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Abstract. In human immunity, the spleen is a major organ, 
being central to humoral and cellular immunity. In  vitro 
and in vivo, inflammation is regulated by ubiquitin‑specific 
protease 8 (USP8); however, to the best of our knowledge, the 
effect of USP8 on spleen injury remains unknown. The present 
study aimed to investigate the protection offered by USP8 
against spleen injury in lipopolysaccharide (LPS)‑induced 
mice via attenuation of inflammation. A total of 119 C57BL/6J 
mice were placed into the following groups: Control group, 
saline group, LPS group, USP8 group, USP8 + LPS group and 
negative control (NC) + LPS group. A USP8 lentivirus was 
injected into mice at 1x108 TU/ml intracerebroventricularly for 
7 days before LPS was administered via intraperitoneal injec‑
tion at 750 µg/kg. From each group, serum and spleen samples 
were collected for analysis. Histological imaging was used 
to examine the spleen structure. Western blotting was used 
to detect the expression levels of proteins associated with the 
mitogen‑activated protein kinase (MAPK) and nuclear factor 
(NF)‑κB signaling pathways. Pro‑inflammatory cytokines 
were detected using enzyme‑linked immunosorbent assays. 
Compared with that in the saline, control and USP8 + LPS 
groups, the spleen volume in the LPS group was markedly 
increased, and the width of the splenic cord and sinus exhib‑
ited morphological damage in the LPS group. Compared with 

that in the saline, control and USP8 + LPS groups, the protein 
expression levels of USP8 in the spleen were decreased in 
the LPS group. Furthermore, the production of LPS‑induced 
pro‑inflammatory cytokines (e.g., interleukin‑1β and tumor 
necrosis factor‑α) was reduced in serum and spleen homog‑
enates by USP8. Related inflammatory pathways, including 
the NF‑κB and MAPK pathways, were downregulated in the 
USP8 + LPS group compared with those in the LPS group. 
In conclusion, the anti‑inflammatory effect of USP8 on 
LPS‑induced spleen injury may be mediated by the inhibition 
of MAPK and NF‑κB signaling pathways.

Introduction

The imbalance in the inflammatory response and organ injury 
following sepsis, cancer, trauma and shock are significantly 
affected by immune system dysfunction (1). In human immu‑
nity, the spleen is a major organ, being central to humoral 
and cellular immunity. The spleen performs a crucial role in 
antibacterial and antiviral immune reactivity, and is a major 
site of antibody production. Functional deficiency of the spleen 
results in increased susceptibility to systemic infections by 
bacteria or viruses (2).

The gram‑negative bacterial outer membrane component 
lipopolysaccharide (LPS) can cause immune responses in the 
central and peripheral nervous systems, thereby inducing sick‑
ness in mice (3). Peripheral administration of LPS can induce 
the expression of proinflammatory cytokines in both the 
central and peripheral nervous systems, including inducible 
nitric oxide synthase, cyclooxygenase 2, interleukin (IL)‑1β 
and tumor necrosis factor (TNF)‑α, by activating Toll‑like 
receptor 4 (TLR4) and regulating gene expression by initiating 
an intracellular signaling pathway involving nuclear factor 
(NF)‑κB activation (4). LPS primarily activates pathways that 
are both independent and dependent on myeloid differentiation 
primary response 88 (MyD88). In both pathways, recognition 
by TLR4 of the lipid A‑region of LPS is involved, suggesting 
that MyD88 signaling pathways have important functions in 
the immune response and inflammation (5). A previous study 
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demonstrated that LPS could upregulate pro‑inflammatory 
factor levels, including IL‑1β and TNF‑α, thus causing spleen 
injury in rats (6).

The cysteine protease ubiquitin‑specific protease 8 (USP8) 
is a member of the USP/UBP subfamily (7). USP8 mediates 
the stability of ubiquitin protein ligases (E3s), including that 
of neuregulin receptor degradation protein‑1 (NRDP1), an E3 
that is expressed mainly in skeletal muscle, the prostate, the 
heart and the brain (8). The growth‑regulated enzyme USP8 
is essential and indispensable for cell survival and prolif‑
eration (9). Conditional knockout of USP8 in mice has been 
reported to result in marked loss of expression of receptor 
tyrosine kinases, such as MET proto‑oncogene, receptor tyro‑
sine kinase, Erb‑B2 receptor tyrosine kinase 3 and epidermal 
growth factor receptor (10). Our previous study reported that 
the production of LPS‑induced proinflammatory factors was 
reduced following USP8 overexpression; therefore, USP8 
may be regarded as a novel candidate for the treatment of 
neuroinflammatory disorders (11). In addition, our previous 
study revealed that by modulating the TLR4/MyD88/NF‑κB 
signaling pathway, USP8 could protect against LPS‑induced 
cognitive and motor deficits in mice (12). However, the role of 
USP8 in LPS‑induced spleen injury and its effects on the regu‑
lation of associated signaling pathways is poorly understood. 
The present study hypothesized that USP8 could inhibit the 
production of pro‑inflammatory mediators, thereby protecting 
against LPS‑induced spleen injury.

Materials and methods

Ethical approval. A total of 119 healthy male C57BL/6J 
mice (age, 10‑12  weeks; weight, 20‑25  g) were obtained 
from the Medical Laboratory Animal Center of Guangdong 
Province. All mice were housed in a under automatically 
controlled temperature (21‑25˚C), relative humidity (45‑65%) 
and a 12‑h light/dark cycle. The National Institutes of 
Health guidelines were followed strictly when performing 
all of the animal procedures (13). The Animal Care and Use 
Committee of Jinan University (Guangzhou, China; approval 
no.  IACUC‑20180726‑03) approved all the animal proce‑
dures. Anesthesia was used during all surgeries, and pain and 
suffering were minimized as much as possible.

Experimental protocol. Mice (n=9/group) were randomly 
assigned to the following six groups: Control group, saline 
group, LPS group, USP8 + LPS group, USP8 group and nega‑
tive control (NC) + LPS group. USP8 (lentiviruses encoding 
mouse USP8) were constructed and produced by OBiO 
Technology (Shanghai) Corp., Ltd., and 1x108 TU/ml (4 µl) was 
administered intracerebroventricularly (i.c.v.) on day 1 using 
a microsyringe with the following stereotaxic coordinates: 
‑0.02 cm anterior, ‑0.15 cm lateral and ‑0.26 cm dorsal from the 
bregma, according to a previously described procedure (14). 
Age‑matched NC mice were injected with an empty lentiviral 
plasmid (EF‑1aF/GFP&Puro) at the same coordinates and with 
the same volume [OBiO Technology (Shanghai) Corp., Ltd.; 
1x108 TU/ml; 4 µl). Injection of USP8 (i.c.v.; 1x108 TU/ml; 4 µl) 
started 7 days before the i.p. injection of LPS (MilliporeSigma; 
750 µg/kg), which was injected once a day for 7 days. The 
saline group was injected with saline at an equal volume.

Enzyme‑linked immunosorbent assay (ELISA). Animals were 
anesthetized using 1.5% isoflurane  (15,16), then sacrificed 
by cardiac perfusion, and the spleen tissues were harvested 
and homogenized. Spleen samples from the six groups were 
homogenized in radioimmunoprecipitation assay (RIPA) 
lysis buffer (Beyotime Institute of Biotechnology) containing 
1  mM phenylmethylsulfonyl fluoride (PMSF; Beyotime 
Institute of Biotechnology). The bicinchoninic acid assay 
(Beyotime Institute of Biotechnology) was used to quantify 
the protein concentrations. The levels of TNF‑α and IL‑1β in 
serum and spleen homogenates were determined using ELISA 
kits (cat. nos. MTA00B and MLB00C; R&D Systems, Inc.) 
according to the manufacturer's protocols. Serum samples were 
obtained from whole blood samples (~800 µl) collected from the 
orbital sinus, by centrifugation at 12,000 x g for 20 min at 4˚C. 
Mice were immediately sacrificed following blood collection.

Staining with hematoxylin and eosin (H&E). Mice were 
anesthetized using 1.25% 2,2,2‑tribromoethanol injected 
intraperitoneally (200 mg/kg), the heart was exposed and 
paraformaldehyde (PFA; 4%) was then injected through the 
right ventricle. Subsequently, 4% PFA was used to fix the 
collected spleen samples for 24 h at 4˚C. The spleen samples 
were divided into two equal parts and immersed in distilled 
water with 40% sucrose overnight at 4˚C. On day 2, the spleen 
samples were embedded in paraffin and were cut into 4‑µm 
sections, before being stained with H&E (0.5% eosin) at room 
temperature for 10  sec to evaluate their morphology. The 
sections were observed under a light microscope.

Western blotting. Spleen tissue homogenates were harvested in 
RIPA lysis buffer containing 1 mM PMSF and then centrifuged 
at 6,000 x g for 15 min at 4˚C. The detection of cytoplasmic 
and nuclear NF‑κB was carried out following protein extrac‑
tion using the NE‑PER® kit (Thermo Fisher Scientific, Inc.). 
SDS‑PAGE on 8‑10% gels was used to separate equal amounts 
of protein, which were then electrotransferred onto polyvinyli‑
dene fluoride membranes (MilliporeSigma). Subsequently, 5% 
skimmed milk solution was used to block the membranes, after 
which they were incubated at 4˚C overnight with primary anti‑
bodies against P38 (cat. no. 9218S), phosphorylated‑(p)‑P38 
(cat. no. 4511S), ERK (cat. no. 4695S), p‑ERK (cat. no. 4370S), 
JNK (cat.  no.  9252S), p‑JNK (cat.  no.  9255S), IκBα 
(cat. no. 4814T), p‑IκBα (cat. no. 2859), NF‑κB (cat. no. 8242), 
MyD88 (cat. no. 4283S), USP8 (cat. no. 11832), Lamin‑B1 
(cat. no. 13435S) and GAPDH (cat. no. 2118S) (1:1,000 dilution; 
Cell Signaling Technology, Inc.), as reported previously (17). 
Following incubation with horseradish peroxidase‑conjugated 
goat anti‑rabbit (cat.  no.  23240) or goat anti‑mouse IgG 
(cat. no. 91196) secondary antibodies (1:2,000 dilution; Cell 
Signaling Technology, Inc.) for 1 h at room temperature, an 
enhanced chemiluminescence kit (MilliporeSigma) was used 
to detect the immunoreactive protein bands. The blots under‑
went scanning densitometry (Bio‑Rad GelDoc XR imaging 
system; Bio‑Rad Laboratories, Inc.) and semi‑quantification 
of signal intensity was performed using Image J software 
(version 1.45; National Institutes of Health).

Statistical analysis. All data are presented as the mean ± stan‑
dard error of the mean. SPSS 13.0 software (IBM Corp.) was 
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used for all statistical analyses. Data were analyzed using 
one‑way ANOVA followed by post hoc pairwise compari‑
sons using Tukey's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

General appearance and alterations to spleen morphology. 
All mice were observed and weighed every day immedi‑
ately before intraperitoneal injection of LPS. Following the 
administration of LPS, the mice displayed classic indications 
of sickness, such as reduced motion, a dispirited appearance, 
insensitivity to external stimulation, and reduced drinking 
and eating, which could be ameliorated by USP8 pretreatment 
(data not shown). Notably, the LPS‑injected group exhibited 
splenomegaly, in which the spleen was twice as large as that 
in the USP8 + LPS group (Fig. 1). Spleen size was defined as 
the largest length of the spleen in the resected specimen. As 
shown in Fig. 1, spleen size was significantly reduced in the 
USP8 + LPS group compared with that in the LPS group.

Expression levels of USP8 protein in the spleen of 
LPS‑induced mice. Western blotting was used to assess the 
protein expression levels of USP8 in the spleen after injecting 
the mice with LPS continuously for 7  days. As shown in 
Fig. 2, USP8 expression was significantly increased in the 
USP8 group compared with in the NC group, thus indicating 
successful USP8 overexpression. In the LPS group, the expres‑
sion levels of USP8 in the spleen were significantly decreased 
compared with those in the control, saline and NC groups, 
whereas i.c.v. injection of USP8 into the mice resulted in a 
significant increase in USP8 expression levels compared with 
in the LPS group (Fig. 2).

USP8 alters the splenic structure in the LPS‑induced systemic 
inflammation model. The spleens of the saline and control 
mouse groups had thin capsules, with clearly visible white 
and red pulp after H&E staining. The white pulp comprised 
splenic nodules and a periarteriolar lymphoid sheath (PALS). 
In the spleen, the marginal zone formed a unique region at the 
interface of both the white and red pulps (Fig. 3). The white 

Figure 1. Alteration to mouse spleen morphology in the different groups. **P<0.01; #P<0.05 (n=5/group). LPS, lipopolysaccharide; NC, negative control; USP8, 
ubiquitin‑specific protease 8.

Figure 2. USP8 treatment reverses LPS‑induced USP8 degradation in the 
spleen. **P<0.01; ##P<0.01 (n=9/group). LPS, lipopolysaccharide; NC, nega‑
tive control; USP8, ubiquitin‑specific protease 8.
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pulp was disorganized in the LPS‑treated group, without 
typical splenic nodules and PALS, both the marginal zone and 
germinal center had disappeared. The structure of the white 
pulp in the USP8 + LPS group exhibited splenic nodules with 
an obvious germinal center and a typical PALS; however, 
inflammation still existed.

USP8 decreases serum and spleen levels of pro‑inflammatory 
cytokines in LPS‑treated mice. The TLR pathway mediates 
the LPS‑induced inflammatory immune response, producing 
expression levels of pro‑inflammatory cytokines, including 
IL‑1β and TNF‑α  (18). The present study determined the 
concentrations of IL‑1β and TNF‑α in the serum and spleen 
homogenates using ELISA. Following injection with LPS, 
IL‑1β and TNF‑α levels in the spleen tissue homogenates 
were increased compared with those in the control and saline 
groups (Fig. 4). Furthermore, the levels of IL‑1β and TNF‑α 
in the serum samples were upregulated in the LPS‑treated 
mice. However, significant decreases in the levels of IL‑1β 
and TNF‑α were observed in mice treated with USP8 + LPS 
compared with those in the LPS‑treated mice (Fig. 4). These 
findings indicated that USP8 could effectively clear inflamma‑
tion from the spleens of mice treated with LPS.

USP8 protects against LPS‑induced spleen injury by 
inhibiting the NF‑κB pathway. NF‑κB is an important 
transcription factor for the secretion of pro‑inflammatory 
mediators (19). Therefore, the present study investigated the 
molecular mechanism by which USP8 exerted its therapeutic 
effects on pro‑inflammatory‑associated splenomegaly by 
determining the expression levels of NF‑κB pathway‑related 

proteins. When treated with LPS, the NF‑κB P65 subunit 
was shown to move into the nucleus, which may upregulate 
the expression levels of genes encoding pro‑inflammatory 
cytokines, such as TNF‑α and IL‑1β. Therefore, the protein 
expression levels of IκBα and MyD88 were detected. The 
expression levels of p‑IκBα and MyD88 were significantly 
increased in the mice treated with LPS compared with those 
in the mice in the control and saline groups, whereas in the 
USP8  + L PS group, their levels were significantly lower 
than those in the LPS group (Fig. 5). These results indicated 
that USP8 may attenuate splenomegaly via NF‑κB pathway 
inhibition.

USP8 protects against LPS‑induced spleen injury by 
inhibiting the MAPK pathway. Growing evidence has 
suggested that MAPK has a vital function in regulating the 
synthesis and release of pro‑inflammatory factors (20). The 
present study investigated how USP8 functions in MAPK 
signaling. LPS increased the levels of p‑ERK, p‑P38 (also 
known as MAPK14) and p‑JNK (also known as MAPK8) 
compared with those in the control and saline groups, as indi‑
cated by western blotting, whereas in the USP8 + LPS group, 
their expression levels were decreased (Fig. 6). These results 
suggested that USP8 may mediate attenuation of the inflam‑
matory response via the MAPK pathway.

Discussion

The cellular ubiquitin proteasome system (UPS) efficiently 
degrades proteins; in particular, it regulates structurally 
abnormal, misfolded or damaged proteins, and short half‑life 

Figure 3. USP8 treatment reverses structural damage to the spleen in LPS‑induced mice, as visualized using hematoxylin and eosin staining. Representative 
images from different groups of mice are shown. Scale bar, 100 µm. LPS, lipopolysaccharide; NC, negative control; PALS, periarteriolar lymphoid sheath; 
USP8, ubiquitin‑specific protease 8.
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regulatory proteins  (21). The UPS comprises ubiquitin 
and various other enzymes, such as USP8, which belong to 
the deubiquitinating enzyme family  (8). USP8 regulates 
growth‑related proteins and the stability of its effector protein, 
NRDP1, in response to various stimuli (22). NRDP1 regulates 
TLR signaling via inhibition of activator protein 1 and NF‑κB, 
which attenuates pro‑inflammatory cytokine production (23). 
In the brains of cecal ligation and puncture (CLP) model mice, 
our previous study revealed that neuroinflammation occurred 
and that USP8 had protective functions against CLP‑induced 
neuroinflammation, and cognitive and motor impairments. 
This previous observation may facilitate the development of 
novel therapeutic strategies to treat sepsis‑associated encepha‑
lopathy (24). The spleen is the largest immune organ in the 
body and contains numerous lymphocytes, which have a vital 
function in the immune response, and exhibit antitumor, 
anti‑inflammatory and hematopoietic properties  (25). Our 
previous studies reported that USP8 could regulate inflam‑
mation in vitro and in vivo (11,12,22); however, to the best of 

our knowledge, the impact of USP8 on spleen injury remains 
unknown. The aim of the present study was to investigate the 
protective effects of USP8 against spleen injury in LPS‑induced 
mice via attenuation of inflammation.

Viral or bacterial infections can cause splenomegaly 
resulting from the infiltration of a large number of inflam‑
matory cells, accompanied by congestion of the spleen (2). 
results of the present study indicated that systemic inflam‑
mation, induced by LPS, may cause splenomegaly, which 
could be ameliorated by USP8 pretreatment. In addition, the 
spleen was shown to be damaged by LPS administration, with 
marked congestion in the white pulp, a reduction in typical 
splenic nodules and PALS, and disappearance of the marginal 
zone and germinal center; notably, all of these findings were 
ameliorated by USP8 treatment. Thus, USP8 might exert a 
protective effect on LPS‑induced spleen injury.

It has previously been indicated that the expression of the 
transcription factor NF‑κB is increased in various tissues, 
including the spleen, following LPS injection (26). Under LPS 

Figure 4. USP8 decreases the serum and spleen levels of pro‑inflammatory cytokines, which were increased in LPS‑treated mice, as assessed using ELISA. 
(A) TNF‑α levels in serum and spleen. (B) IL‑1β levels in serum and spleen. **P<0.01; ##P<0.01 (n=9/group). IL‑1β, interleukin‑1β; LPS, lipopolysaccharide; 
NC, negative control; TNF‑α, tumor necrosis factor‑α; USP8, ubiquitin‑specific protease 8.

https://www.spandidos-publications.com/10.3892/mmr.2022.12887
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Figure 5. USP8 protects against LPS‑induced spleen injury by inhibiting the nuclear factor‑κB pathway. The protein expression levels of MyD88, P65 (cyto‑
solic), P65 (nuclear) and p‑IκBα were detected. **P<0.01; ##P<0.01 (n=9/group). LPS, lipopolysaccharide; MyD88, myeloid differentiation primary response 88; 
NC, negative control; p‑, phosphorylated; t‑, total; USP8, ubiquitin‑specific protease 8.
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Figure 6. USP8 protects against LPS‑induced spleen injury by inhibiting the mitogen‑activated protein kinase pathway. The protein expression levels of ERK, 
JNK and P38 were detected. **P<0.01; ##P<0.01 (n=9/group). LPS, lipopolysaccharide; NC, negative control; p‑, phosphorylated; USP8, ubiquitin‑specific 
protease 8.

https://www.spandidos-publications.com/10.3892/mmr.2022.12887
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stimulation in mice, phosphorylated IκBα has been reported to 
be degraded via proteasome‑mediated activation, resulting in 
active NF‑κB nuclear translocation (27). Intranuclear blockage 
of NF‑κB has been demonstrated to suppress pro‑inflammatory 
cytokines, such as IL‑1β and TNF‑α (28,29). Furthermore, 
in a previous study, USP8 increased NRDP1 levels, potently 
downregulated MyD88 and TLR4 levels, and blocked inhibitor 
of NF‑κB kinase subunit β and IκBα phosphorylation, thus 
decreasing p65 nuclear translocation, resulting in and inhibi‑
tion of NF‑κB signaling pathway activation in LPS‑induced 
mice (12). In the present study, USP8 reduced the protein levels 
of MyD88, NF‑κB and IκBα, which suppressed the release 
of pro‑inflammatory cytokines, including TNF‑α and IL‑1β. 
Therefore, it was hypothesized that treatment with USP8 could 
ameliorate pro‑inflammatory cytokine release, thereby attenu‑
ating spleen injury following LPS injection.

The MAPK serine/threonine protein kinases are common 
in mammals. MAPKs include ERK, JNK and P38 (30). The 
levels of p‑P38 have been shown to be significantly increased 
by LPS treatment in spleen homogenates from rats  (31). 
Mormède et al (32) observed that splenic MAPK signaling 
pathways were activated by i.p. injection of LPS. Increased 
expression of USP8 has been reported to induce increased 
surface localization of LepRb, which in turn can enhance 
leptin‑mediated activation of the MAPK/ERK pathway and 
CREB activation (33). The present results demonstrated that 
USP8 treatment reduced the expression levels of p‑JNK, 
p‑ERK and p‑P38 levels in the spleen of LPS‑induced mice, 
which is beneficial to reducing inflammation. The results 
suggested that the attenuation of inflammatory responses by 
USP8 acts via the MAPK pathway.

In conclusion, USP8 contributed to suppressing the release 
of pro‑inflammatory cytokines and prevented spleen injury 
following LPS injection in mice. These benefits of USP8 
were associated with inhibition of inflammation‑related 
signaling pathways, particularly the MAPK and NF‑κB path‑
ways. These data provided strong evidence that USP8 could 
be applied therapeutically to treat inflammation‑mediated 
spleen injury.
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