusions

The status of hyperinflammation in AOSD, mainly driven by
an innate immune response, is characterized by an overpro-
duction of proinflammatory cytokines [1–2, 11, 58]. PAMPs
or DAMPs initiate macrophage activation through PRRs and
subsequently activate adaptive immune responses [29, 83].
The elevated levels of activated macrophage-related media-
tors may contribute to the clinical manifestations of AOSD
and act as the potential therapeutic targets [156]. Accord-
ingly, the inhibitors to IL-1, IL-6, and IL-18 have been shown
to be effective in AOSD treatment. The use of TNF-α inhib-
itors, such as infliximab, was effective for AOSD patients with
the chronic articular subtype. Through the multicytokine
blockade, JAK inhibitors were also an effective treatment
for AOSD with or without concomitant MAS. Better insights
into the pathogenic role of macrophages in AOSD can aid in
identifying disease biomarkers and novel therapeutics. Based
on the available evidence of the pivotal role of macrophage
activation in AOSD pathogenesis and its clinical implication,
we summarized the data as in Figure 1.
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