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Editorial on the Research Topic

The molecular basis of programmed cell death and neuroinflammation
in neurodegenerative diseases
The pathogenesis of neurodegenerative diseases is closely linked to the occurrence of

programmed cell death, also known as apoptosis and neuroinflammation. Despite the

presence of a distinct mode of cell death exhibiting unique morphological characteristics,

the identification and implications of this phenomenon in neurological diseases remain

unknown. Current scientific investigations are diligently striving to identify and

understand distinct cellular and molecular targets that can be selectively engaged in

therapeutic intervention for Alzheimer’s disease (AD), Parkinson’s disease (PD), and

Huntington’s disease (HD). This special edition is dedicated to a diverse array of original

research, comprehensive literature reviews, and expert opinions that its aim is to provide a

deeper understanding of the intricate molecular mechanisms underlying programmed cell

death in the context of neurodegenerative disorders.

The perspective article from Zhang et al. presents a comprehensive analysis of the

landscape of necroptosis research spanning the period from 2012 to 2021. The investigation

of necroptosis has exhibited a sustained and consistent expansion throughout the previous

decade. The current focus of research revolves around the phenomenon of synergistic

interactions with ferroptosis, with an increasing emphasis on the exploration of RIPK1/

RIPK3/MLKL pathways. This line of investigation aims to elucidate the intricate

connections between ferroptosis, inflammation, and oxidative stress while also exploring

the translational applications and therapeutic prospects for combating cancer and

neurological disorders.

The seminal study conducted by Lee et al. introduced a chronic constriction injury

(CCI) model as an effective animal model for investigating neuropathic pain. Their research
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further demonstrated that the administration of Mesenchymal stem

cells (MSCs) in spheroid form exhibited enhanced efficacy in

promoting pain resolution and cell viability when compared to

monolayer cells. In this study, the researchers observed that MSC

spheroids consisting of 10,000 cells displayed enhanced resistance

to apoptosis, a programmed cell death process, and exhibited

decreased secretion of immune response factors after CCI. This

study presents compelling evidence supporting the notion that

spheroids possess the capacity to enhance the efficacy of MSC-

based therapeutic interventions targeting induced neuropathic pain.

The review article authored by Li et al. provides an analysis of

the intricate metabolic and regulatory pathways associated with

tryptophan (TRP). A substantial body of preclinical research has

been conducted to investigate the modulation of TRP metabolism

as a potential therapeutic approach for neurological and psychiatric

disorders. However, the majority of these studies have primarily

concentrated on examining the involvement of 5-HT, TRP, KYN

metabolites, and IDO expression, while paying limited attention to

the intricate interplay of complex enzymes. The investigation of

enzymes involved in TRP metabolism necessitates the utilization of

molecular, cellular, and tissue methodologies, as they serve as

crucial regulators within the TRP pathway.

The current knowledge regarding the involvement of the central

nervous system (CNS) and peripheral inflammatory changes in

Huntington’s disease (HD) remains limited. In the comprehensive

review, Jia et al. provide a concise synthesis of current scientific

literature about immune and inflammatory changes observed in

individuals with HD. This study encompasses investigations

conducted on animal models of HD as well as clinical

observations of patients diagnosed with HD. The investigation

into the specific impact of inflammation on the development of

Huntington’s disease has promising implications for the

development of innovative treatment approaches.

Genomic instability is a key driver of various neurodegenerative

disorders and central nervous system malignancies. The

comprehensive review by Suptela et al. presents the occurrence of

cytosolic DNA sensors in resident central nervous system (CNS)

cells and their capacity to actively modulate their reactions to self-

DNA. In this study, the author discusses how glial DNA sensors can

prevent cancer and neuroinflammation, which are known to cause

neurodegenerative diseases. The processes by which glia detect

cytosolic DNA and the relative involvement of each pathway at

different stages of CNS diseases will help us understand their

pathophysiology while developing new treatments.

The growing study has shown chlorogenic acid’s anti-

inflammatory and immunomodulatory effects. In this seminal

research article, Xiong et al. elucidate the molecular mechanisms

and specific targets associated with the potential therapeutic effects

of chlorogenic acid on neuroinflammation. The present study

demonstrates the notable inhibitory impact of Chlorogenic acid

on the polarization of microglia towards the M1 phenotype.

Furthermore, it amplifies the cognitive impairment induced by

neuroinflammation in a murine model.
Frontiers in Immunology 025
The Lipopolysaccharide (LPS)-induced depression-like model

in mice is a widely employed approach for investigating the

underlying mechanisms of depression associated with

inflammation as well as evaluating the potential therapeutic

benefits of various drugs. Yin et al. conducted a thorough

systematic review aimed at identifying appropriate animal models

for future investigations on inflammation-related depression and

highlighted the significant influence of mouse strains and

lipopolysaccharide (LPS) administration on the assessment of

behavioral outcomes in relevant experimental models.

Levodopa (L-DOPA) is frequently administered to patients with

Parkinson’s disease (PD) by healthcare providers in clinical settings

to improve their symptoms. Despite long-term administration of L-

DOPA, a significant proportion of patients experience various

complications, including the “on-off phenomenon,” decreased

therapeutic efficacy, and levodopa-induced dyskinesia (LID). The

review by Zhang et al. examines the effects of widely used anti-

inflammatory medicines and NMDA receptor antagonists on

central nervous system neuroinflammation and LID progression.

This study presents a novel theoretical framework for the

identification of potential therapeutic targets for LID.

Finally, in a recent study, the therapeutic potential of Olfactory

ensheathing cells (OECs), a specific type of glial cell, has been

demonstrated in the treatment of various neurological disorders.

OECs have been shown to possess therapeutic potential for the

treatment of neurological disorders. In their comprehensive review,

Zhang et al. highlight the significance of OECs as a promising

therapeutic approach for various nervous system diseases.

Overall, the Research Topics focus on novel and impactful

investigations into the mechanisms of neuronal cell death and the

activation of microglia. These processes are known to play a crucial role

in the development of neuroinflammation and neurodegenerative

disorders. The insights gained from this Research Topic will certainly

improve our understanding of the consequences of programmed cell

death and the molecular mechanisms involved in mitigating

neurodegenerative diseases.
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Background: Necroptosis, a recently discovered programmed cell death, has been
pathologically linked to various diseases and is thus a promising target for treating
diseases. However, a comprehensive and objective report on the current status of
entire necroptosis research is lacking. Therefore, this study aims to conduct a
bibliometric analysis to quantify and identify the status quo and trending issues of
necroptosis research in the last decade.

Methods: Articles were acquired from the Web of Science Core Collection database. We
used two bibliometric tools (CiteSpace and VOSviewer) to quantify and identify the
individual impact and cooperation information by analyzing annual publications,
journals, co-cited journals, countries/regions, institutions, authors, and co-cited
authors. Afterwards, we identified the trending research areas of necroptosis by
analyzing the co-occurrence and burst of keywords and co-cited references.

Results: From 2012 to 2021, a total of 3,111 research articles on necroptosis were
published in 786 academic journals by 19,687 authors in 885 institutions from 82
countries/regions. The majority of publications were from China and the United States,
of which the United States maintained the dominant position in necroptosis research;
meanwhile, the Chinese Academy of Sciences and Ghent University were the most active
institutions. Peter Vandenabeele published the most papers, while Alexei Degterev had the
most co-citations. Cell Death & Disease published the most papers on necroptosis, while
Cellwas the top 1 co-cited journal, and themajor area of these publications wasmolecular,
biology, and immunology. High-frequency keywords mainly included those that are
molecularly related (MLKL, TNF-alpha, NF-kB, RIPK3, RIPK1), pathological process
related (cell-death, apoptosis, necroptosis, necrosis, inflammation), and disease related
(cancer, ischemia/reperfusion injury, infection, carcinoma, Alzheimer’s disease).

Conclusion: Necroptosis research had a stable stepwise growth in the past decade.
Current necroptosis studies focused on its cross-talk with other types of cell death,
potential applications in disease treatment, and further mechanisms. Among them, the
org June 2022 | Volume 13 | Article 91715517
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synergy with ferroptosis, further RIPK1/RIPK3/MLKL studies, its association with
inflammation and oxidative stress and translational applications, and the therapeutic
potential to treat cancer and neurodegenerative diseases are the trending research area.
These might provide ideas for further research in the necroptosis field.
Keywords: necroptosis, programmed cell death, CiteSpace, VOSviewer, bibliometric
1 INTRODUCTION

Necroptosis is a form of programmed cell death (PCD) mediated
by receptor interacting protein kinase-3 (RIPK3) and its substrate
mixed lineage kinase domain-like protein (MLKL) (1). It was first
observed in 1988 as a tumor necrosis factor (TNF)–induced new
necrotic cell death, with the “classical” features of apoptosis but a
“balloon-like” morphology without unclear disintegration (2). In
2005, Junying Yuan and colleagues proposed the term
“necroptosis” and identified a specific small-molecule inhibitor
of necroptosis, necrostatin-1, which blocks a critical step in
necroptosis (3). Necroptosis is morphologically similar to
necrosis but rigorously regulated by intracellular signaling
cascades. Apoptosis and necroptosis are both PCD; compared
to the former, necroptosis is an inflammatory process
characterized by swollen organelles, membrane pores, and the
eventual rupture of the plasmamembrane and organelles (4). The
initiation of necroptosis is usually triggered by the activation of
death receptors (e.g., TNF receptor), which subsequently recruit
receptor interacting protein kinase-1 (RIPK1). The elimination
or inhibition of caspase-8 enables the activation of RIPK1 and
recruitment of RIPK3. RIPK3 then recruits and phosphorylates
MLKL, and phosphorylated MLKL oligomerizes and moves to
the plasma membrane and forms a pore, leading to the
membrane rupture (1, 2). Necroptosis has been pathologically
related to various human diseases, such as cancers (5–7),
Alzheimer’s disease (AD) (8), Parkinson’s disease (PD) (9),
multiple sclerosis (10), stroke (11), infection (12), inflammatory
bowel disease (13), pancreatitis (14), and atherosclerosis (15).
Consequently, necroptosis is considered to be a promising target
for many diseases.

According to its great potential, necroptosis has gained
researchers’ keen interest with a rapidly increasing number of
publications. Many reviews have summarized necroptosis studies
from various aspects (7, 16–20), including a bibliometric analysis
(21); however, this bibliometric study only focused on
neuroscience and included both research articles and reviews.
Therefore, to the best of our knowledge, there is no report on the
whole picture of necroptosis research.

Although a quantitative overview could be conducted through
many approaches, such as traditional review, systematic review,
main path analysis, evidence map, and bibliometrics (22), only
bibliometrics could qualitatively and quantitatively analyze the
contribution and cooperation of authors, institutions, countries,
and journals and evaluate the knowledge base and trending
research topics at the same time (23, 24).

Therefore, the present study aims to use two bibliometric
software, CiteSpace and VOSviewer, to quantify the whole
org 28
picture of necroptosis research and identify trending research
questions in the last decade, which may help to generate
hypotheses for future studies in the necroptosis field.
2 MATERIALS AND METHODS

2.1 Data Collection
TheWeb of Science Core Collection (WoSCC) database is widely
used in bibliometrics, which contains Science Citation Index
Expanded (SCIE), Social Science Citation Index (SSCI), and
Emerging Sources Citation Index (ESCI) (21, 24). Data were
obtained from the WoSCC database on March 24, 2022. The
search formula was [TS = (“necroptosis” OR “necroptotic”)]
AND [Publication type = (Article)] AND [Language =
(English)], and the publication year was limited to (2012-
2021). Search results were downloaded as “Full Record and
Cited References” and “Plain Text”. For further analysis, we
subsequently renamed the files as “download_*.txt”, which
CiteSpace software could read.

2.2 Data Analysis
We used CiteSpace 5.8.R3 (Chaomei Chen, 2006), VOSviewer
1.6.16 (Nees Jan van Eck and Ludo Waltman, 2010), and
Microsoft Excel 2019 to perform bibliometric analysis and
visualization. Data cleaning was the first step, for instance,
“tumor cell” and “tumor-cells” were merged as “tumor cells”,
“reactive oxygen” and “ros” were unified as “ros”, and
meaningless terms such as “age” and “assay” were deleted (25).

CiteSpace is a bibliometric and visual analysis tool that excels
at detecting cooperation, key points, internal structure, potential
trends, and dynamics in a scientist field (26). Therefore, we used
CiteSpace to analyze the co-occurrence of countries/regions and
institutions, the dual-map of journals, reference timeline, citation
bursts, keyword timeline, and keyword bursts. The settings were
as follows: timespan (2012–2021), years per slice (1), pruning
(none), selection criteria (Top N=100), minimum duration of
burstness (2 years), cluster labels were extracted by light semantic
indexing (LSI) and the log-likelihood ratio (LLR) algorithm, and
others followed the default. In CiteSpace visualization, the size of
node reflects the co-occurrence frequencies, and the links
indicate the co-occurrence relationships. The colors of the
node and line represent different years; the colors vary from
purple to red as time goes from 2012 to 2021. Nodes with purple
round mean a high betweenness centrality (≥0.10), which acts as
a bridge between different networks (26–28).

VOSviewer is another bibliometric software that is good at
creating and visualizing knowledge maps, showing the types of
June 2022 | Volume 13 | Article 917155
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clusters, overlays, or density colors (29, 30). It was used to
perform the co-occurrence of authors and co-cited authors,
journals and co-cited journals, co-cited references, and
keywords. We set the counting method as full counting; other
thresholds were shown in the corresponding chapter. In the
cluster map, the size of node reflects the co-occurrence
frequencies, and the same color represents the same cluster;
furthermore, the link indicates the co-occurrence relationship,
and the thickness of the link depends on a calculated strength
value, which is proportional to the number of publications two
researchers co-authored or the number of publications in which
two keywords occur together (30). In density maps, the size of
word and round and the opacity of yellow are positively related
to the co-cited frequency. In the overlay map, the color indicates
the average published year.

We used Excel software to analyze the annual publications.
Furthermore, the impact factor (IF) and Journal citation reports
(JCR) division of journals and the H-index of scholars were
obtained from the Web of Science on April 5, 2022.
3 RESULTS

3.1 Annual Growth Trend
We obtained 3,194 papers from the WoSCC database and finally
included 3,111 eligible articles (Figure 1; Supplementary
Frontiers in Immunology | www.frontiersin.org 39
Table 1). As shown in Figure 2, the number of necroptosis-
related articles has steadily increased over the past decade.

3.2 Distribution of Countries/Regions
and Institutions
A total of 3,111 papers were from 82 different countries/regions
and 885 institutions (Table 1). China published the most articles
(n=1,213), followed by the United States (n=955) and Germany
(n=318). However, the centrality of China was less than 0.10,
which means China might not be a “bridge” node in necroptosis
studies. By contrast, Germany (centrality=0.41), the United
States (centrality=0.23), and France (centrality=0.14) had high
centrality, which is presented with a purple circle in Figure 3A.
The density of country/region co-occurrence (Figure 3B) was
0.14, indicating active cooperation among them. Chinese
Academy of Sciences is the most productive institution, but its
centrality is relatively low (n=86, centrality=0.07). By contrast,
Harvard Medical School (n=70, centrality=0.14), Ghent
University (n=77, centrality=0.12), and St. Jude Children’s
Research Hospital (n=55, centrality=0.10) had a high centrality.

3.3 Authors and Co-Cited Authors
A total of 19,687 authors were involved in necroptosis research;
among them, 91 authors published at least ten papers (Figure 4A;
Supplementary Table 2). Peter Vandenabeele from the University
of Ghent published the highest number of necroptosis-related
FIGURE 1 | Flow chart of data collection.
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articles (n=45), followed by John Bertin and James M. Murphy
(Table 2). There were fifteen colors in Figure 4A, representing 15
clusters among authors. Active collaborations usually exist in the
same cluster, such as Bertin John and Gough Peter J. There were
also collaborations among linked two nodes in different clusters,
such as John Bertin and Peter Vandenabeele.

Co-cited authors are the authors who were cited in one article
(31). Among 61,882 co-cited authors, 99 had over 100 co-
citations (Figure 4B; Supplementary Table 2). Figure 4B
presented them as a density map, which could clearly show the
high-frequency co-cited authors. The more citations, the warmer
the color. As shown in Table 2 and Figure 4B, Alexei Degterev,
Sudan He, and Kim Newton had the most co-cited.

Given the inherent limitations of the CiteSpace and
VOSviewer visualization, the pictures cannot show all the
information. Therefore, we placed the complete data in
Supplementary Table 2, as well as the figures below.

3.4 Journals and Co-Cited
Academic Journals
A total of 786 academic journals published articles on necroptosis
research. The top 15 journals published 821 papers, accounting for
26.39% of all publications (Table 3). Cell Death & Disease had the
Frontiers in Immunology | www.frontiersin.org 410
greatest number of publications (n=164), followed by Cell Death
and Differentiation (n=87) and Scientific Reports (n=84).

Among 6,555 co-cited sources, 49 journals had >500 citations;
among which, Cell (n=6,414), Nature (n=5,083), and Proceedings
of the National Academy of Sciences of the United States of
America (PNAS) (n=4,210) had the greatest number of
citations. Furthermore, the top 15 co-cited journals accounted
for 28.20% citation of all cited sources (Table 3).

The dual-map overlay of journals stands for the topic
distribution of academic journals (32) (Figure 5). Citing
journals are on the left, cited journals are on the right, and
colored paths indicate citation relationships. Figure 5 showed
there was only one primary citation path fromMolecular/Biology/
Genetics journals to Molecular/Biology/Immunology journals.

3.5 Co-Cited References and
Reference Burst
Of the 89,431 cited references, 71 were cited at least 100 times
(Supplementary Table 3). Table 4 showed that the top 10 co-
cited references were co-cited at least 348 times. Among them,
the most co-cited reference is an article published in Cell by
Liming Sun et al. in 2011 (n=714). Furthermore, seven of the top
10 were research articles, two were reviews, and one was a report.
TABLE 1 | Top 10 countries/regions and institutions related to necroptosis.

Rank Countries/Regions Centrality Count Institution Centrality Count

1 China 0.06 1213 Chinese Acad Sci (China) 0.07 86
2 United States 0.23 955 Univ Ghent (Belgium) 0.12 77
3 Germany 0.41 318 Univ Melbourne (Australia) 0.07 74
4 Japan 0.07 195 Harvard Med Sch (United States) 0.14 70
5 South Korea 0.09 172 Fudan Univ (China) 0.07 67
6 England 0.09 130 Shanghai Jiao Tong Univ (China) 0.06 65
7 Australia 0.08 116 Zhejiang Univ (China) 0.08 62
8 Canada 0.05 116 Walter & Eliza Hall Inst Med Res (Australia) 0.04 60
9 Belgium 0.08 97 Sun Yat Sen Univ (China) 0.06 58
10 France 0.14 94 St Jude Childrens Res Hosp (USA) 0.10 55
June 2022 |
 Volume 13 | Article 9
FIGURE 2 | Trends of necroptosis publications over the past decade.
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FIGURE 3 | The co-occurrence map of countries/regions (A) and institutions (B) in necroptosis research. (A) Country/regions (n≥100); (B) Institution (n≥50). The
node size reflects the co-occurrence frequencies, and the links indicate the co-occurrence relationships. The color of node and line represent different years; colors
vary from purple to red as time goes from 2012 to 2021, and nodes with purple round mean high betweenness centrality (≥0.1).
A

B

FIGURE 4 | The co-occurrence authors’ (A) and co-cited authors’ (B) map of necroptosis research. (A) Authors with documents ≥10 (cluster map). The size of
node reflects the authors’ co-occurrence frequencies, the link indicates the co-occurrence relationship between authors, the thickness of the link is proportional to
the number of publications two researchers have co-authored, and the same color of node represents the same cluster. (B) Co-cited authors with citations ≥100
(density map). The size of word, the size of round, and the opacity of yellow are positively related to the co-cited frequency.
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The references timeline view could visualize the evolution of
research hotspots over time. The terms with the highest
frequency in each cluster were tagged as cluster labels, and the
rest were listed in Supplementary Table 2. As shown in
Figure 6, cluster #0 (necroptosis/MLKL), #1 (apoptosis/TNF-
a), #3 (RIPK3/necrostatin-1), #5 (inducing factor/astrocytes),
and #6 (RIP1/AIF) started earlier; while cluster #2 (RIPK1/ZBP1)
Frontiers in Immunology | www.frontiersin.org 612
and #4 (lymphocytes/ferroptosis) are still ongoing, which could
be considered as the frontier.

References with citation bursts are those that have been cited
significantly more frequently over a period (28). A total of 243
references were detected as citation bursts, and we listed the top
20 in Figure 7. The strongest burstness (strength=79.48)
occurred in a paper entitled “Molecular mechanisms of
TABLE 2 | Top 10 authors and co-cited authors related to necroptosis.

Rank Author Count H-index Co-cited author Count H-index

1 Peter Vandenabeele 45 118 Alexei Degterev 1363 40
2 John Bertin 37 66 Sudan He 866 20
3 James M. Murphy 36 18 Kim Newton 865 39
4 Manolis Pasparakis 34 76 Andreas Linkermann 843 47
5 Junying Yuan 33 63 Galluzzi L 765 107
6 Peter J. Gough 32 38 Liming Sun 752 14
7 John Silke 32 72 Peter Vandenabeele 742 118
8 Douglas R. Green 29 23 Young-Sik Cho 705 19
9 Andreas Linkermann 29 47 William J. Kaiser 616 51
10 Edward S. Mocarski 27 82 Duanwu Zhang 597 11
June 2022
 | Volume 13 | Articl
TABLE 3 | Top 15 journals and co-cited journals related to necroptosis.

Rank Journal Count JCR
(2020)

IF
(2020)

Cited journal Cited
count

JCR
(2020)

IF
(2020)

1 Cell Death & Disease 164 Q1 8.469 Cell 6414 Q1 41.584
2 Cell death and Differentiation 87 Q1 15.828 Nature 5083 Q1 49.962
3 Scientific Reports 84 Q1 4.380 Proceedings of the national academy of sciences

of the United States of America
4210 Q1 11.205

4 Proceedings of the National Academy of Sciences
of the United States of America

55 Q1 11.205 Cell Death and Differentiation 4183 Q1 15.828

5 Plos One 51 Q2 3.240 Journal of Biological Chemistry 3941 Q2 5.157
6 Nature Communications 47 Q1 14.919 Science 2791 Q1 47.728
7 Cell Reports 46 Q1 9.423 Immunity 2472 Q1 31.745
8 International Journal of Molecular Sciences 45 Q1/Q2 5.924 Cell Death & Disease 2410 Q1 8.469
9 Biochemical and biophysical research

communications
40 Q2/Q3 3.575 Molecular Cell 2299 Q1 17.970

10 Journal of Immunology 40 Q2 5.422 Plos One 2205 Q2 3.240
11 Oncotarget 40 / / Journal of Immunology 2148 Q2 5.422
12 Cell death Discovery 33 Q2 5.241 Nature Reviews Molecular Cell Biology 1812 Q1 94.444
13 Journal of Biological Chemistry 33 Q2 5.157 Nature Communications 1496 Q1 14.919
14 Frontiers in Immunology 30 Q1 7.561 Nature Chemical Biology 1396 Q1 15.040
15 Molecular Medicine Reports 26 Q3/Q4 2.952 Cell Reports 1335 Q1 9.423
e

FIGURE 5 | The dual-map overlay of journals on necroptosis. The citing journals are on the left, the cited journals are on the right, and the colored path represents
the citation relationship.
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necroptosis: an ordered cellular explosion” (36), published inNat
Rev Mol Cell Biol by Vandenabeele et al. in 2010, with citation
burstness from 2012 to 2015. Notably, four references (16–18,
41) were still in burstness. Respectively, Pasparakis et al. (17)
reviewed necroptosis and its role in inflammation; Weinlich et al.
reviewed necroptosis in development, inflammation, and disease
(18); the Nomenclature Committee on Cell Death prompted a
recommendation on the molecular mechanisms of cell death
(41); Galluzzi et al. (16) reviewed the mechanisms of necroptosis
and its relevance to disease.

3.6 Keyword Analysis of Trending
Research Topic
A total of 5,639 keywords were extracted, among which 297
keywords appeared at least ten times and 62 keywords appeared
at least 50 times. As we can see from Table 5, cell death was the
most frequent keyword (n=1,211), followed by apoptosis
(n=1,104) and necroptosis (n=885). Table 6 showed the top 10
keywords of molecules, pathological processes, and diseases
related to necroptosis. It could be seen that MLKL (n=521),
Frontiers in Immunology | www.frontiersin.org 713
TNF-alpha (n=332), NF-kB (n=315), RIPK3 (n=233), and
RIPK1 (n=155) were the most studied molecules; cell-death
(n=1211), apoptosis (n=1,104), necroptosis (n=885), necrosis
(n=557), inflammation (n=443), and oxidative stress (n=273)
were the most mentioned pathological process; and cancer
(n=170), ischemia/reperfusion injury (n=110), infection
(n=50), carcinoma (n=32), and Alzheimer’s disease (n=31)
were the most studied diseases in necroptosis studies.

Figure 8A showed the high-frequency keywords (n≥50) as an
overlay map, where the color indicated the average published
year. As we can see, inflammation, oxidative stress,
phosphorylation, and protection are emerging fields that were
colored yellow. The timeline view (Figure 8B) presented the top
3 (if any) high-frequency keywords in each cluster over time. We
could see that seven of the eight clusters (except #6) are still
ongoing. Among them, #0 (reperfusion injury/rat model) is the
biggest cluster, followed by #1 (cell death/anticancer effect), #2
(necroptotic cell death/molecular switch), and #3 (oxidative
stress/smoke-induced necroptosis). More information was
listed in Supplementary Table 2.
FIGURE 6 | Timeline view of co-cited references related to necroptosis. Each horizontal line represents a cluster; the smaller the number, the larger the cluster, and
#0 is the largest cluster. The node size reflects the co-cited frequencies, and the links indicate the co-cited relationships; the color of node and line represent different
years; nodes are at their first co-cited year. Cluster labels were extracted from title by LSI (red) and LLR (yellow).
TABLE 4 | Top 10 co-cited references related to necroptosis.

Title First Author Journals Citations Type Year

1 Mixed lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase (33) Liming Sun Cell 714 Article 2011
2 Phosphorylation-driven assembly of the RIP1–RIP3 complex regulates programmed necrosis and

virus-induced inflammation (34)
Young Sik Cho Cell 657 Article 2009

3 Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury (3) Alexei Degterev Nat Chem Biol 652 Article 2005
4 Receptor Interacting Protein Kinase-3 Determines Cellular Necrotic Response to TNF-a (35) Sudan He Cell 647 Article 2009
5 Molecular mechanisms of necroptosis: an ordered cellular explosion (36) Peter

Vandenabeele
Nat Rev Mol
Cell Biol

542 Review 2010

6 RIP3, an energy metabolism regulator that switches TNF-induced cell death from apoptosis to
necrosis (37)

Duan-Wu
Zhang

Science 539 Report 2009

7 Identification of RIP1 kinase as a specific cellular target of necrostatins (38) Alexei Degterev Nat Chem Biol 520 Article 2008
8 Necroptosis and its role in inflammation (17) Manolis

Pasparakis
Nature 463 Review 2015

9 Mixed lineage kinase domain–like protein MLKL causes necrotic membrane disruption upon
phosphorylation by RIP3 (39)

Huayi Wang Mol Cell 438 Article 2014

10 Plasma membrane translocation of trimerized MLKL protein is required for TNF-induced necroptosis
(40)

Zhenyu Cai Nat Cell Biol 348 Article 2014
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Keyword bursts are those that were cited significantly frequently
over a period (28). As shown in Figure 9, receptor interacting
protein had the strongest bursts (strength=9.96), followed by TNF
(strength=9.42) and l929 cell (strength=8.06). Notably, rat,
ferroptosis, and protect were in burstness until 2021.
Frontiers in Immunology | www.frontiersin.org 814
4 DISCUSSION

4.1 General Information
Based on the data from the WoSCC database from 2012 to
2021, a total of 3,111 necroptosis articles were published in 786
TABLE 5 | Top 20 keywords related to necroptosis.

Rank Keywords Counts Rank Keywords Counts

1 cell-death 1,211 11 TNF-alpha 358
2 apoptosis 1,104 12 NF-kB 315
3 necroptosis 885 13 oxidative stress 273
4 activation 711 14 kinase 259
5 necrosis 557 15 phosphorylation 254
6 MLKL 521 16 inhibition 238
7 programmed necrosis 467 17 RIPK3 233
8 inflammation 443 18 autophagy 204
9 mechanism 393 19 pathway 194
10 expression 391 20 cancer 170
June 2022 | Volume 13 | Article
MLKL, mixed lineage kinase domain-like protein; TNF-alpha, tumor necrosis factor-alpha; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; RIPK3, receptor-interacting
protein kinase-3.
TABLE 6 | Top 15 molecules, pathological process and disease related to necroptosis.

Rank Molecules Counts Pathological process Counts Diseases Counts

1 MLKL 521 Cell-death 1,211 Cancer 170
2 TNF-alpha 358 Apoptosis 1,104 Ischemia/reperfusion injury 110
3 NF-kB 315 Necroptosis 885 Infection 50
4 RIPK3 233 Necrosis 557 Carcinoma 32
5 RIPK1 155 Inflammation 443 Alzheimer’s disease 31
6 Complex 89 Oxidative stress 273 Brain injury 30
7 Caspase-8 82 Phosphorylation 254 Fibrosis 26
8 NLRP3 65 Autophagy 204 Stroke 26
9 ROS 50 Proliferation 70 Acute kidney injury 25
10 FADD 38 ER stress 65 Breast cancer 25
11 Necrostatin-1 37 Ubiquitination 45 Tumor 23
12 Inflammasome 34 DNA damage 40 Drug resistance 22
13 p53 33 Pyroptosis 26 Hepatocellular carcinoma 22
14 bcl-2 32 Ferroptosis 25 Inflammatory bowel disease 20
15 Toll-like receptors 19 Mitophagy 19 Parkinson’s disease 19
MLKL, mixed lineage kinase domain-like protein; TNF-alpha, tumor necrosis factor-alpha; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; RIPK3, receptor-interacting
protein kinase-3; RIPK1, receptor-interacting protein kinase-1; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; ROS, reactive oxygen species; FADD, Fas-associated via
death domain; er stress, endoplasmic reticulum stress; bcl-2, B-cell lymphoma-2.
FIGURE 7 | Top 20 references with the strongest citation bursts involved in necroptosis (sorted by the starting year). The Blue bars mean the reference had been
published; the red bars represent citation burstness.
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academic journals by 19,687 authors in 885 institutions from 82
countries/regions.

The increasing trend of publications indicated that
necroptosis is attracting mounting attention and interest. The
necroptosis research officially started in 2005, when Junying
Yuan proposed the term “necroptosis” (3). Since then,
necroptosis research has grown rapidly. In the past decade,
necroptosis research had stable stepwise growth, and the
published article in 2021 is almost ten times that of 2012.

In country/region analysis, the number of publications and
betweenness centrality are two vital indicators, in which high
centrality (≥0.10) nodes imply the “bridge” effects of those
Frontiers in Immunology | www.frontiersin.org 915
countries/regions in the global cooperation network (26, 27,
42, 43). According to Table 1 and Figure 3, China and the
United States contributed the most to publications on
necroptosis. Of the top 10 institutions that published the most
research items, five were in China, two in the United States, two
in Australia, and one in Belgium (1/10). However, the centrality
of China and Chinese institutions was less than 0.1 while that of
the United States was 0.23, indicating that the United States
might maintain the dominant position in necroptosis research.
Moreover, Germany, the United States, and France had high
centrality, which means they played key roles in the global
cooperation of necroptosis research. Furthermore, in terms of
FIGURE 8 | The overlay map (A) and timeline view (B) of keywords related to necroptosis. (A) Keywords appeared ≥50, max lines = 200. The node size reflects the
co-occurrence frequencies, the link indicates the co-occurrence relationship, the thickness of the link is proportional to the number of times two keywords co-occur,
and the color indicates the average published year. (B) Each horizontal line represents a cluster; the smaller the number, the larger the cluster, and #0 is the largest.
The time is at the top, and keywords are located at their first co-occurrence time in the cluster. Cluster labels were extracted from title and abstract information by
LSI (red) and LLR (yellow). LSI, light semantic indexing; LLR, log-likelihood ratio; AD, Alzheimer’s disease; AKI, acute kidney injury; ALL, acute lymphoblastic
leukemia; ALS, amyotrophic lateral sclerosis; AML, Acute Myelocytic leukemia; APP, amyloid precursor protein; bcl-2, B-cell lymphoma-2; er stress, endoplasmic
reticulum stress; GM-CSF, granulocyte/macrophage colony-stimulating factor; GSDMD, gasdermin-D; HCC, hepatocellular carcinoma; IAP, inhibitors of apoptosis;
IBD, inflammatory bowel disease; INF-g, interferon-g; MI, myocardial infarction; MLKL, mixed lineage kinase domain-like protein; NF-kB, nuclear factor k-light-chain-
enhancer of activated B cells; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; PCD, programmed cell death; RIPK, receptor-interacting protein kinase;
RIPK1, receptor-interacting protein kinase-1; RIPK3, receptor-interacting protein kinase-3; ROS, reactive oxygen species.
June 2022 | Volume 13 | Article 917155
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network density, there was active cooperation among countries
and institutions.

Among the top 10 authors and co-cited authors (Table 2),
Peter Vandenabeele not only published the greatest number of
necroptosis-related papers but is also among the top seven co-
cited authors, indicating his outstanding contribution to
necroptosis research. Vandenabeele is a professor at Ghent
University, focusing on cell death, immunology, and
inflammation. In 2010, his group published a review (36) that
described the molecular mechanisms of necroptosis in detail and
discussed its immunological outcomes and pathophysiological
implications, which was co-cited up to 542 times and had the
strongest citation bursts in this study. Among both top 10
authors and co-cited authors, Andreas Linkermann is also a
professor working in Technische Universitat Dresden; his
laboratory is interested in multiple regulated cell deaths in
kidney transplantation, acute kidney injury, antibody-mediated
rejection, and ischemia-reperfusion injury. In 2014, the New
England Journal of Medicine published a Linkermann and
Green’s review entitled Necroptosis (1). They summed the
regulatory mechanism and pathophysiology of necroptosis and
pointed out the therapeutic strategies for preventing necroptotic
diseases; this reference had a strong burst from 2015 to 2019.
Notably, the most co-cited author, Alexei Degterev, an associate
professor at Tufts University, recently centered on analyzing the
roles of RIPK1/RIPK3 in necroptosis and inflammation. He
published two top 10 co-cited articles that proposed the
concept “necroptosis” (3) and identified the RIP1 kinase as a
specific cellular target of necrostatins distinct from necrostatin-1
(38), respectively.
Frontiers in Immunology | www.frontiersin.org 1016
In a journal analysis (Table 3), Cell Death & Disease
published the most necroptosis studies, and it was also the
eighth most cited journal. Cell death and differentiation and
PNAS were both the top 5 publication journals and top 5 co-cited
journals, indicating their essential role in disseminating
necroptosis research. Cell received the most co-citations, partly
because three of the top four highly cited papers (33–35) were
published in Cell (Table 4), followed by Nature and PNAS. The
journals were mainly in the cell biology, immunology, and
comprehensive fields. This is consistent with the dual-map
analysis (Figure 5), which showed that the main citation path
in necroptosis research is related to molecular, biology,
and immunology.

The collection of co-cited references cited by the
corresponding research community could partly represent the
knowledge base (28, 44–46). Among the top 10 co-cited
references, six mainly elaborated RIPK1 or RIPK3 (33–35, 37–
39), three are about the key role of MLKL (33, 39, 40), two are
related to the necroptosis in inflammation (17, 34), one
prompted the term “necroptosis” and regarded it as a
therapeutic potential for ischemic brain injury (3), and one
reviewed the molecular mechanisms of necroptosis (36). As for
reference burst analysis, four references are still in burst and
worth our attention: three are about necroptosis-related diseases
and inflammation (16–18), and one is a recommendation on the
molecular mechanisms of cell death (41).

4.2 The Hotspots and Trending
In such an era of information explosion, keeping abreast of the
trending research area in the research field is critical to researchers.
FIGURE 9 | Top 20 keywords with the strongest citation bursts (sorted by the starting year). The red bars mean citation burstness.
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Bibliometrics provides a method in which keyword co-
occurrence can reflect the hotspots of an academic area (47),
the overlay and timeline view can present the evolution of new
hotspots (21, 48), and reference clusters and citation bursts can
characterize the emerging topics in the discipline (23, 28, 42).
In this study, we tried to objectively evaluate the hotspots and
frontiers of necroptosis research through the analysis of
keyword co-occurrence (Table 5 and Table 6), keyword
overlay and timeline (Figure 8), keyword burst (Figure 9),
reference timeline (Figure 6), and reference burst (Figure 7).
We summarized three aspects as follows.

4.2.1 The Cross-Talk of Necroptosis With Other
Types of Cell Death
PCD is a form of cell death that results from the activation of
signal transduction modules, including apoptosis, necroptosis,
pyroptosis, and ferroptosis, and hence can be pharmacologically
or genetically modulated (41). Over the last two decades,
numerous studies have highlighted the cross-talk between
multiple types of PCD rather than linear pathways with
defined immunological outputs (49, 50).

The pathways of necroptosis and apoptosis are tightly linked
through caspase-8 (51, 52), which not only is a typical activator
of extrinsic apoptosis but also inhibits necroptosis through the
cleavage of RIPK1 and possibly RIPK3 (53, 54). That is, the cell
commits three fates when TNF engages its receptor and forms
Complex I, which consists of TNFR1-associated death domain
protein (TRADD), TNFR-associated factors (TRAF), RIPK1, the
cellular inhibitor of apoptosis protein 1 (cIAP1), and the cellular
inhibitor of apoptosis protein 2 (cIAP2) (55). If RIPK1 is
ubiquitinated, cell death is aborted; if caspase-8 activity is
inhibited, necroptosis occurs; otherwise, the cells undergo
apoptosis (56).

Necroptosis and pyroptosis are both regulated necrosis,
among which pyroptosis can be initiated by the NLRP3
inflammasome when it suffers changes in cellular ion
homeostasis, while this property also allows its activation in
response to membrane disruption caused by MLKL, the terminal
effector of necroptosis (57, 58).

Ferroptosis is an iron-dependent PCD caused by unrestricted
lipid peroxidation and subsequent membrane damage (59). In
this study, the keyword ferroptosis is not only in keyword co-
occurrence; especially, it is also among the top 20 keywords with
the strongest citation bursts and still on bursts and is the cluster
label (#4) of the reference timeline (Figure 6) in which the cluster
remains ongoing. That means ferroptosis still occurs frequently
in recent necroptosis studies, indicating that the cross-talk
between necroptosis and ferroptosis might be a new rising
research area. Multiple structural, functional, and mechanistic
evidence proved their cross-talk (60). One of the mechanisms of
ferroptosis is that iron overload leads to a mitochondrial
permeability transition pore (MPTP) opening, which
exacerbates RIPK1 phosphorylation and contributes to
necroptosis (61, 62). Moreover, heat shock protein 90 (HSP90)
facilitates necroptosis and ferroptosis by promoting RIPK1
phosphorylation and inhibiting glutathione peroxidase 4
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(GPX4) activation (63, 64). The cross-talk between necroptosis
and ferroptosis has drawn attention in the areas of ischemic
stroke (60), neuronal death after hemorrhagic stroke (65), kidney
disease (66), pulmonary disease (67), and so on, which might
have huge prospects.

Autophagy is also frequently mentioned in necroptosis
research. Necroptosis and autophagy could cross-talk through
RIPK1. When RIPK1 activates ERK, ERK negatively regulates
transcription factor EB (TFEB) and, subsequently, basal
autophagy through phosphorylation at the serine 142 site; if
RIPK1 forms DISC and caspase-8 is activated, it leads to
necroptosis (68).

Recently, a review discussed the emerging connectivity of
PCD pathways and its physiological implications (50). The
authors pointed out that the various types of PCD might be a
single, coordinated cell death system in which the individual
pathways are highly interconnected and can flexibly compensate
for one another. Similar to our findings, the cross-talk between
necroptosis and other cell death modalities and the synergy in
disease might be the trending research area in the field
of necroptosis.

4.2.2 Potential Applications of Necroptosis in
Various Diseases
According to our results (Table 6, Figures 6–9), necroptosis-related
disease is a hot area in necroptosis research, including cancers
(cancer, tumor, carcinoma, breast cancer, hepatocellular carcinoma,
leukemia, drug resistance), neurological diseases (AD, brain injury,
stroke, PD, ischemia/reperfusion injury), acute kidney injury, other
ischemia/reperfusion injuries, infection, autoinflammatory disease,
and myocardial ischemia. We discussed the first two fields below:
cancers and neurological diseases.

The role of necroptosis in cancer is still controversial (6, 69). On
the one hand, the dysregulation of necroptosis regulatory
molecules such as MLKL and RIPK3 is associated with cancer
development (70–72), and the activation of RIPK1/RIPK3 may
potentiate antitumor immunity (73) and reverses drug resistance
(70). On the other hand, there is also evidence that necroptosis may
promote carcinogenesis by inducing adaptive immunosuppression;
for instance, RIPK1 is overexpressed in glioblastoma, lung cancer,
and pancreatic ductal adenocarcinoma (PDAC) (74, 75), and
RIPK3 and MLKL are highly expressed in PDAC (75, 76).
Among the clinically approved drugs, 5-FU (77, 78) and
shikonin (79, 80) might enhance antitumor immunity through
necroptosis induction. Overall, although the molecular mechanism
of necroptosis has been studied well, its application and regulation
in cancer only began to emerge and need further investigation (20).

Similar to our findings, accumulating evidence indicates that
age-related neurodegenerative diseases, such as AD and PD, and
acute neuronal injury, such as stroke, traumatic brain injury, and
ischemia/reperfusion injury of brain, are strongly associated with
necroptosis (8, 81, 82). Notably, degradation is among the top 20
keywords with the strongest citation bursts (Figure 9), indicating
that it is a hot research field from 2017 to 2018; moreover,
neuronal cell death is extracted as the label of cluster #5
(Figure 8B) that is still ongoing, meaning it remains as the
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research foci for now. AD is characterized by severe neuronal
loss in which necroptosis is observed and correlated positively
with the Braak stage and negatively with brain mass and
cognition (8, 83). RIPK1, a key regulator of necroptosis, has
emerged as a promising therapeutic target for neurodegenerative
disease (81, 84, 85). It might be involved in regulating
transcriptional responses in AD, and the inhibition of RIPK1
might promote the ability of microglia to degrade amyloid-b,
reduce inflammatory microglia, and restore the phagocytic
capacity of microglia (84). Recently, Park et al. demonstrated
that O-GlcNAcylation (O-linked b-N-acetylglucosaminylation)
plays a protective role in AD by inhibiting necroptosis through
ameliorated AD pathology, including Ab burden, neuronal loss,
neuroinflammation, and damaged mitochondria and recovered
the M2 phenotype and phagocytic activity of microglia (86). The
increased levels of RIPK1, RIPK3, and MLKL were also observed
in the PD model (81); furthermore, the necrostatin-1, an
inhibitor of necroptosis, improves the survival of optic atrophy
type 1 mutant human iPSC–derived neurons in vitro and
attenuate MPTP-induced dopaminergic neuron loss (9).
Necroptosis was also observed in traumatic brain injury,
stroke, and ischemia/reperfusion injury of brain (87–89).
Moreover, the inhibitor of necroptosis, necrostatin-1, has been
regarded as a promising treatment target for neurodegenerative
diseases (88, 90, 91). Necroptosis has shown a great therapeutic
promise in neurodegenerative diseases and acute neuronal
injury, which has attracted the researchers’ interests and is
becoming a trending topic.

4.2.3 Mechanism of Necroptosis
As shown in Tables 5, 6, in the necroptosis research field, the
hotspots of key players include RIPK1, RIPK3, and MLKL; the
hotspots of triggering factors include TNF-alpha, NF-kB, toll-
like receptors, and ZBP1, as supported by the timeline analysis
(Figures 6, 8). We will not repeat them because previous reviews
(1, 36, 92) have thoroughly explained these. Notably, our results
show that inflammation and oxidative stress are at the forefront
of the current necroptosis research.

It is known that necroptosis is an inflammatory form of PCD;
when cells die and the membrane ruptures, damage-associated
molecular patterns (DAMPs) that can cause inflammatory
responses are released (18, 93). In addition, previous studies
suggested that RIPKs facilitate the activation of the NLRP3
inflammasome (94, 95). Indeed, necroptosis is associated with
some inflammatory diseases, such as neuroinflammatory disease
(96), infection (12), autoinflammation (97), inflammatory bowel
disease (13), and idiopathic inflammatory myopathy (98).
Therapeutically, the inhibition of RIPK3 or RIPK1 exhibited
anti-inflammatory effects in animal disease models, suggesting
that the inhibitors of these kinases may have a therapeutic
potential to treat inflammatory injuries (99).

Oxidative stress is labeled as the fourth cluster that is still
ongoing (Figure 8, #3); it is an imbalance between oxidants and
antioxidants in favor of the oxidants, leading to a disruption of
redox signaling and control and/or molecular damage (100).
Oxidative stress is caused by an imbalance between the
production of ROS and the antioxidant capacity. Oxidative
Frontiers in Immunology | www.frontiersin.org 1218
damage is not only the cause of necroptosis but also its
consequence (101, 102). Excess ROS leads to lipid peroxidation
and damage to proteins and DNA, and the latter is an important
cause of genomic instability in age-related diseases (102). For
instance, oxidative stress could promote Ab deposition, tau
hyperphosphorylation, and synaptic and neuronal loss and
subsequently contributes to the development of AD (103).

4.3 Strength and Limitations
Overall, this is the first bibliometric study to systematically
analyze the necroptosis-related publications in the past decade.
Compared to traditional reviews, the bibliometric analysis
provides a novel and objective insight into the evolving
research foci and trends (24). Meanwhile, we used various
bibliometric software to perform an analysis, which could
provide richer results in multiple dimensions (24, 104). This
study will inform the public of the importance of necroptosis,
provide scholars a whole picture of necroptosis research, and
further serve as a comprehensive and objective guide for the
future development of the necroptosis research field.

Inevitably, this study has some limitations. Firstly, we
exclusively retrieved the articles published in English from the
WoSCC database, thus omitting articles that are not in WoSCC
or not English. Nevertheless, English articles in WoSCC are the
most commonly used data source in bibliometrics, which could
represent most of the information to a degree (24, 105).
Secondly, bibliometric methods are based on natural language
processing, which may be biased, as reported by other
bibliometric studies (21, 24). However, our results are
consistent with recent traditional reviews (92, 106, 107) while
providing more comprehensive and objective information.
CONCLUSION

In conclusion, research on necroptosis had a stable stepwise
growth with active cooperation worldwide in the past decade, of
which the United States might maintain the dominant position
in necroptosis research. Peter Vandenabeele contributed to most
of the publications, and Alexei Degterev was the most co-cited in
necroptosis field. Current necroptosis studies are focused on its
cross-talk with other types of cell death, potential applications in
disease, and further mechanisms. Among them, the synergy with
ferroptosis, further RIPK1/RIPK3/MLKL studies, the mechanism
and translational applications with inflammation and oxidative
stress, and the therapeutic potential to treat cancer and
neurodegenerative diseases might be the rising and promising
research areas. These might provide guidance and new insight
for further research in the necroptosis field.
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Mesenchymal stem cell
spheroids alleviate neuropathic
pain by modulating chronic
inflammatory response genes

Nayeon Lee1,2†, Gyu Tae Park1,2†, Jae Kyung Lim2,
Eun Bae Choi2, Hye Ji Moon2, Dae Kyoung Kim2,
Seong Min Choi2, Young Cheol Song2, Tae Kyun Kim3

and Jae Ho Kim1,2*

1Convergence Stem Cell Research Center, Medical Research Institute, Pusan National University,
Yangsan, South Korea, 2Department of Physiology, School of Medicine, Pusan National
University, Yangsan, South Korea, 3Department of Anesthesia and Pain Medicine, Pusan National
University Yangsan Hospital, Yangsan, South Korea
Chronic neuropathic pain is caused by dysfunction of the peripheral nerves

associated with the somatosensory system. Mesenchymal stem cells (MSCs)

have attracted attention as promising cell therapeutics for chronic pain;

however, their clinical application has been hampered by the poor in vivo

survival and low therapeutic efficacy of transplanted cells. Increasing evidence

suggests enhanced therapeutic efficacy of spheroids formed by three-

dimensional culture of MSCs. In the present study, we established a

neuropathic pain murine model by inducing a chronic constriction injury

through ligation of the right sciatic nerve and measured the therapeutic

effects and survival efficacy of spheroids. Monolayer-cultured and spheroids

were transplanted into the gastrocnemius muscle close to the damaged sciatic

nerve. Transplantation of spheroids alleviated chronic pain more potently and

exhibited prolonged in vivo survival compared to monolayer-cultured cells.

Moreover, spheroids significantly reduced macrophage infiltration into the

injured tissues. Interestingly, the expression of mouse-origin genes

associated with inflammatory responses, Ccl11/Eotaxin, interleukin 1A, tumor

necrosis factor B, and tumor necrosis factor, was significantly attenuated by the

administration of spheroids compared to that of monolayer. These results

suggest that MSC spheroids exhibit enhanced in vivo survival after cell

transplantation and reduced the host inflammatory response through the

regulation of main chronic inflammatory response-related genes.

KEYWORDS

mesenchymal stem cells, 3D spheroids, chronic inflammatory response genes,
neuropathic pain, chronic constriction injury
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Introduction

Peripheral neuropathic pain is a complex, chronic, and

debilitating condition that severely worsens a patient’s quality

of life (1). Chronic peripheral neuropathic pain is caused

by pathological changes or diseases of the peripheral

somatosensory nervous system (2), and is characterized by

neuropathic pain such as hyperalgesia (painful stimuli) or

allodynia (painless stimuli) (3, 4). Although neuronal

processes most likely trigger the onset of neuropathic pain,

accumulating evidence suggests the involvement of immune

cells and chronic inflammation in the induction and

maintenance of neuropathic pain (5). Several pharmacological

treatment approaches have been introduced; however, despite

these effects of pain relief, chronic peripheral neuropathic pain

does not respond to conventional drug treatments (6).

Stem cells have drawn considerable attention in the therapy of

chronic peripheral neuropathic pain (7). Mesenchymal stem cells

(MSCs) represent a good source for therapy of various diseases

and regeneration of injured tissues through direct differentiation

into tissue-type cells or paracrine functions, including pro-

angiogenesis, anti-apoptosis, and immunomodulatory effects

(8–10). However, the clinical application of MSCs has been

hampered by the poor survival and therapeutic efficacy of

transplanted cells. MSC spheroids or aggregates, which are

formed by three-dimensional (3D) suspension culture, not only

enhance the survival of administered MSCs but also better mimic

the physiological microenvironment compared to two-

dimensional (2D) monolayer-cultured MSCs (11–15).

Accordingly, conditions with cell-to-cell interaction and cell-

extracellular matrix can be used to preserve viable cells

throughout cell transplantation and repair the pain response.

However, it has not been explored whether MSC spheroids can

affect the survival and therapeutic efficacy of MSCs in chronic

peripheral neuropathic pain.

The chronic constriction injury (CCI) model is one of the

most frequently used models for studying neuropathic pain. The

CCI model is based on the unilateral loose ligation of the sciatic

nerve, which corresponds to the pathophysiological properties of

chronic neuropathic pain in humans (16). Ligation knots are

placed on the sciatic nerve to induce chronic nerve injury (17–

19). However, some studies reported the alleviation of symptoms

after 2-4 weeks (20), and Urban et al. reported that they rarely

observed signs of pain (21). Therefore, it is necessary to perform

compression tests on the ligations before applying the CCI

model to avoid inconsistencies in the results.

In this study, we aim to demonstrate the MSC implantation

in 3D spheroid form can effectively relieve injured pain in the

CCI model, and to explore the main mechanisms that effectively

respond to inflammatory signaling by improving the survival of

the engrafted MSCs. We believe that this strategy may benefit the

post-engrafted survival of MSCs and their paracrine potential to
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improve the therapeutic efficiency of MSC transplantation in

neuropathic pain.
Materials and methods

Animals and surgical procedure of the
CCI model

All animal experiments were performed in accordance with

the guidelines of the Pusan National University Institutional

Animal Care and Use Committee (IACUC: PNU-2021-0063).

Adult Balb/C male and female mice weighing 20–25g were

housed under a standard 12-h light/dark cycle with a regulated

ambient temperature of 22–24°C. Mice were anesthetized with a

single intraperitoneal injection of 2% Avertin (200 mg/kg) in

accordance with the methods described in IACUC policy (The

preparation, storage, and use of Tribromoethanol (Avertin) in

mice). The CCI to sciatic nerve was used to induce the

neuropathic pain as previously reported (16). Under aseptic

conditions, the sciatic nerve was exposed by a skin incision along

the femur, followed by the separation of biceps femoris muscles

and superficial gluteal muscles without damaging the muscle

bundles. The CCI was then induced by placing one, two, four

ligatures (4/0 silk suture, 1 mm apart) around the nerve. The

animals were returned to their cages following wound closure to

recover, and the von Frey test was performed every 3–4 days for

all groups.
Isolation of tonsil-derived mesenchymal
stem cells (TMSCs)

TMSCs were isolated as previously described (Doi: 10.3390/

cells9010089). Briefly, tonsils were obtained from patients with

chronic tonsillitis who had undergone tonsillectomy. To isolate

stem cells, tonsil tissues were chopped using an autoclaved blade

and scissors. Next, the tissues were digested in Type1 collagenase

(Sigma-Aldrich, C9891) and hyaluronidase (Worthington

Biochemical Corporation, LS002592) at 37°C for 1 h. The

enzyme was neutralized with a 10% fetal bovine serum (FBS)-

containing medium, and the samples were centrifuged at 3000 rpm

for 10 min. After centrifugation, the samples were filtered through

a 40-mmnylonmesh to remove debris and diluted in culture media

for overnight incubation at 37°C under 5% CO2 conditions.
Differentiation of TMSCs to adipocytes,
osteoblasts, and chondrocytes

To induce the differentiation of MSCs to osteoblasts and

adipocytes, TMSCs were seeded on 0.1% gelatin-coated 6-well
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plate at a density with 1 × 105 cells. The osteogenic and

adipogenic differentiation of TMSCs were induced by using

StemPro osteogenesis differentiation kit (Thermo Fisher,

A1007201) and StemPro adipogenesis differentiation kit

(Thermo Fisher, A1007101), respectively. To induce the

chondrogenic differentiation, pellets containing 5 × 104

TMSCs were formed in 96-well polypropylene plates via

centrifugation for 5 min at 300 × g. Cells were maintained in

chondrogenesis media (StemPro chondrogenesis differentiation

kit, A10071-01) at 37°C with 5% CO2. The differentiation

induction media were changed every other day. Osteogenic

differentiation of TMSCs was visualized by staining with

Alizarin Red (Sigma Aldrich, TMS008) after 7 days of

induction. The differentiation of TMSCs to adipocytes was

demonstrated by staining the cytoplasmic inclusion of lipid

droplet with Oil Red O (Sigma Aldrich, MAK194) at day 7.

Toluidine Blue stain (Sigma Aldrich, 89640) was used to

examine the formation of chondrogenic structure after 14 days

under induction medium. The stained cells were observed on

the microscope.
MSC monolayer (2D) and spheroid (3D)
cell cultures

TMSCs were cultured in gelatin-coated dishes containing a-
MEM (Invitrogen, 12000022), 10% FBS (Invitrogen, 16000044),

and 1% penicillin/streptomycin (Invitrogen, 15140122) for

maintenance and 2D cell culture. To establish MSC spheroids,

cells were harvested and cultured by hanging-drop methods at

1000, 2500, 5000, 10000, and 25000 cells/spheroid in a 150 mm

petri dish and incubated for 3 days at 37°C under 5% CO2. After

3 days, the spheroids were collected from the dishes.
Live and dead cell counting

MSC spheroids were collected from the plate and fragmented

to single-cell conditions using Accutase. The enzyme-treated cells

were neutralized with an FBS-containing medium. Neutralized

cells were centrifugated at 1000 rpm for 4 min, and the pellets

were diluted in 1 ml media. 10 µl of cell-contained media was

mixed with 10 µl of trypan blue for staining of dead cells, and cell

viability was assessed using a LUNA cell counter (LUNA-II

Automated Cell Counter, Logos Biosystems, L40001).
Cell transplantation

For cell transplantation, 1 × 106 cells were suspended in the

solution of Matrigel (1:20 dilution in the a-MEM, Corning, BC-

354230) to obtain 1 × 106 cells/100 µL for the 2D condition and

100 spheroids/100 µL for the 3D condition. For MSC
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transplantation, either single cells or spheroids were vertically

injected into the thigh muscle region of CCI-induced mice using

a 0.5 ml Hamilton syringe with 26-gauge needle. The injection

was maintained at a slow flow rate (about 100 mL/min) and the

needle was kept in place for at least 2 min post-injection to avoid

leakage of the injecting solution. To prevent cell death by host

defense, mice were treated with cyclosporine A (Sigma-Aldrich,

30024), an immunosuppressive drug, at a dose of 10 mg/kg every

other day.
Immunohistochemistry

The gastrocnemius muscle with sciatic nerves were fixed in

acetone and incubated overnight at -20°C. Fixed tissues were

washed and incubated in sucrose solution at 10%, 20%, and 30%

dosage over 4 h. Tissues were embedded in O.C.T compounds

and stored at -80°C to prepare cryomolds. Molds were sectioned

to 20-mm and stored at -80°C. Sectioned samples were

deparaffinized by cooling with acetone and blocked with

M.O.M. IgG blocking reagents (Vector Laboratories, BM000-

2202). For macrophage and inflammation staining of normal, 2

and 4 ligations, anti-CD68 (1:200, Bio-Rad, MCA 1957GA) and

anti-Iba1 (1:200, Cell signaling, 17198S) were stained with

DAPI. To measure neuroinflammation by CCI, anti-CD68

(1:200, Bio-Rad, MCA 1957GA) was co-stained with anti-

human nuclei (1:200, Merck, MP-MAB1281) antibody.

Primary antibodies were incubated overnight at 4°C. The

sections were washed with PBS three times, and stained with

goat anti-rat Alexa Fluor 488 dye (1:200, Invitrogen, A11006) for

human nuclei antibody and goat anti-mouse Alexa Fluor 568

dye (1:200, Invitrogen, A11004) for CD68 or Iba1 antibody at

room temperature for 2 h. The stained tissues were mounted

using an anti-fade mounting solution containing DAPI for

counter-staining of nuclei and visualized using the EVOS

M5000 imaging system.
Enzyme-linked immunosorbent
assay (ELISA)

On day 9 after cell transplantation, all mice were anesthetized

with 2% Avertin and 0.5~0.8 ml of blood was obtained directly

from mouse hearts using a heparin-coated 1 mL syringe with 26-

gauge needle. After collection, blood samples were centrifugated at

1000 g for 30min to isolate sera. The levels of TNF-a and INF-g in
serum were measured by using ELISA assay kits (TNF-a:
Biolegend, 430904 and IFN-g: Biolegend, 43804). Briefly, TNF-a
and IFN-g antibodies (diluted 1:200) were coated on 96-well non-

coated plate overnight at 4°C. The plate was then washed four

times and blocked for 1 h at room temperature. After washing

four times, sera were added to a plate and incubated for 2 h. Sera-

incubated plates were washed four times to remove
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overexpression and reacted with detection antibodies (diluted

1:200) at room temperature. After 1 h, the plate was washed

four times, treated with horseradish peroxidase (HRP) (diluted to

1:1000) for 30 min at room temperature, and washed five times to

remove residual HRP. The washed plates were incubated with

HRP substrate solution for 15 min before stopping the reaction

with the stop solution. The plate was analyzed using a microplate

reader (TECAN Sunrise, TECAN Life Science).
Staining of 2D and 3D MSCs using
in vivo tracker

MSCs were stained using an in vivo tracker (IVISense 680

Fluorescent Cell Labeling Dye; PerkinElmer, NEV12000).

Briefly, cells were harvested from the culture dishes and

stained with an in vivo tracker at a dosage of 2.5 × 108/ml, for

15 min of 2D MSCs and 30 min of 3D MSCs, at room

temperature, protected from light. The stained cells were

washed three times in PBS and diluted in Matrigel for cell

transplantation. The cells were vertically transplanted close to

the sciatic nerve using a 26-gauge syringe needle. To confirm the

bioluminescence levels of the transplanted cells, mice were

visualized using an in vivo imaging system (CRI Maestro) to

measure cell engraftment and viability 24 h, 1 week, and 2 weeks

after cell transplantation.
Von Frey test (PWT)

To confirm mechanical allodynia, the PWT was measured

using the von Frey test. CCI-induced mice were placed on a

stainless mesh and adapted for 10 min. After adaptation, von

Frey filaments (JEUNG DO BIO & PLANT, JD-SI-11F) were

stimulated in the hind paws. Von Frey filaments were selected

from 0.16 g, and the filament force was gradually increased until

the paw was raised. To select mice for CCI modeling, the PWT

was measured three times at 2-day intervals, and the 1.0 g value

mice were selected before surgery. After surgery, the PWTs were

recorded every 3 days and quantified at the filament force levels

of the paw reaction.
Target gene qPCR screening

To extract total RNA, the injured sciatic nerve was isolated

from all groups, and RNA was separated using TRIzol reagent

(Sigma-Aldrich, T9424) according to the manufacturer’s

protocols. The RNA concentration was measured using a

NanoDrop spectrophotometer. RNA was reverse transcribed

with oligo dT primers using Superscript II. For target gene

screening, we performed real-time quantitative RT-PCR using

SYBR Green PCR Master Mix (Applied Biosystems, ABS-
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4309155). PCR amplification was performed using the

inflammatory response and autoimmunity gene-specific

primers (Accutarget ™ qPCR Screening kit, Bioneer, SH-000-

10 for human origin; SM-000-10 for mouse origin) as follows: 40

cycles of denaturation at 95°C for 5 s, annealing at 58°C for 25 s,

and elongation at 72°C for 30 s. Target gene expression was

determined by normalization to endogenous GAPDH or actin

using the comparative cycle time method.
Statistical analysis

Statistical differences between groups were analyzed using

the t-test and one-way analysis of variance (ANOVA) for

multiple comparisons. T-test was performed two-tailed

Student’s t-test and one-way ANOVA was performed using

Tukey’s posthoc test. All values are presented as mean ±

standard error of the mean, and the p-values are indicated as

follows: * P < 0.05, ** P < 0.01, *** p< 0.005 and **** p< 0.001. All

statistical analyses were performed using GraphPad Prism 9

(GraphPad Software, Inc.).
Results

Induction of the optimal CCI pain model
by two ligation knots

The CCI animal model is a well-established neuropathic

pain model reported previously (17–19) and is particularly

useful for quantitative assessment of the therapeutic efficacy of

cell transplantation on chronic neuropathic pain. To apply a

suitable CCI animal model for cell therapy, we first validated a

ligation-knot-based constriction injury generated by one, two, or

four ligations on the partial sciatic nerve of the right hindlimb

(Figure 1A). To measure the nerve-induced pain response, we

performed the von Frey test in each mouse every 2 days. The von

Frey test assesses mechanical pain response-like behavior and

measures the paw withdrawal threshold (PWT) by flicking its

paw away from the filament force. As shown in Figure 1B, before

the injury, the baseline (D0) threshold, the PWT, was not

significantly different among the groups before modeling.

However, after surgery applying the ligation, the PWT

decreased significantly in the groups with either two or four

ligations compared to the control group, and the group with one

ligation spontaneously recovered at 7 days compared to day 3

after surgery (one knot: 0.85 ± 0.44 g; two knots: 0.32 ± 0.13 g;

four knots: 0.22 ± 0.12 g). In addition to the paw response to

ligation, we examined the involvement of inflammatory

markers. In all groups, the suture knots were carefully

removed under a microscope (Figures 1C–E), followed by

staining with anti-CD68 and anti-Iba1 antibodies. The group

with one ligation exhibited mild inflammation in the middle part
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of the nerve but no strong CD68 expression. Consistently, both

the two and four ligation groups exhibited a strong increase in

the number of Iba1-positive cells and moderate increase of

CD68-positive macrophages in tissues (Figures 1F, G;

Supplementary Figure 1). This finding suggests that either two

or four ligations can induce hyperalgesia and produces the CCI

neuropathic pain phenotype.

Subsequently, the weight of the gastrocnemius muscle was

validated in the CCI model. The muscle weight (g) of all groups

was estimated as a ratio to compare the left hindlimb muscle to
Frontiers in Immunology 05
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the right contralateral site. Partial gastrocnemius muscle atrophy

was detected in both the two and four ligation groups, as they

exhibited a significant loss (approximately 30–40%) of muscle

weight compared to the control and one ligation groups

(Figure 2B). Taken together, these results indicate that either

two or four ligations induced significant muscle atrophy and

moderate nerve damage in mice compared with one ligation and

that four ligations group mice had increased severe nerve

damage, such as sensory loss (Figure 2A and Supplementary

Figure 1). Therefore, according to the results of the ligation test,
B

C D

E

F

G

A

FIGURE 1

Induction of chronic constriction injury mouse model and inflammatory factors. (A) The location of ligation knots on the right hindlimb sciatic
nerve. (B) Von Frey test of 1, 2, 4 ligations CCI mouse model. Day 0 is baseline threshold before the injury (n = 5 mice for each group).
Morphological features of (D) sciatic nerve (C) before and (E) after ligations. (F) Immunofluorescence staining of Iba-1 positive cells (Red) with
DAPI (Blue). Percentage of Iba-1 positive cells in 2 and 4 ligations CCI model. Scale bar: 150 mm. (G) Immunofluorescence staining of CD68-
positive cells (Red) and DAPI (Blue). Percentage of CD68-positive cells in 2 and 4 ligations compared to control. Scale bar: 150 mm. Data are
presented as mean ± SEM. Statistical differences were analyzed using one-way ANOVA, followed by Tukey’s post hoc test, ***p < 0.005.
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we selected two ligations to generate the CCI pain mouse model

for this study.
MSC spheroids with a density of 10000
cells are suitable for cell transplantation

Human tonsil-derived mesenchymal stem cells (TMSCs)

were isolated from patient tonsil tissues and digested into

small clumps. These clumps appeared heterogeneous at

passage 0 (P0) and expanded through progressive subculture.

By passages 3 and 4, the cells developed a typical MSC-like

morphology with elongated and heterogeneous single cells. The

surface phenotypes of MSCs were analyzed by flow cytometry

analysis. TMSCs were positive for several MSC-specific cell

surface markers, including CD105, CD90, and CD44

(Supplementary Figure 2A), and they were negative for

hematopoietic cell markers, such as CD34 and CD45 (data not

shown). TMSCs also had the capacity to differentiate into tri-

lineage cell types including adipocytes, osteoblasts, and

chondrocytes (Supplementary Figure 2B). Not only 2D MSCs

but also 3D MSC spheroids expressed the three MSC markers
Frontiers in Immunology 06
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(Supplementary Figure 2C). Therefore, these results suggest

that TMSCs exhibit MSC phenotype and multipotent

differentiation potential.

Numerous laboratories have investigated the applicability of

spheroid MSCs for cell therapy (22, 23). Based on the findings

that spheroids offer various advantages and can significantly

enhance the viability of grafted cells, spheroids have recently

been used more frequently than monolayer cultured cells for the

purpose of cell transplantation. As the size of spontaneously

formed spheroids varies between experiments, we sought to

establish spheroids with a more suitable cell density and size

for stem cell therapy. For spheroid aggregation, TMSCs were

cultured in suspension using the hanging drop method (24–26)

(Figures 3A, B), and spheroids were produced at five cell densities

(1000, 2500, 5000, 10000, and 25000 cells). As shown in

Figures 3C, D, all spheroids were visible to the naked eye after

1 day of culture and grew in size by day 3. The diameters of the

formed spheroids ranged from 60 to 600 mm (1K: 68.9 ± 5.03 mm;

2.5K: 113 ± 8.91 mm; 5K: 176 ± 9.23 mm; 10K: 326 ± 35.2 mm;

25K: 510 ± 89.52 mm) depending on the cell densities,

demonstrating that spheroid sizes can be precisely manipulated

by the cell-seeding densities. Moreover, we counted the live/dead
B

A

FIGURE 2

Gastrocnemius muscle weight according to the ligations. (A) Gastrocnemius muscles on control, 1, 2 and 4 ligations. Scale bar: 1 cm. (B) The
muscle weight (g) was estimated as a ratio to compare the left hindlimb muscle (Blue bar) to the right contralateral site (Red bar) (n = 5 per
group). Data are presented as mean ± SEM. Statistical significance was analyzed using two-tailed Student’s t-test, *p < 0.05, ** p< 0.01.
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cells in all spheroids to determine the number of living cells in the

final spheroid formed on day 3. To calculate cell viability and

growth, we dissociated the spheroids into single cells using

Accutase and performed trypan blue staining. The total

number of live cells increased linearly with increasing cell

numbers; however, with 25000 cells, the number of live cells

was dramatically reduced (Figures 3E, F). Furthermore, to
Frontiers in Immunology 07
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investigate apoptosis in spheroids of different sizes, the

assembled spheroids were harvested and analyzed for apoptosis

markers by immunostaining. Cleaved caspase 3-positive cells

showed significantly increased in the high-density spheroids

(up to 25000 cells) compared to that observed in smaller

spheroids and was mostly expressed on the outer surface of the

spheroids (Figures 3G, H).
B

C D

E F

G H

A

FIGURE 3

Structural and cell viability of tonsil-derived MSC spheroids (3D) depending on cell densities. (A, B) Suspension culture of MSC spheroids using
hanging drop method. (A) Schematic diagram of hanging drop. (B) Bright-field images for tonsil-derived MSCs (TMSCs) and drops in a petri dish.
(C) Morphological features of the spheroids formed at five different cell densities. Spheroids incubated for 3 days and then collected them from
the petti dish. Scale bar: 100 mm. (D) The diameter of spheroids (mm). (E) Fold change of spheroid cell growth. (F) The number of live cells in a
density of 5000, 10000 and 250000 cell spheroids. Spheroids were dissociated into single cells and counted the total viable cells by trypan blue
assay. (G) Immunofluorescence staining of cleaved-caspase 3 positive cell (Red) with DAPI (Blue) according to spheroids. Scale bar: 100 mm.
(H) Quantification of the expression of cleaved-caspase 3. The high-density spheroid was increased the cleaved-caspase positive cells compare
to smaller spheroids. Data are presented as mean ± SEM. Statistical significance for spheroid diameters, spheroid cell growth and % of cleaved
caspase3 cells were analyzed using one-way ANOVA, followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.005. Statistical significance
for total live cells was analyzed using two-tailed Student’s t-test, **p < 0.01, ***p < 0.005, ****p < 0.001. Cell densities are 1K, 1000 cells; 2.5K,
2500 cells; 5K, 5000 cell; 10K, 10000 and 25K, 25000.
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As an extension of the previous experiment, the

inflammatory environment in the injured region may affect

survival after transplantation, and spheroid cell damage may

occur first during the application of the injection needle. To

investigate whether spheroids of various sizes exhibited

alterations in their surface shape after syringe application, all

spheroids were passed through a 26-gauge syringe with a

needle. The surface of small spheroids (< 10000 cells)

appeared to have a grainy texture and exhibited a light-silver

sheen compared to that of large-sized spheroids. Moreover,

larger spheroids (> 10000 cells) exhibited wall damage during

flow through a syringe needle (Supplementary Figure 3). We

did not check for surface markers, but variations in the

formation of spheroids with a characteristic spherical shape

were observed, as shown in Supplementary Figure 3. Thus, we

suggest that 10000 cells for spheroids are suitable for cell

transplantation in this study and highlight the importance of

determining spheroid size/cell density to obtain consistent and

reliable results of cell transplantation in animal models

of disease.
MSC spheroids exhibit improved
efficiency of cell survival at the target
site and afford pain relief and
downregulation of inflammatory factors

Based on the optimal spheroid size and cell density

established in this study, we examined the in vivo effects of

optimized spheroid MSCs (10000 cells) against neuropathic

pain. Mice were randomized into the following four groups:

normal, vehicle, 2D MSCs, and 3D MSCs. CCI neuropathic

pain was induced in all mice, except for the normal group, via

two ligations of the sciatic nerve. Before CCI surgery, we

performed von Frey tests and observed that the baseline

threshold in all groups was 1.2–1.6 g. After surgery, the von

Frey thresholds of theCCI-induced groups significantly decreased

in between day 0 and day 6 relative to the baseline normal group,

consistent with the result of Figure 1B. On day 6, we prepared

vehicle and cell groups (1 × 106 cells/100 µL for the 2D condition

and 100 spheroids/100 µL for the 3D condition) and transplanted

them into the sciatic muscle area of the injured hindlimb. The von

Frey test was performed every 3–4 days (Figure 4A). Compared to

baseline, the vehicle group showed significant mechanical

allodynia and gradually decreased von Frey thresholds.

Conversely, cell injection, especially in the 3D condition,

significantly improved the pain response from 0.16 to 0.8 g on

day 15 and gradually increased the von Frey threshold from9 days

compared to the 2D condition (Figure 4B). This suggests that

MSC spheroids are sufficient to ameliorate the impaired paw

response because of their good graft survival.
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To support the previous data, we evaluated the distribution

of the transplanted 2D and 3D MSCs. Monolayer and spheroid

MSCs labeled with an in vivo tracker (27) were directly injected

into the gastrocnemius muscle close to the sciatic nerve, and

measurements were performed using optical fluorescence

imaging at 680 nm after cell transplantation. Interestingly, on

day15, the results showed that 3D MSCs persisted well in the

target region and yielded a signal intensity in grafted cells that

was significantly greater than that detected in 2D MSCs

(Figure 4C). The stereological estimates of surviving human

nuclei cells show an average of 83 ± 27 cells and 125 ± 34 cells in

2D and 3D graft site close to the sciatic nerve (Figures 4D, E). As

it is possible to establish correlations with inflammation

signal ing through macrophages , we harvested the

gastrocnemius muscle and performed staining for the pan-

macrophage marker CD68, which triggers the release of

cytokines via macrophage infiltration. As shown in Figures 5C,

D, the groups with CCI injury exhibited high expression levels of

CD68 in the mid-nerve region, while the 2D and 3D MSC

injection groups showed significantly reduced expression of

CD68. Therefore, our results demonstrated that spheroids

have better survival at the engrafting site compared to

monolayer cultured MSCs and alleviates hyperalgesia induced

by nerve damage by reducing macrophage infiltration. Next, we

screened for inflammation-response-related genes in the cell

transplantation groups, including the control group, for further

analysis of a key mechanism that reduces inflammation.
Good graft survival of MSC spheroids
modulates the host inflammatory
response induced by sciatic nerve
injury pain

After nerve injury, proinflammatory cytokines such as tumor

necrosis factor- a (TNF-a), interferon- g (IFN-g), and

interleukin-6 are upregulated in CCI animal models and are

important effectors in modulating immune responses (12, 28–

30). In this context, we collected blood from six mice in each

group on day 9 after cell injection and assessed TNF-a and IFN-g
levels in the isolated serum. As shown in Figures 5A, B, we

observed a significant difference between CCI and spheroid

groups as follows: the TNF-a levels in the CCI, 2D MSC, and

3DMSC groups were 130.1 ± 18.1, 126.6 ± 25.3, and 61.8 ± 3.6 pg/

ml, whereas IFN-g levels were 386 ± 67.8, 366.5 ± 89.9, and 213.3

± 53.5 pg/ml, respectively. As a result, the plasma TNF-a levels in

the spheroid group decreased by approximately 47% and the IFN-

g levels by approximately 55% compared to theCCI group.Hence,

MSC spheroids exerted a good survival effect, which dramatically

reduced the levels of proinflammatory cytokines.
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To further explore the molecular mechanism underlying the

peripheral inflammation observed within the injured nerve after

cell transplantation, we analyzed the expression of genes

involved in the host inflammatory response (Supplementary

Table 1). The injured sciatic nerves isolated from the CCI, 2D

MSC, and 3D MSC groups, including the control and

inflammatory response genes, were examined via qPCR

screening analysis. Genetic heatmap analysis revealed that

although 30 genes related to mouse-specific inflammatory

signaling were upregulated in the CCI group compared to the

normal group, these genes were significantly downregulated in
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both the 2D and 3D groups (Figure 6A). Moreover, human-

specific inflammatory genes were not expressed in the CCI

group, and a few of these genes were upregulated in the 2D

and 3D groups (Figures 6A, C). Finally, a comparison of 3D and

2D MSCs revealed that the overall expression of mouse

inflammatory genes decreased to a greater extent in the 3D

condition (Figure 6B). The engrafting of 2D and 3D MSCs

mainly reduced the expression of interleukin–cytokine signaling

genes (Ifng, Ilb, and Il22), cytokine receptor genes (Ccr7 and

Cxcr1), and humoral immune response genes (Ccl22, Il1b, and

Nfkb1) (Figure 6D). Interestingly, compared to other signaling,
B

C

D E

A

FIGURE 4

Von Frey test and grafted cell survival of MSC spheroids compared to monolayer cells. (A) Schematic overview of MSC spheroids and monolayer
cell transplantation. All experimental groups are normal, vehicle, monolayer (2D MSC) and spheroid (3D MSC) (n = 6 mice for each group).
Before CCI modeling (D-4), all groups were measured the baseline threshold of von Frey test. On day 6, vehicle and cell transplanted groups (1
X 106 cells/100ul for 2D and 100 spheroids/100ul for 3D) were transplanted into the injured hindlimb sciatic muscle region. All groups were
performed the von Frey test every 3~4 days and sacrificed them on day 15. (B) Von Frey test of normal, vehicle, 2D MSC and 3D MSCs. (C) In
vivo NIR-2 fluorescence whole body imaging. The grafted cells are brightly labeled and detected on the injured sciatic nerve area. DAB
immunohistochemistry staining (D) and number of positive cells (E) using an antibody against human nuclei (hNu) in the sciatic nerve. Scale bar:
50 mm. Von Frey threshold curves were statistically analyzed by two-way ANOVA. Data are presented as mean ± SEM, **p < 0.01. Statistical
differences for the human nuclei cells were analyzed using one-way ANOVA, followed by Tukey’s post hoc test, **p < 0.01.
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the main genes involved in the functional signaling of chronic

inflammatory responses, such as Ccl11/Eotaxin, Il1A, Lta, and

Tnf, were greatly downregulated under 3D groups. These finding

indicates that, under conditions of neuropathic pain, the chronic

inflammatory response genes may be key regulators to reduce the

pain response and improve motor behavior after cell

transplantation. Therefore, we suggest that transplantation of

MSC spheroids has a sufficient effect in reducing and

modulating inflammation-related genes triggered by nerve

injury pain via chronic inflammatory response signaling.
Discussion

The CCI model is a simple means of replicating chronic

pain, although the histological and behavioral results of nerve

ligation vary (17–19). Therefore, it is necessary to examine

the ligations regarding the effects of consistent compressive

pain. To this end, we first investigated a suitable number of

ligation knots on the sciatic nerve on the right hindlimb. All
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groups underwent von Frey testing, which measures the paw

response to the application of filament force. The results

showed that both two and four l igat ions induced

hyperarlgesia and produced the CCI neuropathic pain

phenotype. Consistent with the pain response, two ligations

produced muscle atrophy/weakness and moderate nerve

damage compared to one ligation, whereas four ligations

resulted in severe nerve damage, such as sensory loss and

hyper-inflammation. Therefore, we selected two ligation

knots to generate a CCI neuropathic pain mouse model.

Many studies on the treatment of neuropathic pain using

stem cells have shown promising results in preclinical research,

with MSCs being the best tool for cell-based therapy (8–10).

However, the important aspects of the mechanism and signaling

underlying that occur the injured regions after MSC

transplantation remain unclear. Next, for spheroid

aggregation, we cultured MSCs using the hanging drop

method, as shown in Figure 3A (24–26). Previous studies have

reported the formation of spheroids of varying sizes using this

method. Importantly, the aggregation size must be carefully
B

C

D

A

FIGURE 5

The expression of inflammatory factors in CCI, MSC 2D and 3D graft sites. Pro-inflammatory cytokine tumor necrosis factor- a (TNF-a) (A) and
interferon- g (IFN-r) (B) level in normal, CCI and cell transplantation groups. Cytokine concentrations are indicated as pg/ml (n = 6 per group).
(C) Immunofluorescence staining of CD68 positive cells (Red) and human nuclei positive cells (hNu; Green) double staining with DAPI (Blue) in
the cell transplantation region. Scale bar: 100 mm. (D) Quantification of CD68 intensity in the CCI and cell transplantation groups. (n = 6 per
group). The area and fluorescent intensities of all CD68 positive cells in each cell grafted regions measured by Image J. Intensity is indicated as
arbitrary unit (A.U.). Scale bar: 100 mm. Data are presented as mean ± SEM. Statistical differences for the intensities of CD68 expression were
analyzed using one-way ANOVA, followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.005.
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considered because of the limitations in the diffusive length of

nutrient transport. Waslberg et al. showed that the core of

spheroids with radii > 200 µm is vulnerable to hypoxia, with

cell death and breaking, during application using a syringe and

needle (15, 31–33). Thus, we examined the range of 1000 to

25000 cells per spheroid and observed the diameter of this range.

In our experiment, spheroids of approximately 10000 cells had a

mean radius of approximately 200 µm and were the most viable,

as assessed based on caspase 3 activity, compared to spheroids of

larger sizes. Moreover, when 10000 spheroids were passed

through a 26-gauge syringe needle, their surface was

maintained more consistently than that of the larger
Frontiers in Immunology 11
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spheroids. Based on this result, we aggregated 3D spheroids at

a density of 10000 cells and investigated their in vivo effects on

CCI neuropathic pain.

MSC spheroids elicit neuroprotective and anti-inflammatory

effects, which are known MSC therapies in disease models (11–

14). However, the detailed mechanisms underlying the effects of

spheroids on neuropathic pain remain unclear. For cell

transplantation, spheroid MSCs and monolayer MSCs at a

density of 1 × 106 cells were transplanted close to the sciatic

nerve. The pain response was measured by the von Frey test. In

the spheroid group, 3D MSCs exhibited a significantly improved

pain response. Furthermore, we found that engrafted 2D MSCs
B

C

D

A

FIGURE 6

Modulation of the inflammatory response genes in the transplanted MSC spheroid and monolayer cells. (A) Genetic heatmap analysis revealed

that 30 genes were associated with mouse- and human-specific inflammatory genes. Primers were obtained from Accutarget ™ qPCR
Screening kit (Bioneer). Target gene expression was determined by normalization to endogenous GAPDH or actin using the comparative cycle
time method. (B) Fold change of whole inflammatory response genes related to mouse-specific response in CCI and cell transplantation
groups. (C) Scatter plot of mouse and human-specific inflammatory response genes. (D) In the comparison of 3D and 2D MSCs, mainly reduced
the expression of chronic inflammatory response genes (Ccl11 (Eotaxin), Il1a and Lta), interleukin–cytokine signaling genes (Ifng, Ilb, and Il22),
cytokine receptor genes (Ccr7 and Cxcr1), and humoral immune response genes (Ccl22, Il1b, and Nfkb1) (n = 4 per group). Data are presented
as mean ± SEM. Statistical differences were analyzed using one-way ANOVA, followed by Tukey’s post hoc test, *p < 0.05.
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with phosphate-buffered saline (PBS) spread out to other regions

and migrated to different target sites, whereas 3D MSCs with

PBS persisted well at the grafting site (data not shown). This

demonstrated that 3D spheroids have better survival at the target

site than 2D MSCs and may alleviate hyperalgesia. To confirm

this finding, we investigated the levels of proinflammatory

cytokines triggered by inflammation derived from host

immune cells and their effect on cell survival. The levels of

TNF-a and IFN-g released into the plasma were greatly reduced

(by approximately 50%) in 3D MSCs, indicating that the

inflammatory response is regulated at the engraftment site.

Overall, immediately after nerve damage, immune cells are

activated to release cytokines and chemokines, followed by

macrophage infiltration into the damaged region (within hours to

days) (34–37). Here, we identified 30 genes associated with the

upregulation of the mouse-specific inflammatory response in the

CCI group, as well as genes that were significantly downregulated in

interleukin-cytokine signaling, cytokine signaling (38), and the

humoral immune response in 2D and 3D MSCs (39).

Importantly, we found that implantation of MSC spheroids was

modulated by chronic inflammatory response signaling to

reduce inflammation.

In this study, we established a suitable animal model of

CCI neuropathic pain and observed the good survival

potential afforded by MSC spheroid injection and the good

effects of the injected MSC spheroids on the repair of pain

defects compared to the monolayer cell condition. We

demonstrated that MSC spheroids containing 10000 cells

exhibited greater resistance to apoptosis and significantly

reduced secretion of immune response factors induced by

CCI. Furthermore, good graft survival of spheroids

dramatically modulated proinflammatory cytokines and

genes related to chronic inflammatory response, suggesting

that MSC spheroids may enhance the alleviation of pain and

motor function. These data provide strong evidence that

spheroids have the potential to facilitate MSC-based cell

therapies for the repair of induced neuropathic pain injury.
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Tryptophan metabolism:
Mechanism-oriented therapy
for neurological and
psychiatric disorders
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Jing Wen1, Xiaoqiu Li1, Songyu Liu1, Yulu Zhang1,
Jinyan Wan1, Nan Li1* and Rui Ao2*

1State Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of
Traditional Chinese Medicine, Chengdu, China, 2Oncology Center, Sichuan Provincial People's
Hospital, Chengdu, China
Neurological and psychiatric disorders are a category of chronic diseases that

are widespread and pose serious mental and physical health problems for

patients. The substrates, products, and enzymes of Tryptophan metabolism all

contribute to the development of neurological and psychiatric disorders. This

paper deals with three metabolic pathways of tryptophan that produce a series

of metabolites called tryptophan Catabolics (TRYCATs). These metabolites are

involved in pathological processes such as excitotoxicity, neuroinflammation,

oxidative stress, and mitochondrial damage and are closely associated with

neurological and psychiatric disorders such as Alzheimer’s disease and

depression. Here, we review the elements that affect how tryptophan

metabolism is regulated, including inflammation and stress, exercise,

vitamins, minerals, diet and gut microbes, glucocorticoids, and aging, as well

as the downstream regulatory effects of tryptophan metabolism, including the

regulation of glutamate (Glu), immunity, G-protein coupled receptor 35

(Gpr35), nicotinic acetylcholine receptor (nAChR), aryl hydrocarbon receptor

(AhR), and dopamine (DA). In order to advance the general understanding of

tryptophan metabolism in neurological and psychiatric disorders, this paper

also summarizes the current situation and effective drugs of tryptophan

metabolism in the treatment of neurological and psychiatric disorders and

considers its future research prospects.
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GRAPHICAL ABSTRACT
1 Introduction
According to the World Health Organization (WHO),

approximately 6.8 million people worldwide die each year from a

variety of neurological and psychiatric disorders, including Stroke,

Alzheimer’s disease (AD), and Parkinson’s disease (PD). Not only

are neurological and psychiatric disorders expensive to treat, but

patients also experience significant stigma, social exclusion, and

poor quality of life (1). Neurological and psychiatric disorders can

be caused by external stresses and internal genetic factors. Initial

mood disorders, if left untreated, can gradually cause changes in

brain physiological activity and eventually develop into

neurological and psychiatric disorders (2). The prevalence of

mental disorders is increasing worldwide year by year, and the

disease burden of mental disorders ranks first among chronic

diseases and is one of the three leading causes of disability (3). In

the face of the severe personal and social burden caused by

neurological and psychiatric disorders, efforts should be made to

provide solutions to benefit patients. In order to fulfill the demand

for disease-oriented therapies, mechanism-oriented therapies must

be implemented on the supply side (4). Mechanism-oriented

therapy is the basis and the means, while disease-oriented

therapy is the end and the way out, and they are not

contradictory. At the same time, focusing on mechanism-

oriented therapy can address the co-morbidity of diseases and

ultimately achieve the goal of meeting clinical needs.

Currently, the tryptophan metabolic pathway is considered to

be a major pathway connecting multiple systems such as the

immune inflammatory response of the nervous system, involving
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stress, inflammation, the kynurenine pathway, 5-HTergic, and

glutamatergic neurotransmission (5). Various enzymes or

products of the tryptophan metabolic process are extremely

closely related to neurological disorders (Alzheimer’s disease,

Parkinson’s disease, Huntington’s disease, Amyotrophic lateral

sclerosis, Multiple sclerosis, Autism, Epilepsy) and psychiatric

disorders (Depression, Schizophrenia, Bipolar disorder, Anxiety)

with a high degree of co-morbidity (6). The study of its effect on

upstream and downstream is conducive to a holistic understanding

of the mechanism of action of this pathway, and provides support

for the realization of drug development from mechanism-oriented

therapy to disease-oriented therapy. To this end, we outline several

metabolic pathways and metabolites of tryptophan, as well as the

upstream and downstream influences on tryptophan metabolism.

Finally, effective drugs and research advances in tryptophan

metabolism in neuropsychiatric disorders are summarized.
2 Tryptophan

Tryptophan (TRP), an alfa-amino acid with the chemical

name 2-amino-3-(1H-indol-3-yl) propanoic acid, may exist as L,

D, or DL isomers (7). It is an essential amino acid for protein

synthesis, which is the least abundant in cells and proteins (8). It

can only be obtained through diet and is the substrate of several

bioactive compounds with important physiological effects (9).

TRP is metabolized to various bioactive compounds through
frontiersin.org

https://doi.org/10.3389/fimmu.2022.985378
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2022.985378
different metabolic pathways, which in turn participate in

various physiological activities in the body and regulate body

homeostasis. These TRYCATs include kynurenine(KYN),

serotonin, melatonin, indole, tryptamine, vitamin B3, protein,

etc (10). However, only free TRP can participate in metabolism

and unbound TRP can be transported across the blood-brain

barrier (BBB) via non-specific and competitive Large neutral

amino acid transporter (LAT). As the only amino acid that can

bind to albumin, TRP is first bound to plasma albumin and then

released from albumin in the presence of free fatty acids to

function (11). In general, 85-90% of TRP is present in the plasma

in the bound form. By competitively binding to albumin,

substances like free fatty acids can replace TRP and raise the

concentration of free TRP in the body.
3 Tryptophan metabolic pathway

TRP is metabolized through three pathways, the kynurenine

pathway (KP), the serotonin pathway (SP), and the indole

pathway (IP). Imbalances in TRP metabolic pathways,

particularly an excess or change in the ratio of metabolites of

specific neuroactive features, are thought to be responsible for a

variety of neurological and psychiatric disorders (Figure 1).
3.1 Kynurenine pathway

In the metabolism of TRP, 95-99% of TRP is metabolized

toward the KP. Through signaling cascade reaction, TRP is
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catalyzed by indoleamine 2, 3-dioxygenase (IDO) and

tryptophan 2, 3-dioxygenase (TDO), the first rate-limiting

enzymes of the tryptophan metabolic pathway, to produce N-

formyl-kynurenine, followed by the formation of KYN in the

presence of formamidase (12, 13). Not only is KYN the first

stable product of KP, but it is also the central point of KP. 60%

of KYN in the central nervous system (CNS) is derived from

peripheral KYN carried by LAT across the BBB and degraded in

the CNS via two cellular pathways, astrocytes and microglia (14).

This pathway is involved in inflammation, immune response, and

excitatory neurotransmission, and is associated with a variety of

neurological and psychiatric disorders, as well as with liver and

kidney dysfunction, cataracts, diabetes, and various chronic

malignant diseases and abnormal pregnancies (15). Modern

pharmacological studies have revealed that metabolites of KYN

can modulate glutamatergic neurotransmission. In particular, they

exert neurotoxic/neuroprotective effects through the antagonist/

agonist activity of the N-methyl-D-aspartate receptor (NMDAR).

Therefore, KP is considered to be a bridge between systemic

inflammation and tissue and organ function.

TDO is found in eukaryotes and bacteria, but IDO is only

found in mammals and yeast, although mammals can express both

IDO and TDO (16). IDO (IDO-1, IDO-2) is considered to be the

main catalytic enzyme for KYN production under inflammation or

stress, and can be activated by various pro-inflammatory factors

such as interferon (IFN-g), lipopolysaccharide (LPS), and tumor

necrosis factor (TNF), which in turn accelerate KP (17). Among

them, IDO-1 is widely expressed in immune and non-immune

tissues other than the liver, including in immune cells such as

microglia, astrocytes, and macrophages (11). Activation of IDO-1
FIGURE 1

The three metabolic pathways of TRP. TRP is metabolized through three different pathways: KP, SP, and IP, with KP accounting for around 95%
of TRP metabolism in the liver. Under the action of a series of enzymes, TRP generates metabolites such as KYN and KYNA via KP. Of these, only
TRP, KYN, and 3-HK can enter the brain through the BBB, which in turn is involved in the neurotoxic and neuroprotective branches of TRP. A
small proportion of TRP is metabolized in the gastrointestinal tract via SP and IP.
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may be associated with activation of NF-kB and MAPK signaling

pathways by inflammatory factors and release of IFN-g by

activated CD4+ T cells (18). IDO-2 is mainly expressed in the

liver, kidney, and epididymis of mice and catalyzes the same

substrates as IDO-1, but its activity is much lower than IDO-1.

TDO, on the other hand, is present in large amounts in the liver

and is preferentially activated by glucocorticoids, but also by low

concentrations of reactive oxygen species (ROS), however,

accumulation of ROS inactivates TDO. Overall, TDO is only

responsible for the metabolism of KP in normal physiological

situations, while IDO acts more in pathological situations.

It is generally accepted that TRP is metabolized to quinolinic

acid (QUIN) in microglia and macrophages, or kynurenic acid

(KYNA) in astrocytes. Depending on the activity of the

metabolite, this reaction is considered to be “neuroprotective”

in astrocytes and “neurotoxic” in microglia and macrophages,

thus achieving a duality in terms of disease. Therefore, QUIN

levels and the QUIN/TRP ratio are often used as important

indicators of pathological changes in neurocentral diseases.

Among them, QUIN is an important metabolite of the KP

pathway that severely contributes to neuronal cell death and

chronic dysfunction through at least nine different mechanisms,

including ROS production, disruption of the BBB, glutamate

(Glu) excitotoxicity, cytoskeletal instability, mitochondrial

dysfunction, promotion of tau protein phosphorylation, and

disruption of autophagy (19, 20).In conclusion, KYN has three

different metabolic pathways due to different enzymes,

conversion to 3-hydroxykynurenine (3-HK) via kynurenine 3-

monooxygenase (KMO), dehydrogenation to KYNA via

kynurenine aminotransferase (KAT), and degradation of

kynureninase (KYNU) to anthranilic acid (AA), the ratio of

different kynurenine metabolite concentrations has been widely

used as an indicator of the enzymatic activity of different

pathways (21). Currently, TRP, KYN, and 3-HK have been

shown to enter the brain via the BBB and subsequently

produce kynurenine metabolites in activated macrophages and

microglia (21). The rate of their transport through the BBB

depends on the concentration of LAT in the blood.
3.1.1 Neurotoxic branch
KMO (located in the outer mitochondrial membrane), the

main synthetase of the QUIN pathway, converts kynurenine to

3-HK. This component crosses the BBB and increases the

substrate required for QUIN production, producing neuronal

apoptosis, free radical generation, and oxidative stress damage in

the brain at nanomolar concentrations, leading to elevated metal

toxicity in rat astrocyte cultures and effectively synergizing the

neurotoxic effects of QUIN (22). Subsequently, 3-HK is formed

into 3-hydroxyanthranilic acid (3-HAA) by the action of KYNU.

It is then converted to QUIN by the action of 3-

hydroxyanthranilic acid dioxygenase (3-HAO) and finally

degraded to nicotinamide adenine dinucleotide (NAD+) (23).
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In addition, 3-HK can produce Xanthurenic acid (XA) in the

presence of KAT, and 3-HAA can produce picolinic acid (PIC)

in the presence of 2-amino3-carboxymuconate-6-

semialdehydedecarboxylase (ACMSD). XA is a regulator of

glutamatergic synaptic transmission, which can directly or

indirectly regulate metabolic Glu receptors (24). PIC is a non-

selective metal ion chelator and neuroprotective agent, which

can inhibit QUIN induced neurotoxicity, but the inhibitory

effect is weaker than KYNA (25).

When QUIN is in a high expression state, microglia and

neurons are restricted in their catabolism of NAD+, which in

turn leads to cumulative neurotoxicity of QUIN, manifested in

recurrent major depression patients having higher levels of KYN

metabolites (26). QUIN is an NMDAR activator that enhances

Glu release from neurons, leading to excess microenvironmental

Glu concentrations and neurotoxicity, and can also induce

selective apoptosis of novel glial cells. Meanwhile, prolonged

exposure of neurons to elevated QUIN disrupts the structure of

dendrites and reduces the immunoreactivity of microtubule-

associated protein 2, thereby perpetuating neurodegenerative

disease (27). In addition to this, QUIN-induced free radical

generation and oxidative stress may also produce neurotoxicity.

Its induction of lipid peroxidation is regulated by interaction

with Fe2+, forming QUIN-Fe2+ complexes that promote ROS

production (21).

3.1.2 Neuroprotection branch
KYN generates KYNA in the mammalian CNS in the

presence of KAT. among the four KATs, KAT II is mainly

expressed in astrocytes and is responsible for most KYNA

synthesis. KYNA exerts a neuroprotective effect against the

excitotoxic and apoptotic effects of NMDAR due to its ability

to antagonize this receptor (28). In addition, KYNA can

antagonize a7-nicotinic acetylcholine receptor (a7-nAChR),
reducing extracellular Glu and dopamine (DA) levels (29).

And it plays a direct immunomodulatory role through the role

of G-protein coupled receptor 35 (GPR35) and Aryl

hydrocarbon receptor (30). However, high levels of KYNA can

be detrimental, leading to low Glu levels that interfere with

cognitive function and are associated with psychiatric disorders

such as Schizophrenia, including memory deficits and reduced

dopaminergic and glutamatergic neurotransmission (26).

3.1.3 Relationship between quinolinic acid and
kynurenic acid

There is a dynamic balance between activation and

antagonism of NMDA receptors by QUIN and KYNA, and

this balance ensures normal calcium and sodium influx into the

glutamatergic postsynapse, thereby increasing synaptic plasticity

and cell survival. QUIN and KYNA cannot pass through the

BBB, which can indicate whether the integrity or function of the

patient’s BBB is damaged. In addition, QUIN production is
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excessive under disease conditions, while KYNA cannot fully

block QUIN. Moreover, LPS induced the expression of KMO

rather than KATII, which proved that systemic inflammation

stimulated the transfer of KP to the neurotoxicity branch (17).

The agonistic and antagonistic metabolites produced by KP

metabolism are balance. Once disturbed, it will cause

functional and structural damage to the CNS. However, the

over activation of KP will regulate the disorder of balance

through negative feedback. Therefore, KP usually has both

pathological mechanisms and compensatory mechanisms (31).
3.2 Serotonin pathway

About 1-2% of TRP is produced as 5-hydroxytryptophan (5-

HTP) by tryptophan hydroxylase (TPH) and metabolized to

serotonin (5-HT), an important monoamine neurotransmitter,

by Aromatic Amino Acid Decarboxylase (AAAD), for which

TRP is the only precursor substance. Serotonin reuptake

transporter (SERT) is the only efficient transporter of 5-HT in

a physiological state. Re-absorption of 5-HT in interstitial space

can maintain the 5-HT system homeostasis by transferring 5-HT

into intracellular inactivation. In addition, 5-HT is metabolized

in two directions:(1 it is transformed into 5-hydroxyindoleacetic

acid (5-HIAA) under the action of monoamine oxidase (MAO),

which is a biomarker of low-level 5-HT in the brain; (2 it is

metabolized into N-acetylserotonin (NAS) and melatonin.

There are two subtypes of TPH, including TPH1 and TPH2.

TPH1 mainly exists in enterochromaffin cells (ECS), spleen,

pineal gland, and thymus, and TPH2 completely exists in central

neuronal cells (32). Up to 90% of the total 5-HT production

comes from ECs in the gut and, to a lesser extent, from 5-

HTergic neurons in the enteric nervous system (ENS) (33). 5-

HT is related to cognition, emotion, feeding, and so on. it is

critical for planning and decision-making, and plays an

important role centrally and peripherally. Melatonin is a

genetic susceptibility factor and an inhibitor of the increase of

intestinal permeability induced by alcohol. The decrease of

melatonin may mediate some diseases by changing the

intestine. In addition, melatonin can also optimize

mitochondrial function and drive the regulation of circadian

rhythm, which is related to the changes in mental diseases (34).
3.3 Indole pathway

Most bacteria, fungi, and protozoa in the gastrointestinal

tract are affected by the availability of TRP and can directly

convert TRP into various molecules such as indole and their

derivatives. Including tryptamine, indoleacetic-3-acid (IAA),

indolepropionic-3-acid (IPA), indolelactic acid (ILA), indole-

3-aldehyde (IAld), indoleacrylic acid (IA), indole-3-

acetaldehyde (IAAld), etc (35). Most of these metabolites are
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ligands of AHR. Indole is formed by tryptophanase (TNAA),

which is expressed in many Gram-negative and Gram-positive

bacterial species, including Escherichia coli, Clostridium spp.,

and Bacteroides spp (36). Under the action of indole, the

expression of pro-inflammatory cytokines and anti-

inflammatory cytokines can promote intestinal health and

regulate the coordinated changes of intestinal homeostasis. Trp

decarboxylation to produce tryptamines is extremely rare in

bacteria. Only Xenorhabdus nematophilus, Bacillus atrophaeus,

and Lactobacillus bulgaricus are considered to produce

tryptamine (37). Tryptamine is a ligand of Trace amine

associated receptors (TAARs) and sigma-2 receptors, and can

induce ECs to release 5-HT. In addition, Interleukin-4-induced

gene 1 (IL4I1) is a key enzyme of IP (38). It is highly expressed in

mature dendritic cells (DCs) and can catalyze Trp to produce

IAA and IALD (39). IL4I1 is a potent agonist of AHR because it

can mediate the production of indole metabolites (31).
4 Factors regulating
tryptophan metabolism

Due to complex regulatory mechanisms, tryptophan

metabolism is involved in various physiological mechanisms

such as stress, inflammation, and KP metabolism. Therefore,

understanding the multilevel control of this pathway can help

predict susceptibility to related diseases and achieve multilevel

effects from “mechanism-oriented therapy” to “disease-oriented

therapy” (Figure 2).
4.1 Inflammation and stress

Pro-inflammatory cytokines are primarily produced by

macrophages, but astrocytes, microglia, and neurons can also

produce them in the brain. They can pass freely through the BBB

by a variety of mechanisms, including passive diffusion through

the leaky regions of the BBB, active transport, or via nerve fibers

such as the vagus or trigeminal nerves (40). Pro-inflammatory

cytokines are known to regulate KP enzymes. IDO-1 expression

can be induced in several cell types by cytokines such as LPS,

TNF, interleukin-1 (IL-1), and interleukin 2 (IL-2). Ibuprofen, a

painkiller, boosted levels of the anti-inflammatory markers Arg-

1 and YM-1, while decreasing the expression of TDO-2 in the

process (41). In particular, IFN-g released by activated CD4+T

cells induced the expression of IDO-1, promoted the catabolism

of TRP, and reduced the synthesis of central 5-HT (42). Not only

that, but cytokines, such as IFN-g also affect the binding of the

central receptors 5-HT1a and 5-HT2 and increase the release of

Glu, resulting in psychiatric disorders (43). Additionally, brain

damage and high levels of oxidative stress might trigger the

expression of pro-inflammatory cytokines. According to studies,

chronic stress can significantly increase levels of interleukin 6
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(IL-6) and TNF-a, which in turn results in large drops in TRP,

3-HAA, and indole, suggesting metabolic abnormalities in KP

and IP (44).
4.2 Exercise

Aerobic exercise can reduce KYN levels in the circulation

and central nervous system through muscle and other means.

Long-term exercise has been demonstrated to prevent

cognitive deterioration, reduce the level of pro-inflammatory

cytokine IL-1b, and increase the level of anti-inflammatory

cytokine IL-10 in brain tissue of mice with craniocerebral

injury (45). Furthermore, IDO activity is decreased, the

content of metabolic product KYN in the TRP/KYN pathway

in the brain is reduced, and the concentration of free TRP is

increased, so that it can enter the brain more through BBB (46).

However, the transport of TRP through BBB depends on the

ratio of TRP to branched-chain amino acids, which are more

competitive than TRP in trans-BBB transport. Exercise

alleviates this competition by increasing muscle absorption of

branched-chain amino acids, thereby increasing TRP

utilization in the brain (47). In addition, through exercise,

skeletal muscle increases KAT expression and pushes the

peripheral KP toward KYNA production (33). This effect
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may be related to the exercise-induced elevated expression of

the PGC-1a1 in skeletal muscle cells. Pgc-1a1 effectively

regulates KAT activity and protects the brain from the

harmful effects of KYN accumulation (48). However, changes

in TRYCATs could be detected after the toll-like receptor

(TLR) family was activated (49). After acute exercise, the

expression of heat shock proteins (HSPs) is upregulated,

which may be due to the cross-tolerance of TLR4 and induce

the decreased expression of TLR4 in tissue cells (50). Therefore,

exercise can also affect TRP metabolism by regulating the

TLR family.
4.3 Vitamins

Vitamins, which are necessary for cell growth and

metabolism, operate as cofactors and coenzymes in the

regulation of TRP metabolism and have an impact on the 5-

HT receptor’s binding properties in adult rat brains (51).

Studies have shown that vitamin D can affect TRP

metabolism by affecting TPH1/2 (52). Two different vitamin

D response elements (VDRE) exist in the regulatory regions of

TPH1 and TPH2, which are responsible for converting TRP

into 5-HT. Since VDRE responds differently to vitamins,

vitamin D activates TPH2 in the brain and inhibits TPH1
FIGURE 2

Mechanism of upstream regulation of TRP metabolism. Inflammation and stress, exercise, vitamins, diet and gut microbes, minerals, glucocorticoids
and aging can modulate tryptophan metabolism. Pro-inflammatory cytokines produced by macrophages can cross the BBB and regulate IDO-1
expression together with pro-inflammatory cytokines produced by astrocytes, microglia, neurons, and CD4+ T cells in the brain. The binding of
central 5-HT1a and 5-HT2 receptor sites is also influenced by cytokines like IFN-g, which affects Glu release. Glucocorticoids and aging can
enhance the activity of IFN-g. Exercise decreases IDO-1 activity via anti-inflammatory effects and lessens branched-chain amino acids’ competitive
effect on TRP entrance into the brain through the BBB, both of which result in an increase in TRP concentrations in the brain. Vitamins are directly
involved in regulating in TRP metabolism as cofactors and coenzymes. Gut microbes promoting gut homeostasis, which also contributes to TRP
metabolites and w-3-fatty acids. Vitamins and gut microbes, which jointly govern tryptophan metabolism, can both be controlled by dietary
changes. Additionally, minerals are cofactors and enzymes of KP, and KP enzymes are very sensitive to them.
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outside of BBB (47). The study found that 58% of people who

attempted suicide were vitamin D deficient, and their vitamin D

levels were significantly lower than those of healthy individuals

and depressed people who were not suicidal (53). Moreover,

DCs can be activated by several pathways with NF-kB as the

core. Vitamin D can inhibit the differentiation and maturation

of immature DCs, inhibit the upregulation of CD40, CD80, and

CD86, and promote the spontaneous apoptosis of mature DCs

(54). In addition, vitamins B2 and B6 are decisive factors of the

KP pathway, have a profound influence on the enzymes of KP,

and are also markers of IFN-g -mediated immune activation

(55). Vitamin B2 is also a cofactor of KP, and the concentrations

of XA and 3-HAA in plasma are positively correlated with

vitamin B2 (56). Vitamin B6 is a cofactor of KYNU and KAT. In

the KP process, except for 3-HK, all metabolites depend on

vitamin B6 to produce, including 5-HT and melatonin (57–59).

Vitamin B3 deficiency can lead to mental disorders, and this

effect is mostly related to TRP metabolism. Mitogen can induce

cell production of IFN-g and further degradation of TRP.

Vitamin C and vitamin E inhibit IFN-g formation and release

in a dose-dependent manner (60). This effect may be achieved

by influencing the release of TH1-type cytokines by Tregs and

DCs (61).
4.4 Diet and gut microbes

TRP comes from exogenous intake of protein-rich foods,

including chicken, tuna, oats, peanuts, bananas, milk, cheese,

and chocolate. Vitamin B6, on the other hand, is water-soluble

and its intake can also be adjusted through food (58). Thus, the

metabolic pathways are influenced by adjusting food intake to

affect the source of metabolic pathway precursors and the

activity of related enzymes. It was shown that a high protein

diet enhances rat liver TDO activity in a dose-dependent

manner, while a high carbohydrate diet increases brain TRP

availability and a high-fat diet also inhibits rat liver TDO

activity and promotes 5-HT synthesis by increasing brain

TRP (55). In addition, changes in the microbiota regulate the

host immune system by modulating TRP metabolism, and diet

can influence the composition of the gut microbiota. Clinical

trials have found that after a mediterranean diet (rich in plant-

based foods such as fruits, vegetables, nuts, legumes, seeds,

and grains, as well as olive oil, dairy, fish, and poultry),

fiber-fermenting bacteria such as Lachnospiraceae and

Butyricicoccus were added, and IAA and IPA (beneficial to

nerve cells) generated by bacteria were significantly increased

(62). With the intake of more dietary fiber, the anaerobic gut

microbes produces more short-chain fatty acids (SCFA),

promoting gut homeostasis, which also contributes to TRP

metabolites and w-3-fatty acids (63). And there is an

association between higher levels of omega-3 fatty acids and

lower levels of anxiety (64).
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4.5 Minerals

Minerals such as Mn2+, Zn2+, Co2+, Cu2+, Fe2+, Li, and Se are

cofactors and coenzymes of KP, to which the enzymes of this

pathway are highly sensitive. It was found that Zn2+ inhibits

kynurenine hydrolase, while Mn2+ activates this enzyme. Both

metal ions activate KAT, while Cu2+ and Co2+ inhibit it, and

these inhibitory effects are due to the blocking and inactivation

of the sulfhydryl group of the enzyme (65). In addition, in the 5-

HT pathway, TPH is strictly dependent on Fe2+ and is

inactivated by Fe3+. Also, it has been found that the induction

of the KP pathway by IFN-g through increased IDO-1

expression can be inhibited by Li (66).
4.6 Glucocorticoids

Factors detrimental to mental health, such as stress, social

isolation, sleep deprivation and lack of physical activity, raise

circulating glucocorticoid levels in humans and non-human

social mammals. Whereas glucocorticoids can enhance IDO-1

expression by enhancing INF-g activity, not only that,

glucocorticoids can also enhance TDO activity (67, 68). The

researchers detected an increase, decrease, and increase in the

ratios of KYN/TRP, KYN/QUIN, and KYN/KYNA in the serum

of rats after administration of hydrocortisone. The data suggest

that the administration of glucocorticoids resulted in the

promotion of KP in rats and a shift of KP toward the

production of QUIN (69).
4.7 Aging

Currently, studies on model organisms such as yeast, worms,

flies and mice have found a relationship between TRP

metabolism and aging and age-related diseases including

Alzheimer’s disease, Parkinson’s disease and Huntington’s

disease. Studies have found that the ratio of KYN/TRP

increases in the elderly, and the degradation rate of TRP

increases. IDO in the brain increases with age, and the elderly

with higher KYN/TRP ratio have higher mortality (16). Aging

alters KP metabolism and TRP availability, thereby increasing

susceptibility to age-dependent neurological diseases (70).

However, IDO activity in the liver and kidney decreased with

age. The increase in inflammation observed during aging is the

driving force of KP activity and leads to the overproduction of

QUIN. In addition, the activity of IFN-g increased with age,

suggesting that increasing age may modulate IDO activity

because IFN-g can activate IDO. These data suggest that TRP

metabolism is a powerful metabolic regulator of aging and age-

related diseases, providing a new approach to disease

intervention (71).
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5 Regulation of TRP metabolism on
downstream targets

Tryptophan metabolism has numerous downstream targets

that have been demonstrated. KYNA, for example, can affect the

antagonism of NMDAR, a7-nAChR, AMPA, Kainate receptors,

and activation of Gpr35. At high concentrations, KYNA

antagonizes AMPA and Kainate receptors, and at low

concentrations, inhibits a7-nAChR (72)(Figure 3).
5.1 Glutamate regulation s

Glutamate (Glu) is an excitatory neurotransmitter, and

about 70-80% of neurons in the cerebral cortex are

glutaminergic neurons. Glu is not only a direct precursor of

the inhibitory neurotransmitter g-aminobutyric acid, but also a

potential neurotoxin in the brain. Excessive amounts can lead to

neuronal death or brain damage, while low levels are associated

with the development of Schizophrenia, suggesting that

maintenance of Glu homeostasis is critical for neural activity

(73). In addition, Glu regulates synaptic efficiency and controls

the release of various biomolecules, including cytokines.

Therefore, Glu may cause a variety of physiological/

pathological conditions (74).

Glu is involved in the body’s physiological activities by

acting on ionic receptors and metabolic receptors, among

which ionic receptors include NMDA receptors, AMPA
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receptors, and kainate receptors, which mediate the excitatory

transmission of Glu. The massive activation of Glu receptors

leads to the imbalance of Ca2+ in cells, which activates a large

number of proteases, such as nitric oxide synthase (NOS) and

protein kinase A (PKA), and activates relevant signal pathways

to mediate the excitatory toxicity of cells (75). QUIN and KYNA

can affect Glu signal transduction in the brain. The abnormal

production of these metabolites is related to neurodegeneration

and other neurological diseases, including Depression, Bipolar

disorder, Addiction and Schizophrenia.
5.1.1 N-methyl-D-Aspartic acid
N-methyl-D-Aspartic acid receptor (NMDAR) is a subtype

of ionic glutamate receptor. It is composed of NR1, NR2 (A, B,

C, D), and NR3 (A, B), among which NR1 is the basic subunit

constituting the ion channel (76). NMDAR activity follows a

hormetic dose-response curve, meaning that too much or too

little NMDA activity is harmful to neurons (77). Activation of

this receptor is dependent on Glu binding to the NR2 subunit

and glycine binding to the NR1 or NR3 subunit (78).

KYNA can competitively bind to Glu and glycine sites on the

NMDAR, with a stronger affinity for the latter, such as the Gly-B

site (Glycine site B) (79, 80). Moreover, the inhibition is

reversible. KYNA is the only endogenous NMDAR antagonist,

while most of the other KYN metabolites are NMDAR agonists

(81). After NMDAR activation, QUIN leads to extracellular

excess of Glu by inhibiting Glu reuptake, and further NMDAR

excitation is induced (82). The activation of NMDAR leads to
FIGURE 3

Regulatory mechanism of TRP metabolism on downstream signals. TRYCATs can achieve the regulation of Glu by acting on NMDAR, AMPAR, GABA,
and KARs. For example, L-KYN, PIC and QUIN can exert immunosuppressive effects through different mechanisms, inhibiting the proliferation of CD4+ T
cells, CD8+ T cells and natural killer (NK) cells. The specific activation of Gpr35 by KYNA can exert anti-inflammatory effects through negative regulation
of NLRP3 and release of IL-23 and IL-17. a7-nACh receptors mediate large amounts of Ca2+ into neurons at resting or hyperpolarized membrane
potentials, whereas NMDAR directs Ca2+ into neurons in a depolarized state. In addition, TRYCATs are the major endogenous ligands for AHR, which are
released from the HSP90 complex and translocated to the nucleus when AHR binds to the ligand.
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the blocking of the elongation phase of protein synthesis, thus

inhibiting protein translation (83). In addition, excessive

activation of NMDAR leads to pathologically open ligand-

gated Ca2+ channels, resulting in massive extracellular Ca2+

influx and intracellular Ca2+ overload. The direct consequence

of increased intracytoplasmic free Ca2+ concentration is the

activation of various enzyme systems regulated by calcium

under normal conditions, including proteases, oxidase systems,

protein kinases, phospholipases, endonucleases, etc. It

aggravates the damage and energy crisis of biofilm, and is

closely related to the generation and damage of free radicals

(84). In addition, activation of NMDAR leads to Na+, and K+

influx into cells, which then activates downstream signaling

pathways and secondary messenger molecules, ultimately

leading to various synaptic changes. Although QUIN and Glu

have similar affinity for NMDAR, QUIN has a greater

excitotoxicity potential due to its lower reuptake efficiency and

longer retention time in the synaptic cleft (26).

5.1.2 a-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid

a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid

receptor (AMPAR) is one of the main Glu receptors in the

brain and is expressed in all glial cells. It is a tetramer composed

of four subunits (GLIA1-GLIA4) that plays a key role in

regulating excitatory synaptic transmission. The GliA2 subunit

is a decisive factor in the calcium permeability of AMPA, and the

AMPA receptor lacking GliA2 is mainly expressed in inhibitory

intermediate neurons (85). Microglia and macrophages also

express AMPA receptors, whose activation contributes to the

release of pro-inflammatory cytokines. KYNA plays a dual role

in the dose-dependent regulation of AMPA receptors, which are

activated at low concentrations and neuroinhibitory at high

concentrations (86). In addition, activation of AMPA receptors

increased the firing rate of 5-HT neurons and the release of 5-

HT in both local and terminal regions, and both 5-HT neurons

showed concentrat ion-dependent excitatory AMPA

responses (87).

5.1.3 g-aminobutyric acid
GABAergic interneurons are inhibitory neurons,

accounting for 20% of all cortical neurons, and inhibit the

excitation of downstream glutamatergic neurons. The

antagonistic effect of NMDAR prevents the activation of

GABA neurons and leads to the disinhibition and Glu surge

of downstream glutamatergic neurons, which activates

the postsynaptic AMPAR and enhances brain-derived

neurotrophic factor/tyrosine receptor kinase B (BDNF/TrkB)

signaling pathway, ultimately increasing synaptic plasticity and

synaptic strength (88). Submicromolar concentrations of

KYNA antagonize nicotinic receptor function in the

prefrontal cortex, thereby inhibiting GABAergic neurons. In
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contrast, the inhibitory effect of KYNA on GABA could be

reversed by KAT II inhibitor, showing that KAT II activity

could regulate GABA (89).

5.1.4 Kainate receptors
Kainate (KA) is an agonist of Kainate receptors (KARs), and

also acts as a non-desensitizing agonist of AMPA receptors.

KARs, ligand-gated channel ionic receptors, exist in the

postsynaptic membrane and mediate a small portion of ionic

synaptic responses, playing a key role in synaptic integration

(90). KARs is a tetramer composed of five subunits, including

GluK1-5, of which GluK2 subunit is a key determinant of KARs

properties. KA has excitatory toxicity, can activate caspase-3,

and induce DNA fragments in hippocampal CA3 and CA1

regions, which is consistent with the occurrence of apoptotic

cell death. However, inhibition of certain aspects of

neuroinflammatory response ameliorates KA-induced

neurotoxicity (91). Administration of KA induces the

expression of IDO and KMO, but treatment with KMO

inhibitors ameliorates KA-induced neurotoxicity (92). It was

found that elevated KYNA levels antagonized the neurotoxicity

of KA, while PIC modulated the KA-induced striatum Glu

release (25).
5.2 Immune regulation

Th1, Th2, and Th17 cells belong to different Th cell

subpopulations differentiated from CD4+T cells. Th1 cells can

differentiate from CD4+T cells under the induction of cytokines

such as IL-12 and mainly secrete IFN-g, TNF-a, and IL-2 to

exacerbate inflammation (93). In addition, Th2 can exert anti-

inflammatory effects by secreting IL-4 and IL-3, and Th17 can

secrete pro-inflammatory factors such as IL-17 to promote

inflammation (94). Studies show that IDO is involved in

immune tolerance and Th1/Th2 regulation, IDO-TRP

metabolism, and Treg positively regulate one another, while

Treg can release IL-10, and TGF-b to suppress inflammation

(94). Tregs may induce IDO expression in DCs through the

interaction between CTLA4 on Tregs and CD80/CD86 on DCs,

or through cytokines secreted by Treg (e.g., IFN-g). In contrast,

IDO expression in DCs may induce differentiation of new Tregs

from naive T cells. IDO was found to be a “switch” for the

conversion of Th17 to Treg, inhibiting the differentiation of

Th17 cells and increasing Treg, which may be related to KYN

(95, 96). Kynurenines primarily induce a negative feedback loop

and cell death in the Th1 cell population and promote

upregulation of the Th2 cell population, which leads to a

relative shift in the Th1-Th2 ratio toward Th2. In addition, 3-

HAA and QUIN can induce selective apoptosis in Th1 cells

through activation of caspase-8 and release of cytochrome c

from mitochondria (97).
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In addition, KP can affect T cell proliferation, and activation

of IDO-1 in DCs completely prevents clonal expansion of T cells

(98). Indeed, the negative feedback provided by IDO expression

in DCs after contact with activated T cells is a necessary

immunoregulatory mechanism of T cell deactivation (99). The

kynurenine metabolites L-KYN, PIC, and QUIN can exert

immunosuppressive effects through different mechanisms,

inhibiting the proliferation of CD4+ T lymphocytes, CD8+ T

lymphocytes, and NK cells. This T cell proliferation inhibition

may be associated with a sustained cell cycle arrest, where IDO

blocks cells in the mid-G1 phase, and this inhibitory effect is

selective and only applies to cells that are being activated (100,

101). In contrast, activated CD4+ T cells can release TNF-g,
which induces LATs to transport TRP across the blood-brain

barrier to the cytoplasm, maximizing TRP consumption in IDO-

1-expressing cells, a process that involves the positive feedback

mechanism of KYN-AhR (10). In addition, 3-HAA can lead to

dysfunction and cell death of activated Th2 cells by inhibiting

NF-kB. 3-HAA has been shown to directly inhibit the activity of

Th1 and Th17 cells and also indirectly reduce their activity by

increasing the amount of TGF-b secreted by DCs, leading to an

increase in the number of Treg cells produced by primitive

CD4+ cells.
5.3 G protein-coupled receptor

G protein-coupled receptors (GPCRs) are one of the largest

families of genes that can be activated by a variety of ligands,

most of which are metabolic intermediates, including 5-HT and

melatonin produced by TRP metabolism. While orphanized G

protein-coupled receptor 35 (Gpr35), an orphan receptor in

GPCRs, can be specifically activated by its ligand KYNA and its

expression is mainly associated with immune cells and the

gastrointestinal tract (102). KYNA was found to have anti-

inflammatory effects, and this effect was associated with its

activation of GPR35. (1) promoting autophagy of NLRP3

inflammatory vesicles, thus exerting a negative regulatory

effect on NLRP3 (103); and (2) inhibiting LPS-induced release

of IL-23 and IL-17 from DCs and CD4+ T cells (104). In

addition, KYNA regulates energy homeostasis in adipose tissue

and cytokine release from invariant NK cells by activating

Gpr35, which affects Ca2+ release, ERK1/2 phosphorylation,

and Pgc-1a1 activation (105).
5.4 Nicotinic acetylcholine receptor

Nicotinic acetylcholine receptor (nAChR) belong to the cys-

loop receptor superfamily, a ligand-gated ion channel protein

with two subtypes, N1 (a1, b1, d, ϵ, g) and N2 (a2-a10, b2-b4)
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(106). Due to the different distribution regions, the N1-type

receptors are called neural nicotinic receptors and the N2-type

are called muscle nicotinic receptors. nAChR, similar to

NMDAR, is involved in regulating neuroplasticity. a7-nACh
receptors mediate large amounts of Ca2+ into neurons at resting

or hyperpolarized membrane potentials, whereas NMDAR

directs Ca2+ into neurons in a depolarized state. Furthermore,

a7-nAChRs have synergistic effects with NMDAR, and the

interaction between the cholinergic and glutamatergic systems

is necessary to induce synaptic plasticity and BDNF dependence.

a7-nAChRs are present at the postsynaptic sites of glutamatergic

synapses, and acetylcholine acting on a7-nAChRs may provide

permissive depolarization of the postsynaptic membrane,

thereby increasing the number of the responsive NMDAR

(107). Among brain nAChRs, a4b2-nAChR and a7-nAChR
are the most prevalent, whereas a7-nAChR protects against Glu

neurotoxicity and prevents cell death (108). KYNA regulates

a4b2-nAChR expression by noncompetitive inhibition of a7-
nAChR, and a7-nAChR was more sensitive to KYNA inhibition

than NMDAR. In addition to the effect of KP metabolites on

nAChR, melatonin produced by SP can also activate a7-nAChR,
thus enabling the optimization of mitochondrial function (109).
5.5 Aryl hydrocarbon receptor

The aryl hydrocarbon receptor (AhR), often referred to as

the dioxin receptor, is a ligand-activated transcription factor that

is widely expressed centrally and systemically. AHR signaling is

thought to be an important component of the barrier site

immune response and can regulate a variety of cellular

processes, including immune regulation, cell development,

differentiation, proliferation, survival, and apoptosis (110, 111).

AhR forms a protein complex with dimer of the 90 kDa heat

shock protein (HSP90), AhR-interacting protein (AIP), the co-

chaperone p23, and the protein kinase SRC, which is expressed

in the cytoplasm (112). TRYCATs are the major endogenous

ligands of AHR, and when AHR binds to the ligand, it is released

from the HSP90 complex and translocates to the nucleus, where

it binds to the AhR nuclear translocator (Arnt) to form a

heterodimer (109). As a key regulator associated with

immunity and inflammation, AhR has been implicated in a

variety of biological processes including regulation of immune

responses, maintenance of mucosal barrier function, intestinal

homeostasis, and tumor development. Kynurenine metabolites

such as KYN, KYNA, QUIN, and 3-HAA act as ligands to

activate AhR and stimulate the expression of the downstream

target such as interleukin-22 (IL-22) and interleukin-17 (IL-17)

(113). Activated AhR induces the proliferation of regulatory T

cells (Tregs) CD4+, CD25+ and suppresses the immune function

of activated T cells (114). The limitations of single IDO/TDO-
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targeted drugs can be overcome by selective blockade of AhR. In

addition, its activation is associated with activation of toll-like

receptor 2 (TLR2) and signaling pathways such as NF-kB

downstream and MAPKs, which can promote phosphorylation

of p65/NF-kB, JNK/MAPK, p38/MAPK and ERK/MAPK

pathways to regulate multiple inflammatory signaling

pathways and further promote the production of pro-

inflammatory mediators, including interleukin-1b (IL-1b) and
interleukin-6 (IL-6) (10).
5.6 Dopamine

Dopamine (DA) is a neurotransmitter known to reduce

KYNA in the brain.KYNA has two opposing effects on DA

neurotransmissiom. (1 KYNA can achieve excitatory effects on

DA neurons by blocking the glycine site of GABA afferents to

NMDA receptors. Elevated levels of KYNA in the brain increase

the activity of dopamine neurons in the ventral tegmental area

(VTA) dopamine and increase the firing rate and burst firing

activity of these neurons (115). (2 KYNA inhibits a7-nAChR-
induced decrease in DA release on dopaminergic nerve

endings (72).
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6 TRP metabolism in neurological
and psychiatric disorders

Alterations in TRP metabolism have been associated with

neurological and psychiatric disorders, and TRYCATs

alterations have also been found in MDD, cancer, diabetes,

cardiovascular disease, autoimmune syndrome, and other

diseases (Table 1). TRP metabolism demonstrates the greatest

potential as the druggable target for neurological and psychiatric

disorders. Therefore, this paper helps to guide the development

of new drugs by summarizing current research on TRP

metabolism in neurological disorders (Alzheimer’s disease,

Parkinson’s disease, Huntington’s disease, Amyotrophic lateral

sclerosis, Multiple sclerosis, Autism, Epilepsy) and psychiatric

disorders (Depression, Schizophrenia, Anxiety, Bipolar

disorder) (Figure 4).
6.1 Neurological diseases

Neurological diseases are mostly accompanied by

neuroinflammation and neuronal pathological damage in the
TABLE 1 Neurological and psychiatric disorders and their risk factors are related to the changes in TRP catabolism and enzymes.

Disease Sample Alteration of metabolites Sample Alteration of
enzymes

References

Alzheimer’s
disease

Plasma TRP, KYNA decreased and QUIN increased The prefrontal
cortex, hippocampal

IDO increased (116, 117)

Parkinson’s
disease

Plasma,
cerebrospinal fluid

3-HK in plasma increased, 3-HAA and 5-HT/KYN decreased,
KYNA and KYNA/KYN in cerebrospinal fluid decreased, and
QUIN/KYNA increased

Plasma KAT I and KAT II
decreased

(118, 119)

Huntington’s
disease

Serum KYN increases, KYNA/KYN decreases Putamen KAT I and KAT II
decrease, IDO
activation

(120, 121)

Depression Hippocampu Lower ratios of KYNA/KYN, KYNA/3-HK, and KYNA/QUIN Serum, prefrontal
cortex,
hippocampus, and
cerebral cortex

TPH2, KATII/KMO
mRNA decreased,
KMO, IDO-1
upregulated

(122–124)

Multiple
sclerosis

Prefrontal cortex、
Hippocampus、
Spinal cord、
Spleen

TRP, KYN, and KYN/TRP in the prefrontal cortex, hippocampus,
spinal cord, and spleen increased; 3-HK and QUIN in the
Prefrontal cortex and hippocampus increased, while KYNA
decreased

Plasma KAT I and KAT II
decreased

(125, 126)

Schizophrenia Plasma TRP decreases, KYN and KYN/TRP increase Cerebral cortex KMO, 3-HAO
reduced

(127, 128)

Anxiety
disorder

Plasma KYN, KYN/TRP elevated Center seam core TPH2 decreased (129, 130)

Amyotrophic
lateral
sclerosis

Cerebrospinal
fluid, cortical

QUIN, IDO, TRP, KYN increased Motor cortex, spinal
cord

TPH decreased, IDO
increased

(131, 132)

Autism
spectrum
disorder

Serum TRP and 5-HT increased and KYNA decreased – KMO expression (133, 134)

Epilepsy Plasma TRP, KYN higher, KYNA, 3-HK, KYNA/KYN lower – IDO Expression (135, 136)

Bipolar
disorder

Serum TRP, KYNA, PIC, QUIN/TRP, and PIC/QUIN elevated Serum IDO-1 expression is
upregulated

(137)
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brain with certain motor and non-motor impairments (138). For

example, early amyotrophic lateral sclerosis (ALS) mediates

motor neuron degenerat ion through glutamatergic

excitotoxicity causing hyperexcitability of motor cortex

neurons (139). Pathological studies have revealed that

Parkinson’s patients are characterized by striatal dopaminergic

neuron deficits and local neuroinflammation in the midbrain

region, accompanied by chronic inflammation, oxidative stress,

and other damage, and these events are usually associated with

tryptophan metabolism (138). According to research,

tryptophan metabolism is typically out of equilibrium when

neurological il lnesses like Alzheimer ’s, Parkinson ’s,

Huntington’s, multiple sclerosis, amyotrophic lateral sclerosis,

autism, and epilepsy advance (131, 135, 140–143).

Alzheimer’s disease (AD) neuropathology is characterized

by progressive accumulation of beta-amyloid-beta (Ab)
oligomers and plaques in the brain, which leads to

neurodegeneration in several regions of the brain (66). Ab can

induce the expression of inflammatory cytokines such as IL-1b,
TNF-a, and enzymes in KP, including: IDO, KYNU, KAT I,

KAT IV, etc. Following that, Ab affects the expression of KYN

metabolites such as 3-HK, 3-HAA, and QUIN, leading to

neurological tissue damage, which later allows mechanisms

such as Ab re-accumulation, glial activation, and KP

upregulation to further exacerbate neurodegenerative lesions

(141). TRP/KYN and KYNA/TRP are significantly elevated in

the frontal cortex, putamen, pars compacta of the substantia

nigra, blood and cerebrospinal fluid of Parkinson’s patients

(PD), especially in the periphery, and their elevation was

significantly associated with advanced Parkinson’s (143, 144).

In addition, studies have found that both KYN, as well as KYN/
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TRP in the urine of PD patients, increase as the disease

progresses and can be used as a biomarker for PD (145). The

collection of urine samples is also simpler than that of blood or

cerebrospinal fluid, making urine detection a non-invasive and

accessible method. Yilin Wang (111) found that TRP

supplementation inhibited nuclear translocation of NF-kB in a

PD model. However, With the use of AhR pathway inhibitors,

TRP’s neuroprotective effects and its suppression of NF-kB were

reversed. In addition, increased KYNA levels in the brain protect

nigrostriatal dopamine neurons from QUIN-induced excitotoxic

damage, and the decrease in KYNA in PD patients was

accompanied by a decrease in KAT-I and KAT-II activity

(146, 147). In patients with Huntington’s disease (HD), KYNA

was found to be reduced, while 3-HK and QUIN were elevated.

The susceptibility to NMDA-mediated neurotoxicity in HD was

linked to KP activity by inhibition of IDO and TDO activity,

which decreased 3-HK and QUIN production (142). In addition,

ameliorates neurodegeneration in the drosophila model of HD

by inhibiting KMO that increasing KYNA levels, while their

effect on neurodegeneration was also demonstrated by direct

feeding of KYNA and 3-HK (148).

In addition, TRP levels were reduced in serum and

cerebrospinal fluid of patients with multiple sclerosis (MS).

After the administration of INF-b, an increase in the L-KYN/

TRP ratio was seen, indicating that the pathophysiology of MS

may entail the impact of activated IDO-1 on TRP metabolism

(140). Meanwhile, the impaired immunosuppressive activity of

Treg cells against Th1 and Th17 cells has been shown to play a

role in the pathogenesis of MS. The neurotoxicity mechanisms of

QUIN are highly overlapping with those of amyotrophic lateral

sclerosis (ALS) and motor neuro death. QUIN was significantly
FIGURE 4

TRP metabolism for neurological and psychiatric disorders.
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elevated in neurons and microglia in the cerebrospinal fluid,

motor cortex, and spinal cord of ALS patients, while

cerebrospinal fluid IDO, TRP, and KYN were significantly

elevated, and the 3-HK/KYNA and QUIN/KYNA ratios

tended to be elevated (131). Since QUIN and 3-HK may have

neurotoxic and KYNA neuroprotective effects, these findings

may reflect the impairment of neurotoxic compounds by KP

(149). It has been found that both reduced and elevated NMDAR

functions are associated with autism spectrum disorder (ASD),

and its deviation in either direction leads to ASD, demonstrating

the importance of a normal range of NMDAR function.

NMDAR modulators can alleviate repetitive or hyperactive

behaviors in addition to social behaviors (150). TRYCATs,

including KYNA and QUIN, can exert regulatory effects on

both AMPAR and NMDAR to achieve effects on ASD. The

researchers found that IDO-1 levels, KYN/TRP ratio and pro-

inflammatory cytokine levels were elevated in the serum and

hippocampus of mice with epilepsy in both the acute and

chronic phases following status epilepticus (SE), and this was

reversed in IDO-1 knockout mice. This demonstrated that

reducing the production of IDO-1dependent neurotoxic

metabolites could suppress epilepsy, attenuate neuronal

damage, and ultimately inhibit glial cell activation and pro-

inflammatory cytokine production (135). Not only that, but

kynurenine metabolites can affect epilepsy by modulating

enhanced excitatory neurotransmission mediatesd to glutamate

receptors, including NMDAR and AMPAR, a well-established

hypothesis for the pathogenesis of epilepsy (151). In addition,

vagal stimulation increases AA levels by modulating tryptophan

metabolism, which serves to reduce the number and frequency

of seizures, and the increased AA levels are associated with

improved mood (152).
6.2 Psychiatric disorders

Psychiatric disorders are often accompanied by pathological

features of abnormal neurometabolic, dysfunction of the

dopaminergic system, and hypo glutaminergic function, and

tryptophan metabolism is strongly associated with all three

abnormal states. It has been found that the course of depression,

schizophrenia, anxiety, and bipolar disorder is often accompanied

by imbalances in tryptophan metabolism (26, 127, 129, 137).

Studies have shown that TRP metabolism may affect

depression in two ways: (1) TRP depletion leading to 5-HT

underproduction and (2) neurotoxicity of KYN metabolites.

Currently, 5-HT insufficiency is one of the currently

recognized mechanisms in the pathogenesis of depression

(153). The researchers propose that the lack of 5-HT in

depression is caused by a shunt of TRP metabolism from 5–

HT formation to KYN formation. TPH2 expression is

significantly reduced and IDO-1 expression is upregulated in

serum, prefrontal cortex and hippocampus of depressed mice,
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showing a shift of TRP metabolism toward KYN, while SP is

somewhat inhibited (81). In contrast, administration of 1-

methyl-tryptophan (1-MT), a competitive inhibitor of IDO

enzymes in mice, significantly reversed the depressive behavior

(122). In addition, KYNA/KYN, KYNA/3-HK and KYNA/

QUIN ratios were reduced in depressed patients, while KYNA/

QUIN ratio was positively correlated with hippocampal volume

and negatively correlated with the severity of depression. These

data show an imbalance of neuroprotection and neurotoxicity in

depressed patients (26). Clinical studies have found that plasma

TRP levels are significantly lower in schizophrenic patients

(Schizophrenia, SZ), while KYNA and KYN/TRP are

significantly higher, KATII activity is increased, KYNA is

elevated, and lower TRP levels are accompanied by lower

white matter integrity (127). However, KYNA is involved in

cognitive processes and excitatory neural network formation

through its hype inhibitory effects on NMDAR and a7-nAChR,
involving physiological processes such as learning, memory, and

synaptic plasticity, triggering psychiatric symptoms and

cognitive deficits (154, 155). There are limited clinical studies

on TRP metabolism and anxiety disorders, Mary I. Butler (129)

studied the plasma levels of TRP metabolites, including KYN,

TRP, KYNA, KYN/TRP, and KYNA/KYN, in patients with

social anxiety disorder (SAD). Increased activation of KP was

found, and differences in metabolite concentrations may be

associated with abnormal pro-inflammatory cytokines.

Whereas the activation of KP in SAD seems to be

preferentially directed towards KYNA synthesis, patients

exposed to chronic stress due to repeated social interactions

can shift downstream metabolism towards KYNA production

not only by stimulating the conversion of TRP to KYN but also.

In addition to this, tryptophan metabolism has a contribution to

bipolar disorder (Bipolar disorder, BD). The importance of

TRYCAT pathways in BD is at least partly as a result of their

integration of peripheral inflammatory and IDO changes with

changes in central neuronal regulation, driven by changes in glia

responses and TRYCAT fluxes. Patients with BD had elevated

IL-6, IL-1b, TNF-a, and IFN-g. The concentrations of TRP,

KYNA, and PIC in the cerebrospinal fluid and the ratios of

QUIN/TRP and PIC/QUIN were significantly higher than those

in healthy controls, and QUIN/TRP indicated elevated IDO-1

activity (137). And the cerebrospinal fluid PIC levels were lower

in BD patients with a history of suicidal behavior than in patients

without suicidal behavior (156).

7 Interventions for neurological and
psychiatric disorders through
TRP metabolism

There is a growing body of research on TRP metabolism,

especially on the involvement of TRYCATs and enzymes in the

physiopathological processes of neurological and psychiatric
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disorders. Although the specific mechanism of action is not yet fully

understood, the regulation of key enzymes such as IDO and TDO

to interfere with their enzymatic reactions may provide effective

therapeutic strategies for the corresponding neurological and

psychiatric disorders and provide theoretical guidance and

experimental basis for the development of new drugs (157).

Therefore, this paper summarizes the current drugs based on

TRP metabolism for the treatment of neurological and psychiatric

disorders, including natural drug extracts, prescriptions, biologics

and other drugs (Supplementary Table 1).
8 Conclusions

Neurological and neurological disorders are important

frontiers of neuroscience in this century, and the science of

targeting TRP metabolic pathways has tremendous research

potential. It can be modulated at multiple levels to exert

neurological and psychoprotective effects, opening up

possibilities and posing challenges for the development of

medications for a variety of disorders.

TRP has many metabolic directions and complex regulatory

mechanisms. Its metabolites also participate in many pathological

processes, such as excitotoxicity, neuroinflammation, oxidative

stress, mitochondrial damage, and so on, forming a complex

regulatory network. However, the current understanding of this

network is only the tip of the iceberg. In this paper, we try to

summarize the network and its development in neurological and

psychiatric diseases, and promote the subsequent more

comprehensive study of the TRP metabolic network. Micro-

regulation of the TRP pathway in the CNS is a key challenge for

targeted therapies. This paper summarizes the factors regulating

TRP metabolism (inflammation and stress, exercise, vitamins,

minerals, diet and gut microbes, glucocorticoids, and aging) and

the downstream (regulation of glutamate, immunity, Gpr35,

nAChR, AhR, DA) role of TRP metabolism, and intends to

provide a systematic introduction to its multi-linked regulation.

However, there are multiple enzymes regulated in the tryptophan

metabolic pathway, including IDO, TDO, KMO, KAT, KYUN, etc.

Although there are a large number of preclinical studies on the

treatment of neurological and psychiatric disorders by regulating

TRP metabolism, most of them focus on the metabolite levels of 5-

HT, TRP, and KYN, the expression of IDO, etc., and fewer studies

on complex enzymes. As an important regulator of the TRP
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pathway, future efforts will require numerous researchers to

conduct comprehensive studies on it using multidisciplinary

techniques from molecular, cellular, and tissue to assess the role

of enzymes in TRP metabolism.
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Neuroinflammation in
Huntington’s disease:
From animal models to
clinical therapeutics

Qingqing Jia, Shihua Li, Xiao-Jiang Li* and Peng Yin*

Guangdong Key Laboratory of Non-human Primate Research, Guangdong-Hongkong-Macau
Institute of CNS Regeneration, Jinan University, Guangzhou, China
Huntington’s disease (HD) is a progressive neurodegenerative disease

characterized by preferential loss of neurons in the striatum in patients,

which leads to motor and cognitive impairments and death that often occurs

10-15 years after the onset of symptoms. The expansion of a glutamine repeat

(>36 glutamines) in the N-terminal region of huntingtin (HTT) has been defined

as the cause of HD, but the mechanism underlying neuronal death remains

unclear. Multiple mechanisms, including inflammation, may jointly contribute

to HD pathogenesis. Altered inflammation response is evident even before the

onset of classical symptoms of HD. In this review, we summarize the current

evidence on immune and inflammatory changes, from HD animal models to

clinical phenomenon of patients with HD. The understanding of the impact of

inflammation on HD would help develop novel strategies to treat HD.

KEYWORDS

Huntington ’s disease, immune response, inflammation, animal models,
immune therapies
1 Introduction

Huntington’s disease (HD) is a devastated neurodegenerative disorder caused by a

trinucleotide CAG repeat expansion in exon 1 of HD gene encoding for huntingtin (HTT)

protein (1–3). The normal HTT gene contains less than 36 CAG repeats, whereas mutant

HTT carriers 40 or more CAG repeats with complete penetrance. Expansions varying from

36 to 39 CAG repeats may also result in HD, but with incomplete penetrance (1). The CAG

repeat expansion encodes an expanded polyglutamine (polyQ) tract in mutant HTT that

elicits neuronal loss in HD (4). One of the important mechanisms for neurodegeneration in

HD is the inflammation caused by mutant HTT, which is the focus of this review for

discussion. Generally, mutant HTT causes the inflammatory response in both of the central

nervous system (CNS) and peripheral tissues directly. Immunomodulatory messengers can

cross the blood-brain barrier (BBB) in both directions, with inflammation spreading from
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the periphery to the CNS or vice versa (5, 6). The degree of

microgliosis and astrogliosis correlates with disease severity

directly, and result in an increased production of inflammatory

mediators. The increase in microglial activation seemed to be a

very early event that occurs before the neuropathological changes.

Pathological processes underlying HD, such as excitotoxicity or

oxidative stress, induce the morphological change of microglia by

a constant expression of inflammatory mediators (7). The secreted

pro-inflammatory cytokines can damage nerve cells, leading to

their death (8). Astrocytes are also susceptible to inflammatory

processes in the brain, becoming activated locally by dead neurons

or pathogens. For example, the mutant HTT expressed in glial

cells, primarily astrocytes in HDmouse models, could reduce their

neuroprotective function (9, 10). However, in some conditions,

the neuroinflammation can benefit neuronal tissue by promoting

cell debris clearance (11). This review will summarize the growing

evidence on inflammatory changes, including the pros and cons of

pathogenic mutant HTT, from HD animal models to patients’

clinical phenotypes. The better understanding of the impact of

neuroinflammation cytokines on HDwill open new venues for the

development of novel therapeutic targets.
2 Neuroinflammation in
different animal models of
Huntington’s disease

2.1 Drosophila models

Drosophila melanogaster has been used as an early HD

animal model to identify metabolic biomarkers at pre-

symptomatic and symptomatic stages of the disease. In vivo

experiments have revealed that the ectopic overexpression of

mutant human HTT (exon 1 with expanded CAG repeats) in the

neural tissue of transgenic flies causes neurodegeneration (12,

13). However, there was limited work on neuroinflammation in

Drosophila model of HD. Lin et al. observed that the expression

of mutant HTT (Q93) in hemocytes did not directly affect the

animal survival, but the numbers of circulating hemocytes were

significantly decreased, leading to an impaired immune response

against pathogenic invasion. Mutant HTT caused the altered

production of cytokines, such as upd3, dome, tep1, totA, totB,

and totC, and consequently the immune dysregulation in

Drosophila (14).
2.2 Mouse models

Identification of the genetic mutation for HD has accelerated

the establishment of various transgenic or knock-in HD mouse

models, in which human mutant HD gene is inserted randomly

into the mouse genome or precisely into the endogenous mouse
Frontiers in Immunology 02
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HTT gene. In HD transgenic mice, the animals expressed a full-

length or a fragment of the mutant HTT gene in addition to the

two normal copies of the endogenous mouse HTT gene (15).

Common transgenic models of HD are divided as follow. Firstly,

N-terminal HTT fragment models with expanded CAG-repeats,

such as R6/2, R6/1 or N171-82Q, present an earlier onset of

motor and cognitive abnormalities (16). The R6/1 and R6/2

transgenic mice were the first transgenic model developed to

study HD, which express exon 1 of the human HD gene with

around 115 and 150 CAG repeats respectively (16). Secondly,

full-length transgenic mouse models carry mutant HTT in a

yeast artificial chromosome (YAC) or bacterial artificial

chromosome (BAC), which present a slow progression of the

disease with comparable neuropathology and motor-related

behavior changes (17, 18). Despite the wealth of different

transgenic HD mice available currently, the R6/2 and YAC128

mouse strains are widely used to study many pathological

aspects of HD (19). Symptoms of motor impairment in R6/2

mice appear around 3-6 weeks of age. A continuous loss of

weight results in death between 11-14 weeks of age (20–22). In

YAC128 mice with its full length mutant HTT spanning about

120 CAG repeats (18), hypoactivity is first seen until the age of 8

months. Additionally, progressive gait abnormalities, ataxia,

hind limb clasping, and a progressive decline in the forced

motor function occur over time (23). In HD knock-in mice,

the pathological CAG-repeat is integrated into the mouse HTT

gene in a homozygous or heterozygous manner. Because knock-

in mice carry the mutation in its appropriate genetic and protein

context, they are the most faithful genetic model of human

disease. The widely used HdhQ150 and zQ175 mouse models

exemplarily belong to this group (24–26). Knock-in mice exhibit

more slow progression and age-dependent development of

behavioral, pathological, cellular, and molecular abnormalities,

which makes these animals valuable for studying age-dependent

neuropathology and symptoms.

Based on the various transgenic or knock-in HD mouse

models, many researchers reported the important role of the

immune system in HD. Träger et al. investigated the myeloid

cells from different HD mouse models of R6/2, HdhQ150 and

YAC128, to assess whether they are similarly hyperresponsive as

HD patient cells. They found that blood CD11b+ cells isolated

from 12-week-old R6/2 and 22-month-old HdhQ150 are hyper-

reactive upon LPS stimulation in vitro, replicating the phenotype

observed in human cells. Analyzing the cytokine profile in 3-

month-old YAC128 mice, peritoneal macrophages were found

to produce high levels of IL-6 upon the standard endotoxin

stimulation. These mouse models recapitulate altered cytokine

profiles identified in HD patients, and therefore they could be

used to model the immune phenotype (27). Pido-Lopez et al.

revealed that the increased TNF-a and IL-12 levels in the

striatum of 14-week-old R6/2 mice while IL-12 and IL-1b
decreased in the cortex (28). In contrast, Godavarthi et al.

found no differences in cytokine expression, including MCP-1,
frontiersin.org
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IL-6, IL-10, TNF-a, interferon-g and IL-12, in the brain samples

of R6/2 mice compared with the age-matched control. However,

the Iba-1 immunostaining did not reveal any significant increase

in the numbers of microglia in the cortex and striatum of R6/2

mice at 12 weeks, an age when these mice show severe symptoms

(29). Recently, the fractalkine signaling axis has been explored in

the 8-20 weeks old R6/1 HD mouse, and the expression levels of

cx3cl1 have been significantly decreased (30), which may lead to

an increase in synaptic pruning mediated by microglia, as the

total density of PSD-95 puncta decreased and the density of

PSD-95 puncta in Iba1 stained microglia increased significantly

(30). Furthermore, administering CX3CL1 protein was able to

rescue R6/1 mice from long-term depression. It appears that

striatal synaptic plasticity dysfunction in pre-symptomatic R6/1

mice is caused by a reduction in CX3CL1 (30), which is

consistent with the previous research that CX3CL1 regulates

microglia engulfment of synapse (31). Additionally, quinolinic

acid (QUIN) has been associated with neuroinflammation in

various neurological diseases (32). It is possible that the

activation of microglia and astroglia may result in a

production of the excitotoxic metabolites, such as the

kynurenine pathway, before morphological markers of glial

activation are apparent (33–35). Thus, abnormalities in the

kynurenic acid pathway are an interesting aspect of HD

pathology. QUIN and 3-hydroxykynurenine (3-HK) are

neurotoxic metabolites that are elevated in the cortex of HD

patients at the early stages of disease progression (36). Especially

the 3-HK levels were elevated in the striatum, cortex and

cerebellum in the R6/2 starting at 4 weeks of age significantly

and selectively, and both 3-HK and QUIN levels were increased

in the striatum and cortex in HdhQ92 and HdhQ111 at 15 months

and YAC128 mouse at 8 months (35).

The altered immune system function, not only in the CNS

but also peripherally, has been implicated in HD pathogenesis

(6, 37). To elucidate peripheral inflammatory activation in HD,

Björkqvist et al. measured the levels of multiple cytokines in the

serum of R6/2, Hdh150Q/150Q and YAC128 mice. In 12-week-

old R6/2 mice, IL-6, IL-10, IL-1b, and IL-12p70 were

significantly increased as compared to control animals.

However, the IL-6, IL-10, and IL-12p70 were significantly

elevated in 22-month-old Hdh150Q/150Q mice. In the

YAC128 mouse model of HD at 12 months of age, the similar

elevations in serum IL-6 and IL-8 were observed (6). Similary,

Chang et al. detected the levels of inflammatory markers in the

plasma of R6/2 mice. IL-6 levels in R6/2 mice at different disease

stages (9, 11 and 13 weeks) were higher than those in the age-

matched wild-type (WT) littermates, with higher levels of MMP-

9 and TGF-b1 compared with their WT littermates from 11

weeks. In contrast, the plasma level of IL-18 (11-13 weeks old)

was lower than control mice (38). Furthermore, Disatnik et al.

also measured the levels of inflammatory cytokines such as TNF

and IL-6, the levels of both these cytokines were two times higher

in the plasma of 13 weeks old R6/2 mice than WT mice (39).
Frontiers in Immunology 03
56
Interestingly, treatment with P110 (a selective peptide inhibitor,

of excessive mitochondrial fission) for 8 weeks was efficient in

reducing the levels of these inflammatory levels to the level in

WT mice (39, 40). A study including 9-12 months old YAC128

mice serum samples revealed the significant increases in IL-8

and IL-10 levels. However, the elevation of IL-6 in serum of

YAC128 mice occurred at 12 months of age whereas the level of

IFN-g increased in serum samples from YAC128 mice were at 6-

9 months old (41). More recently, Podlacha et al. also reported

the significant elevation of levels of inflammatory markers, such

as IL-6, TNF-a, IL-1b and IL-12, in R6/1 mouse peripheral

blood. This allows for a more objective assessment of particular

biomarkers in course of a slower progression of symptoms in

HD mice. At early stages of disease, the anti-inflammatory

defense mechanism was significantly impaired, with a marked

decrease in IL-10 levels (42). Valadão et al. also investigated the

immune changes in many peripheral organs of the 12-month-

old BAC HD model. They found significant changes in cytokine

levels in all organs analyzed, including heart, liver, spleen and

kidney. Levels of IL-6 and IL-12p70 were increased in the heart

of BAC HD mice as compared with WT animals. In the liver

samples of BAC HD mice, enhanced IL-12p70 and TNF-a levels

were observed. In the spleen, there was an increase in the levels

of the cytokine IL-4, but a decrease in the levels of IL-5 and IL-6

in BAC HD mice. However the increased level of IL-6 was

exhibited in kidney (43).

Considering that pro-inflammatory cytokine IL-6 may

actively influence the disease course in HD, an excessive IL-6

release was also detected in YAC128 mice at 12 months and R6/2

mice at 9, 11 and 13 weeks of age (6, 38). Bouchard et al.,

administered an IL-6 neutralizing antibody to R6/2 mice to test

whether IL-6 influences the disease course. In their work,

treatment with the specific antibody in R6/2 mice reduced

weight loss at late stages and partially rescued motor deficits

on the rotarod performance as compared with the control IgG

treatment (44). Following this line of reasoning, Wertz et al.

tested the hypothesis that IL-6 deficiency would be protective

against the effects of mutant huntingtin and therefore generated

the R6/2 mice model lacking IL-6. Contrary to previous studies,

the lack of IL-6 exacerbated R6/2 associated behavioral

phenotypes. Based on a single nuclear RNA sequencing of

striatal cell types, it was evident that IL-6 deficiency affected

normal regulation of various genes associated with synaptic

function, as well as the BDNF receptor Ntrk2 (45).

Although relatively shorter experimental period and lower

housing cost of using rodents are the advantages of studying

mouse models of HD, the data on activation of the inflammatory

system in HD mouse models are sparse and contradictory,

possibly due to the considerable pathological differences

between different transgenic strains and at different disease

stages. The immunocytochemical staining of GFAP or Iba-1

has been widely used to identify gliosis, an early CNS damage

that is associated with neuroinflammation in HD (46–49).
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Different levels of gliosis activation were observed in mouse

models with full-length or a fragment HTT at different ages. Yu

et al. systematically compared that the N171-82Q mouse

striatum and found a GFAP increase, at 3 months of age and

became prominent at 4-5 months of age, indicated by intense

labeling throughout astroglial cell bodies and their fibrous

processes. Although the striatum of R6/2 mice at 12 weeks of

age displayed some increased GFAP staining, the overall number

of GFAP-labeled glial cells was not increased in R6/2 mice

compared with that of their littermates or other HD mice. In

R6/1 mice even at 9 months of age, there was still little GFAP

staining in the striatum (50). Reiner et al. also compared the

cortex (22 and 30 weeks) and striatum (30 weeks) of R6/2

chimeras, which displayed some glial cells with increasingly

upregulated GFAP staining, much later than pure R6/2 mice

that died at 12-15 weeks of age (51). Gatto et al. found that the

neuroinflammatory processes with activated astrocyte GFAP

occurred in the 11- and 30-week-old R6/1 mice (52). In 17-

week-old R6/2 mouse model, reactive astrocytes with processes

enveloping degenerating neurons was seen, though no

accompanying inflammatory response or increased

macrophages and microglia was observed (53). Simmons et al.

also reported that the Iba-1 positive cells did not obviously differ

in both R6/2 and WT mice at the age of <7 weeks, but increased

in R6/2 mice older than 8 weeks (54). While Hdh150Q knock-in

mice at 27-30 weeks of age also did not show intense GFAP

immunoreact iv i ty , a s ignificant increase in GFAP

immunoreactivity was found in the striatum of Hdh150Q mice

at 14 months of age, as reported previously (26, 50). In HD KI

mice expressing shorter CAG repeats (HdhQ92 or HTTQ111),

no gliosis was found up to 17-18 months of age (55, 56).

However, in 18-20 months old Hdh175/175 mouse, the

expression of full-length mHTT in microglia was able to

promote pro-inflammatory transcription (57). Different extents

of gliosis seen in HD mice are likely associated with genetic

background, CAG repeats in the HD gene, housing and

experimental conditions. However, the data in HD patients

show that the inflammatory response is activated at the very

early disease stage (6). It is also necessary to point out that most

of rodent models fail to mimic the overt and typic

neurodegeneration seen in HD patients (58–60). The lack of

overt neuronal loss and robust gliosis in HD mouse models

prevents the rigorous evaluation of the therapeutic effects on

neurodegeneration. The summarized evidence on gliosis

activation, including the pros and cons observations, was listed

in Table 1.
2.3 Large animal models

The biological differences between humans and mice may

account for the failure of some mouse models to replicate
Frontiers in Immunology 04
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pathology seen in humans. Thus, it is possible that larger

transgenic animal models may be able to mimic important

neurodegenerative features. However, an HD transgenic sheep

model (OVT73) was created, which does not exhibit many of

the overt phenotypes observed in HD patients and was thought

to be a model of prodromal or early-stage HD (65). By using

CRISPR/Cas9, Yan et al. established the 140Q KI pig that

endogenously expresses full-length mutant HTT (66).

Importantly, the increased immunohistochemical staining of

GFAP was firstly observed in the dorsal caudate nucleus and

putamen of the 4-5-month-old F0 KI and F1 KI pigs. Also,

immunostaining with the antibody to Iba-1 revealed a marked

increase of the microglial cells in KI pig brain, which is more

abundant in the striatum than in the cortex. Quantification of

the number of different types of cells revealed that the KI

striatum had the most severe loss of NeuN-positive cells and

the highest increase in glial cell numbers, which was not

observed in the age-matched HD KI mouse (66, 67).

Additionally, Valekova et al. used transgenic HD minipig,

which was generated by injecting lentiviral vectors carrying

truncated mutant huntingtin genes that encode 124 glutamine

repeats integrated into chromosome 1q24-q25 and transmitted

through successive three generations (68), for investigating

multiple cytokines (69). At the same time, various cytokines

were analyzed in the secretomes of microglia and blood

monocytes, as well as in the cerebrospinal fluid (CSF) and

serum collected from pre-symptomatic HD minipigs. A decline

in IFN-a was observed in CSF collected from an early time at 9

months of age and lasted at least up to 36 months. The

transgenic minipigs at 36 months of age had lower levels of

IL-10 in the CSF. IFN-a and IL-10 levels were also decreased in

secretome of microglia, whilst elevated IL-8 and IL-1b levels

were secreted by primary microglia that were isolated from the

HD minipigs at 36 months of age. In serum samples collected

from 36-month-old HD minipigs had significantly higher

levels of IL-8 than WT ones (69).

Besides, transgenic non-human primate models expressing

the disease genes were established, transgenic HD rhesus

monkeys, which express exon 1 mutant HTT with 84Q under

the control of the human ubiquitin promoter, were generated by

injecting lentiviruses into fertilized oocytes to express mutant

HTT (70). HD transgenic monkeys with 84Q die postnatally,

and this early death was associated with the overexpression of N-

terminal mutant HTT. Despite their early death, some

transgenic monkeys developed key clinical HD features

including dystonia, chorea, and seizure (70). Interestingly, the

5-year-old transgenic HD monkeys expressing N-terminal HTT

509 amino acids with approximately 67-72Q under the human

HTT promoter (71) exhibited increased pro-inflammatory

cytokines and higher induction of immune pathway genes,

such as inflammatory response factor IL-6, TNF-a, and C-

Reactive Protein (CRP) (72) (Figure 1).
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3 Neuroinflammation in
Huntington’s disease patients

Robust evidence regarding neuroinflammation in HD comes

from postmortem studies of brain tissues from patients with HD.

Evidence for involvement of inflammation in the pathogenesis of

HD includes upregulation of inflammatory cytokines or

chemokines and activation of the complement system.

Björkqvist et al. have reported the increase of multiple

cytokines in the plasma (IL-1b, IL-4, IL-6, IL-8, TNF-a, IL-10)
and striatum (IL-6, IL-8 and TNF-a) of HD patients (6).

Interestingly, a significant increase in IL-6 plasma levels was

found in pre-symptomatic HD mutation carriers 16 years prior

to the predicted onset of the disease, suggesting that

inflammatory changes occurs very early in the disease process

(6). According to Dalrymple et al., the level of IL-6 in HD patient

plasma was increased significantly (37). Likewise, HD patients

also exhibit increased expression of IL-6, IL-8, and matrix

metalloproteinase-9 (MMP-9) in their cortex and cerebellum

(73). Remarkably, MCP1/CCL2 and IL-10 mRNA levels were

significantly higher in the striatum of HD patients than controls

(73). Gang et al. also quantified the plasma concentrations of

IFN-g, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and
TNF-a from HD patients. Patients with HD have significantly

lower plasma concentrations of IL-4, a marker of responses from

T-helper-2 cells, than healthy controls. In contrast, no significant

differences was observed in the plasma concentrations of IFN-g,
IL-1b, IL-2, IL-6, IL-8, IL-10, IL-12p70, IL-13 or TNF-a in HD

patients (74). Recently, von Essen MR et al. reported the
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immune abnormalities before motor onset of disease (75).

Proinflammatory cytokines, including IL-17, were detected in

the CSF of HTT mutation carriers, as well as the increased IL-7

consumption before motor onset of HD. Moreover, they

reported an increased prevalence of IL-17 producing Th17.1

cells in the CSF of HTTmutation carriers, predominantly in pre-

motor manifest individuals. There was a negative correlation

between intrathecal Th17.1 cell frequency and the progression of

HD, suggesting that Th17.1 cells play an important role at the

early stages of the disease. Moreover, the author found that the

balance of pro-inflammatory and regulatory T cells was skewed.

This skewing further favors a pro-inflammatory environment in

the CSF of HTT mutation carriers (75).

In particular, a significant elevation of chemokines (C-C

motif) ligand (CCL)-2, CCL4, CCL11, CCL13, CCL26 has been

detected in the plasma from HD patients (76). Wild et al. have

also reported that CCL11 and related chemokines may directly

contribute to the neurodegenerative processes in CNS. As a

result of analyzing plasma levels of cytokines in two separate

cohorts of HD patients, the elevated levels of CCL11 and CCL26

were found in HD group from their first cohort of 65 HD

patients (76). There were also significant differences in CCL11

and CCL26 levels across all HD clinical stages. In their second

cohort of 68 HD patients and 26 healthy controls, plasma CCL11

and CCL26 levels were significantly increased with more

advanced HD cases. In addition, CCL11 levels were positively

correlated with standardized assessments of motor impairment

while negatively correlated with functional scores (76, 77). Thus,

it is worth performing future studies of both CCL11 and CCL26
TABLE 1 Changes in glial cells in different HD mouse models at multiple ages.

Model Age Glial status Reference

R6/2 2-16 weeks Iba-1 positive cells did not obviously differ in both R6/2 and wild-type mice at 2-4 and 5-7 weeks, but increased at 8-10
and 11-13 weeks old in R6/2 mice.

(54)

R6/2 4 and 13 weeks Microglia increased significantly in the 4 and 13 weeks old R6/2 mice compared to the age-matched WT. (61)

R6/2 8-12 weeks R6/2 striatal revealed increased Iba-1+ microglia and GFAP+ astroglia at a symptomatic stage of 12 weeks old. (62)

R6/2 12 weeks Reactive astrocytes were rarely observed in the cortex and striatum of HD and microglia did not change in number at 12
weeks old R6/2.

(29)

R6/2 22 and 30 weeks GFAP was increasingly upregulated in the cortex (22 and 30 weeks), and striatum (30 weeks) of R6/2 chimeras much
later than pure R6/2 mice that died at 12-15 weeks of age.

(51)

R6/1 11 and 30 weeks GFAP, an astrocyte activated markers, was found in the early stage of the disease in R6/1 mice. (52)

R6/1 9 months Little GFAP staining in the striatum in R6/1 mice at 9 months of age. (50)

N171-
82Q

3-5 months GFAP staining increased in the striatum of N171-82Q mice at 3 months of age and became prominent at 4-5 months of
age.

(50)

YAC128 3, 6 and 12 months Microglia increase in both size and number in YAC128 mice at 12 months old. (63)

KI 140Q 4,12 and 23
months

GFAP immunostaining showed no change in KI mice at 4 months but increased at >12 months. (64)

Hdh150Q 27-30 weeks and
42-52 weeks

Hdh150Q mice at 27-30 weeks of age did not show intense GFAP immunoreactivity but a marked increase in GFAP
immunoreactivity in the striatum of 42-52-week-old Hdh150Q.

(26)

Hdh150Q 14 months 14-month-old HdhCAG150 mice had a greater number of GFAP-positive cells. (50)

HttQ111 2-18 months HttQ111/+ mice at 18 months of age did not show increased gliosis. (56)

HdhQ175 18-20 months Expression of full-length mHTT in microglia was able to promote pro-inflammatory transcription at 18-20 months of
age.

(57)
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as potential biomarkers in HD. It has been shown that the

complement factors C1QC, C2, and C3 are also increased in CSF

samples taken from living HD patients in comparison with

controls (78). Singhrao et al. also found the complement

activation, and increased mRNA levels of complement

proteins in HD brains (79). Increased protein expression of

complement components C7 and C9, complement inhibitor

cluster proteins, and acute phase protein a-2-macroglobulin

were shown in HD patient plasma and CSF (37).

Neuroinflammation can be modulated by neuron-glial

signaling through various soluble factors, such as cluster of

differentiation CD22 (80), CD47 (81), CD200 (82, 83), the

family of CD300 receptors (84) and CX3CL1 (85). CX3CL1

produced in neurons is the sole member of the CX3C family of

chemokines (86), and it is known that CX3CL1 is the only ligand

binding to CX3CR1, a 7 transmembrane domain class A G-

protein coupled receptor that is expressed in microglia,

monocytes, natural killer cells (NK), T cells and smooth

muscle cells (87). Interestingly, CX3CL1 was also found to be

an important novel factor in HD pathogenesis and survival

following a network analysis of microarray data from human

post-mortem tissue (88). An investigation of the fractalkine

signaling axis in HD patients revealed that cx3cl1 gene

expression was significantly reduced in their putamen

(30) (Figure 2).
4 Immune therapies

The accumulating evidences supports that inflammation

plays a key role in neurodegenerative diseases and has

stimulated the use of immunotherapeutic strategies to

modulate neuroinflammatory diseases. Several preclinical and

clinical trials of potential immunomodulatory drugs have been

investigated in HD, such as minocycline and cannabinoids,
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laquinimod, TNF-a inhibitors, anti-SEMA4D monoclonal

antibody, gangliosides and so on.
4.1 Minocycline and cannabinoids

It has also been demonstrated that minocycline and

cannabinoids have anti-inflammatory properties, even though

they are not a member of the classical definition of anti-

inflammatory drugs. R6/2 mice were administered with the

anti-inflammatory tetracycline minocycline showed

improvements in behavioral and neuropathological deficits

(89, 90), which is also supported by an excitotoxic rat model

of HD (91). A clinical study revealed that minocycline at 100 and

200 mg/day was well tolerated for 8 weeks. The study involved

60 patients who were randomly assigned to receive placebo (n =

23), minocycline 100 mg/day (n = 18), or minocycline 200 mg/

day (n = 19). However, there was no effect on the UHDRS

(Unified HD Rating Scale) scores, with no efficacy observed (92).

Cannabidiol was considered safe and well tolerated during a 6

weeks clinical trial conducted on 15 patients affected by HD.

However, clinical outcomes did not show the significant

improvement (93).
4.2 Laquinimod

The immunomodulator laquinimod (LAQ) could

downregulate both the production of pro-inflammatory

cytokines in peripheral blood mononuclear cells and neuroglial

activation in the brain, which was initially known as an

immunomodulatory agent and was used to treat multiple

sclerosis. For example, the neuroprotective effect of LAQ is

well supported by its therapeutic effects on animal models of

neuroinflammatory diseases, such as the experimental
FIGURE 1

Pathogenic insights from and phenotype differences between animal models expressing mutant HTT.
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autoimmune encephalomyelitis (EAE) (94, 95), and by

alleviation of demyelination in different diseases (96–99). LAQ

has also been shown to improve behavioral phenotypes and

white matter integrity in many HD mouse models (100–104).

Especially, LAQ rescues evidence of cortico-striatal

neurodegeneration, demyelination of white matter, and

behavioral deficits in YAC128 HD mice (105). A mild

ameliorative effect of LAQ was also observed in R6/2 mice

with motor function deficits and striatal neuropathology (106).

Thus, the therapeutic effect of LAQ is therefore thought to be

due to an anti-inflammation effect (98, 103). Although the

precise mechanism of action of LAQ is unclear, Dobson et al.

demonstrated that LAQ significantly dampened the release of

hyper-reactive cytokines from stimulated premanifest and

manifest HD patient monocytes, and may exert its

neuroprotective effects by promoting BDNF production (94).

However, LAQ had no efficacy observed in the Phase 2 clinical

trials of HD patients unfortunately. (https://clinicaltrials.gov/

ct2/show/NCT02215616). Thus, whether LAQ can be used to

treat HD patients remains to be verified.
4.3 TNF-a inhibitor

TNF-a is a multifunctional cytokine associated with cellular

proliferation, differentiation, inflammation, immune responses

and apoptosis (107). Based on the evidence of increased levels of

TNF-a in HD, one study investigated the therapeutic potential

of DN-TNF-a (XPro1595), which demonstrated that

intracerebroventricular (ICV) injection of DN-TNF-a
modulates neuroinflammation, caspase activation, mHTT

aggregate burden, and motor function deficit in R6/2 HD

transgenic mice (108). However, the clinical efficacy of this

molecule in human HD warrants further investigation based

on the fact that DN-TNF-a’s systemic injection rather than an

ICV injection shows lesser efficacy on motor function in R6/2
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mice (109). However, in a study of R6/2 mice carried out by

Pido-Lopez et al., the systemic injection of etanercept, a drug

that inhibits TNF-a, dampened the levels of TNF-a in plasma

and other peripheral proinflammatory molecules such as IL-1b
and IL-6. However, the level of TNF-a and IL-6 expression in

the striatum is not affected by etanercept treatment. According

to the follow-up study, etanercept partially reduced brain

atrophy, but failed to improve HD related functional and

cognitive deficits in R6/2 mice (110).
4.4 SEMA4D antibody

Semaphorin 4D (SEMA4D), also called CD100, is

chemorepulsive axonal guidance and immunoregulatory

transmembrane signaling molecule. It signals via three receptor

subtypes of Plexin-B1 (PLXNB1), Plexin-B2 (PLXNB2) and CD72.

In the CNS, SEMA4D interacts with PLXNB1 in neuronal cells via

Rho-GTPases-RhoA and R-Ras GTPase-activating protein

activities, inducing axonal growth cone collapse (111, 112). In

previous studies, the treatment on YAC128 HD transgenic mice

with neutralizing SEMA4D antibody has been shown to ameliorate

the neuropathological deficits and behavioral symptoms (111).

However, it is still unclear whether SEMA4D inhibition will be

beneficial in human HD.
4.5 Gangliosides and others

Besides, therapeutic administration of the brain gangliosides,

GM1, has also been used to provide neuroprotection in models of

neuronal injury and neurodegeneration of Alzheimer’s Disease

(AD) (113), Parkinson’s Disease (PD) (114, 115) and HD (116).

Furthermore, the intraventricular administration of GM1 showed

profound disease-modifying effects across HD mouse models

exhibiting varying genetic backgrounds, and there is a reduction
FIGURE 2

Schematic summary of brain and peripheral inflammatory changes in HD mice and patients.
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in mutant HTT levels after GM1 administration (116). The

treatment of R6/2 mice with GM1 slows down the white matter

atrophy and body weight loss, while the motor functions have been

significantly improved. The administration of GM1 also

ameliorated psychiatric-like and cognitive dysfunctions and gait

abnormalities. It was also shown that GM1 administration

improves psychiatric-like and cognitive dysfunctions in YAC128

mice (116). Prados et al. reported an efficacy of the compound

betulinic acid hydroxamate (BAH), a hypoximimetic derivative of

betulinic acid, against the striatal HD neurodegeneration. In striatal

STHdhQ111/Q111 cells, BAH stabilized HIF-1a protein and

protected against mitochondrial toxin-induced cytotoxicity.

Pharmacokinetic analyses showed that BAH had a good brain

penetrability in 3-nitropropionic acid-treated mouse model with

striatal neurodegeneration, improved the clinical symptoms,

prevented neuronal loss, decreased reactive astrogliosis and

microgliosis, and inhibited the upregulation of proinfammatory

markers in the brain (117). Purushothaman et al. also reported the

neuropharmacological protective effect of Baicalein (BC) against the

Quinolinic Acid (QA)-induced HD-like rat models that displayed

the psychological and behavioural changes. This study proved that

BC is efficient to revive the level of enzymatic and non-enzymatic

antioxidants and mitochondrial complexes by decreasing a number

of inflammatory mediators such as Malondialdehyde (MDA),

protein carbonyls and Nitric Oxide. It also restores the amount of

BDNF and GDNF, thereby preventing the neurophysiological

changes (118). Taking together, these findings show that targeting

cytokines might assist in resolving neuroinflammation, but evidence

suggests that merely suppressing the neuroinflammatory processes

would be insufficient to restore functional capacity in HD.
5 Concluding remarks

The contribution of neuroinflammation to neurodegeneration

has previously been defined. However, the role of CNS and

peripheral inflammatory changes in HD remains poorly

understood. This is because neuroinflammatory and

neuroimmune reactions can be beneficial or detrimental, and

there are various interactions between diverse brain cell types and

the signaling cascades triggered in HD. Various families of

cytokines and cytokine receptors, growth factors, and chemokines

influence the apoptotic or survival pathways of neurons and the

degree of inflammatory processes in the CNS. It is unclear whether

inflammatory changes are caused by neurodegeneration or

represent an independent pathological mechanism. Thus, it is

important to refine our understanding of these more specific

immune and inflammatory mechanisms involved in HD.

Although HD mouse models have been widely used to

investigate HD pathogenesis and neuropathology, there are
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various differences in neurodegenerative pathophysiology between

rodent models and clinical patients. In particular, neuronal

inflammatory responses were found in HD patients at the early

disease stage but were not consistently seen in many mouse models

of HD at young ages. Given the lack of obvious neurodegeneration

phenotypes in most genetic mouse models, the demand for

establishing large animal models to study neurodegenerative

diseases is well-appreciated. Investigation of large animal models

would be highly valuable for understanding the novel pathogenic

mechanisms and identifying neuroinflammation alterations, which

may not be uncovered in small animals, though there are challenges

and limitations that are largely stemmed from the costly and time-

consuming investigation.

In addition, it remains to be investigated whether peripheral

immune response and inflammatory alterations mirror the

changes and the putative pathways in the CNS in HD. Yet,

whether the inflammatory response is an active or a reactive (or

both) mechanism in HD pathophysiology remains controversial.

Further mechanistic studies are need and would require use of

multiple animal models including those large animal models

that can more closely mimic the pathological changes in HD

patients. Advancing our understanding of the involvement of the

immune system in HD pathophysiology would help identify a

valid target for new therapeutic interventions to halt the

progression of HD.
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Glossary

HTT Huntingtin

HD Huntington's disease

polyQ polyglutamine

CNS Central nervous system

BBB Blood-brain barrier

YAC Yeast artificial chromosome

BAC Bacterial artificial chromosome

LPS Lipopolysaccharides

IL Interleukin

TNF Tumor necrosis factor

MCP-1 Monocyte chemoattractant protein-1

PSD-95 Postsynaptic density protein 95

IBA1 Ionized calcium-binding adapter molecule 1

CX3CL1 C-X3-C motif chemokine ligand 1

QUIN Quinolinic acid

3-HK 3-hydroxykynurenine

WT Wild-type

IFN-g Interferon gamma

BDNF Brain-derived neurotrophic factor

NTRK2 Neurotrophic receptor tyrosine kinase 2

GFAP Glial fibrillary acidic protein

CRISPR Clustered regularly interspaced short palindromic repeats

KI Knock-in

CSF Cerebrospinal fluid

CRP C-reactive protein

MMP-9 Matrix metalloproteinase-9

CCL Chemokines (C-C motif) ligand

C1QC Complement C1q subcomponent subunit C

NK Natural killer

SEMA4D Semaphorin-4D

UHDRS Unified HD rating Scale

LAQ Laquinimod

EAE Experimental autoimmune encephalomyelitis

ICV Intracerebroventricular

PLXNB1 Plexin-B1

PLXNB2 Plexin-B2

AD Alzheimer's Disease

PD Parkinson's Disease

BAH Betulinic acid hydroxamate

HIF-1a Hypoxia-inducible factor 1-alpha

BC Baicalein

QA Quinolinic acid

GDNF Glial cell derived neurotrophic factor

MDA Malondialdehyde
Frontiers in Immuno
logy frontiersin.org12
65

https://doi.org/10.3389/fimmu.2022.1088124
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Antariksh Tyagi,
Yale University, United States

REVIEWED BY

Anetta Härtlova,
University of Gothenburg, Sweden
Haijun Tu,
Hunan University, China
Ashish Shelar,
Yale University, United States

*CORRESPONDENCE

Ian Marriott

IMarriot@uncc.edu

SPECIALTY SECTION

This article was submitted to
Inflammation,
a section of the journal
Frontiers in Immunology

RECEIVED 22 December 2022

ACCEPTED 13 February 2023
PUBLISHED 14 March 2023

CITATION

Suptela AJ and Marriott I (2023)
Cytosolic DNA sensors and glial
responses to endogenous DNA.
Front. Immunol. 14:1130172.
doi: 10.3389/fimmu.2023.1130172

COPYRIGHT

© 2023 Suptela and Marriott. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Review

PUBLISHED 14 March 2023

DOI 10.3389/fimmu.2023.1130172
Cytosolic DNA sensors and glial
responses to endogenous DNA

Alexander J. Suptela and Ian Marriott*

Department of Biological Sciences, University of North Carolina at Charlotte, Charlotte,
NC, United States
Genomic instability is a key driving force for the development and progression of

many neurodegenerative diseases and central nervous system (CNS) cancers.

The initiation of DNA damage responses is a critical step in maintaining genomic

integrity and preventing such diseases. However, the absence of these responses

or their inability to repair genomic or mitochondrial DNA damage resulting from

insults, including ionizing radiation or oxidative stress, can lead to an

accumulation of self-DNA in the cytoplasm. Resident CNS cells, such as

astrocytes and microglia, are known to produce critical immune mediators

following CNS infection due to the recognition of pathogen and damage-

associated molecular patterns by specialized pattern recognition receptors

(PRRs). Recently, multiple intracellular PRRs, including cyclic GMP-AMP

synthase, interferon gamma-inducible 16, absent in melanoma 2, and Z-DNA

binding protein, have been identified as cytosolic DNA sensors and to play critical

roles in glial immune responses to infectious agents. Intriguingly, these nucleic

acid sensors have recently been shown to recognize endogenous DNA and

trigger immune responses in peripheral cell types. In the present review, we

discuss the available evidence that cytosolic DNA sensors are expressed by

resident CNS cells and can mediate their responses to the presence of self-DNA.

Furthermore, we discuss the potential for glial DNA sensor-mediated responses

to provide protection against tumorigenesis versus the initiation of potentially

detrimental neuroinflammation that could initiate or foster the development of

neurodegenerative disorders. Determining the mechanisms that underlie the

detection of cytosolic DNA by glia and the relative role of each pathway in the

context of specific CNS disorders and their stages may prove pivotal in our

understanding of the pathogenesis of such conditions and might be leveraged to

develop new treatment modalities.

KEYWORDS

genomic integrity, DNA sensors, neuroinflammation, neurodegeneration, glia
1 Introduction

In 2022, there were an estimated 1.9 million new cancer cases and over 600,000 deaths

due to these diseases in the United States (1). Of these, approximately 25,000 were

associated with the brain and the central nervous system (CNS), and these have a poor

prognosis with only a 5-year survival rate of 32.5% (2). Additionally, lethal cases of
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neurodegenerative diseases including Alzheimer’s disease (AD) and

Parkinson’s disease (PD) are becoming increasingly prevalent, and

this is a serious concern as an estimated 6.5 million Americans were

reported to live with AD in 2022 and 1 million having PD in 2019

(3, 4). While multiple mechanisms, including cellular senescence

and dysfunctional mitophagy, have been associated with cancer

development and age-related diseases (5–8), genomic instability

arising from excessive DNA damage and/or DNA repair

mechanism dysfunction is recognized as a key driving force for

such diseases in general (9), and the development of CNS cancers

and neurodegenerative diseases more specifically (10, 11).

High fidelity DNA repair is required to maintain genomic

integrity. Breaks in DNA are a relatively common occurrence and

can occur naturally up to tens of thousands of times per day, per

cell. However, the number of such breaks can be drastically

increased by exogenous insults such as ionizing radiation (IR)

and oxidative stress. Exposure to high levels of IR can be

tremendously detrimental and affects nearly every macromolecule

in a cell. These effects can either occur directly or indirectly. For

example, IR alone directly disrupts the structure of DNA, creating

breaks in its molecular backbone (12). Alternatively, IR can elicit

radiolysis of cellular water whereby the chemical bonds of water

molecules are broken down resulting in the generation of reactive

oxygen species (ROS) including hydroxyl radicals, ionized water,

superoxide anions, and hydrogen peroxide (12). While ROS play

essential roles in many cellular processes, excessive levels of ROS

disrupt redox homeostasis and can induce DNA lesions (13). DNA

lesions/breaks initiate DNA damage responses (DDR), a collection

of mechanisms that ensure efficient DNA repair and maintain

genomic integrity (14, 15). However, DNA repair is not infallible.

If cells are permitted to replicate with unrepaired or incompletely

repaired DNA, an accumulation of mutations and DNA damage

may lead to cancer development, neurodegenerative disorders, and

other age-related diseases. Furthermore, DNA damage has recently

been implicated in the generation of detrimental inflammation, and

this effect is often associated with the presence of self-DNA in the

cytoplasm (16–19).

DNA damage due to exposure to IR, oxidative stress, or even

chemotherapy, results in cytosolic DNA accumulation, often in the

form of micronuclei (20). Micronuclei are small nuclei-like structures

containing lagging or damaged chromosome fragments that continue

into the interphase following completion of mitosis or meiosis (20) The

nuclear envelopes surrounding micronuclei are typically defective and

prone to rupture, after which, their DNA cargo is liberated into the

cytosol. Additionally, micronuclei have been described as a source of

complex genome rearrangements, including one-off catastrophic

rearrangement events known as chromothripsis (21). Furthermore,

the presence of micronuclei is associated with many autoimmune

diseases (22–26), neurodegenerative diseases (27–32), and aggressive

cancers (33) in affected tissues. Indeed, the presence of micronuclei has

historically been used as a means to assess the genotoxicity of chemicals

and mutagens via the cytokinesis-block micronucleus assay, and their

contribution to the initiation of innate immune responses is now

becoming apparent (34).

While micronuclei are likely to be a major source of cytoplasmic

genomic self-DNA, mitochondria may also serve as a source of
Frontiers in Immunology 0267
DNA in the cytosol (35). Mitochondria primarily function to

produce the ATP necessary for normal cell activity via oxidative

phosphorylation. Outside of oxidative phosphorylation,

mitochondria also perform many other metabolic and non-

metabolic roles ranging from the regulation of apoptosis to the

generation of ROS that are necessary for maintaining redox

homeostasis (36, 37). What makes mitochondria truly unique,

however, is that they contain their own circular genome due to

their endosymbiotic origin (38). The various means by which

mitochondrial contents, including mitochondrial DNA (mtDNA),

are released have been extensively reviewed elsewhere (39–44), but

generally involves passive/accidental release due to mitochondrial

stress and dysfunction, and cell death pathways including necrosis

and apoptosis (40).

Since DNA is normally sequestered in the nucleus and

mitochondria, its presence in the cytosol can function as a

damage associated molecular pattern (DAMP) and serve to

trigger inflammatory innate immune responses. In the CNS, such

responses to both endogenous and exogenous insults must be

tightly regulated to avoid damaging, or even lethal, inflammation.

While the recruitment of peripheral leukocytes to the CNS and their

subsequent activation are important in the development of immune

responses in disease states, it is now recognized that resident glial

cells, such as microglia and astrocytes, play a critical role in the

initiation of detrimental neuroinflammation.
2 Glial cells play a critical role in the
initiation and progression of immune
responses in the CNS

In the healthy brain, microglia and astrocytes are essential for

homeostasis. Microglia perform critical housekeeping functions such

as synaptic remodeling and pruning (45, 46), and removal of cellular

debris and dead or dying cells (47), which is necessary for creating a

regenerative environment (48). Astrocytes are the most abundant

glial cell in the brain and have a crucial role in synaptogenesis,

synaptic transmission, and neurotransmitter recycling, and for the

maintenance of the blood brain barrier (BBB) (49–53). Importantly, it

is now apparent that microglia and astrocytes both serve as sentinel

cells that initiate and exacerbate immune responses associated with

CNS pathology (54, 55). Given their wide distribution throughout the

CNS, they are ideally positioned to confront and respond to trauma

or invading pathogens. In disease states, microglia and astrocytes are

activated and produce a wide array of potent proinflammatory

mediators, such as IL-6, IL-1b, and TNF, as well as chemokines

that promote the recruitment of peripheral leukocytes across the BBB

that can further contr ibute to potent ia l ly damaging

neuroinflammation (56–59). The initiation of microglial and

astrocytic responses is now recognized to be mediated by multiple

families of cell surface, endosomal, and cytosolic PRRs that are

triggered by DAMPs and pathogen-associated molecular patterns

(PAMPs). This subsequently results in the activation of transcription

factors that precipitate the production of cell surface and secreted

immune mediators.
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Of these PRRs, perhaps the best studied are the cell surface and

endosomal Toll-like receptors (TLRs) and the cytosolic nucleotide-

binding and oligomerization domain-containing (NOD)-like

receptors (NLRs), and these sensors have been exhaustively

studied for their roles in antimicrobial and antiviral responses (as

reviewed in 60–69). The TLR and NLR families consist of at least 10

and 22 members in mammals, respectively, and these receptors are

widely expressed throughout the body on/in peripheral leukocytes

and non-leukocytic cell types (70–72). Importantly, we, and others,

have demonstrated the constitutive and/or inducible expression of

TLRs (54, 55, 58, 73–75) and the NLRs, NOD1 and NOD2 (76–78),

on/in both microglia and astrocytes.

These TLRs and NLRs can detect a variety of bacterial or viral

extra- and intracellular PAMPs and DAMPs to activate

downstream signaling cascades and initiate proinflammatory and/

or antiviral activity by glial cells. However, NOD1/2 appears to be

limited to the detection of bacterial cell wall components (78).

Furthermore, while several TLRs are able to detect and respond to

nucleic acids in endosomal compartments (72, 79, 80), they are not

well suited to detect compromised cytosolic sterility or damage.

Rather, it now appears that cells utilize discrete cytosolic PRR

families that are capable of responding to the presence of foreign

and/or self-nucleic acids in the cytoplasm.
3 Detection of cytosolic nucleic acids
by glial cells

PRR families, in addition to TLRs and NLRs, have recently been

identified that serve as cytosolic sensors for foreign or altered self-

nucleic acids (81). These include the retinoic acid-inducible gene I

(RIG-I)-like family of receptors (RLRs) that can detect bacterial and

viral nucleic acids and, more specifically, dsRNA (82–84). There are

currently three known RLRs: RIG-I, melanoma differentiation-

associated gene 5 (MDA5), and laboratory of genetics and

physiology 2 (LGP2). All three RLRs share a common central

helicase domain and carboxy-terminal domain, although only RIG-

I andMDA5 possess two caspase activation and recruitment domains

(CARDs) that are required for downstream signal transduction (85).

In contrast, LGP2 lacks a CARD domain and, instead, negatively

regulates RIG-I and MDA5 activity (85, 86). Upon RNA binding,

RIG-I and MDA5 interact with the CARD domain found on

mitochondrial antiviral-signaling (MAVS), a mitochondria-

localized adaptor protein, which subsequently activates TRAF

family member-associated nuclear factor-kappa-B activator

(TANK)-binding kinase 1 (TBK1) and inhibitor of nuclear factor

kappa-B kinase subunit epsilon (IKKϵ). TBK1 and IKKϵ, in turn,

activate the transcription factors interferon regulatory factors 3 and 7

(IRF3 and IRF7), which finally induce the transcription of type-I

interferons (IFNs) among other antiviral mediators. Importantly, we

have shown that RIG-I and MDA5 are constitutively expressed in

microglia and astrocytes and that such expression is upregulated

following viral infection (87). Furthermore, we have recently

demonstrated that RIG-I not only recognizes viral dsRNA in glia,

but is also able to respond to bacterial dsRNA (88).
Frontiers in Immunology 0368
Surprisingly, RIG-I may elicit immune responses to cytosolic

DNA in addition to RNA, albeit in an indirect manner mediated

by the actions of RNA polymerase III (RP3) (88–93), wherein RP3

reverse transcribes cytosolic dsDNA into a 5’ triphosphate-

containing dsRNA ligand that then can subsequently be

detected by RIG-I. Such a mechanism might explain the earlier,

and perhaps erroneous, description of RP3 as a DNA sensor

(92, 93).

However, it is now apparent that cells, including glia, possess a

number of molecules that specifically serve as cytosolic DNA

sensing molecules to initiate responses to foreign or self-DNA.

The first of such molecules to be discovered was DNA sensor Z-

DNA binding protein (ZBP1; previously known as DNA-dependent

activator of IRFs (DAI)) in 2007 (94). Since then, our knowledge of

cytosolic DNA sensing PRRs has expanded to include proteins such

as cyclic GMP-AMP synthase (cGAS) (95), interferon gamma-

inducible 16 (IFI16) (96), and absent in melanoma 2 (AIM2) (97–

99). Importantly, we, and others, have described the expression and

activity of cGAS (100, 101), IFI16 (102–104), ZBP1 (105–108), and

AIM2 (101, 109, 110), in resident CNS cells including human and

murine microglia and/or astrocytes.

As shown in Figure 1, cGAS and IFI16 use the endoplasmic

reticulum-localized protein stimulator of interferon genes (STING)

as an adaptor molecule to exert their responses, while ZBP1 and

AIM2 recruit their own adaptor molecules, receptor interacting

serine/threonine-protein (RIP) kinases 1 and 3 (RIPK1/3), and

apoptosis-associated speck-like protein containing a CARD

(ASC), respectively (99, 111). Upon activation, STING facilitates

the activation of transcription factors TBK1, IRF3, and nuclear

factor kappa-B (NF-kB) that then initiate the transcription of type-I

IFNs, proinflammatory cytokines, and chemokines (112). ZBP1

recruits RIPK1 and 3 via interactions with its RIP homotypic

interaction motif (RHIM) domains, which subsequently activates

NF-kB (113). Both IFI16 and AIM2 can, like other receptors

upstream of inflammasome formation, recruit ASC following

DNA detection (99, 114). AIM2 and IFI16 can both form an

inflammasome complex with ASC to recruit the effector protein,

caspase-1, that subsequently cleaves pro-IL-1b and pro-IL18 to

their mature forms for release (Figure 1) (99, 114). Additionally,

AIM2-ASC inflammasome complex formation can lead to

pyroptotic cell death via cleavage of gasdermin-D (GSDMD)

(97, 98).

Finally, several other putative DNA sensors such as DNA-

dependent protein kinase (DNA-PK) (115), DEAD-box helicase

41 (DDX41) (116), and meiotic recombination 11 homolog A

(MRE11) (117) have been described in peripheral cell types, but

their functions as PRRs for DNA in the CNS have not been

investigated to date.

Peripheral and resident CNS cells exhibit inflammatory

phenotypes following DNA damage (118–120), although the

mechanisms underlying the initiation of these responses have

remained elusive. Interestingly, several cytosolic DNA sensors

appear to be capable of detecting mitochondrial and genomic

self-DNA resulting from insults such as oxidative stress and IR

(41, 121–128). As such, cytosolic DNA sensors may be the link

between DNA damage and subsequent innate immune responses.
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4 Cytosolic DNA sensors lie at the
intersection of DNA damage and
innate immunity

The presence of DNA in the cytoplasm is indicative of cell

compromise as it is normally confined to the nucleus or

mitochondria in healthy cells. While cytosolic DNA sensors have

been extensively studied with regard to bacterial and viral

infections, it has only been recently recognized that they may also

play a critical role in the generation of immune responses to

cytosolic mtDNA and genomic self-DNA (42, 121, 129–131). In

contrast to endosomal nucleic acid sensors such as TLR9 that detect

prokaryotic DNA based on their distinct methylation patterns

(132), cytosolic DNA sensors seem to be unable to discriminate

between foreign and self-DNA, and so can detect and respond to

either (133, 134). However, it remains unclear whether such

responses to self-DNA are protective or detrimental, especially in

the context of the CNS where there is strong potential for damaging

neuroinflammation. Regardless, it is now apparent that glial cells

express multiple sensors capable of initiating their immune

functions in response to the presence of cytosolic DNA as

described below.
4.1 cGAS

Of all the DNA sensors, cGAS has risen to the forefront of

nucleic acid sensor research since it’s discovery in 2013 (95). Over

the past decade, our understanding of its role has expanded from

the triggering of antiviral immunity to include the inhibition of
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homologous recombination-mediated DNA repair (135, 136),

control of DNA replication dynamics (137), cellular senescence

(35, 138–141), cell death (142–147), and tumorigenesis (136).

As shown in Figure 2A, following DNA binding, cGAS catalyzes

the production of the secondary messenger molecule 2’3’cyclic

guanosine monophosphate-adenosine monophosphate (cGAMP),

which subsequently binds to STING that is located on the surface of

the endoplasmic reticulum (95, 148, 149). Following interaction

with cGAMP, STING undergoes a conformational change that

initiates the recruitment of TBK1, which then phosphorylates

IRF3 and liberates NF-kB. Activation of this signaling cascade

results in the production of potent proinflammatory cytokines

and chemokines including IL-6, TNF, and IL-8, and the type-I

IFNs such as IFN-b (112, 150–152).

The discrimination, or lack thereof, between foreign and self-

DNA has been recognized as a significant issue regarding cytosolic

DNA sensors since indiscriminate DNA binding could lead to the

development of autoimmune responses. Indeed, several

autoimmune diseases, including Aicardi-Goutières syndrome

(AGS), are associated with increased levels of cytoplasmic DNA

and inflammatory mediator production (153). While DNA-

mediated activation of cGAS occurs in a length dependent

manner, with robust activity occurring only with DNA longer

than 45 bp or shorter DNA fragments with flayed ends (154,

155), its ability to discriminate between DNA fragments seems to

end here.

DNA damage and genomic instability has long been known to

induce inflammatory responses (123, 156, 157), but it has only been

recently that this phenomenon has been shown to be connected to

cytosolic nucleic acid sensors including cGAS. In 2017, Mackenzie

et al. (121) discovered that a primary culprit in the induction of
FIGURE 1

Cytosolic DNA sensors and their signaling pathways. Sensing of dsDNA by ZBP1 induces its association with RIPK3 and subsequent activation of
NF-kB to elicit pro-inflammatory cytokine production, and/or its interaction with TBK1 to induce IRF3 activation and type-I IFN expression. Sensing
of dsDNA by cGAS catalyzes the production of cGAMP that activates STING and leads to TBK1 activation that induces IRF3 activation and type-1 IFN
expression. IFI16 can directly interact with STING following DNA sensing resulting in NF-kB and IRF3 activation, or can associate with ASC to form an
inflammasome complex resulting in caspase-1-mediated IL-1b and IL-18 release. AIM2 sensing of dsDNA also leads to inflammasome complex
formation with ASC and mature IL-1b and IL-18 release. This figure was created with Biorender.com.
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inflammatory responses following IR-induced DNA damage was

the formation of micronuclei. The breakdown of the micronuclear

envelope and subsequent exposure of self-DNA was associated with

rapid cGAS translocation to the micronuclei and the onset of
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proinflammatory immune responses (121), a result that has since

been corroborated in other studies (122, 158–163). Additionally,

DNA damaging events often precipitate the release of mtDNA to

the cytoplasm and this can similarly be recognized by cGAS (19,

164–169).

Importantly, mammalian cells appear to possess mechanisms

that serve to limit cGAS activation to prevent excessive or

prolonged activation that could lead to devastating autoimmunity.

First, recent studies have determined that cGAS may primarily be

localized to the nucleus in cells at rest (170, 171), rather than being

cytosolic as was initially thought (95). In the nucleus, cGAS is

tightly bound to nucleosomes where its DNA binding sites are

prevented from interacting with nucleosomal DNA (172–177).

Furthermore, while nuclear cGAS activation can occur, cGAMP

production resulting from such activation is approximately 500-fold

less than that generated when DNA is administered to the

cytoplasm (171).

Second, cytoplasmic nucleases, such as three prime repair

exonuclease 1 (TREX1) and deoxyribonuclease II (DNASE2)

restrict cytoplasmic DNA accumulation thereby limiting cGAS

activation (162). The impact of these nucleases is particularly

apparent in inflammatory autoimmune disorders that occur due

to mutations that result in their loss of function (141, 178, 179).

Together, these studies reinforce the importance of the regulation of

DNA sensing proteins, especially cGAS.
4.2 ZBP1

ZBP1 was the first cytosolic DNA sensor discovered (94) and its

importance in host responses to viral infection have been

extensively described (105, 180). ZBP1 was initially found to be a

critical component in the detection of the dsDNA of HSV-1 (94)

and other viruses in both peripheral and CNS cell types (105, 107,

108, 111, 181). More recently, it appears that this sensor may also

recognize RNA motifs in addition to DNA (182). Furthermore, this

cytosolic sensor has been implicated in the initiation of the

necroptotic pathway of immunogenic cell death (105–108, 111,

182–188).

As shown in Figure 2B, upon binding to DNA, ZBP1 recruits

RIPK3 that subsequent ly act ivates NF-kB to induce

proinflammatory cytokine production (113). Additionally, ZBP1

has been shown to associate with TBK1 and IRF3 to regulate the

activation of IRF3 and, thus, drive type-I IFN production (94).

However, it is important to note that this receptor may act in a

ligand and cell type specific manner, as ZBP1 knockdown was

found to have no effect on exogenous DNA-induced IFN

production in mouse embryonic fibroblasts (189) or a lung

epithelial cell line (190), while similar knockdown significantly

reduced B-DNA-induced IFN-b production in an immortalized

murine fibroblast cell line (190).

Importantly, our current knowledge of the role of ZBP1 in

responses to self-DNA remains limited, especially since the precise

identity of the ligand(s) for ZBP1 remains controversial (181, 182,

187, 189, 191). However, there is data to support the notion that

mtDNA serves as a ligand for ZBP1 (192, 193). A recent study has
B
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FIGURE 2

Cytosolic self-DNA sensing pathways. In the CNS, the uptake of a-
Syn fibrils, amyloid-b, and/or cellular debris by resident CNS cells, or
exposure to exogenous oxidative stress or ionizing radiation (IR), can
lead to liberation of self-DNA to the cytosol via mitochondrial
damage or genomic instability leading to micronuclei formation. The
presence of self-DNA in the cytoplasm can then be perceived via
DNA sensing PRRs including cGAS (A), ZBP1 (B), IFI16 (C), and/or
AIM2 (D), leading to sensor-specific signaling pathways that
precipitate the production of inflammatory cytokines, type-I IFNs
and/or immunogenic necroptotic and pyroptotic cell death
pathways. This figure was created with Biorender.com.
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indicated that mtDNA release induced by low level oxidative stress,

in the absence of detectable damage to nuclear DNA, elicits a type-I

IFN response by pulmonary epithelial cells (192). Interestingly, in

this study, fragments of mtDNA were shown to be released in

exosomes that were capable of initiating further inflammatory

responses in naïve epithelial cells (192). Furthermore, a second

study reported the ability of glucose deprivation to induce mtDNA

release via the actions of NOXA in FVB/NJ mice following

implantation of the MVT-1 mammary cancer cell line (193),

which subsequently initiated necroptosis in a ZBP1-dependent

manner (193).
4.3 IFI16

IFI16 is a DNA sensor that is a member of the pyrin and HIN

domain (PYHIN) family. While it was first identified in 1992 (194),

it wasn’t until 2010 that it was characterized as a cytosolic DNA

sensor capable of inducing IFN-b production in response to

transfected exogenous DNA (96), and such responses have been

reported to occur following direct interaction with STING (195)

(Figure 2C). Interestingly, IFI16 exhibits both nuclear and cytosolic

localization (196). In the nucleus, IFI16 has been shown to respond

to viral DNA, which leads to the formation of an inflammasome

that then translocates to the cytoplasm where it participates in the

cleavage of pro IL-1b and IL-18 into their mature forms for release

(114, 197, 198).

With regard to self-DNA detection, the murine ortholog of

IFI16, IFI204, was found to mediate the detection of DNA released

into the cytoplasm following DNA damage resulting from ataxia-

telangiectasia mutated (ATM) deficiency in a murine model of

ataxia telangiectasia (A-T) (123). Since the work of Mackenzie et. al

(121), has indicated that cytosolic self-DNA recognition occurs due

to the formation of micronuclei, it is possible that a similar

mechanism underlies that ability of IFI204/IFI16 to perceive the

presence of self-DNA, although further study will be necessary to

confirm such a hypothesis.

While IFI16 is capable of binding self-DNA, it displays a

preference for long non-self-DNA due to its ability to oligomerize

into clusters, forming foci that are unable to bind nucleosomal self-

DNA (199, 200). Alternatively, IFI16 may serve to detect DNA

damage indirectly via the formation of a complex with DDR

proteins that can subsequently initiate STING signaling

(Figure 2C). Following etoposide-induced genotoxic stress, IFI16

has been found to combine with the DDR proteins ATM and poly

(ADP-ribose) polymerase 1 (PARP1) to induce the formation of a

STING signaling complex that results in the activation of NF-kB
and proinflammatory cytokine production (200). This ATM-

initiated nuclear mechanism results in far more rapid responses

to DNA damage than those mediated by cGAS that require the

formation and rupture of micronuclei (200). Furthermore, such

responses predominantly result in the activation of NF-kB, rather
than IRF3, resulting in a pro-inflammatory response (200).

However, it is important to note that most of this work has been

performed in keratinocytes and it remains to be determined

whether such mechanisms exist in resident CNS cell type.
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4.4 AIM2

AIM2 is another member of the PYHIN family that appears to

have DNA sensing capabilities. First identified in 1997 (201), its role

in dsDNA detection was not recognized until a decade later (97–99,

202). As shown in Figure 2D, AIM2 recruits the inflammasome

adaptor protein ASC and procaspase-1 following binding to

cytosolic DNA, forming an inflammasome complex that permits

IL-1b and IL-18 maturation via the actions of caspase-1 (97–99,

202). While AIM2, like ZBP1, can also initiate immunogenic cell

death pathways, AIM2 appears to initiate pyroptosis rather than

necroptosis via the cleavage of gasdermin-D and subsequent pore

formation (97–99, 202).

Importantly, AIM2 has been shown to detect cytosolic self-

DNA and mtDNA (131, 203–205). The interaction between AIM2

and cytosolic self-DNA has primarily been studied in the context of

autoimmune diseases that characteristically entail cytosolic DNA

accumulation, such as arthritis, psoriasis, and systemic lupus

erythematosus (131, 203, 206). Furthermore, pharmacological

disruption of the nuclear envelope and the liberation of self-DNA

to the cytosol has also been shown to induce AIM2 activation (205).

As such, it has been inferred from these observations that AIM2 is

capable of recognizing DNA and might be able to do so following

micronuclei formation.

In addition, a limited number of studies suggest that AIM2 may

also be localized to the nucleus in some cell types, such as

macrophages (124), and can mediate responses to nuclear DNA

damage (124, 207). For example, AIM2 has been reported to co-

localize with the DNA damage marker gamma-H2A histone family

member X (gH2AX) at sites of double strand breaks (DSBs)

following IR exposure in macrophages, where it subsequently

forms an AIM2-ASC-caspase-1 inflammasome complex to trigger

pyroptotic cell death (124).

While the relative importance of AIM2-mediated DNA

detection in the cytosol versus the nucleus remains unclear, it is

noteworthy that the localization of the AIM2 inflammasome

complex to sites of nuclear DNA DSBs occurs as rapidly as 8

hours following IR exposure (124). Furthermore, it is interesting

that these inflammasome complexes have been observed to

accumulate in the perinuclear region (124). However, it remains

to be determined whether such accumulations involve additional

interactions of AIM2 with cytosolic self-DNA.
5 Self-DNA detection in the CNS

To date, the mechanisms by which resident CNS cells can detect

and respond to self- DNA are understudied, and it remain unclear

whether the net result of such responses are beneficial or detrimental.

Neuroinflammation, while crucial in protecting the brain against

infection, can result in serious neurological damage if it is of

inappropriate intensity or duration. Indeed, neuroinflammation

that stems from DNA damage and/or deficient or defective DNA

repair can underlie or exacerbate neurodegeneration in CNS disease

states (11, 208–210). For example, the detection of cytosolic mtDNA

and self-DNA by resident glial cells is a hallmark of CNS pathologies
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including AGS, AD, PD, A-T, and Huntington’s disease (HD) (44,

109, 160, 179, 211–216), as summarized in Table 1.

In some CNS disorders, such as A-T and AGS, the origins of

cytosolic DNA accumulation are clear. In A-T, a critical kinase in

DDRs, ATM, is defective and results in the accumulation of DSBs

leading to the presence of cytosolic DNA (10, 123), while in AGS,

mutations in the genes encoding products that process/degrade

nucleic acids, such as TREX1 and RNAse H2, lead to cytosolic DNA

accumulation and lethal autoimmunity in neonates (178, 226).

However, the origin of cytosolic DNA in other neurodegenerative

diseases is either unclear or unknown. For example, in AD, amyloid-b
(Ab) plaques have been shown to induce oxidative stress that can

cause mitochondrial dysfunction and subsequent mtDNA release

into the cytosol (232). In contrast, the a-synuclein (a-Syn) fibrils that
are commonly seen in PD can induce genomic DNA damage (223),

while affected striatal neurons in HD patients and murine models of
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this disease show significantly higher numbers of micronuclei.

However, the mechanisms underlying DNA damage in HD remain

unknown (160).

We, and others, have shown that exogenous cytosolic DNA

elicits reactive astrogliosis and microgliosis, and is associated with

the production of proinflammatory and antiviral mediators by these

cells (44, 100, 180, 212, 216, 233, 234). Importantly, the recent

demonstration that glial cells express multiple cytosolic sensors has

provided the means by which they perceive DNA. We showed that

ZBP1 is expressed in microglia and astrocytes in an inducible

manner following HSV-1 infection (106). In addition, Cox et. al

(101), provided evidence that murine microglia and astrocytes

express mRNA encoding cGAS, the p204 murine ortholog of

IFI16, and AIM2 (101). Subsequently, we, and others, have

extended these findings to demonstrate cGAS, IFI16, and AIM2,

protein expression in human microglia and astrocytes, and have
TABLE 1 Expression of DNA sensors by CNS cells and links to neurogenerative disorders.

Cell Type Species Sensor(s) Stimuli/Model Disease Association References

Microglia
Primary

Human cGAS-STING Ganciclovir treatment Not applicable (217)

Murine

cGAS-STING

ATM deficiency Ataxia telangiectasia (109)

DNA transfection Not applicable (101)

Tau protein aggregation Alzheimer’s disease (218)

p204 (IFI16 ortholog) DNA transfection Not applicable (101)

AIM2

AIM2 deficient 5XFAD Alzheimer’s disease (219)

MPTP-induced PD Parkinson’s disease (220)

EAE Multiple sclerosis (221)

Cell line Human cGAS-STING DNA transfection Not applicable (100)

Astrocytes Primary Murine
p204 (IFI16 ortholog) DNA transfection Not applicable (101)

AIM2 EAE Multiple sclerosis (222)

Mixed Glia Primary Murine cGAS-STING a-synuclein preformed fibrils Parkinson’s disease (223)

Neurons
Primary

Human
cGAS-STING Micronuclei formation Huntington’s disease (160)

AIM2 DNA transfection Not applicable (224)

Murine
cGAS-STING Micronuclei formation Huntington’s disease (160)

AIM2 DNA transfection Not applicable (224)

Cell line Murine cGAS-STING Cytosolic mtDNA accumulation Amyotrophic lateral sclerosis (225)

Whole brain N/A
Murine

cGAS-STING

TREX deficiency Aicardi-Goutières syndrome (226)

Rnaseh2aG37S/G37S mutation Aicardi-Goutières syndrome (178)

Cytosolic mtDNA accumulation Amyotrophic lateral sclerosis (225)

Tau protein aggregation Alzheimer’s disease (218)

APP/PS1 Alzheimer’s disease (212, 227)

EAE Multiple sclerosis (228)

AIM2
APP/PS1 Alzheimer’s disease (229, 230)

ME7 Chronic neurodegeneration (101)

p204 (IFI16 ortholog) ME7 Chronic neurodegeneration (101)

Zebrafish IFI16 Cytosolic mtDNA Parkinson’s disease (231)
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shown their ability to mediate glial immune responses to exogenous

DNA administration (100, 102, 105, 224).

Transfection of exogenous DNA into human and murine

primary glia and cell lines elicits the production of type-I IFNs

and proinflammatory cytokines including CCL3, CCL5, CXCL2,

TNF, IFN-b, and IL-6 (87, 88). The importance of the cytosolic

DNA sensors, cGAS, IFI16 (and murine ortholog p204), and AIM2,

in the generation of such responses is implied by the demonstration

that dsDNA transfection into primary murine microglia and

astrocytes significantly upregulates the expression of mRNA

encoding these sensors (101). Importantly, we have shown that

the responses of a human microglia cell line to intracellular

exogenous DNA administration were significantly attenuated

following CRISPR/Cas9 knockdown of cGAS expression (102).

Furthermore, the secretion of mature IL-1b, downregulated

dendritic growth, and enhanced axon extension of primary

human and murine neurons elicited by dsDNA transfection was

found to be dependent on the presence of AIM2 (224). As such, it is

apparent that resident CNS cells are capable of responding to the

presence of exogenous cytosolic DNA and do so via various

sensor molecules.

With regard to the ability of resident CNS cells to perceive the

presence of cytosolic self- DNA, glia have recently been shown to

respond to mtDNA and self-DNA accumulation via sensors

including cGAS and AIM2 (44, 109, 168, 214, 216, 223, 235, 236),

as summarized in Table 1. For example, the addition of a-Syn
preformed fibrils (PFF) to primary murine mixed glial cultures to

simulate PD pathology resulted in DNA DSBs, an accumulation in

cytosolic DNA, and subsequent activation of STING and TBK1 that

resulted in type I IFN production (223). Importantly, these

responses were attenuated by the pharmacological inhibition of

STING activation (223). These findings are consistent with those in

an in vivo mouse model where a-Syn-PFF similarly induced DNA

damage, TBK1 activation, and IFN production by microglia in situ

that preceded PD-like dopaminergic neurodegeneration, and the

demonstration that substantia nigra pars compacta tissue from

human PD patients show elevated STING protein levels that

correlate with a-Syn-PFF accumulation (223).

The cGAS-STING axis has been implicated in the initiation of

neurotoxic responses of primary microglial cultures to ATM

mutations/deficiency that, again, results in the accumulation of

cytosolic self-DNA and models A-T (109). This DNA sensing

pathway has also been linked to striatal neuron cell death in HD

(160). In primary human and murine HD-affected striatal neurons,

Sharma et al. (160) reported a high incidence of micronuclei

formation that coincided with cell death due to autophagy, and

the increased expression of mRNA encoding CCL5 and CXCL10

that was abolished following cGAS depletion (160). Additionally,

studies in mouse models of other neurodegenerative disorders have

similarly indicated a role for cGAS in their progression. Most

notably, models of AGS development that feature mutations of

TREX1 and RNAse H2 have revealed that cGAS is essential for the

initiation of the autoimmune responses associated with this

disorder (178, 226).

Interestingly, AIM2-mediated responses have also been

associated with neurodegenerative diseases but, in contrast to
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cGAS, such response appear to play a protective rather than a

detrimental role, as summarized in Table 1. In primary murine

microglia, AIM2 has been shown to alleviate the damaging

neuroinflammation seen in the experimental autoimmune

encephalitis (EAE) model of multiple sclerosis (MS), and other

mouse models of AD and PD (219–221). In EAE, AIM2 was shown

to negatively regulate DNA-PK activity in an inflammasome

independent manner, and AIM2 deficiency was found to increase

levels of microglial activation and peripheral leukocyte recruitment

to the CNS (221). Furthermore, the inhibitory activity of AIM2 was

found to be comparable to that of pharmacological DNA-PK

inhibition (221). However, it should be noted that such findings

conflict with other reports suggesting inflammasome components

are required for the recruitment of peripheral T-cells to the CNS

that exacerbate neuroinflammation in EAE (237, 238). As such, the

role of AIM2 in inflammatory CNS diseases appears complex as it

relates to both resident glia and peripheral leukocytes and further

research is clearly required.

In the 5XFAD model of AD, deletion of AIM2 resulted in a

decrease in Ab deposition, but caused an elevation in the

production of the key inflammatory cytokines IL-6 and IL-18,

further supporting a negative regulatory role for AIM2 in

neuroinflammation (219). Finally, in a neurotoxin (N-methyl-4-

phenyl-1, 2, 3, 6-tetrahydropyridine, MPTP)-induced PD mouse

model, AIM2 activation served to limit cGAS activity via

interference with protein kinase B (AKT)-mediated IRF3

phosphorylation, and conditional knockout of AIM2 in microglia,

but not peripheral cells, exacerbated PD-like disease severity (220).

As such, while it is clear that cytosolic DNA sensors play critical

roles in the initiation and/or progression of CNS pathologies in

animal models (as summarized in Table 1), their specific roles can

often appear contradictory and so may be sensor and/or disease

condition specific. Additionally, while light has been shed on the

beneficial/detrimental effects mediated by these receptors in murine

CNS cells and neurodegenerative disorder models, it remains unclear

whether cytosolic DNA sensors exert similar functions in human

disease. A better understanding of these DNA sensors in the context

of human neurons/glia and patients with CNS disorders could

identify new targets for therapeutic intervention to limit

neuroinflammation and/or to promote beneficial immune responses.
6 Clinical implications and
concluding remarks

Taken together, it has become apparent that resident CNS cells

play a critical role in the protective and detrimental immune

responses associated with CNS infection and damage, and the

development/progression of neurological disorders. Furthermore,

it is increasingly clear that such responses are initiated via the

detection of DAMP and PAMP motifs that are associated with

cellular damage and infectious agents, respectively. The principal

glial cells, microglia and astrocytes, express various cell-surface,

endosomal, and cytosolic members of multiple PRR families that

trigger immune mediator production to foster neuroinflammation
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and recruit leukocytes to the CNS. Importantly, glia can

constitutively, and/or be induced to, express PRRs that detect the

presence of DNA in the cytosolic compartment. While these sensors

were initially characterized as components in the detection of viral

and bacterial nucleic acids by microglia and astrocytes, it is now

recognized that molecules, including cGAS, IFI16, and AIM2, can

play important roles in the generation of responses to the presence

of self-DNA in the cytosol resulting from DNA damaging insults,

such as IR or oxidative stress, or deficient/defective DNA repair. As

such, these mechanisms might be targetable to either augment glia-

mediated responses that serve to protect against tumorigenesis, or

prevent the inflammatory responses of these cells that initiate or

exacerbate damaging neuroinflammation.

To date, several small molecule inhibitors and agonists have

been developed for cGAS (239) and AIM2 (240), as well as for the

downstream adaptor proteins STING (241–245) and RIPK1/3

(246). These agents have shown good efficacy in both peripheral

cells and isolated glia where pharmacological inhibition of these

components has led to significant reductions in the production of

immune mediators including IFN-b, IL-1b, and IL-6, following

activation (105, 240, 241, 245, 247–250). Indeed, the STING

agonists, TAK-676 (NCT04420884, NCT04879849) and E7766

(NCT04144140), are currently being tested clinically for the

treatment of advanced or metastatic solid tumors, lymphomas,

and leukemias , as adjunctive agents to conventional

chemotherapy. As such, it might be possible in the future to

target the DNA sensors or their downstream adaptor proteins

associated with CNS cancers and neurodegenerative diseases.

However, considerable hurdles remain for the development and

use of such agents as the available data regarding the specific role of

each cytosolic DNA sensor in CNS disorders can be unclear or even

contradictory. This may be due to species-specific differences, such

as in the ability of STING to be activated by cGAMP (251), or it may

be that the glial responses initiated by the presence of cytosolic

DNA are sensor, cell type, or even disease stage, dependent. In

addition, the ability of many small molecule inhibitors and agonists

that target cytosolic DNA sensors to cross the BBB and their efficacy

in the brain have not been determined. Indeed, marked differences

in the effectiveness of such agents has been noted between studies in

isolated glia and those in murine model or clinical settings,

primarily due to poor BBB penetration, as reviewed elsewhere

(252). While various methods have been successfully employed to
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circumvent this issue, including BBB disruption and intracerebral,

intrathecal, or intranasal, delivery, each carries its own problems,

such as neurotoxicity (BBB disruption) or a high degree of

invasiveness (intrathecal delivery) (252). Finally, the potential for

adverse side-effects of agents targeting DNA sensor mechanisms

remains unclear, as no DNA sensor inhibitors or agonists are

currently undergoing clinical trials for their efficacy in the

treatment of CNS tumors or neurodegenerative disease.

Clearly, more study of these novel cytosolic DNA sensor

pathways is warranted given our current lack of understanding

of the role of each in glial functions in the context of specific

CNS disorders and their stages. Furthermore, successfully

establishing the in situ efficacy of agonists/antagonists of these

DNA sensor pathways in the CNS, and solving the issue of

delivery across the BBB, could represent an exciting new

therapeutic modality that might be used alone or in

conjunction with existing approaches to improve the

treatment of a wide range of CNS pathologies.
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AIM2 inflammasomes by direct inhibition of caspase-1. PloS One [Internet]. (2016) 11
(7):e0159826. doi: 10.1371/journal.pone.0163887.

251. Chin K-H, Tu Z-L, Su Y-C, Yu Y-J, Chen H-C, Lo Y-C, et al. Novel c-di-GMP
recognition modes of the mouse innate immune adaptor protein STING. Biol
Crystallogr [Internet]. (2013) 69(3):352–66. https://scripts.iucr.org/cgi-bin/paper?
S0907444912047269.

252. Akhtar A, Andleeb A, Waris TS, Bazzar M, Moradi AR, Awan NR, et al.
Neurodegenerative diseases and effective drug delivery: A review of challenges and
novel therapeutics. J Control Release [Internet] (2021) 330(June 2020):1152–67.
doi: 10.1016/j.jconrel.2020.11.021
frontiersin.org

https://doi.org/10.1002/glia.24260
https://doi.org/10.1084/jem.20201796/211880/AIM2-controls-microglial-inflammation-to-prevent
https://doi.org/10.1084/jem.20201796/211880/AIM2-controls-microglial-inflammation-to-prevent
https://doi.org/10.1172/jci.insight.155563
https://doi.org/10.1016/j.cell.2020.09.020
https://doi.org/10.1016/j.cell.2020.09.020
https://doi.org/10.1089/rej.2021.0062
https://doi.org/10.4049/jimmunol.1303258
https://doi.org/10.1186/s12974-021-02327-4
https://doi.org/10.1016/j.brainresbull.2019.07.011
https://doi.org/10.1038/s41467-021-23452-x
https://doi.org/10.1016/j.nbd.2020.104957
https://doi.org/10.1016/j.nbd.2020.104957
https://doi.org/10.1016/j.tins.2017.04.001
https://www.nature.com/articles/ni.3389
https://www.nature.com/articles/ni.3389
https://doi.org/10.1038/s41577-021-00524-z
https://linkinghub.elsevier.com/retrieve/pii/S0223523422000964
https://doi.org/10.1038/s41586-018-0287-8
https://doi.org/10.1016/j.ejmech.2022.114791
https://doi.org/10.1073/pnas.2105465118
https://doi.org/10.1016/j.biopha.2020.110945
https://doi.org/10.1038/s41467-017-00833-9
https://doi.org/10.1038/s41467-017-00833-9
https://doi.org/10.1038/s41598-020-64348-y
https://doi.org/10.1021/acs.jmedchem.9b01039
https://doi.org/10.1371/journal.pone.0163887
https://scripts.iucr.org/cgi-bin/paper?S0907444912047269
https://scripts.iucr.org/cgi-bin/paper?S0907444912047269
https://doi.org/10.1016/j.jconrel.2020.11.021
https://doi.org/10.3389/fimmu.2023.1130172
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Ramkumar Mathur,
University of North Dakota, United States

REVIEWED BY

Fahrul Nurkolis,
State Islamic University of Sunan Kalijaga
(UIN Sunan Kalijaga Yogyakarta), Indonesia
Ying Wang,
University of California, Davis, United States
Xiao-Feng Zhao,
Johns Hopkins University, United States

*CORRESPONDENCE

Ketao Ma

maketao@hotmail.com

Xinzhi Li

lixinzhi@shzu.edu.cn

Lu Wang

1372584508@qq.com

†These authors have contributed
equally to this work

RECEIVED 02 March 2023

ACCEPTED 11 May 2023
PUBLISHED 24 May 2023

CITATION

Xiong S, Su X, Kang Y, Si J, Wang L, Li X
and Ma K (2023) Effect and mechanism of
chlorogenic acid on cognitive dysfunction
in mice by lipopolysaccharide-induced
neuroinflammation.
Front. Immunol. 14:1178188.
doi: 10.3389/fimmu.2023.1178188

COPYRIGHT

© 2023 Xiong, Su, Kang, Si, Wang, Li and Ma.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 24 May 2023

DOI 10.3389/fimmu.2023.1178188
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neuroinflammation
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School of Pharmacy, Shihezi, China
Background: Neuroinflammation is an important factor causing numerous

neurodegenerative pathologies. Inflammation can lead to abnormal neuronal

structure and function and even death, followed by cognitive dysfunction. There

is growing evidence that chlorogenic acid has anti-inflammatory effects and

immunomodulatory activity.

Purpose: The aimof this studywas to elucidate the potential targets andmolecular

mechanisms of chlorogenic acid in the treatment of neuroinflammation.

Methods: We used the lipopolysaccharide-induced neuroinflammation mouse

model and the lipopolysaccharide-stimulated BV-2 cells in vitro model.

Behavioral scores and experiments were used to assess cognitive dysfunction

in mice. HE staining and immunohistochemistry were used to assess neuronal

damage in the mouse brain. Immunofluorescence detected microglia

polarization in mouse brain. Western blot and flow cytometry detected the

polarization of BV-2 cells. The migration of BV-2 cells was detected by wound

healing assay and transwell assay. Potential targets for chlorogenic acid to exert

protective effects were predicted by network pharmacology. These targets were

then validated using molecular docking and experiments.

Results: The results of in vivo experiments showed that chlorogenic acid had an

obvious ameliorating effect on neuroinflammation-induced cognitive

dysfunction. We found that chlorogenic acid was able to inhibit BV-2 cells M1

polarization and promote BV-2 cells M2 polarization in vitro while also inhibiting

the abnormal migration of BV-2 cells. Based on the network pharmacology

results, we identified the TNF signaling pathway as a key signaling pathway in

which chlorogenic acid exerts anti-neuroinflammatory effects. Among them,
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Akt1, TNF, MMP9, PTGS2, MAPK1, MAPK14, and RELA are the core targets for

chlorogenic acid to function.

Conclusion: Chlorogenic acid can inhibit microglial polarization toward the M1

phenotype and improve neuroinflammation-induced cognitive dysfunction in

mice by modulating these key targets in the TNF signaling pathway.
KEYWORDS

chlorogenic acid, neuroinflammation, cognitive dysfunction, microglia, polarization,
TNF signaling pathway
1 Introduction

Neuroinflammation, as an important pathological change in the

development of neurodegenerative diseases (e.g., Alzheimer’s disease,

Parkinson’s disease, amyotrophic lateral sclerosis), affects neuronal

structure and function and can even lead to neuronal death (1, 2).

Lipopolysaccharide (LPS) is a component of the outer wall of gram-

negative bacterial cell walls and is expressed on the membrane surface

of immune cells such as macrophages and microglia (3). Activation of

TLR-4, a specific receptor for LPS, the results in the production of

proinflammatory cytokines, oxidative stress factors and chemokines, all

of which are key mediators in the development of neuroinflammation

(4, 5). In previous studies, we found that LPS can cause cognitive

dysfunction and a range of complex behaviors, including decreased

learning memory, reduced motor complexity, increased anxiety, and

the emergence of depressive behaviors (6). A previous study

demonstrated that intraperitoneal injection of LPS can be used as a

model to study neuroinflammation-induced cognitive dysfunction in

mice (7). Microglia, as intrinsic immune cells of themammalian central

nervous system (CNS), play a key role in maintaining brain

homeostasis by monitoring their surroundings under physiological

conditions (8). Under pathological conditions, resting microglia are

activated and polarized into two cellular phenotypes, M1 and M2, via

the classical activation pathway and the alternative activation pathway,

respectively; the M1 phenotype is proinflammatory, and the M2

phenotype is anti-inflammatory (9, 10). M1 microglia mainly

produce proinflammatory cytokines such as TNF-a, interleukin-1
(IL-1b), interleukin-6 (IL-6), and oxidative stress factors such as

nitric oxide (NO) and reactive oxygen species (ROS), causing

damage to neurons in the surrounding environment (11). M2

microglia produce interleukin-4 (IL-4), interleukin-10 (IL-10) and

other anti-inflammatory factors that antagonize the M1 pro-

inflammatory response and exert a protective effect on neurons (11).

M2 microglia play a crucial role in suppressing inflammation,

scavenging toxic factors and protecting the brain (12). Therefore,

altering the M1/M2 phenotype can influence the progression of

inflammation, and promoting microglial polarization toward the M2

phenotype is a key target for the treatment of neuroinflammation-

based diseases.

In recent years, Chinese herbal medicines have received wide

attention for their safety and efficacy. We found that chlorogenic
0281
acid (CGA) is often present as an active ingredient in plants such as

Eucommiae (Eucommia ulmoides Oliv.), Honeysuckle (Lonicera

japonica Thunb.), and green coffee bean. There is growing evidence

that CGA has multiple pharmacological effects, including antioxidant,

antibacterial, antiviral, antitumor, and immunomodulatory effects (13).

Based on the strong antioxidant and anti-inflammatory effects of CGA,

many scholars have found that it has a good neuroprotective effect (14).

In addition, it has been shown that CGA is able to cross the blood-brain

barrier (BBB) and can treat certain neurological disorders (15). Several

clinical and preclinical studies have shown that coffee extract (CGA, the

main component) exhibits good therapeutic effects in Alzheimer’s

disease and Parkinson’s disease (16, 17). Hermawati found that CGA

improved memory loss and hippocampal cell death after transient total

cerebral ischemia and prevented CA1 pyramidal cell death after

bilateral common carotid artery occlusion (18). Therefore, CGA may

have a potential therapeutic effect on cognitive dysfunction caused by

neuroinflammation. However, it is unclear whether CGA can affect

microglial polarization and thus exert a therapeutic effect. In the

present study, we investigated the effect of CGA on microglial

polarization in mice with cognitive dysfunction caused by

neuroinflammation and explored the protective mechanisms of

CGA. Our study found that chlorogenic acid was able to ameliorate

neuroinflammation and associated cognitive dysfunction by inhibiting

microglia activation. Furthermore, through network pharmacological

analysis, we found that chlorogenic acid may act on the TNF signaling

pathway. This study may help determine the translational application

of chlorogenic acid in clinical treatment.
2 Materials and methods

2.1 Chemicals and reagents

BV-2 cells were purchased from the Cell Bank of the Chinese

Academy of Sciences. Lipopolysaccharide (LPS) was purchased from

Sigma−Aldrich (St. Louis, MO, USA). Chlorogenic acid was purchased

from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China).

Anti-iNOS (1:1000, ab178945) and anti-MMP9 (1:1000, ab228402)

were purchased from Abcam. Anti-CD86 (1:1000, BM4121), anti-Arg-

1 (1:1000, M01106-4), anti-IL-10 (1:1000, RP1015), anti-CD206

(1:1000, A02285-2), anti-CXCL12 (1:1000, BA1389), anti-CXCR4
frontiersin.org
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(1:1000, A00031-4), anti-PTGS2 (1:1000, A00084), and anti-TNF

(1:1000, BA0131) were purchased from Boster Biological Technology

Co. Ltd. (Shanghai, China). Cleaved caspase-3 (1:500, GB11532), IBA-1

(1:500, GB12105), and CD206 (1:400, GB113497) were purchased from

Wuhan Servicebio Biotechnology Co. Ltd. (Wuhan, China). p-Akt1

(1:1000, 9018S), Akt1 (1:1000, 75692S), p-NF-kB (1:1000, 3033S), NF-

kB (1:1000, 8242S), p-ERK1/2 (1:1000, 4370T), ERK1/2 (1:1000,

4696S), p-P38 (1:1000, 4511T), and P38 (1:1000, 8690T) antibodies

were purchased from CST.
2.2 Animals and experimental protocols

Male C57BL/6 mice (18-22 g, 8-10 w) were obtained from

Henan Speckles Biotechnology Co. Ltd. Housing conditions for all

mice included a room temperature of 23°C, 50% humidity, and a

12-hour light-dark cycle. As shown in Figure 1A, 48 mice were

randomly numbered and then randomly divided into four groups of

12 mice each: Sham group (DMSO-treated group), LPS group

(lipopolysaccharide-treated group), LPS+CGA group (chlorogenic

acid pretreatment + lipopolysaccharide-treated group), and CGA

group (chlorogenic acid-treated group). The grouping of mice and

the sample size of each group were determined based on previous

studies(19, 20). The LPS+CGA group and the CGA group were

injected intraperitoneally with CGA (40 mg·kg−1·d−1) daily for 11 d.

The dose of chlorogenic acid is based on previous investigations and

our pre-experiments (21). From the 5th day, LPS (750 mg·kg-1·d-1

(22)) was given intraperitoneally for another 7 days in the LPS and

LPS+CGA groups, and the daily LPS injection time was second to

the CGA injection for 3 h. In addition, DMSO (5%) was injected

intraperitoneally daily in the Sham and LPS groups as a solvent

control. Behavioral tests were performed on days 6-10, and mice

were euthanized after 11 days by administering an overdose of

sodium pentobarbital. The study protocol was approved by the

Experimental Animal Ethics Committee of the First Affiliated

Hospital of Shihezi University School of Medicine (licence

number A2018-052-01).
2.3 Neurobehavioral score

The neurobehavioral score assesses four components: auricular

reflex, flip-right reflex, corneal reflex, caudal flexion and escape

response (23). A score of “0” means the mouse has no reflex, “1”

means the mouse’s reflex time is more than 1 s, and “2” means the

mouse’s reflex time is 1 s. The lower the score obtained by the mice,

the more severe the damage to the nervous system of the mouse

brain. Neurobehavioral scores were recorded and calculated by two

independent and single-blind researchers.
2.4 Open field experiment

Three hours before the experiment, all mice were placed in the

room for behavioral testing to adapt to the environment. A white

experimental chamber with a size of 50 cm×50 cm×40 cm was
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placed for the mice to move freely in it. After setting the

corresponding parameters in the software, the experimenter

records the date, the number of animals and other information.

Remove the mice from the cage, put them into the central area of

the experimental box and leave them immediately. The trajectory of

the mice in the experimental box for 10 min was monitored by the

animal behavior analysis software, and the total distance the mice

moved, the number of times they entered the central area, the

percentage of time they were in the central area, and the percentage

of time the mice moved at different speeds were recorded. The

experimental chamber was cleaned with alcohol, and the next

mouse was tested after an interval of 5-10 min.
2.5 Morris water maze test

Place a round platform in a round basin with a diameter of 1

m, and then add tap water of approximately 25°C to the basin,

with the water surface 2-3 centimeters above the platform (22).

Prior to LPS injection, we trained four groups of mice twice over a

four-day period. Groups of mice were trained to find a hidden

platform in the water maze within 60 s. If the mouse could not

find the platform within 60 s, it was guided to the platform and

allowed to stay on the platform for 10 s. The locus navigation

experiment was performed on the fifth day after LPS injection,

and the escape latency, i.e., the time from when the experimenter

let go of the mouse to 3 s after the mouse remained on the

platform, was recorded. On the next day, the platform was

removed from the water maze, and the mice were subjected to

spatial exploration experiments. The mice swam freely in the maze

for 60 s, the trajectory of the mice was monitored, and data such

as the average swimming speed, the distance swum and the

percentage of total time spent in the target quadrant were

recorded. The data were analyzed using Tracking Master V3.0

software (Shanghai Vanbee Intelligent Technology Co., Ltd.).
2.6 Tissue preparation and H&E staining

Mice were euthanized, perfused with saline via the heart, and

then perfused with 4% paraformaldehyde solution. The brain tissue

was carefully peeled out and fixed in 4% paraformaldehyde solution

overnight. The tissue was dehydrated in ethanol and then

embedded in paraffin to make 4 µm thick coronal sections of the

brain. The paraffin sections were dewaxed in water, stained

sequentially with hematoxylin and eosin, dehydrated and sealed,

and neuronal damage in the hippocampal region of the mouse brain

was observed by microscopy.
2.7 Immunohistochemistry

Prepared paraffin sections were dewaxed in water for antigen

repair. The sections were covered uniformly with 3% BSA and

blocked at room temperature for 30 min. Cleaved- caspase-3

primary antibody was added dropwise to the sections, which were
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incubated flat in a wet box at 4°C overnight. Then, the

corresponding secondary antibody was incubated at room

temperature. DAB color development solution was added

dropwise, the color development time was controlled under the

microscope, and the positive color was brownish yellow. Then,

hematoxylin was restained for approximately 3 min, washed, and
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then hematoxylin differentiation solution was used to differentiate

for a few seconds, washed, hematoxylin return blue solution

returned to blue, and rinsed with running water. After

dehydration and sealing, the sections were placed under a light

microscope to observe neuronal damage in the hippocampal region

of the mouse brain.
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FIGURE 1

Chlorogenic acid improves cognitive dysfunction in a mouse model of LPS-induced neuroinflammation. (A) Timeline of in vivo experimental
interventions. (B) Neurobehavioral scores at different time points. (C-H) Autonomous movement trajectory, total distance, number of times entering
the central area, percentage of time in the central area and time of rapid movement and immobility of mice within ten minutes recorded in the open
field experiment. (I-M) The Morris water maze test was used to record the autonomous movement trajectory map and escape latency of mice. The
space exploration test recorded the autonomous movement trajectory, swimming distance, mean swimming speed and percentage of time in the
target quadrant of mice. **P < 0.01 vs. the sham group, ##P < 0.01 vs. the LPS group. (n=10).
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2.8 Immunohistofluorescence

Paraffin sections were dewaxed in water and then subjected to

antigen repair. The sections were blocked with 3% BSA at room

temperature. A mixed primary antibody of IBA-1 and CD86 or

CD206 was added dropwise to the section and incubated overnight

at 4°C, with the corresponding secondary antibody incubated at

room temperature. DAPI was used to restain the cell nucleus. After

washing, the slices were sealed. Sections were imaged with a

fluorescence microscope, and pictures were collected to observe

the polarization of microglia in the hippocampal region of the

mouse brain.
2.9 Cell culture

BV-2 cells were cultured in MEM containing 10% serum, 0.5%

penicillin and 0.5% streptomycin. The cell culture conditions were

37°C and 5% CO2. BV-2 cells were divided into the control group,

the LPS group, and the LPS+CGA (50, 100, and 200 mM) group.

After preintervention with CGA (50, 100, 200 mM) for 24 h, the cells

were stimulated with LPS (1 mg·ml-1) for 24 h (24).
2.10 Western blotting analysis

Protein samples were electrophoresed on 10% or 12% SDS

polyacrylamide gels (35-50 mg) and later transferred to PVDF

membranes, which were blocked with 5% skim milk or 5% bovine

serum albumin at room temperature for 2 h. Primary antibodies were

added dropwise and incubated overnight at 4°C. The membranes were

then incubated with the corresponding secondary antibodies at room

temperature for 2 h. The PVDF membranes were incubated with

enhanced chemiluminescence (ECL) reagents and exposed to a fully

automated chemiluminescence image analysis system. The relative

expression levels of target proteins were analyzed using ImageJ.
2.11 Flow cytometry assay

The treated BV-2 cells were transferred to centrifuge tubes,

washed with PBS, counted, and blocked with 3% BSA for 30 min.

The corresponding primary antibody was added and incubated at

37°C for 2 h. The corresponding fluorescent secondary antibody

was added and incubated at 37°C for 2 h in the dark. After washing

with PBS, the percentage of positive cells was detected by flow

cytometry (BD, USA).
2.12 Wound healing assay

BV-2 cells were inoculated in 6-well plates and cultured until

the cell density was approximately 90%. The cell layer was scratched

with the tip of a 1 ml sterile pipette to form a straight line. After

washing away floating cells and cell debris with PBS, interventions

were performed in the above manner for different groupings. At 0
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and 48 h after scratching, cell migration was observed by light

microscopy, and images were collected. The number of migrating

cells or the area of the trabeculae was counted using ImageJ.
2.13 Transwell assay

BV-2 cells (4×105 cells·ml-1) were inoculated in the upper chamber

of Transwell culture plates. The upper chamber was filled with MEM

containing 2% serum, and the lower chamber was filled with MEM

containing 10% serum. After intervention as described above, the plates

were washed with PBS. After gently wiping off the unperforated cells in

the upper chamber with a cotton swab, the perforated cells were fixed

with 4% paraformaldehyde and stained with 0.1% crystal violet for 30

min. Four to five fields of view were randomly selected with a light

microscope to count the number of perforated cells.
2.14 ELISA

The expression levels of TNF-a and IL-6 in mouse brain tissue

homogenates were detected using ELISA kits. Within 5min, the optical

density values at 450 nmwere detected by enzyme standardization, and

the standard curve was plotted. The measurements were repeated three

times for both standards and samples.
2.15 Network pharmacology analysis

In this study, the TCMSP database (http://tcmspw.com/

tcmsp.php), SWISS target prediction database (http://

swisstargetprediction.ch/), and QSAR database (Quantitative

Structure Activity Relationship) were used to predict potential

chlorogenic acid targets. The UniProt database was converted to

UniPort ID (https://www.Unitprot.org/), and duplicate values were

removed after merging the chlorogenic acid targets. The targets of

neuroinflammation and cognitive dysfunction were obtained by

searching “neuroinflammation” and “cognitive dysfunction”, and

the databases included DisGeNET (https://www.disgenet.org/), G

enecards database (https://www.genecards.org/), and OMIM

database (https://www.omim.org/). The targets were converted to

UniProt IDs using the UniProt database. Venn diagrams of common

targets for chlorogenic acid, neuroinflammation and cognitive

dysfunction were created using the OmicShare tool (https://

www.omicshare.com/). The common targets were transformed into

corresponding gene names using the UniProt database, and then

protein interaction (PPI)-related information was obtained through

the String database (https://string-db.org/). Visualization was

performed, and the degree values of proteins and key proteins in

the PPI network were obtained by Cytoscape 3.7.0 software.
2.16 Docking analysis

In this research, molecular docking was used to evaluate the

interaction between chlorogenic acid and core targets. Three-
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dimensional (3D) crystal structures of the targets Akt1, TNF,

MMP9, PTGS2, MAPK1, MAPK14, and RELA were obtained

from the Protein Data Bank (PDB), and the two-dimensional

(2D) SDF format of chlorogenic acid was downloaded from the

PubChem database. The docking of chlorogenic acid to each target

was performed using Autodock. The specific docking process is

described as follows: First, the crystal structures were retrieved and

downloaded from the PDB protein database. Secondly, the receptor

macromolecule was deleted with ligands and excess water molecules

as the receptor structure for molecular docking. Then the rotatable

bonds of the small molecule drug are identified and set to add

hydrogen atoms to the protein structure. Finally, the blind docking

approach we used, the docking box was selected to dock the whole

protein. In particular, the docking method we chose was semi-

flexible docking with 100 docking times.
2.17 Statistical analysis

The experimental results were expressed as the mean ± standard

deviation. Statistical analysis was performed using SPSS software

using one-way ANOVA. P values <0.05 were considered

statistically significant.
3 Results

3.1 Chlorogenic acid improved cognitive
dysfunction in mice with
LPS-induced neuroinflammation

We used a neurobehavioral scoringmethod at different periods to

assess the effects of lipopolysaccharide-induced neuroinflammation

on the brain. On the 3rd, 5th, and 7th days after LPS injection, the

neurobehavioral scores of mice in the LPS group were lower than

those in the Sham group, whereas the neurobehavioral scores of mice

pretreated with chlorogenic acid were higher than those of mice in

the LPS group (Figure 1B). Two days after LPS injection, we observed

the voluntary locomotor ability of mice in each group by the open

field experiment. Mouse activity trajectory plots showed that the

locomotor complexity of mice in the LPS group was obviously

reduced compared with that of mice in the sham group, and

chlorogenic acid pretreatment was able to reverse the LPS-induced

reduction in mouse activity complexity (Figure 1C). In addition, our

data showed that the total distance moved, the number of times

entering the central area, the percentage of time staying in the central

area, and the duration of rapid locomotion were all reduced in the

LPS group of mice compared to the Sham group, and pretreatment

with chlorogenic acid improved these performances (Figures 1D-H).

On the 6th and 7th days after LPS injection, we examined the

learning and memory abilities of each group of mice by the Morris

water maze test. The results of the positioning navigation test showed

that the escape latency of mice in the LPS group was observably

longer than that of mice in the sham group, while the escape latency

of mice in the LPS+CGA group was shorter than that of mice in the

LPS group (Figures 1I, J). The results of the space exploration test
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showed that LPS mice had lower swimming distance, average speed,

and duration in the target quadrant than sham group mice, and

chlorogenic acid-treated mice were able to attenuate the

abovementioned performance caused by LPS (Figures 1K-M).

These results suggest that chlorogenic acid can improve the

cognitive dysfunction induced by LPS in mice.
3.2 Chlorogenic acid reduced the
expression of LPS-induced inflammatory
factors and attenuated neuronal damage in
the mouse brain

The expression of inflammatory factors in mouse brain tissue

homogenates was measured by ELISA to assess the inflammatory

response in the brain. The results showed that LPS induced increased

levels of TNF-a secretion in brain tissue, while chlorogenic acid

attenuated this inflammatory response (Figure 2A).

The normal survival of neurons in the brain is closely related to

cognitive and memory functions in mice. To demonstrate the effect of

chlorogenic acid on the survival of neurons in the mouse brain, we

performed HE staining on brain tissue sections of mice. The results

showed that neurons in the hippocampal region of the sham group

were abundant and closely arranged, with normal neuronal

morphology, clear nucleus-cytoplasm demarcation, obvious

nucleoli, and no obvious pathological changes. The brain tissues of

mice in the LPS group showed a decrease in the number of neurons in

the CA1 region of the hippocampus, a disorganized arrangement of

neurons in the CA2 region, deep staining of neuronal consolidation

in the CA3 region, poorly delineated nuclei and cytoplasm, and

increased basophilia. The neuronal damage in the brain tissues of

mice pretreated with CGA was significantly improved (Figures 2B,

C). We further examined the apoptosis of neurons in the mouse

brains by immunohistochemistry. The results showed that there was

an obvious increase in brownish-yellow particles in the cytoplasm of

neuronal cells in the cerebral cortex of LPS mice compared with sham

mice, while there was a decrease in brownish-yellow particles in the

cytoplasm of neuronal cells in the cerebral cortex of LPS+CGA mice

(Figures 2D, E). These results suggest that chlorogenic acid can

improve LPS-induced neuronal damage in the mouse brain.
3.3 Chlorogenic acid regulated M1/M2
polarization levels in mouse
hippocampal microglia

Microglia, as intrinsic immune cells in the brain, are

inextricably linked to central nervous system inflammation.

Abnormal activation or dysregulation of the polarization ratio of

microglia can cause severe inflammatory responses in the brain. We

analyzed the polarization levels of microglia in the brain by

immunohistofluorescence. The results showed that IBA-1+

expression was increased in the brains of mice in the LPS group

compared to the sham group, the expression of IBA-1+ and CD86+

was increased, and the expression of IBA-1+ and CD206+ was

decreased. This indicates that LPS can induce microglial activation
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and polarization toward the M1 phenotype. Compared with the LPS

group, the expression of IBA-1+ in the brains of mice in the LPS

+CGA group was decreased, and the expression of IBA-1+ and

CD86+ was decreased, while the expression of IBA-1+ and CD206+

was increased. The above results indicated that CGA pretreatment

inhibited LPS-induced microglial activation, inhibited microglial

polarization toward the M1 phenotype and promoted microglial

polarization toward the M2 phenotype (Figures 3A–F).

Next, we analyzed the morphology of microglia by Fiji,

including the number of branches, junctions, endpoints, average

branch length, and maximum branch length. The results showed

that compared with the sham group, the microglia in the LPS group

were in an activated state, the number of branches, junctions and

endpoints of the cells were reduced, and their average branch length

and maximum branch length were also decreased. Pretreatment

with chlorogenic acid effectively inhibited microglial activation

(Figures 4A–F).
3.4 Chlorogenic acid regulated M1/M2
polarization levels in BV-2 cells

To study the effect of CGA on the polarization level of BV-2

cells, we detected the expression of M1/M2 polarization-related

proteins by Western blotting. The results showed that the

expression of iNOS and CD86 was elevated in the LPS group
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compared with the control group, i.e., LPS stimulation polarized

the cells toward the M1. While the expression of iNOS and CD86

was decreased after pretreatment with different concentrations of

CGA (Figures 5A–C), the expression of Arg-1, IL-10 and CD206

was increased (Figures 5A, D–F). We further detected the

expression of M1/M2 polarization markers by flow cytometry.

Consistent with the Western blot results, the proportion of

CD86+ cells was increased in the LPS group (Figures 5G, H), and

the proportion of CD206+ cells was decreased (Figures 5I, J).

Compared with the LPS group, the percentage of CD86+ cells

decreased and the percentage of CD206+ cells increased after

pretreatment with CGA. The above results indicated that

chlorogenic acid could inhibit LPS-induced M1 polarization of

microglia and promote M2 polarization of microglia.
3.5 Chlorogenic acid reduced the
migration level of BV-2 cells

Activated microglia are capable of producing large amounts of

inflammatory mediators that cause damage to the surrounding

environment. The increased migratory capacity of activated

microglia leads to further amplification of the inflammatory

response. To investigate the effect of CGA on the migratory

capacity of BV-2 cells, we examined the lateral and longitudinal

migration levels of BV-2 cells by scratch and Transwell assays. The
A B

D
E

C

FIGURE 2

Chlorogenic acid pretreatment reduces the expression of inflammatory factors and neuronal damage in LPS-induced mouse brains. (A) Measurement of the
expression levels of inflammatory factors in mouse brain tissue by ELISA. (B, C) HE staining of the hippocampus in different groups of mice. Magnification:
×200. (D, E) Immunohistochemical staining of cortical regions in different groups of mice. Magnification: ×400. **P < 0.01 vs. the sham group, #P < 0.05,
##P < 0.01 vs. the LPS group. (n=6).
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results showed that LPS stimulation upregulated the lateral and

longitudinal migration levels of BV-2 cells, while CGA pretreatment

effectively attenuated the migration ability of BV-2 cells

(Figures 6A–D). We further examined the expression of

migration-associated proteins by Western blotting. The results

showed that LPS induced the upregulation of MMP9 expression,

while CGA pretreatment was able to reduce the expression of

MMP9 (Figures 6E, F). All these results indicated that microglial

migration levels were increased in the inflammatory environment

and that CGA was able to inhibit microglial migration.
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3.6 Chlorogenic acid improved
neuroinflammation-induced cognitive
dysfunction via the TNF signaling pathway

To further investigate the potential mechanisms by which CGA

improves neuroinflammation-induced cognitive dysfunction, we

analyzed this using web-based pharmacology-related databases. A

total of 650 chlorogenic acid-related targets were obtained from the

TCMSP database, Swiss target prediction database, and TargetNet

database. A total of 902 targets related to neuroinflammation and
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FIGURE 3

Chlorogenic acid inhibited the polarization of mouse hippocampal microglia toward M1 phenotype and promoted the polarization of microglia
toward M2 phenotype. (A-C) Immunofluorescence staining of IBA-1/CD86 expression in microglia from different groups of mice.
(D-F) Immunofluorescence staining of IBA-1/CD206 expression in microglia from different groups of mice.*P < 0.05, **P < 0.01 vs. the
sham group, ##P < 0.01 vs. the LPS group. (n=6).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1178188
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xiong et al. 10.3389/fimmu.2023.1178188
650 targets related to cognitive dysfunction were obtained from the

GeneCards and OMIM databases, and 117 common targets for

chlorogenic acid, neuroinflammation and cognitive dysfunction

were identified (Figure 7A). The PPI network of these 117

potential targets was constructed from the String database. The

117 targets were visualized using Cytoscape 3.8.0 according to the

degree value in descending order (Figure 7B). The top 20 proteins

were Akt1, TNF, CASP3, EGFR, MMP9, PTGS2, MTOR, PPARG,

SIRT1, MAPK1, NOS3, APP, ICAM1, CXCR4, MAPK14, VCAM1,

CXCL12, RELA, MMP2, and JAK.

We further performed GO and KEGG enrichment analyses on

the top 20 targets. The results of GO enrichment analysis suggested

that the top 20 targets were mainly involved in immune system

regulation and intracellular signaling (Figure 7C). The results of

KEGG enrichment analysis showed that the top 20 targets were

enriched in the AGE-RAGE signaling pathway, TNF signaling

pathway, relaxin signaling pathway, and IL-17 signaling pathways,

among which the TNF signaling pathway was closely related to

inflammation (Figure 7D). The above results suggest that the TNF

signaling pathway may be a key pathway by which CGA improves

cognitive dysfunction caused by neuroinflammation (Figure 7E).

Moreover, Akt1, TNF, MMP9, PTGS2, MAPK1, MAPK14, and

RELA are closely related to the development of inflammation, and
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they may become key targets for chlorogenic acid to exert its

protective effects.
3.7 Chlorogenic acid inhibited LPS-induced
activation of Akt1, TNF, MMP9, PTGS2,
MAPK1, MAPK14, and RELA targets in the
TNF signaling pathway

We evaluated the interaction between chlorogenic acid and

Akt1, TNF, MMP9, PTGS2, MAPK1, MAPK14, and RELA by

molecular docking. CGA docked with Akt1, RELA, MAPK14,

MAPK1, TNFa, MMP9, and PTGS2 (Figures 8A–G). A small

molecule-protein docking fraction <-1.2 indicates good binding

between the two, so chlorogenic acid binds well to the above target

molecules in docking and corroborates that chlorogenic acid may

act through the above targets (Table 1).

Then, we further examined the effects of chlorogenic acid on

Akt1, TNF, MMP9, PTGS2, MAPK1, MAPK14, and RELA targets

by Western blotting. The results revealed that LPS stimulation

increased the protein expression levels of p-Akt1, p-NF-kB, p-
p38, p-ERK1/2, MMP9, PTGS2, and TNFa in BV-2 cells, and

pretreatment with chlorogenic acid inhibited the upregulation of
A
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FIGURE 4

Chlorogenic acid reduces LPS-induced microglial activation in the hippocampal region of mice. (A) Binary, outline and skeleton images of microglia
after Iba-1 labeling. (B–F) Statistical analysis of microglial cell branches, junctions, endpoints, average branch length, and maximum branch length.
**P < 0.01 vs. the sham group, ##P < 0.01 vs. the LPS group. (n = 6).
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these proteins (Figures 9A–G, Figures 6E, F). The above results

indicated that chlorogenic acid was able to inhibit LPS-induced

activation of Akt1, TNF, MMP9, PTGS2, MAPK1, MAPK14, and

RELA targets in the TNF signaling pathway.
4 Discussion

Neuroinflammation is an important feature in the pathogenesis

and progression of many neurodegenerative diseases, and inhibition

of neuroinflammation can be a key target for the treatment of

neurodegenerative diseases (25). The establishment of

neuroinflammation models in mice facilitates the screening of

drugs with ameliorating effects on neuroinflammation.

Chlorogenic acid, found in a variety of plants, has been shown to

have anti-inflammatory effects. However, its specific role in

microglial cell polarization in neuroinflammation has rarely been
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reported. The aim of this study was to investigate the effects and

mechanisms of chlorogenic acid on mouse microglia and neurons

during neuroinflammation. Previously, it has been shown that

either intraperitoneal or intracerebral injection of LPS leads to the

production of inflammatory factors in the brains of mice (26, 27).

Our results likewise showed that intraperitoneal injection of LPS

resulted in elevated expression of inflammatory factors in mouse

brain tissue homogenates, whereas chlorogenic acid decreased the

expression of inflammatory factors in the mouse brain, indicating

that chlorogenic acid was able to inhibit LPS-induced

neuroinflammation. Neuroinflammation is not only reflected in

elevated expression of inflammatory factors alone but also leads to a

series of changes in the brain, such as neuronal degeneration and

death an microglia activation (28). Gao suggested that LPS-induced

neuroinflammation leads to an increase in the number of damaged

neurons in the CA1, CA2, CA3 and DG regions of the hippocampus

in mice (29). Wang proposed that immunofluorescence results in
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FIGURE 5

Chlorogenic acid regulates M1/M2 polarization levels in BV-2 cells. BV-2 cells were exposed to LPS (1 mg·ml-1) for 24 h with or without CGA pretreatment for
24 h. (A–F) Detection of the protein expression levels of iNOS, CD86, Arg-1, IL-10 and CD206 by Western blotting. (G, H) Detection of CD86 expression
levels by flow cytometry. (I, J) Detection of CD206 expression levels by flow cytometry. **P < 0.01 vs. the control group, #P < 0.05, ##P < 0.01 vs. the LPS
group. (n=5).
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cortical areas 6 s after LPS intracerebral injection showed reduced

NeuN expression levels, indicating a decrease in the number of

cortical neurons in mice (30). Similarly, we also observed neurons

in the brain. The results showed that neurons in both the

hippocampal and cortical regions of mice in the LPS group

showed different degrees of damage and apoptosis, while

chlorogenic acid-pretreated mice were protected from neuronal

damage caused by LPS.

Abnormal neuronal function and death can lead to abnormal

behavior in mice. Previous studies have shown that intraperitoneal

injection of LPS leads to the production of IFN-g and TNF-a in the

mouse brain, and these two inflammatory factors have been shown

to play an important role in LPS-induced depression-like behavior

(31). The sucrose preference test in this study showed the same

results. In addition, the results of Morri’s water maze in a previous

study showed that LPS causes deficits in learning and memory

function in animals (22, 32). Our results showed that mice subjected

to LPS stimulation had reduced autonomic activity. The water maze

experiment showed that the learning memory ability of mice was

decreased after being subjected to LPS. All of the above behavioral

changes in mice triggered by LPS were improved in the LPS+CGA

group mice.

Microglia are a class of intrinsic immune cells found in the

central nervous system and are involved in immune surveillance,

signaling, injury response, phagocytosis of cellular debris and
Frontiers in Immunology 1190
repair of synapses (33, 34). Since microglia are a major source

of inflammatory factors, their overactivation leads to

neuroinflammation, which is key to the development of many

neurological diseases (35, 36). Activated microglia are generally

divided into two phenotypes, M1 and M2, which exert

proinflammatory and anti-inflammatory effects, respectively.

Cytokines and chemokines released from M1 microglia induce

the release of inflammatory factors and cytotoxic substances from

leukocytes and macrophages, mediating neuroinflammation and

neurotoxicity, leading to blood−brain barrier disruption and glial

cell death (37); M2 microglia secrete anti-inflammatory factors

such as IL⁃10 and IL⁃4 and neurotrophic factors such as

transforming growth factor ⁃b (TGF⁃b), insulin growth factor

(IGF) and vascular endothelial growth factor (VEGF), which

play a role in reducing inflammation and restoring homeostasis

in the body (38). Therefore, an increasing number of studies are

targeting the microglial phenotype to inhibit neuroinflammation

to improve or reverse the pathological process of neurological

diseases (39, 40). In this study, double immunofluorescence

staining of IBA-1 with CD86/CD206 showed that chlorogenic

acid inhibited LPS-induced M1 polarization and promoted M2

polarization of microglia in the hippocampal region of mice. The

results of in vitro experiments showed that chlorogenic acid could

inhibit LPS-induced M1 polarization in BV-2 cells and promote

M2 polarization in microglia. The above results suggest that
A B

D

E F

C

FIGURE 6

Chlorogenic acid inhibits the LPS-induced increase in the migration ability of BV-2 cells. BV-2 cells were exposed to LPS (1 mg·ml-1) for 24 h with or
without CGA pretreatment for 24 h. (A, B) Wound healing assay of BV-2 cells migration at 48 h. (C, D) Transwell assay of BV-2 cells migration at 48
h. (E, F) Detection of MMP9 by Western blotting. **P < 0.01 vs. the control group, #P < 0.05, ##P < 0.01 vs. the LPS group. (n=5).
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chlorogenic acid can ameliorate LPS-induced neuroinflammation

by regulating microglial polarization. Previously, the role of

chlorogenic acid in microglial polarization has not been

reported, and our study provides new ideas and evidence for

chlorogenic acid in the treatment of neuroinflammation.
Frontiers in Immunology 1291
Network pharmacology is a novel research method for identifying

putative targets and pharmacological mechanisms (41). To investigate

the mechanism by which chlorogenic acid improves

neuroinflammation-induced cognitive dysfunction, we used network

pharmacology for further analysis. A total of 117 targets were found for
A B

D

E

C

FIGURE 7

Results of network pharmacology analysis. (A) Cognitive dysfunction targets and neuroinflammation targets were obtained from the GeneCards
database, and chlorogenic acid targets were obtained from the TCMSP database, Swiss target prediction database and QSAR database. A total of 117
targets were obtained after intersection of the Venn diagram. (B) PPI was constructed using 117 targets based on the degree values. (C) GO
enrichment analysis of 20 targets. (D) KEGG pathway analysis of 20 targets. (E) Schematic diagram of TNF signaling pathway.
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FIGURE 8

Molecular mechanisms by which chlorogenic acid improves neuroinflammation-induced cognitive dysfunction. (A) Three-dimensional docking of
CGA and Akt1. (B) Three-dimensional docking of CGA and RELA. (C) Three-dimensional docking of CGA and MAPK14. (D) Three-dimensional
docking of CGA and TNFa. (E) Three-dimensional docking of CGA and MMP9. (F) Three-dimensional docking of CGA and PTGS2. (G) Three-
dimensional docking of CGA and MAPK1.
TABLE 1 Molecular docking binding of chlorogenic acid to different targets.

Target PDB Score (Kcal/mol)

Akt1 3MVH -6.96

RELA 3rc0 -5.45

MAPK14 6hwt -6.99

MAPK1 6g54 -6.55

TNFa 6x86 -5.56

MMP9 5th6 -7.33

PTGS2 5IKT -6.61
F
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chlorogenic acid, neuroinflammation and cognitive dysfunction, and

GO and KEGG analyses were performed on the top 20 targets ranked

by degree value. KEGG enrichment analysis showed a high enrichment

score for the TNF signaling pathway. The targets enriched in the TNF

signaling pathway were Akt1, TNF, MMP9, PTGS2, MAPK1,

MAPK14, and RELA. Akt1 was the first target ranked by degree

value in the network pharmacology results, suggesting that Akt1 may

be an important target for chlorogenic acid action in

neuroinflammation. Akt is an important signaling molecule that

regulates many cellular processes, such as cell growth, survival and

metabolism (42). Inflammation-associated proteins are often located

downstream of Akt, which plays an important role in the development

of inflammation. Inactivation of the JNK/Akt/NF-kB signaling
Frontiers in Immunology 1493
pathway inhibits microglia-mediated inflammation in mice with

experimental autoimmune encephalomyelitis (43). Ethanol and LPS

were able to induce liver injury and activate the Akt signaling pathway

with elevated expression of three Akt isoform phosphorylations (44).

Our data show that the level of Akt1 phosphorylation is increased in

activated microglia and that chlorogenic acid is able to reduce p-

Akt1 expression.

Previous studies have shown that microglial activation is closely

associated with the MAPK pathway. MAPK belongs to a family of

highly conserved serine/threonine protein kinases, consisting of

extracellular signal-regulated kinase (ERK), c-Jun N-terminal

kinase (JNK)/stress-activated protein kinase, and p38 MAPK (45).

Among them, ERK is the signal transduction protein that transmits
A B
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C

FIGURE 9

Chlorogenic acid downregulated the expression of core targets in the TNF signaling pathway. BV-2 cells were exposed to LPS (1 mg·ml-1) for 24 h
with or without CGA pretreatment for 24 h. (A–G) Western blotting analysis of the protein expression of p-Akt1, Akt1, p-NF-kB, NF-kB, p-p38, p38,
p-ERK1/2, ERK1/2, PTGS2, and TNF-a. **P < 0.01, ***P < 0.001 vs. the control group, #P < 0.05, ##P < 0.01 vs. the LPS group.(n=5)
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mitogenic signals, and ERK1/2 is the most classical. Treatment of

lipopolysaccharide-activated BV-2 cells with the ERK inhibitor

SCH772984 resulted in an inhibition of NO release and a

decrease in phosphorylated ERK (46). p38 MAPK is a stress-

activated protein kinase. Activated p38 MAPK activates protein

kinases, cytosolic proteins, cytoplasmic proteins, and transcription

factors, which are involved in cell differentiation, apoptosis,

senescence, inflammatory responses, and cytokine production (45,

47, 48). One study found that phosphorylated p38 MAPK was

predominantly expressed in activated spinal microglia 1 d after

surgery for lumbar disc herniation in rats (49). Our results indicate

that chlorogenic acid suppresses neuroinflammation by inhibiting

the phosphorylation of ERK1/2 and P38. In addition, microglial

activation is closely related to the NF-kB pathway. NF-kB consists

of five members, RElA (p65), RElB, c-REl, NF-kB1 (p50) and NF-

kB2 (p52) (50). BV-2 cells activated by lipopolysaccharide in vitro

showed increased release of inflammatory factors such as TNF-a
and ROS-like, increased levels of phosphorylated NF-kB, and
promoted p65 nuclear translocation (51, 52). Blocking the NF-kB
pathway inhibits neurotoxin secretion, inflammatory factor release,

and microglial activation, reducing the neuroinflammatory

response. Our work showed that chlorogenic acid inhibits the

release of the inflammatory factor TNF-a by inhibiting the

phosphorylation of NF-kB.
In addition, the PTGS2 and MMP9 targets in the network

pharmacology results are equally relevant to neuroinflammation.

Previous research suggested that inhibition of mTOR can reduce

microglial proliferation and regulate microglial activation by

reducing the expression of iNOS and COX-2 in inflammatory

cytokines (53). Therefore, PTGS2 may be a key therapeutic target

for inflammation-mediated neurological disorders. Our results are

consistent with previous reports that chlorogenic acid inhibited

inflammation-mediated PTGS2 production.

MMP9 belongs to the matrix metalloprotein (MMP) family, whose

main function is to degrade and remodel the extracellular matrix. Lin

proposed that intracerebral injectionof LPS increasedMMP9expression

in themouse brain (26).OverproductionofMMP9 leads todisruptionof

the blood−brain barrier and death-inducing ligand release, propagating

neuroinflammatory responses through the recruitment of immune cells.

Inhibition of MMP9 has been shown to protect against neuronal death

and improve neurological function (54, 55). Our findings are consistent

with a previous study showing that LPS promotes increased levels of

microglial MMP9 expression, which increases the migration level of

microglia and causes an increased inflammatory response. Moreover,

wound healing and transwell assays further corroborated the change in

the migration level of BV-2 cells after stimulation by LPS. In contrast,

chlorogenic acid treatment inhibited the increased level of microglial

migration in the inflammatory environment, inhibiting further

amplification of inflammation to some extent.

In summary, chlorogenic acid exerted anti-inflammatory effects

by inhibiting the activation of Akt1, NF-kB, ERK1/2, and p38 in the

TNF signaling pathway and suppressing the expression of MMP9,

PTGS2, and TNF-a. Our study provides new ideas for the treatment

of neuroinflammation-induced cognitive dysfunction and strong

evidence for the specific mechanism by which chlorogenic acid

exerts its anti-inflammatory effects.
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In summary, this study used network pharmacology analysis,

molecular docking techniques, and in vivo and in vitro experiments

to elucidate the role played by chlorogenic acid in a model of LPS-

induced neuroinflammation and to explore the potential mechanisms

by which chlorogenic acid acts. Our results showed that chlorogenic

acid inhibited LPS-induced microglia activation and M1 phenotype

polarization, promoted microglia polarization to M2 phenotype,

reduced the release of inflammatory factor TNF-a, and decreased the

degree of neuronal damage in hippocampal and cortical regions,

thereby improving neuroinflammation as well as neuroinflammation-

induced cognitive dysfunction in mice.Network pharmacology results

suggest that the mechanism by which chlorogenic acid ameliorates

neuroinflammation-induced cognitive dysfunction mainly involves the

TNF signaling pathway. Molecular docking and in vitro experimental

results show that the specific mechanism by which chlorogenic acid

exerts its protective effect is through the inhibition of the activation of

NF-kB and MAPK signaling in the TNF signaling pathway and the

inhibition of the expression of inflammatorymediators TNF-a, MMP9,

and PTGS2.Although the validation of the mechanism is not fully in-

depth, our findings provide a partial research basis for the application of

chlorogenic acid and offer new ideas for clinical prevention and

treatment of neuroinflammation-induced cognitive dysfunction.
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Lipopolysaccharide-induced
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Chinese Medicine, Kunming, China, 7College of Ethnic Medicine, Yunnan University of Chinese
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Depression is a complex and biologically heterogeneous disorder. Recent

studies have shown that central nervous system (CNS) inflammation plays a

key role in the development of depression. Lipopolysaccharide (LPS)-induced

depression-like model in mice is commonly used to studying the mechanisms of

inflammation-associated depression and the therapeutic effects of drugs.

Numerous LPS-induced depression-like models in mice exist and differ widely

in animal characteristics and methodological parameters. Here, we

systematically reviewed studies on PubMed from January 2017 to July 2022

and performed cardinal of 170 studies andmeta-analyses of 61 studies to support

finding suitable animal models for future experimental studies on inflammation-

associated depression. Mouse strains, LPS administration, and behavioral

outcomes of these models have been assessed. In the meta-analysis, forced

swimming test (FST) was used to evaluate the effect size of different mouse

strains and LPS doses. The results revealed large effect sizes in ICR and Swiss

mice, but less heterogeneity in C57BL/6 mice. For LPS intraperitoneal dose, the

difference did not affect behavioral outcomes in C57BL/6 mice. However, in ICR

mice, the most significant effect on behavioral outcomes was observed after the

injection of 0.5 mg/kg LPS. Our results suggests that mice strains and LPS

administration play a key role in the evaluation of behavioral outcomes in

such models.

KEYWORDS

mouse model, lipopolysaccharide, systematic review, meta analysis, depression
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• Neuroinflammation has been strongly implicated in the

pathogenesis of depression.

• Lipopolysaccharide (LPS) administration induced

depression-like model in mice is commonly used to

studying the mechanisms of inflammation-associated

depression and the therapeutic effects of drugs.

• We systematically reviewed studies and performed cardinal

of 170 studies and meta-analyses of 64 studies to support

finding suitable animal models for future experimental

studies on inflammation-associated depression.

• Mouse strains, LPS administration, and behavioral

outcomes of these models have been assessed in meta-

analysis.
1 Introduction

Depression is a global disease with a high incidence and suicide

rate. The World Health Organization indicates that ~300 million

people worldwide suffer from varying degrees of depression, affecting

about 20% of the population and thereby creating a heavy social

burden (1). The Global Burden of Disease, Injury, and Risk Factors

Study showed that depression caused 34.1 million years of living with

disability (YLD), ranking fifth among the causes of YLD (2017) (2).

Mental health problems are more prominent in COVID-19

pandemic. Depressive symptoms and clinically significant

depression are commonly reported among individuals as part of

the post-COVID-19 syndrome (3). Therefore, research advances and

application of new discoveries or techniques are imminent. The

understanding of the pathophysiological mechanisms of depression

has evolved over the last decades. Due to the complexity and

heterogeneity of depression, it is challenging to determine its exact

biological mechanisms, which are largely determined by genetic and

environmental factors. So far, many hypotheses have been proposed

for the pathogenesis of depression, including heritability,

neurotransmitter systems, brain-derived neurotrophic factor

(BDNF), and overactivity of the hypothalamic pituitary-adrenal

axis (4), etc. Whereas existing antidepressants are mainly based on

the monoamine hypothesis, a proportion of depressed patients (20%

to 30%) do not respond to pharmacological treatment.
eviations: LPS, Lipopolysaccharide; CNS, central nervous system; FST,

d swimming test; BDNF, brain-derived neurotrophic factor; IL-1b,

eukin-1b; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; SMDs,

dardized mean differences; IP, intraperitoneal injection; ICV,

cerebroventricular injection; IG, intragastric; TST, suspension tail test;

open field test; SPT, sucrose preference test; PAMP, pathogen-associated

cular patterns; IL-8, interleukin-8; MWM, morris water maze; EPM, elevated

maze; NORT, novel object recognition test; NSFT, novelty suppressed-

g test; SIT, social interaction test; ST, splash test.
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Since 1991, Smith (5) first proposed the neuroinflammation

hypothesis of depression, increasingly more studies provide strong

evidence to suggest that neuroinflammation is critical in clinical

depression. Recent reviews have investigated that patients with

depression are often accompanied by elevated levels of

inflammatory markers, and persistent inflammatory activation

can make susceptible people suffer from depression (6, 7).

Grigoleit has reported that injection of the bacterial LPS in

humans can cause an increase in plasmal pro-inflammatory

cytokines and dose-related decreased mood (8), which suggests

that inflammation is a causal factor in the subgroup of depression

and not just an epiphenomenon (9). Meanwhile, the finding that the

severity of depressive symptoms after COVID-19 syndrome has

been shown to be proportional to the systemic inflammation

measured at baseline during acute infection provides support for

this hypothesis (10). Pharmacological studies have also confirmed

the interconnection between depression and inflammation. Several

antidepressants have been shown to reduce inflammation in both

preclinical (11) and clinical (12, 13) models of neuropsychiatric

disorders. Antidepressants such as selective serotonin reuptake

inhibitors fluoxetine (14) and paroxetine, tricyclic antidepressants

amitriptyline and clomipramine, and monoamine oxidase

inhibitors tranylcypromine can prevent LPS-induced microglial

changes and the production of inflammatory markers interleukin-

1b (IL-1b), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-

a) (15). These studies suggest that antidepressants may modulate

neuroinflammation by modulating the microglial phenotype, which

may be one of the mechanisms by which antidepressants work.

Based on the etiology of depression, a variety of unavoidable or

uncontrollable stress exposure have been explored on animals to

exhibit phenotypes that are similar to the symptoms of depressed

patients (16). During the last 50 years, depression-like animal

models have improved our understanding of the disease and have

played a key role in the development of antidepressants (17).

However, these models still have limitations in understanding the

inflammatory mechanisms of depression and related antidepressant

drug studies. In vivo, LPS acts as an inflammatory inducer that

activates monocytes, macrophages, endothelial cells, and epithelial

cells, which in turn activates cellular signaling systems leading to

increased levels of various cytokines and inflammatory mediators

(18). These peripheral inflammatory signals reach the central

nervous system (CNS) through endothelial cells or second

messengers v ia the b lood–bra in bar r i e r , t r i gger ing

neuroinflammation (19). Hence, peripheral or central injection of

LPS can activate microglia and trigger a series of inflammatory

responses to induce depression (15). In addition, the disruption of a

subset of neurons that express parvalbumin interneuron mediates

systemic inflammation–induced depression-like behavior and

working memory impairment by LPS challenge (20). Animal

models of inflammation-related depression are most commonly

induced by administration of LPS. In the past 5 years, the number of

these animal models has increased considerably. Among these

mouse models, variations in factors such as animal strain,

administration of LPS determine the face, construct and

predictive validity offered in each model. However, this differs

widely between models. It is critical to assess the validity of these
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models in terms of whether the animal strains and methodologies

studied in these models are constructively valid for depression-like

behavior. Therefore, we reviewed the experimental literature of the

past five years to provide a comprehensive report of the different

protocols and parameters used in these models.
2 Materials and methods

2.1 Search methodology and
inclusion criteria

The present meta-analysis was performed according to the

Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines (21). Two authors (Yingming Li and

Zilei Tang) searched the PubMed database for articles published

between January 1, 2017, and July 31, 2022, the following search terms

were used “Depression [Mesh] OR depressive OR depressant AND

lipopolysaccharide* AND mice* OR “ mouse”[Mesh]. In order to

count the experimental parameters of LPS-induced depression in

mice, the authors developed the following screening conditions:
Fron
(1) Articles are published as original articles.

(2) Experimental protocol of the LPS-induced depression

model in mice is described.

(3) Mice without other co-morbidities, such as depression +

obesity, depression + diabetes.

(4) Mice did not experience other stresses or injuries, such as

early maternal separation, cerebral hemorrhage, etc.

(5) Mice used were not genetically edited.

(6) No LPS combined with other methods was used to induce

depression model in mice, such as LPS + chronic

unpredictable mild stress.
For the articles that met the above six criteria, the authors

extracted the mouse strain, LPS dose, routes and times of

administration, and behavioral test data for Chi-square test.

Based on serotype the consensus and the previous step of

screening criteria, the authors developed the following inclusion

criteria for meta-analysis:
(1) Forced swimming test (FST) was used to assess depressive

behavior in mice.

(2) Experimental protocol using intraperitoneal injection of

LPS.

(3) Experimental protocols used 0.5mg/kg or 0.83mg/kg or

1mg/kg as the induction dose of LPS.
2.2 Extraction of study data

For studies that met the inclusion criteria, the two authors (Run

Yin and Yue Ma) extracted the following data in a table to facilitate

subsequent frequency statistics and meta-analysis: (1) name of the
tiers in Immunology 0399
first author and year of publication; (2) strain of mice; (3) dose and

times of LPS administration; (4) behavioral test method selected;

and (5) mean, standard deviation, and sample size (n) of the

duration of immobilization in FST for mice in each model and

control group. Data were extracted directly from the graphs or

figures by using a digital scale. Any disagreements in data extraction

were resolved by discussion with a third reviewer (kailing Zhang)

until a consensus was reached. The meta-analysis was performed

after collecting at least three studies from each group and, when

available, providing the mean immobility time, the standard

deviation, and sample size (22).
2.3 Chi-square test

The data obtained from the counting process is known as the count

data. To test either the counts are differed significantly or not, the Chi-

square test is applied (23). Statistical analyses were performed using IBM

SPSS Statistics. Data (e.g., mouse strain, routes of LPS administration,

times and dose of LPS administration, and LPS serotype) were

summarized using frequencies and percentages and arranged in

descending order of the number of times they were used. To identify

significant of the experimental parameters chosen by the investigators

between variables, Chi-squared analysis was performed (Separately tested

for the presence of selection differences between two adjacent

parameters). When an expected count less than 5, the Fisher’s Exact

Test was used instead of the Chi-squared analysis. At a 95% confidence

interval, values of P < 0.05 were deemed as statistically significant.
2.4 Assessment of risk of bias in included
studies and publication bias

The risk of bias was assessed for each of the included studies by two

authors independently using SYRCLE’s risk of bias tool. The answer to

the assessment questions was either ‘‘yes” (indicating low risk of bias)

or ‘‘no” (indicating high risk of bias). For unclear items, an ‘‘unclear”

tag was assigned: random sequence generation (selection bias), baseline

characteristics (selection bias), allocation concealment (selection bias),

random housing (performance bias), blinding of participants

(performance bias), random outcome assessment (detection bias),

blinding of outcome assessment (detection bias), incomplete

outcome data (attrition bias), selective reporting (reporting bias) and

other bias. The publication bias was assessed via Begg’s test by Stata

software (Version 12.0). Duval and Tweedie’trim and fill’ was used to

adjust the analysis for the effects of publication bias.
2.5 Data synthesis

To assess the effect of LPS inducing depression-like behavior in

mice, we pooled the immobility time of FST in mice from all the

included studies. Forest plots generated from the data were

graphically analyzed and visualized using RevMan 5.3 software. A

random-effect model was used for the analysis and the standard

mean difference (SMD) was considered. To evaluate the effect of
frontiersin.org
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treatment on each parameter, 95% confidence interval (CI) was

used and significance set at P < 0.10. SMD is a measure of the effect

size, and the effect size reflects the degree of difference between the

LPS group and the control group. Heterogeneity values were also

calculated to determinate if included studies were suitable for meta-

analysis. I2 has been used to quantify heterogeneity and I2 > 50 was

considered substantial and significant if P < 0.10. Sensitivity analysis

was also performed to assess heterogeneity of the study results by

excluding each study in turn, for each of the parameters considered.
3 Results

3.1 Literature search and study
characteristics

A total of 469 studies published from 2017 to 2022 were

retrieved from the PubMed database and 170 studies were left

after excluding those that did not meet the inclusion criteria. The

literature was based on mouse strain, behavioral tests, LPS (dosage,

routes and times of administration) statistics, and meta-analysis of

FST in depressive-like mice. The flowchart of screening and

choosing eligible articles are shown in Figure 1.
3.2 Counts results for mice strains, LPS
administration and behavior test

3.2.1 Mice strains
Mouse strains such as C57BL/6, ICR, Swiss, and Balb/c have

been widely used in preclinical studies of depression. Among the

170 studies, there are 2 studies did not specify the mouse strain.

Statistical results (Table 1) showed that C57BL/6 mice were the

most frequently used strain in the LPS-induced depression model

(frequency 86, accounting for 51.19%; vs. ICR, P = 0.000), followed

by ICR mice (frequency 40, accounting for 23.81%; vs. Swiss, P =

0.011) and Swiss mice (frequency 22, accounting for 13.10%; vs.

Balb/c, P = 0.070), Balb/c mice, CD-1, Kunming, and Wistar albino

mice were the last in order; we did not perform statistical analyses

because few studies have used these strains. Therefore, we

subsequently selected studies that used C57BL/6 mice, ICR mice,

and Swiss mice for further meta-analysis.

3.2.2 Routes of LPS administration
The onset of depression may be induced by different molecular

pathways due to the route of administration. The statistical results

showed the following three ways of LPS administration:

intraperitoneal injection (IP), intracerebroventricular injection

(ICV), and intragastric (IG), among which IP was the most

commonly used administration method (frequently 164,

accounting for 96.47%, vs. ICV, P = 0.000) (as shown in Table 2).

3.2.3 Times of LPS administration
The statistical results showed that the administration times of

LPS-induced depressive-like behavior in mice included single
Frontiers in Immunology 04100
administration and multiple injections of LPS to induce

depression. A total of 2 administration regimens were used in 3

studies. Among them, single induction of depression in mice was

the most common experimental method (frequency 139,

accounting for 80.35%, vs. repeatedly, P = 0.000) (As shown

in Table 3).

3.2.4 LPS dose and serotype
Different doses of LPS may have an effect on the degree of

depression in mice. Based on the statistical results of the LPS

administration route and times, we divided the dose of LPS into

an IP/single injection, IP/multiple injections/single dose, IP/

multiple injections/multi-dose, and ICV/single injection to

determine the frequency statistics.

The results of IP/single injection showed that 0.83 mg/kg was

the most frequently used dose (frequency 60, accounting for

43.48%, vs. 0.5 mg/kg, P = 0.000), followed by 0.5 mg/kg

(frequency 23, accounting for 16.67%) and 1 mg/kg (frequency

18, accounting for 13.04%), and no significant difference was found

in the dose selection between the two (P = 0.397), details of other

doses are provided in Table 4.

The results of the IP/multiple injections/single dose (Table 5)

was similar to those of a single administration. The three most

frequently used doses were 0.5 mg/kg (frequency 8, accounting for

29.63%, vs. 0.83 mg/kg, P = 0.535), 0.83 mg/kg (frequency 6,

accounting for 22.22%, vs. 1 mg/kg, P = 1.000), and 1 mg/kg

(frequency 6, accounting for 22.22%). No significant difference

was found among these three doses. For the experimental design

of multiple injections in a single dose, the most used protocol was “1

mg/kg, once a day for 5 days.”

A total of four methods were used for LPS multi-dose modeling

(Table 6), and the most commonly used methods were “0.052,

0.104, 0.208, and 0.415, 0.83 mg/kg; one dose per day for 5 days.”

Finally, we obtained 5 studies that used the intracerebral injection of

LPS. The location and volume of injections are described in detail

in Table 7.

The doses to be used should depend on the LPS serotype as

different serotypes have different endotoxin activity. A total of 6

serotypes of LPS were used in the included studies (Table 8), and 68

studies did not specify the LPS serotype. Among them, 055: B5 was

the most frequently used LPS serotype (frequency 35, accounting

for 34.31%, vs. 0127: B8, P = 0.766), followed by 0127: B8

(frequency 33, accounting for 32.35%, vs. 0111: B4, P = 0.444)

and 0111: B4(frequency 28, accounting for 27.45%), which

indicated that there was no statistically significant difference in

the selection of the LPS model among these three types. The most

frequently used dosage of 0127: B8, 0111: B4, 026: B6 was 0.83mg/

kg, while 055: B5 was 0.5mg/kg.

3.2.5 Behavior test
Behavioral test is acknowledged and intuitive method to test

whether the animal model of depression was successfully

established. A total of 18 behavioral methods were used in our

results, among which the most commonly used methods were FST

(frequency 140), suspension tail test (TST) (frequency 115), open
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1181973
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yin et al. 10.3389/fimmu.2023.1181973
field test (OFT) (frequency 95), and sucrose preference test (SPT)

(frequency 78), the remaining items are presented in Table 9.
3.3 Meta-analysis

However, the highest frequency of use is not considered to be

the optimal choice of experimental parameters. A meta-analysis was

performed to assess the effects of different LPS doses on depressive

behavior in different mouse strains using FST. Based on the

frequency results shown in 3.2, we used C57BL/6 mice, ICR mice,

and Swiss mice as observational subjects to determine the

immovability time of FST after IP injection of LPS (0.5 mg/kg,
Frontiers in Immunology 05101
0.83 mg/kg, and 1 mg/kg). The results indicated that the mice

showed a state of behavioral despair after LPS injection. This was

evidenced by an increased FST immobility time in the LPS group

compared with the control group.

3.3.1 Risk of bias in included studies and
publication bias

The risk of bias for each included study is summarized in

Figure 2. Of the 64 included studies, 32 described the methods used

to generate the allocation sequence and one study (24) explicitly

described no randomization was performed, while the remaining

studies lacked information about this process. Only 1 study

reported baseline characteristics other than age, sex, and weight,
FIGURE 1

Flowchart of screening and choosing eligible articles.
TABLE 1 Mice strains.

Mice strain NO. of studies using mice Use this strain p-value

YES NO Percentage(%)

C57BL/6 168 86 82 51.19 0.000

ICR 168 40 128 23.81 0.011

Swiss 168 22 146 13.10 0.070

Balb/c 168 12 156 7.14 0.017

NMRI 168 3 165 1.79 1.000

CD-1 168 2 166 1.19 1.000

Kunming 168 2 166 1.19 1.000

Wistar albino 168 1 167 0.6
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such as locomotion pattern, unusual respiratory, piloerection, etc.

(25). No study clarified whether the allocation of different groups

was sufficiently hidden. The breeding conditions and environment

of all experimental animals included in the study were the same;

therefore, we considered that the animal placement complied with

the principle of randomization (26). Only one study reported that

animal breeders and/or researchers were blinded to the study

groups, although it did not report the specific processes (27).

Three and 19 studies reported randomization and blinding of

outcome evaluation respectively. In terms of incomplete outcome

data, in 13 studies, animals were withdrawn during the

experimental procedure, although the impact of withdrawals on

the results was not examined. Selective outcome reporting bias was

assessed as unclear for all studies because none reported using a

research protocol defining primary and secondary outcomes. No

study was identified with other problems that could result in high

risk of bias.

The risk of publication bias is shown in a funnel plot graph

(Figure 3). The Begg’s bias test showed that, except for”C57BL/6-

0.83 mg/kg LPS” (Pr > |z| = 0.074 > 0.05) (Figure 3A), publication

bias was detected for “C57BL/6 - 1 mg/kg LPS” (Pr > |z| = 0.032 <

0.05) (Figure 3B) and “ICR - 0.83 mg/kg LPS” (Pr > |z| = 0.001 <

0.05) (Figure 3C). However, when these publication biases were

corrected using trim and fill method by adding theoretically missing

studies, the results did not change significantly [(Figures 3D, E). We

did not conduct a publication bias test for the other outcome

measures because of the small number of studies (<10)].

3.3.2 Mice strains
Under the protocol of 0.5 mg/kg LPS single injection, the

study includes nine articles from the C57BL/6 strain, five articles

from the ICR strain, and three articles from the Swiss strain.

Overall, 0.5 mg/kg LPS injection significantly increased the

immobility time in the FST of C57BL/6, ICR, and Swiss mice. In

addition, C57BL/6 mice (Figure 4A) (SMD = 1.78 [1.30, 2.27], Z

=7.19 (P < 0.00001) and heterogeneity c2 = 12.87, P = 0.12, I2 =

38%) exhibit smaller overall effect size compared to ICR

(Figure 4B) (SMD = 4.73 [2.41, 7.06], Z =3.99 (P < 0.00001) and

heterogeneity c2 = 31.61, P < 0.00001, I2 = 87%) and Swiss mice
Frontiers in Immunology 06102
(Figure 4C) (SMD = 2.87 [1.94, 3.79], Z =6.06 (P < 0.00001) and

heterogeneity c2 = 1.41, P = 0.5, I2 = 0%). Sensitivity analysis

showed that none of the study reversed the effect identified by the

meta-analysis, and excluding individual studies in order did not

descend heterogeneity in ICR strain.

Similarly, for the protocol of 0.83mg/kg LPS single injection, C57BL/

6 strain showed even lower effect sizes. The overall effect size for LPS-

induced mice after FST was the following: C57BL/6 mice (Figure 5A)

(SMD = 1.88 [1.42, 2.35], Z =7.94 (P < 0.00001) and heterogeneity c2 =
28.16, P = 0.009, I2 = 54%), ICR mice (Figure 5B) (SMD = 2.24 [1.78,

2.70], Z =9.53 (P < 0.00001) and heterogeneity c2 = 27.39, P = 0.01, I2 =

53%), Swiss mice (Figure 5C) (SMD = 5.05 [2.41, 7.68], Z =3.76 (P =

0.0002) and heterogeneity c2 = 23.4, P = 0.00001, I2 = 83%). Among

them, C57BL/6, ICR and Swiss mice showed significant heterogeneity.

The sensitivity analysis proved that the heterogeneity originated from a

single study (28–30) of C57BL/6 and ICR, respectively. and after

excluding this study heterogeneity c2 = 20.46, P = 0.06, I2 = 41%, c2 =
10.95, P = 0.53, I2 = 0%, and did not have a significant effect on the

overall effect value (SMD= 1.65 [1.26, 2.05], Z =8.20 (P < 0.00001); SMD

= 2.06 [1.75, 2.37], Z =13.03 (P < 0.00001)) in C57BL/6 and ICR mice.

However, no source of heterogeneity was found in Swiss mice.

3.3.3 LPS doses
Through further analysis, different LPS doses did not exhibit

induction differences in the FST of C57BL/6 mice, but in ICR and

Swiss mice. When injected with 0.5 mg/kg (Figure 4A) (SMD = 1.78

[1.30, 2.27], Z =7.19 (P < 0.00001)), 0.83mg/kg (Figure 5A) (SMD =

1.88 [1.42, 2.35], Z =7.94 (P < 0.00001)) and 1mg/kg (Figure 6A)

(SMD = 1.78 [1.42, 2.15], Z =9.51 (P < 0.00001) and heterogeneity

c2 = 6.40, P = 0.70, I2 = 0%) doses of LPS, the meta-analysis showed

that the sizes of the overall effect of FST immobility time were at the

same level in C57BL/6 mice. Whereas 0.5 mg/kg LPS-induced

performance a greater effect size than 0.83 mg/kg in ICR

(Figures 4B, 5B) (SMD = 4.73 [2.41, 7.06], Z =3.99 (P < 0.00001),

SMD = 2.24 [1.78, 2.70], Z =9.53 (P < 0.00001)). However, Swiss

mice showed opposite results, 0.83 mg/k (Figure 5C) (SMD = 5.05

[2.41, 7.68], Z =3.76 (P = 0.0002)) LPS-induced performance a

greater effect size than 0.5 mg/kg (Figure 4C) (SMD = 2.87 [1.94,

3.79], Z =6.06 (P < 0.00001)). Meta-analysis was not performed on
TABLE 2 Routes of lipopolysaccharide administration.

Route of administration NO. of studies Use this route p-value

YES NO Percentage (%)

IP 170 164 6 96.47 0.000

ICV 170 5 165 2.94 0.215

IG 170 1 169 0.59
fron
TABLE 3 Times of lipopolysaccharide administration.

Times of administration NO. of protocols
Use this protocol

p-value
YES NO Percentage (%)

Once 173 139 34 80.35 0.000

Repeatedly 173 34 139 19.65
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TABLE 4 Dose of lipopolysaccharide for a single intraperitoneal injection.

LPS Dose (mg/kg) NO. of studies using dose
Use this dose

p-value
YES NO Percentage (%)

0.83 138 60 78 43.48 0.000

0.5 138 23 115 16.67 0.397

1 138 18 120 13.04 0.068

0.8 138 9 129 6.52 0.273

2 138 5 133 3.62 1.000

0.1 138 4 134 2.90 1.000

0.3 138 4 134 2.90 1.000

5 138 4 134 2.90 1.000

1.2(including 1.25) 138 3 135 2.17 1.000

0.4 138 2 136 1.45 1.000

0.083 138 1 137 0.72 1.000

0.25 138 1 137 0.72 1.000

0.6 138 1 137 0.72 1.000

0.85 138 1 137 0.72 1.000

1.5 138 1 137 0.72 1.000

1.8 138 1 137 0.72
F
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TABLE 5 Single dose of multiple intraperitoneal injections of lipopolysaccharide.

LPS Dose (mg/kg) NO. of studies using dose
Use this dose

p-value Study Design
YES NO Percentage (%)

0.5 27 8 19 29.63 0.535

Once a day for 10 days

Once a day for 6 days

Once a day for 7 days

Once a day for 4 days

0.83 27 6 21 22.22 1.000

Once a day for 5 days

Once a day for 3 days

Once a day for 2 days

The interval between injections was 16 h

1 27 6 21 22.22 0.250
Once a day for 5 days

Once a day for 2 days

0.1 27 2 25 7.41 1.000
Once a day for 4 days

Twice a week for 21 days

2 27 2 25 7.41 1.000 Once a day for 3 days

1.2 27 1 26 3.70 1.000 Once a day for 7 days

0.083 27 1 26 3.70 1.000 Once a day for 4 days

0.25 27 1 26 3.70 Once a day for 7 days
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ICR mice, Swiss mice induced by 1 mg/kg due to the limited

number of articles.

Furthermore, we calculate the overall effect size of the LPS total

dose applied during the intervention period. However, meta-

analysis was only achieved under “C57BL/6-1mg/kg-Once a day

for 5 days” due to the limited number of articles meeting the

inclusion criteria. The result showed that five consecutive injections

of 1mg/kg LPS (Figure 6B) (SMD = 2.76 [1.67, 4.21], Z =6.68 (P <

0.00001) and heterogeneity c2 = 1.87, P = 0.60, I2 = 0% produced a

greater effect size than a single injection of LPS in C57BL/6 mice

(Figure 6A) (SMD = 1.78 [1.42, 2.15], Z =9.51 (P < 0.00001) and

heterogeneity c2 = 6.40, P = 0.70, I2 = 0%).
3.4 Summary

For mouse strains, C57BL/6 mice seem to be the optimal choice

because they have lower heterogeneity and can more stably reflect

behavioral changes in depression. As for the dose of LPS, accurate

conclusions cannot be drawn due to the limited number of

literatures, but it is clear that 0.5mg/kg, 0.83mg/kg and 1mg/kg

LPS can stably induce depression behavior in mice.
4 Discussion

4.1 Mouse strains

Rodent research has long been utilized to model affective and

immune deficits, as well as their interplay. Mice as experimental

subjects have the sensitivity, validity, and reliability suitable for

depression modeling, which can greatly provide a feasible

experimental reference and develop relevant standards. Mice

appear to be more suitable than rats for application in models of

neuroinflammation-induced depression. The selection of
Frontiers in Immunology 08104
appropriate mouse strains is important for determining the

antidepressant activity of drugs. After the frequency analysis of

the mouse strains selected in the 168 included studies, we found that

C57BL/6 mice (inbred strain) were used in many studies, followed

by ICR mice (closed colony), Swiss mice (outbred strain), and Balb/

c mice (inbred strain). Baseline immobility time can more

appropriately describe innate vulnerability to stressors and the

tendency to despair under stress (31). Different genetic

backgrounds can modify responses through different baseline

levels of behavior. Lucki compared outbred and inbred mice by

FST and suggested that mouse strains with higher immobility

values, such as C57BL/6, can be more susceptible to stress-

induced depressive behavior (30). Importantly, many studies have

shown that mouse strains differ in their sensitivity to

antidepressants and that the behavioral effects and mechanisms of

action of drugs differ between strains (30, 32, 33). Study have shown

that outbred mice are more variable in their baseline performance

than inbred strains (30, 34), which can contribute to some of the

high heterogeneity in our experimental results. Moreover, strains

with less variation in baseline C57BL/6 can provide more accurate

changes in drug efficacy (30). Different strains of mice showed

similarities in baseline immobility in TST and FST, and Nadège

Ripoll’s study showed that C57BL/6 mice had a longer baseline

immobility time in the hanging tail test compared with other strains

(Swiss, NMRI, DBA/2) (35). However, some studies have shown the

opposite results. David D J P did not observe baseline differences in

FST among Swiss, NMRI, DBA/2, and C57BL/6J Rj strains (36).

Based on the results of the meta-analysis, C57BL/6 mice produced

lower effect values under LPS induction than ICR and Swiss mice.

However, in general, C57BL/6 mice had lower heterogeneity and could

consistently model depression and respond to drug effects, which is

consistent with the conclusions drawn earlier. Alternatively, it is well

known that there are important differences in the behavior of mice of

the same strain purchased from different providers. Therefore, we

recommend that the selection of a suitable animal strain for

establishing a depression-like model should be taken into account

based on various factors such as the purpose and content of the study,

drug properties, and experimental conditions, and ensure that the mice

were derived from the same providers or laboratory production.
4.2 LPS administration

The induction of cytokines by the low-dose systemic

administration of LPS can induce depressive features. Initially,
TABLE 6 Multiple doses of lipopolysaccharide for intraperitoneal
injection.

Study design

(1) Day 1: 0.75 mg/kg; day 2: 1 mg/kg; day 3: 1.25 mg/kg; day 4: 1 mg/kg; day
5: 0.75mg/kg
(2) 0.052, 0.104, 0.208, 0.415, 0.83 mg/kg; One dose per day for 5 days;
(3) Day 1: 0.2 mg/kg; day 6: 8.3 mg/kg;
(4) Week 1-2: 0.33 mg/kg; week 3: 0.53 mg/kg; week 4: 0.63 mg/kg; week 5:
0.73 mg/kg; week 6: 0.83 mg/kg;
TABLE 7 Dose of lipopolysaccharide for a single intracerebral injection.

Concentration Injection volume/quality Injection location

10 mg/mL 1 µL ML: -1.0 mm; AP: -0.5 mm; DV: -2.5 mm;

10 ng/µL 1 µL/side /

/ 10 µg AP: -0.22 mm; ML: + 1.0 mm

/ 100 ng ML: +1.0 mm; AP: 0.5 mm; DV: 2.0 mm

10 mg/mL 1 µL ML: -1.0 mm; DV: -2.5 mm; AP: -0.5 mm
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LPS acts as a pathogen-associated molecular patterns (PAMP) that

induces peripheral inflammation to produce pro-inflammatory

cytokines. PAMP and circulating cytokines act on toll-like

receptors in macrophage-like cells to transmit peripheral

inflammatory signals to the center by synthesizing and releasing

central cytokines (37, 38). The effects of peripheral pro-

inflammatory cytokines can also be transmitted to the brain,

leading to microglia activation and pro-inflammatory cytokine

release (39). At about 6 h, the production of pro-inflammatory

cytokines leads to disease behaviors, including fever, anorexia,

decreased exercise capacity, and reduced social interaction;

however, it is usually terminated by endogenous anti-

inflammatory molecules (40). When the production of pro-

inflammatory cytokines continues, and the amount of anti-

inflammatory cytokines produced is insufficient to counteract the

amount of pro-inflammatory cytokines, depression-like behaviors

are induced and peaked at about 24 h of LPS injection (41). Genetic

background and social environment affect depression-like

behaviors induced by a single IP of LPS (42).

4.2.1 Routes of LPS administration
Studies in the literature included in the present study have

shown three common types of LPS administration: IP, ICV, and IG,

with IP being the most commonly used mode of administration.
Frontiers in Immunology 09105
Intraperitoneal injection of LPS induces peritoneal inflammation

and can modulate the activation of the brainstem, hypothalamus,

and limbic structures via vagal afferents in response to peripherally

administered LPS, thus inducing depression-like behaviors at about

24 hours. Moreover, IP injection is simple and reproducible and is

therefore selected as the most commonly used method for LPS-

induced depression. The direct injection of LPS into the brain can

cause intracerebral inflammation, which is closely associated with

psychiatric disorders, cognitive dysfunction, and motor

impairment. The ICV injection of LPS caused mice to exhibit

depressive states in the Y-maze to detect spatial memory and TST

to detect despair, induced dendritic atrophy in the prefrontal cortex

and hippocampal pyramidal neurons (43), and increased the levels

of the pro-inflammatory cytokines IL-1b and TNF-a in the

hippocampus, leading to neuronal damage. The intracerebral

injection of LPS could stably establish a depression model.

However, there are shortcomings in this complicated operation

which cause extensive damage to experimental animals and have

high mortality.

4.2.2 Times and doses of LPS administration
Single or multiple LPS injections represent acute or chronic

LPS-induced depression, respectively. Various studies have shown

that both acute and chronic LPS excitation can successfully induce
TABLE 8 Lipopoysaccharide serotypes.

LPS serotypes NO. of studies using serotypes Use this serotypes p-value

YES NO Percentage (%)

055: B5 102 35 67 34.31 0.766

0127: B8 102 33 69 32.35 0.444

0111: B4 102 28 74 27.45 0.000

026: B6 102 3 99 2.94 1.000

RH51487 102 2 100 1.96 1.000

L-7985 102 1 101 0.98
fron
TABLE 9 Behavioral test.

Behavioral tests Frequency Behavioral tests Frequency

FST 140 SIT 3

TST 115 LDB 3

OFT 95 YMT 3

SPT 78 MWM 2

LMA 19 Rotarod 2

EPM 12 PAT 2

NSFT 11 FUST 2

ST 8 ATM 2

NORT 4 TFC 1
FST, Forced Swimming Test; TST, Tail Suspension Test; OFT, Open Field Test; SPT, Sucrose Preference Test; LMA, The locomotor activity; EPM, Elevated plus maze test; NSFT, Novelty
suppressed-feeding test; ST, Splash Test; NORT, Novel object recognition task; SIT, Social interaction test; LDB, Light-dark box; YMT, Y maze test; MWM, Morris water maze test; PAT, Passive
avoidance test; FUST, Female urine sniffing test; ATM, Autonomic activity tests; TFC, Trace fear conditioning.
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depressive behaviors in rodents (44–47). Acute LPS administered

systemically in mice or rats release pro-inflammatory cytokines that

induce strong but transient disease behaviors as evidenced by

reduced motor activity and weight loss (48, 49). FST, SPT, and

OFT are generally performed to assess depression-like models 24

hours after LPS injection. study has shown that depression-like
Frontiers in Immunology 10106
behaviors can still be observed in mice 48 h after LPS injection (50).

Moreover, depression is a chronic and recurrent disease

characterized by persistent levels of inflammatory markers (48);

hence, Depression models were derived by multiple repeated LPS

injections to mimic persistent inflammation. Multiple LPS

injections were further divided into single-dose multiple
FIGURE 2

Risk of bias summary for the included studies. 1, Random sequence generation (selection bias). 2, Baseline characteristics (selection bias). 3,
Allocation concealment (selection bias). 4, Random housing (performance bias). 5, Blinding of participants (performance bias). 6, Random outcome
assessment (detection bias). 7, Blinding of outcome assessment (detection bias). 8, Incomplete outcome data (attrition bias). 9, Selective reporting
(reporting bias). 10, Other bias.
B C

D E

A

FIGURE 3

Begg’s bias test of (A) C57BL/6 -0.83 mg/kg LPS. (B) C57BL/6 - 1 mg/kg LPS. (C) ICR - 0.83 mg/kg LPS. Trim-and- fill evaluation of (D) C57BL/6 - 1
mg/kg LPS. (E) ICR - 0.83 mg/kg LPS.
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FIGURE 4

Forest plots of standardized mean differences in forced swimming test (s) in (A) C57BL/6 mouse - 0.5 mg/kg LPS. (B) ICR mouse-0.5 mg/kg LPS.
(C) Swiss mouse - 0.5 mg/kg LPS.
B

C

A

FIGURE 5

Forest plots of standardized mean differences in forced swimming test (s) in (A) C57BL/6 mouse - 0.83 mg/kg LPS. (B) ICR mouse- 0.83 mg/kg LPS.
(C) Swiss mouse-0.83 mg/kg LPS.
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injections and multiple-dose injections. Yong He (49) compared

acute and chronic LPS depression mouse models with a protocol of

single and multiple injections (once daily for 7 days) of 0.5 mg/kg

LPS and showed that both administration methods were successful

in establishing depression models; however, the acute LPS-induced

mice showed significantly more depression-like behaviors in SPT

and FST than the chronic LPS-induced mice (49). Robin A.

Wickens (48) compared repeatedly increasing doses of LPS (0.1,

0.42, and 0.83 mg/kg) with a constant dose (0.83 mg/kg) for 3 days,

and with increasing doses, mice developed disease behaviors;

however, they also developed tolerance to repeated constant doses

of LPS, resulting in diminished behavioral responses (48).

The serotype has an important influence on the dose selection

of LPS. We analyzed the frequency of the use of LPS serotypes and

found that 055: B5 was the most frequently used model, followed by

0127: B8 and 0111: B4. We found no significant difference in the

frequency of selecting these three serotypes. However, a selective

difference in the dose of LPS selected for different serotypes and a

significant effect on depressive behaviors or biochemical indicators

must be systematically evaluated. Different LPS serotypes induce the

differential activation of inflammatory transcription factors, such as

IL-1b, IL-6, interleukin-8 (IL-8), and TNF-a, leading to differential

protein expression, which may be related to the structure of LPS

models, and the selective use of LPS serotypes may help investigate

activation-specific inflammatory mechanisms (51, 52).

The meta-analysis results showed that the three doses of the

single injection of LPS at 0.5 mg/kg, 0.83 mg/kg, and 1 mg/kg induced

depression models in mice and were closely related to the despairing

behaviors of animals. Mice in the model group were immobilized for

a longer period than those in the FST compared with those in the

control group. High heterogeneity was observed in some single-group

analyses, probably indicating difficulties in replicating the LPS

depression model using these programs. The effects of other

factors, such as mouse strain, individual differences (weight, age,

and sex), environment (water and food, light, temperature, and

noise), experimental design (sequence of FST and other behavioral
Frontiers in Immunology 12108
tests, water temperature of FST test, and test time), on the

experimental results were considered.
4.3 Behavior test

Among the 168 papers included in the present study, there were

18 behavioral tests, and the most commonly used methods to

evaluate depression-like behaviors in mice were FST, TST, OFT,

and SPT, in that order. FST and TST have a similar theoretical basis

and measure of time spent stationary in an inescapable

environment; the immobility state reflects despair-like inhibitory

learning behaviors and is an important indicator of depressive

psychomotor retardation (53). The effects of LPS usually disappear

at higher sucrose concentrations, which are commonly used in 1%

sucrose solutions (54); OFT simulates an unsafe environment to

assess the autonomous behavior of an animal to reveal the level of

tension in the animal. When animals are afraid of a new

environment, they tend to move around the edge area of the open

field box and rarely in the central area. Additionally, locomotor

activity and autonomic activity tests were performed to assess the

motor ability of mice (55). Y maze, Morris water maze (MWM) (56),

and elevated plus maze (EPM) (57) tests were performed to assess

spatial learning memory and the ability to explore new

environments, whereas the novel object recognition test (NORT)

assessed non-spatial memory in mice (58). The novelty suppressed-

feeding test (NSFT) is an observation of the conflicting behavior of

animals in a hunger state with the desire to ingest food and the fear

of entering a bright central area, and it assesses depressive or anxious

behaviors as an indicator of food intake and latency to find food. The

social interaction test (SIT) is performed to evaluate social

competence in mice, and the splash test (ST) is a valid marker for

assessing self-care behaviors in depressed mice.

FST is the most commonly performed behavioral experiment for

evaluating depression models and screening antidepressants in

preclinical studies because of its ease of operation and sensitivity.
B

A

FIGURE 6

Forest plots of standardized mean differences in forced swimming test (s) in (A) C57BL/6 mouse - 1 mg/kg LPS. (B) C57BL/6-1mg/kg-Once a day for
5 days.
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Many published papers have described the experimental protocols

and considerations of FST (59–61). However, the FST results were

susceptible tomany external (experimental design and environmental

conditions) and biological factors (strain, weight, age, and individual

differences). The FST experimental protocol, including the size of the

test bucket, water depth, water temperature, and test time, affected the

experimental results. The size of the test barrel affected FST

immobility. Sunal et al. placed mice into vertical Plexiglas cylinders

(height: 30 cm, diameter: 10, 20, 30, and 50 cm) in 20-cm deep water

to swim, and as the diameter of the barrel increased, FST immobility

in mice decreased (62). Compared with other barrels, the total

duration of immobility was shorter, and the latency period was

longer in the 10-cm test barrel (63), the most commonly used test

barrel size for mice. The water temperature during the test was also an

important affecting factor, with mice exhibiting greater immobility

when swimming at 25°C than at 35°C (64), and reduced swimming

speed was observed in the MWM test at low temperatures (65).

However, the effect of water temperature on the FST results was

different in different mouse strains, as the immobility of C57BL/6

mice increased when the water temperature increased; however,

BALB/C mice showed the opposite performance (66). Our

extensive literature analysis showed that most investigators selected

a water temperature of 21–25°C for the FST. In addition, the mice

showed a clear 24-h rhythm of immobility in the FST, with a shorter

duration of immobility in mice at noon (12:00 PM–2 PM) than at

midnight (12:00 AM–2:00 AM). If more than one behavioral test is

required, we recommend the FST as the last test. In addition, studies

have shown that environmental factors such as light, light/dark cycle

time, noise, odor, and living environment can affect the immobility

time of animals (63).

It has to be mentioned that the interpretation of duration of

immobility as measure of behavioral despair has been criticized

repeatedly (67). Hawkins et al. (68) agree with the use of the FST as

an innovative antidepressant screening tool, but refute the notion

that immobility in the FST represents hopelessness. The researchers

(69) believe that immobility is an adaptive response to an

inescapable environment, rather than depression-like behavior.

Nonetheless, its high efficacy has made it a popular behavioral

test for selecting antidepressants.
5 Conclusion

Depression is a complex biological heterogeneous disorder. Due to

differences between animal models and human disease groups, it is

challenging to replicate the human depression phenotype in a

depression-like animal model. LPS-induced models of depression in

mice are subject to genetic, environmental, and experimental parameters

that may ultimately have a qualitative impact on the study results

obtained by applying this model. Therefore, reaching consensus on

modeling methods or experimental parameters in depressive-like animal

models is essential to avoid unnecessary external effects. Our results

suggests that mice strains and LPS administration play a key role in the

assessment of behavioral outcomes in these models. This provides an

important reference for the rational application of such models. In

addition, the design, implementation, measurement criteria, and
Frontiers in Immunology 13109
reporting of this animal model need to be further improved and

standardized to facilitate the development of better animal experiments

and clinical studies of inflammation induced depression. Compared with

the traditional animal model of depression, LPS model has some

disadvantages in that it cannot more fully replicate the depression

phenotype. Rodents were used to identify animal models of

antidepressants commonly associated with stress or genetic factors.

However, we believe that the use of depression-like animal models

based on neuroinflammation is beneficial for further elucidating the

mechanism of action of antidepressants. Finally, although there has been

controversy surrounding the use of animal models, their utility and value

in depression research over the past decades cannot be ignored.

Optimizing experimental protocols is one of the means to reduce the

harm to animals.
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Levodopa-induced dyskinesia:
interplay between the
N-methyl-D-aspartic acid
receptor and neuroinflammation
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Parkinson’s disease (PD) is a common neurodegenerative disorder of middle-aged

and elderly people, clinically characterized by resting tremor, myotonia, reduced

movement, and impaired postural balance. Clinically, patients with PD are often

administered levodopa (L-DOPA) to improve their symptoms. However, after years

of L-DOPA treatment, most patients experience complications of varying severity,

including the “on-off phenomenon”, decreased efficacy, and levodopa-induced

dyskinesia (LID). The development of LID can seriously affect the quality of life of

patients, but its pathogenesis is unclear and effective treatments are lacking.

Glutamic acid (Glu)-mediated changes in synaptic plasticity play a major role in

LID. The N-methyl-D-aspartic acid receptor (NMDAR), an ionotropic glutamate

receptor, is closely associated with synaptic plasticity, and neuroinflammation can

modulate NMDAR activation or expression; in addition, neuroinflammationmay be

involved in the development of LID. However, it is not clear whether NMDA

receptors are co-regulated with neuroinflammation during LID formation. Here

we review how neuroinflammation mediates the development of LID through the

regulation of NMDA receptors, and assess whether common anti-inflammatory

drugs and NMDA receptor antagonists may be able tomitigate the development of

LID through the regulation of central neuroinflammation, thereby providing a new

theoretical basis for finding new therapeutic targets for LID.
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1 Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder that affects middle-

aged and elderly populations and is characterized by an insidious onset and slow

progression. Its main clinical manifestations are resting tremor, bradykinesia, rigidity,

and postural gait disorders (1). The main pathological change underlying PD is the
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degenerative death of dopaminergic neurons in the midbrain

substantia nigra, which results in a significant decrease in striatal

dopamine and thereby causes disease (2, 3). The exact etiology of

this pathological change remains unclear, but genetic factors,

environmental factors, aging, oxidative stress, and mitochondrial

dysfunction have all been suggested to be involved in the

degenerative death of dopaminergic neurons in PD (2, 4, 5). Drug

therapy is the primary treatment for patients with PD, and levodopa

(L-DOPA) is still the most effective drug (5), despite its side effects

(6). Most patients with PD undergoing long-term dopamine drug

treatment develop motor complications after an average of 6.5

years, the most common of which is L-DOPA-induced dyskinesia

(LID) (7, 8, 9). LID manifests in abnormal movements such as

stereotypic, choreiform, and throwing movements as well as in

dystonia that mainly involves the head, face, limbs, and trunk and

greatly affects the quality of life of patients with PD (9). The

exploration of non-dopaminergic causative factors and the

question of how L-DOPA drugs can be combined with other

drugs that reduce these side effects have therefore attracted the

attention of many scientists. The role of the neuroimmune

inflammatory response in the pathogenesis of LID has also

become the focus of research in recent years. In experimental

work in animal models, we have identified that the release of

neuroinflammatory factors, the activation and subtype

transformation of microglia, and the activation of astrocytes all

lead to the degenerative death and loss of dopaminergic neurons

(10–12). The loss of dopaminergic neurons causes PD, and the

mechanisms by which neuroinflammation may be involved in PD

and LID are unknown and may be different (13, 14). Current

preclinical studies support a role for neuroinflammation in LID,

and it is not possible to determine whether exacerbation of

neuroinflammation may contribute to the development of LID in

patients with PD (15, 16). As patients with PD are often treated with

L-DOPA in the later stages of the disease, it cannot be ruled out that

this treatment may be related to neuroinflammation (17, 18). The

mechanism of how L-DOPA therapy may augment the

neuroinflammatory response, and how this may affect LID

outcomes, remains to be studied (14, 16). A link between

neuroinflammation and the N-methyl-D-aspartic acid receptor

(NMDAR) has been found (19, 20), namely the activation of glial

cells and the release of inflammatory factors such as tumor necrosis

factor-a (TNF-a), interleukin-1b (IL-1b), inducible nitric oxide

(NO), nitric oxide synthase (iNOS), and chemokines, which

regulate the release of glutamic acid (Glu) from presynaptic

neurons and the expression of Glu receptors in postsynaptic

neurons (21, 22). NMDARs are common ionotropic Glu receptor

channels, and expression and phosphorylation of their subunits

GluN1 and GluN2 can contribute to the development of LID by

regulating synaptic plasticity (23, 24), suggesting that the

interaction between neuroinflammation and NMDARs may have

an important role in the progression of LID. Synaptic plasticity

refers to the regulation of the strength of synaptic connections (25,

26), by means of formation, elimination, enhancement, and

weakening (25, 27). L-DOPA can lead to the development of LID

through alterations in synaptic plasticity at the neurobiological level

in the context of the pathologic changes underlying PD (25, 28).
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The corticostriatal synapses physiologically can undergo long-term

potentiat ion (LTP), long-term depression (LTD) and

depotentiation (“de-enhancement”) (27, 28). Normally, signals

from the cortex reach the striatum, where they are filtered and

integrated via LTP and LTD, and appropriate signals are exported

from the basal ganglia to regulate movement and learning (27). In

rodent models of PD, the cortex still sends signals to the striatum,

but the striatum loses LTP and LTD, hence the ability to screen and

integrate these signals and thus failing to appropriately regulate the

output signals from the basal ganglia (26). In long-term L-DOPA-

treated rodent models of PD, striatal synapses lose their ability to

“de-enhance,” leading to uncontrolled enhancement in the

pathway, which further contributes to the development of LID

(26, 27). In this article, we review the possible mechanisms through

which the interplay of NMDARs and neuroinflammation is

involved in LID (29).

2 Overview of LID

As populations are aging, the global numbers of people with PD

are increasing, placing a heavy financial and emotional burden on

individuals, families, and society at large (30, 31). L-DOPA is

currently recognized as a drug that offers good symptom control

in patients with PD, but most patients will develop LID after long-

term application, with mechanisms that are complex and not yet

understood. LID is characterized by choreiform movements,

dystonia, tardive dyskinesia, or simple repetitive involuntary

movements, the severity of which often correlates with the degree

of degeneration of dopaminergic neurons. In recent years, new

research on presynaptic mechanisms, changes in postsynaptic

plasticity, g-aminobutyric acid (GABA)-ergic and glutamatergic

neurons, and non-dopaminergic regulatory factors, as well as

microvascular permeability, have provided new ideas and

directions for the study of LID (32, 33). The pathogenesis of LID

is complex and unclear. In this article, we mainly chose to review

the effects of the interaction between neuroinflammation and

NMDARs on the synaptic plasticity of neurons and to explore the

mechanism and treatment of its role in LID.

3 Role of NMDARs in LID

In patients with PD, dopamine depletion and long-term

treatment with L-DOPA trigger adaptive changes in glutamatergic

transmission from the cortex to the striatum, leading to abnormalities

in striatal NMDAR function(34). NMDARs are voltage- and ligand-

gated cation channels, and their intracellular subunit composition,

distribution, and phosphorylation level are related to their function.

In particular, phosphorylation is an important mechanism for

regulating the transport and channel properties of NMDARs(35,

36). In the brain, GluN1 and GluN2 (GluN2A, GluN2B, GluN2C,

GluN2D) are the predominant NMDAR subunits (37, 38). As a

calcium channel, it is mainly located in the postsynaptic membrane

and recognizes the neurotransmitter Glu, the binding of which causes

the excitation of postsynaptic neurons (39–41). Over-stimulation of

NMDARs leads to a large inflow of extracellular Ca2+, which in turn
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activates Ca2+-dependent enzymes involved in protein, nucleic acid,

and phospholipid catabolism, and NO synthesis. This leads to cell

membrane rupture and cytoskeletal changes in dopaminergic

neurons in brain tissue, thereby causing dopaminergic neurons to

die (42).

Abnormal NMDAR expression alters the synaptic plasticity of

neurons in the striatal region and further imbalances the basal

ganglia circuit, thereby inducing motor complications, most

commonly LID (43–45). In experimental work on animal models,

NMDAR signaling via the extracellular regulatory protein kinase

(ERK1/2) and mitogen-activated protein kinase (MAPK) pathways

regulates neuronal development and refinement of synaptic

connections to regulate the progression of LID (46, 47).

Phosphorylation levels of several NMDAR subunits are involved

in changes in synaptic plasticity, such as the induction of LTP, and

play a role in learning and memory formation (48). LTP responds to

the storage of various types of information at the synaptic level and

is inextricably linked to aspects of learning and memory formation

(48). LTP can also be reversed to normal levels by low-frequency

stimulation, a phenomenon known as synaptic de-enhancement.

This bidirectional regulation of synaptic plasticity is important in

regulating motor information storage in the basal ganglia (49). The

bidirectional regulation and plasticity of striatal synapses in rats

with LID are more severely impaired and the loss of this de-

enhancement leads to the storage of abnormal redundant motor

information, which triggers the production of redundant

movements, a process that is largely dependent on NMDAR-

mediated over-activation of LTP (27, 50, 51). Phosphorylation

levels of the GluN1 subunit and its carboxy-terminal 890, 896,

and 897 serine sites were found to be elevated in the striatum of rats

with LID (52). The GluN2 subunit also has an important role in

LID. Individuals with PD and LID induced by long-term treatment

with L-DOPA exhibit increased expression of GluN2B compared to

individuals without LID (53, 54). On the other hand, since the

occurrence of LID is related to GluN2A expression and the

phosphorylation of ERK/MAPK, the probability of LID in PD

rats was reduced by a peptide penetrating the cell membrane and

cutting off nine amino acids from the C-terminus of GluN2A, thus

inhibiting the expression and phosphorylation of GluN2A (55). In

addition, the massive release of Glu upon activation of NMDAR

increases excitatory postsynaptic calcium currents, induces LTP,

exacerbates abnormal behavior, and promotes the development of

LID (56, 57).

Among the NMDAR subunit types expressed by striatal

projection neurons, GluN1, GluN2A, and GluN2B are most

commonly regulated by phosphorylation modifications; however,

GluN2C and GluN2D expression have recently been found to be

associated with the development of LID as well (58). The synaptic

abundance of GluN2D subunits is selectively increased in the rat

striatum, allowing for a dramatic increase in the binding of the

postsynaptic protein scaffold PSD-95. PSD-95 expression controls

LID via dopamine D1 receptor trafficking (59, 60). Aberrant levels

of NMDAR expression and phosphorylation thus play an important

role in LID progression and act primarily through the induction of

LTP following NMDAR activation, which alters synaptic plasticity

between neurons.
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4 Role of microglia in LID

Microglia are the main immune cells in brain tissue and are an

important component of neuroinflammation when activated. In the

resting state, microglia are characterized by small cell bodies and

elongated protrusions and are important in immune surveillance

(61). Microglia are particularly susceptible to activation during

brain injury or in response to inflammatory stimuli, which trigger

the development of a neuroinflammatory response in brain tissue.

Two main types of activated microglia have been identified: M1 and

M2 (62, 63, 64). In basic experiments, M1 microglia release various

neurotoxic mediators, including inflammatory cytokines IL-1b,
TNF-a, iNOS, chemokines, NO, and oxygen radicals (62). These

toxic mediators activate surrounding microglia and astrocytes in an

autocrine or paracrine manner, creating a positive feedback loop

that promotes the development of a neuroinflammatory response.

These processes damage dopaminergic neurons and accelerate the

progression of LID. M2 microglia are referred to as “anti-

inflammatory” cells and mainly release anti-inflammatory

mediators, including IL-4, IL-10, IL-13, and neuroprotective

factors (brain-derived neurotrophic factor [BDNF], nerve growth

factor [NGF], epidermal growth factor [EGF], glial-cell line-derived

neurotrophic factor [GDNF]), which inhibit neuroinflammatory

responses in brain tissue and promote tissue repair, thereby slowing

disease progression (62). These phenomena are considered evidence

for the activation of microglia in response to different

environmental stimuli, through a series of organismic responses

(64). Figure 1 depicts the mechanism of microglia-mediated

damage to dopaminergic neurons. Since microglia can switch

between pro-inflammatory neurotoxic and anti-inflammatory

neuroprotective phenotypes, this switch has been suggested to

play a very important role in the development of LID (65, 66).

Microglia plays an important role in the regulation of synaptic

plasticity. Recent and growing evidence suggests that changes in

synaptic plasticity, particularly in LTP and LTD, may manifest

through microglia (67). Although synaptic plasticity can manifest in

many forms, the most carefully studied process with respect to

learning and memory is LTP. LTP can be induced by the activation

of NMDA-type Glu receptors, usually through the activity of

presynaptic and postsynaptic neurons. Activated glial cells

promote the development of LID by releasing inflammatory

factors such as IL-1b as well as by upregulating NMDAR

expression, which induces LTP and alters the plasticity of

synapses between neurons. Current basic research has revealed

that inflammatory factors released from microglia in brain tissue

activate GluN2B, increase the levels of phosphorylated GluN2B

subunit, and activate the downstream PKC/MEK/ERK signaling

pathways, thus exacerbating the development of LID (16). The

administration of continuous chronic lipopolysaccharide (LPS)

stimulation to the rats with LID and analysis of the various

NMDAR subtypes in their hippocampal and cortical regions

revealed that chronic inflammatory stimulation further increases

the release of inflammatory factors, resulting in increased

expression of striatal GluN2B (16). It has therefore been

speculated that the activation of microglia and astrocytes and the

release of inflammatory factors in the striatum could influence the
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development of LID by affecting the activation or expression of this

NMDAR. The release of inflammatory factors in an inflammatory

rat model drove the activation of GluN2B, thereby allowing the Glu

neurotransmitter to bind to GluN2B receptors, which leads to the

opening of GluN2B receptor channels and the inward flow of Ca2+

ions (68, 69). These processes increase intracellular Ca2+

concentrations and subsequently trigger a series of biochemical

reactions: G protein mediates the activation of phospholipase C

(PLC), which catalyzes the hydrolysis of phosphatidylinositol (PI)

to inositol triphosphate (IP3) and diacetylglycerol (DAG), which in

turn activates protein kinase C (PKC) in the presence of Ca2+ (70–

72). PKC not only enhances Ca2+-dependent Glu release and

increases the sensitivity of the postsynaptic membrane to the

transmitter, but also further enhances the Ca2+ influx into the cell

via voltage-dependent channels. PKC phosphorylates MEK, which

in turn affects the phosphorylation of ERK (73–75). In addition,

there is evidence of enhanced phosphorylation of GluN1 in

NMDARs in rats with inflammation, but there is a lack of

definitive experimental results and literature on the specific

signaling pathways involved in GluN1 phosphorylation (76).

Thus, the neuroinflammatory response may have a further effect

on LID by increasing the expression of subunits of striatal

NMDARs (GluN1, GluN2) or by activating their function. In

other words, whether neuroinflammation promotes and

exacerbates LID by affecting the expression of GluN1 and GluN2

remains an open question. Only one basic experiment exploring

these processes has ever been reported (6), and further studies are

needed to elucidate the relationships between neuroinflammation,

NMDARs, and LID and to provide a basis for finding therapeutic

targets for LID.
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5 Role of astrocytes in LID

Activated astrocytes are an important component of the

neuroinflammatory response in brain tissue and can be classified

into A1 and A2 phenotypes, similar to microglia (77, 78, 64). A1-

reactive astrocytes are widely seen in neurodegenerative diseases

such as Alzheimer’s disease and PD and exhibit neurotoxic effects

(77, 78). In contrast, the A2 phenotype has neuroprotective effects.

A2-reactive astrocytes upregulate the expression of many

neurotrophic factors to promote neuronal survival, growth, and

differentiation (77, 79). A2-reactive astrocytes also upregulate the

expression of anti-inflammatory cytokines, such as transforming

growth factor beta (TGF-b), which are involved in synapse

formation. However, the mechanism of conversion between the

two phenotypes is currently unknown (77, 79). Activated astrocytes,

the most abundant neuronal support cells in the human body, can

also produce inflammatory cytokines such as IL-1b and TNF-a,
while aggravating the damage to dopaminergic neurons and

promoting the progression of LID (80). In mice, microglia can

also promote the activation of astrocytes. Upon activation, the

astrocyte nuclear factor kB (NF-kB) signaling pathway releases

large amounts of TNF-a and IL-1b, which amplify the

neuroinflammatory response and exacerbate dopaminergic

neuronal damage (81). At the same time, high expression of glial

fibrillary acidic protein (GFAP), cyclooxygenase-2 (COX-2), and

iNOS increase TNF-a and IL-1b in cellular experiments and animal

models (82), which can then activate astrocytes and microglia and

trigger a neuroinflammatory response (83, 84). It is evident that

astrocytes and inflammatory cytokines are closely related, and

inflammatory cytokines have been shown to regulate the
FIGURE 1

Mechanisms of damage to DA neurons by activated microglia. Microglia-mediated neuroinflammation and neuroprotective mechanisms in the
pathogenesis of PD. Microglia turns into an activated M1 phenotype when exposed to stimuli such as infection, trauma, and intoxication. M1
phenotype microglia secrete pro-inflammatory factors, which further induce neuroinflammatory and neurotoxic mechanisms in the human brain
through processes such as enhanced phagocytic activity and increased IL-1b, TNF-a, and ROS generation, damaging DAergic neurons. On the other
hand, the presence and stimulation of anti-inflammatory factors can lead to an activated M2 phenotype. The neuroprotective mechanism of M2
microglia against PD involves the release of anti-inflammatory cytokines into the brain and the upregulation of neuroprotective trophic factors. The
anti-inflammatory cytokines include IL-4, IL-10, and so on, which inhibit persistent neuroinflammation and consequently protect the DAergic
neurons. Disease occurs when this balance in the organism is disrupted.
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activation of astrocytes and microglia through positive feedback in

animal models and in patients (85, 86). The morphology and spatial

localization of mitochondria in astrocytes are affected by

neuroinflammatory stimuli, which may result in excitotoxicity by

interfering with the uptake of Ca2+-coupled Glu, affecting

dopaminergic neuron survival and promoting the onset of LID.

Figure 2 depicts the mechanism of astrocyte damage to

dopaminergic neurons.

Astrocytes can regulate intersynaptic D-type serine content,

thereby regulating NMDAR activity and neurosynaptic plasticity

(87, 88). Astrocyte proliferation via NMDAR signaling in neurons

may play an important role in learning memory functions,

neurodegenerative diseases, and psychiatric disorders (89, 90).

Basic research has shown that astrocytes can sense the synaptic

activity of neurons through membrane surface receptors and

respond to information from neurons by altering intracellular Ca2+

concentrations and releasing gliotransmitters, Glu, ATP, and D-type

serine, which regulate adjacent neurons and synaptic plasticity (91).

There is also evidence that microglia affect astrocyte activity through

ATP release (67). These findings from both in vitro and in vivo

models suggest that astrocytes play a proactive role in the

transmission of information between neurons (91, 92). D-type

serine released from astrocytes had an active effect on NMDARs in

cellular and animal experiments, especially on the GluN2A and

GluN2B subunits (93). D-type serine released by astrocytes

functions as a co-transmitter or co-agonist of NMDARs in mice

(93). In addition, changes in Ca2+ concentration in astrocytes may

also play an important role in the regulation of NMDAR activity

in adjacent neurons (94). Glu enhances TNF-a secretion and

GFAP expression in astrocytes and promotes the expression of

ionized Ca2+-binding adapter molecule 1 (Iba-1) in microglia (95,
Frontiers in Immunology 05116
14). In experimental work on animal models, activated astrocytes

release TNF-a, possibly through a self-reinforcing mechanism,

which enhances the excitability and maintains astrocytes in an

activated state, thus promoting LID (14, 95, 96). Therefore,

astrocytes act on the development of LID through modulating

NMDAR activation and expression, which in turn acts on synaptic

plasticity in neurons.
6 Role of NMDARs and microglia-
astrocyte interactions in LID

Neuron–microglia–astrocyte interactions play a major role in

synaptic plasticity in the neuronal response of postsynaptic

neurons to L-DOPA (94, 97). Microglia and astrocytes are major

players in the neuroinflammatory response, taking on a dual role

between the immune and neuroinflammatory responses (98). The

clinical development of LID relies on a cascade of altered pre- and

postsynaptic messaging steps, leading to abnormalities in cortical

neuronal messaging and abnormal changes in striatal projection

neurons. In recent years, the inflammatory response induced by L-

DOPA has been further explored. Both microglia and astrocytes

express a variety of neurotransmitter receptors and regulate

synaptic function at pre- and postsynaptic level by releasing a

variety of soluble molecules. L-DOPA can over-activate glial cells,

and the long-term presence of abnormally activated microglia and

astrocytes leads to abnormal neuron–glia communication, which

affects synaptic activity and neuroplasticity and exacerbates LID

(14, 99). In response to external stimuli, such as aggregation of a-
synuclein or LPS, microglia will rapidly transform into an activated

state while releasing large amounts of inflammatory factors which,
FIGURE 2

Mechanisms of damage to DA neurons by activated astrocytes. Astrocyte-mediated neuroinflammation and neuroprotective mechanisms in the
pathogenesis of PD. Upon exposure to inflammatory stimuli, astrocytes become activated A1 phenotype. A1 phenotype astrocytes secrete pro-
inflammatory factors such as IL-1b, TNF-a, and other inflammatory factors, which further induce neuroinflammation and neurotoxicity mechanisms
in the human brain, damaging DAergic neurons. A1 phenotype astrocytes secrete pro-inflammatory factors such as IL-1b, TNF-a, and other
inflammatory factors. On the other hand, the neuroprotective mechanism of activated A2 phenotype astrocytes against PD includes the release of
anti-inflammatory cytokines into the brain as well as the upregulation of neuroprotective trophic factors, anti-inflammatory cytokines including
TGF-b, which inhibit persistent neuroinflammation and thus protect DAergic neurons. Disease occurs when this balance in the organism is disrupted.
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under inflammatory conditions at the site of injury, will further act

on another type of glial cell—the astroglia (100). Stimulated

astrocytes can activate and release inflammatory factors. These

factors, as well as those released by microglia, act simultaneously

on dopaminergic neurons and thereby lead to degeneration.

Meanwhile, diseased neurons can release large amounts of toxic

factors that continuously activate microglia, leaving the body in a

state of marked inflammation. This positive feedback process

ultimately exacerbates the development of LID both in vivo and

in vitro (100, 101). In brain tissue of mouse models, it has been

suggested that there are two main signals for microglia-mediated

neurotoxicity: Glu and TNF-a (102). When Toll-like receptors

(TLRs) stimulate microglia, they trigger pro-inflammatory

programming, TNF-a production, and glutaminase expression,

leading to increased Glu secretion (81, 103, 104). High levels of

TNF-a and Glu can in turn induce neuronal death by stimulating

NMDAR expression in neurons (105, 106). Thus, TNF-a and Glu

act as two synergistic inflammatory mediators produced by

microglia. TNF-a may also act on astrocytes to induce further

production of TNF-a and other inflammatory molecules such as

IL-6 and monocyte chemotactic protein 1 (MCP-1) (107). In

addition, TNF-a inhibits the uptake of Glu by astrocytes, while

astrocytes are the main mediators of Glu clearance in steady-state

conditions (108). Abnormally increased Glu in the synaptic gap

exacerbates LID by promoting NMDAR overexpression and

altering synaptic plasticity (109, 110). Figure 3 depicts the

interaction of microglia and astrocytes and the mechanism of

damage to dopaminergic neurons.
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7 Role of NMDARs and cytokines
in LID

Several studies have shown that fluctuating stimulation by L-

DOPA will exacerbate inflammation in the striatum when

dopamine is in a depleted state (3). The development of LID is

accompanied by increased levels of IL-6, IL-12, IL-1b, TNF-a,
iNOS, chemokines, NO, COX-2, and reactive oxygen species

(ROS) in the dorsolateral striatum (97). Notably, IL-4, IL-10, and

neuroprotective factors produced by glial cells are anti-

inflammatory and play a very important role in maintaining glial

cell and neuronal homeostasis (111). There is evidence that IL-4

and IL-10 can downregulate TNF-a and other pro-inflammatory

cytokines and growth factors, which may reduce the occurrence of

LID (14). Therefore, promoting the release of anti-inflammatory

and neuroprotective factors in vivo will be a key research direction

for the treatment of LID in the future. As mentioned above, there is

increasing evidence that cytokines play a key role in the pathologic

process of LID (12), and inhibition of neuroinflammation can

downregulate NMDAR and thereby modulate the development of

LID. The development of LID is inextricably linked to the activation

of glial cells in the striatum and the release of inflammatory factors

(TNF-a , IL-1b , and IL-6) (112). The development of

neuroinflammation and the release of cytokines (IL-6, IL-12, IL-

1b, TNF-a, iNOS, chemokines, NO, COX-2, and ROS) in brain

tissues accelerate the development and progression of LID by

activating the Glu2/PKC/MEK/ERK signaling pathway and the

NF-kB signaling pathway (16).
FIGURE 3

Interactions between microglia and astrocytes and mechanisms of damage to DA neurons. Both microglia and astrocytes have differentiated pro-
inflammatory phenotypes that are neurotoxic and injurious to DAergic neurons, whereas the neuroprotective phenotypes are neuroprotective and
protective of DAergic neurons. Under certain specific circumstances, the pro-inflammatory and anti-inflammatory phenotypes of microglia can be
switched. Pro-inflammatory microglia secrete IL-1a, IL-1b, TNF-a, and complement component 1q (C1q), which can convert astrocytes to a pro-
inflammatory phenotype. Pro-inflammatory astrocytes secrete IL-1b, TNF-a, Granulocyte-macrophage colony-stimulating factor (GM-CSF), and
chemokine C-C motif ligand 2 (CCL2), which in turn activate pro-inflammatory microglia. The phenotypic transition of astrocytes remains to be
clarified. Dashed lines with question marks indicate possible relationships, but evidence of a direct association is lacking.
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The accumulation of inflammatory factors in brain tissue

exacerbates the activation of microglia and astrocytes, releasing

more inflammatory factors and neurotransmitters, forming a

vicious cycle. Microglia are essentially resident immune cells of

the brain and nervous system (113). The release of Glu from

microglia is a key component of neuronal damage (114, 115).

Cytokines released by microglia, such as TNF-a, promote the

release of Glu from astrocytes, which enhances excitotoxicity in

neurons (116, 117). Once free Glu is increased in the brain, Glu

receptors, such as NMDARs, are overstimulated, and large amounts

of Ca2+ flow into the cells, thus leading to neuronal injury and

death. The increased activity of Glu is thought to play an important

role in the development of LID (118). LID may be attenuated by a

decrease in glutamatergic function (118). Figure 4 shows

interactions of neuroinflammation and NMDARs and the

possible sequence of events leading to LID.
8 Role of anti-inflammatory drugs and
NMDAR antagonists in anti-LID

Thalidomide and 3,6’-dithiodide have anti-inflammatory effects

and are thus able to reduce the neuroinflammatory response in the

striatal region of the brain to a certain extent, including reducing

abnormal involuntary movement (AIM) behavior in LID rats (11,

119). To date, no studies have confirmed that drugs with anti-

inflammatory effects have a direct or indirect effect on NMDAR
Frontiers in Immunology 07118
expression, and the only drug that shows a general clinical

improvement in LID and is approved for clinical use is

amantadine (120). Amantadine is a low-affinity, non-selective

NMDAR antagonist that inhibits striatal NMDAR expression by

reducing microglia proliferation, astrocyte GFAP expression, and

cytokine release, thereby alleviating the onset of LID (121). Another

NMDAR antagonist, ketamine, has recently been found to have a

stronger binding affinity than amantadine (122, 123). Ketamine can

regulate synaptic transmission and synaptic plasticity by inhibiting

NMDAR activity, thereby restoring synaptic function in cortical

and hippocampal regions caused by chronic stress. It also exhibits a

neuroprotective effect during treatment, accompanied by increased

microglia phagocytosis and increased anti-inflammatory factor IL-6

in the striatum, which suggests low-dose ketamine as a potential

treatment for LID (124, 125, 126, 123). In addition, the treatment of

simvastatin improves cognitive function, anxiety, and depression in

MPTP-treated LID mice, restores nerve growth factor IB (Nur77)

downstream by reversing the increase in GluN2B expression, and

reduces COX-2 and TNF-a (127, 128). A new experimental drug,

agmatine, can improve the behavior and AIM scores of LID rats by

inhibiting NMDAR expression in the substantia nigra, thereby

suppressing the inflammatory and oxidative stress cascades,

activating erythroid 2-related factor 2 (Nrf2), and inhibiting the

NF-kB signaling pathway to improve the antioxidant, anti-

inflammatory, and anti-apoptotic properties of LID (129, 130).

Except for amantadine, there is no medical evidence to suggest

that drugs like ketamine, simvastatin, or guanfacine can induce
FIGURE 4

Correlations between neuroinflammation, NMDAR, and LID. Mutual activation of microglia and astrocytes and the release of inflammatory factors
such as TNF-a and IL-1b. The release of inflammatory factors promotes the expression of the GluN1 and GluN2 subunits of the NMDAR in
postsynaptic neurons, allowing the binding of excitatory neuronal Glu and NMDAR released from presynaptic neurons and the inward flow of Ga2+

to act on neuronal synaptic plasticity by regulating the LTP and MAPK/ERK phosphorylation pathways through calmodulin-dependent kinase II
(CaMKII). The release of inflammatory factors, on the other hand, directly promotes the development of neuroinflammation in the brain, secondary
to the death of DA neurons, which leads to the development of PD and the development of LID in patients with PD after years of L-DOPA
administration by exacerbating the inflammatory response in the brain tissue and thus creating a vicious circle.
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further improvement in neuroinflammation and LID after NMDAR

antagonization. Amantadine is therefore the only drug currently

used for the clinical treatment of LID. A clinical cohort might help

explore the selective use of the aforementioned anti-LID drugs and

provide more clinical evidence of their efficacy against LID. Further

drugs that can antagonize NMDAR need to be identified, and the

mechanisms underlying the relationships between NMDAR,

neuroinflammation, and LID need to be examined to optimize

the treatment of patients with LID. Table 1 showcases the main

references and findings that demonstrate the connection between

LID, NMDARs, and neuroinflammation.
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9 Summary and outlook

The regular release of dopamine in brain tissue starts fluctuating

after long-term administration of L-DOPA to patients with PD.

These fluctuations lead to changes in receptors on a variety of

neurons in the striatum involved in intracellular information

transmission, synaptic plasticity, and other processes, which

further disrupt the already unbalanced basal ganglia system. This

results in a progressive impairment of motor control and,

ultimately, the development of LID. There is a lack of research

into the mechanisms underlying LID and associated potential
TABLE 1 Study characteristics. It showcases the main references and findings that demonstrate the connection between LID-NMDAR-
neuroinflammation.

Author Year Country
Type of
Study

Designof
Study

Results

Angelopoulou
et al.

2021 Greece _ Review
Fyn kinase may regulate LID, enhanced neuroinflammation and glutamate excitotoxicity by
mediating NMDAR axes.

Azar et al. 2022 Egypt Rat RCT
Agmatine-mediated inhibition of NMDAR expression and amelioration of dyskinesia with a
focus on its anti-inflammatory potentiality.

Bartlett et al. 2020 USA Rat RCT
Ketamine is an NMDAR antagonist.The long-term effects of ketamine depend on BDNF
signaling in the striatum. And it attenuates the development of LID in rodents.

Bortolanza
et al.

2015 Brazil Rat RCT
Glu are bound to influence microglial activation states. And LID leads to upregulation of
iNOS, GFAP and OX-42-ir.

Carta et al. 2017 Italy _ Review LID and neuroinflammation: microglia and astrocytes play a key role.

Cerovic et al. 2015 Italy Mice RCT
The Ras-ERK signaling has a central role in striatal LTP, depotentiation, and LTP restored
after L-DOPA treatment.

Chen et al. 2022 China Rat RCT
Neuroinflammation caused sustained downregulation of synaptic NR2A and NR2B subunits.
And anti-inflammatory treatment reversed the downregulation and hypofunction of synaptic
NR2A and NR2B.

Gurrera 2019 USA Human RCT Patients with anti-NMDA receptor encephalitis can develop motor dysfunction.

Innes et al. 2019 UK _ Review
Changes to synaptic plasticity may be mediated by microglial modifications. Microglial
production of cytokines may regulate LTP and LTD, thereby underlying the development of
disease.

Koh et al. 2022
South
Korea

Mice RCT Astrocytes regulate NMDAR tone via BEST1-mediated corelease of D-serine and Glu.

Morissette
et al.

2022 Canada Monkeys RCT
Increased inflammatory markers in the basal ganglia associated with LID and revealed that
MPEP inhibition of glutamate activity reduced LID and levels of inflammatory markers.

Pereira et al. 2021 Brazil Mice RCT
The release of TNF-a by glutamate-activated astrocytes may contribute to LID by
exacerbating corticostriatal glutamatergic inputs excitability and maintaining astrocytes in an
activated state through a self-reinforcing mechanism.

Rahman et al. 2022 Australia Human RCT
Neuroinflammation may alter NMDAR stoichiometry, and future studies could aim to
determine if anti-inflammatory treatment can alleviate this aspect of NMDAR-related
pathology.

Rentsch et al. 2020 Australia Mice RCT
Amantadine, an NMDAR antagonist, may explore novel features of microglia and astrocyte
physiology and pathophysiology and their direct and/or indirect impact on neuronal synaptic
signalling in LID.

Thiele et al. 2014 Canada Mice RCT
In the LID state, the direct pathway exhibits only LTP, becoming generally overactive, and the
indirect pathway exhibits only LTD.

Trudler et al. 2021 California Mice RCT
Glutamate release from astrocytes and excessive extrasynaptic NMDAR activity in neurons,
thus contributing to Synapse and neuron Loss.

Varley et al. 2019 UK Human RCT
The Movement disorder associated with NMDAR antibody-encephalitis is complex and
characteristic.

(Continued)
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treatment approaches. Excessive Glu, exerting neurotoxic effects,

has been found to be closely related to LID, and NMDAR plays a

major role in the pathogenesis of LID due to its high Ca2+

permeability, abnormal subunit expression, and phosphorylation

levels. In recent years, neuroinflammation has emerged as a hot

topic in the study of the pathogenesis of LID. In response to external

stimuli, glial cells can be activated into pro- and anti-inflammatory

phenotypes, and pro-inflammatory microglia and astrocytes play an

important role in neuroinflammation, which in turn increases the

expression of striatal NMDAR GluN1 or GluN2 subunits and

activates phosphorylation pathways, thereby exacerbating LID.

Anti-inflammatory microglia and astrocytes, on the other hand,

release anti-inflammatory cytokines and neuroprotective factors

that slow down the progression of LID, and the conversion of the

two may be a new direction of research for the treatment of LID in

the future. The activation of microglia and astrocytes, the

interconversion of the two, and the release of neuroinflammatory

factors such as TNF-a and IL-1b can directly promote

dopaminergic neuronal death as well as stimulate the release of

Glu. Both microglia and astrocytes contribute to NMDAR

overexpression in postsynaptic neurons and exacerbate LID by

mediating LTP and the MEK/ERK/MAPK phosphorylation

pathways and altering synaptic neuronal plasticity.

Currently, the most common anti-LID drug is amantadine.

While ketamine, simvastatin, guanfacine, and other drugs still have

a certain effect on LID, there is a lack of relevant clinical evidence. The

development of new drugs and clinical translational applications

targeting inflammatory factors, NMDARs, and LID will benefit

patients who develop AIM after clinical treatment with L-DOPA

drugs, improve their quality of life, and reduce the burden on society.
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Neurological diseases are destructive, mainly characterized by the failure of

endogenous repair, the inability to recover tissue damage, resulting in the

increasing loss of cognitive and physical function. Although some clinical

drugs can alleviate the progression of these diseases, but they lack therapeutic

effect in repairing tissue injury and rebuilding neurological function. More and

more studies have shown that cell therapy has made good achievements in the

application of nerve injury. Olfactory ensheathing cells (OECs) are a special type

of glial cells, which have been proved to play an important role as an alternative

therapy for neurological diseases, opening up a new way for the treatment of

neurological problems. The functional mechanisms of OECs in the treatment of

neurological diseases include neuroprotection, immune regulation, axon

regeneration, improvement of nerve injury microenvironment and myelin

regeneration, which also include secreted bioactive factors. Therefore, it is of

great significance to better understand the mechanism of OECs promoting

functional improvement, and to recognize the implementation of these

treatments and the effective simulation of nerve injury disorders. In this review,

we discuss the function of OECs and their application value in the treatment of

neurological diseases, and position OECs as a potential candidate strategy for the

treatment of nervous system diseases.

KEYWORDS

OECS, neurological diseases, treatment, nerve regeneration, role
1 Introduction

The ability of nerve regeneration and tissue repair is limited after the occurrence of

neurological diseases, which can usually lead to permanent disability. Neurological

diseases, especially neurodegenerative diseases, describe a clinical condition

characterized by selective and progressive neuronal loss. Neurological diseases caused by
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progressive loss of neuronal structure or function, and lead to

varying degrees of paralysis and cognitive and sensory loss (1).

Neurological diseases such as Parkinson’s disease (PD), Alzheimer’s

disease (AD), Huntington’s disease (HD), and amyotrophic lateral

sclerosis (ALS), characterized by progressive loss of the structure,

function, or number of neurons in the brain or spinal cord (2, 3).

Although the clinical use of some drugs can alleviate the

progression of these diseases. New drugs for the treatment of

neurological diseases have become urgently needed. Clinicians,

patients and their families are waiting for the development

of effective drugs for neurological diseases that are basically

untreatable at present. The drug development process is complex

and expensive, the clinical use of these diseases is limited.

Unfortunately, the treatment currently available are not sufficient

to prevent neurodegeneration. Therefore, it is necessary to find and

explore prospective therapeutic method to repair neurological

function and improve symptoms.

With the exploration of treatment methods, researchers have

found that cell therapy have developability and broad prospects,

and have become the savior of many diseases. The use of cell

therapy to treat neurological diseases is based on the assumption

that these therapies will mimic the normal process of cell repair and

development in the nervous system to eliminate the causes of the

disease (4, 5). Cell therapy, also known as regenerative therapy, uses

special types of active cells or their derivatives to improve the repair

response of dysfunctional and damaged tissue (6, 7). OECs are

special glial cells, which can survive and renew in the central

nervous system, and have been widely used in nerve regeneration

and tissue repair (8, 9). OECs therapy usually focuses on cell

substitution or environmental enrichment. Application of OECs

therapy provides a valuable and attractive choice for neurological

diseases. Transplantation of OECs to the injured nerve can promote

regeneration and reconstruct the nerve function (10). The function

of OECs in the treatment of neurological diseases includes secreted

active biomolecules, such as neurotrophic factors, VEGF, NT-3 and

extracellular matrix. The production of these secretions provides a

good nutritional basis for axonal regeneration and myelination (11,

12). Moreover, OECs can exert neuroprotection and immune

regulation to improve the activity of immune cells in nerve

injury, reduce nerve injury and nerve inflammation, and play a

therapeutic role (11, 13, 14). All these reflect the potential and

sustainability of OECs in the treatment of neurological diseases.

Therefore, we focus on the functional role of OECs in neurological

diseases and the existing problems as a cell therapy.
2 A brief introduction to the biological
characteristics of OECs

OECs are glial cells of the primary olfactory nervous system,

which are composed of the olfactory nerve and the outer nerve fiber

layer of the olfactory bulb (Figure 1). The olfactory nerve is located

between the olfactory epithelium at the top of the nasal cavity and

the olfactory bulb of the anterior cranial fossa (Figure 1). The

primary olfactory nervous system is unique in that it can constantly

regenerate. Even after injury, as long as the deeper olfactory bulb
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inside the olfactory bulb remains intact, it can regenerate (15, 16). It

is now possible to remove olfactory bulb tissue and olfactory

mucosa (outermost layer and lamina propria, which belong to the

central nervous system and peripheral nervous system,

respectively), which also suggests the potential value of OECs

therapy in central nervous system and peripheral nervous system

diseases. OECs can be successfully cultured in vitro, which lays a

foundation for the study of OECs in nerve regeneration and tissue

repair (17). It is worth mentioning that OECs derived from

olfactory mucosa and olfactory bulb express different

characteristics, have heterogeneity, and play different roles in the

repair of nerve injury (11, 18). OECs derived from olfactory mucosa

can regulate the process of inflammation and the formation of

extracellular matrix, but the ability of regeneration is poor. While

OECs derived from olfactory bulb can promote functional recovery

by inducing targeted axonal regeneration (19). Differentially

expressed genes and proteins of OECs derived from olfactory

bulb play a key role in nerve regeneration, axon regeneration and

extension, transmission of nerve impulses and response to axonal

injury. Differentially expressed genes and proteins of OECs derived

from olfactory mucosa are mainly involved in inflammatory

response, defense response, cytokine binding, cell migration and

positive regulation of wound healing (20). All these reflect the

functional differences of OECs derived from different sites.

During the development of the primary olfactory system, the

axons are inaccurately located and inappropriately projected to the

target layer or over-projected to the deeper layer of the olfactory

bulb. Therefore, there is a large number of apoptosis of primary

olfactory neurons during embryonic and postnatal development,

and the axons of degenerated neurons need to be removed (21).

Phagocytosis of axonal fragments in adult and postnatal animals is

known to be essential for the regeneration of the primary olfactory

nervous system (21, 22). Studies have shown that the phagocytosis

of axonal fragments in postnatal animals. It has been found that

macrophages often appear near OECs, but they only play a small

role in clearing axonal fragments (23). It is considered that OECs

are the primary phagocytes of primary olfactory nerve from the

early stage of embryonic development (23, 24).

The regeneration and repair of neurological diseases is a

complex process, involving many steps and factors. On the one

hand, the key to the repair of nerve injury lies in the survival and

function of neurons. On the other hand, the injured axon has the

function of bridging the damaged site or the broken end (25, 26).

Axon regeneration requires myelin regeneration and functional

synaptic reconstruction, neurotrophic delivery, improvement of

inflammation and regulation of immune response, which is

essential for nerve injury repair (27). Different studies have

confirmed that the functional role of OECs in nerve regeneration

and tissue repair, and their biological characteristics have been

recognized in the following aspects (Figure 2).

1. OECs can produce immune function, secrete immune

regulatory molecules and exert their phagocytic activity, maintain

the homeostasis of microenvironment and support neuronal

survival and axonal growth (28, 29). OECs reduce the infiltration

of immune cells and secondary tissue damage, protect neurons and

axons in the diseased core, and help remove myelin fragments (30).
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2. OECs exert their characteristics of promoting axon growth and

provide structural support by extending the thin processes

enclosing the axon group as insulators (22, 31). 3. OECs have the

ability of migration and movement. OECs can migrate under the

physiological and pathological conditions of nervous system, such

as inflammation, hypoxia and neurodegenerative diseases, which

are closely related to the cytoskeleton of OECs. Analysis of OECs

actin cytoskeleton revealed the stress fibers, membrane spinous

process, folded membrane and layered fat deposition during cell

migration, as well as the distribution and migration ability of a-
actin in the membrane process (32–34). 4. Phagocytic activity of

OECs. OECs can remove axonal fragments and microorganisms

through phenotypic changes, enhance their cytoskeleton

hypertrophy and rearrangement, transition from resting state to

phagocytic activity, and protect the stability of nervous system

microenvironment (35, 36). Studies have shown that OECs have

higher phagocytosis and transport capacity than Schwann cells and
FIGURE 2

OECs play the functional characteristics of promoting nerve
regeneration and tissue repair.
B

C

A

FIGURE 1

Anatomical localization of olfactory bulb and immunofluorescence staining of OECs. (A) Anatomical diagram of olfactory bulb tissue, source site of
OECs. (B) Schematic diagram of olfactory bulb tissue in rats. Olfactory bulb tissues were lysed and digested in vitro, and OECs were obtained by
culture system in vitro. (C) Immunofluorescence staining of OECs. GFAP: glial fibrillary acidic protein), p75: a marker for OECs.
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produce lower amounts of proinflammatory cytokines (37). 5.

OECs can produce bioactive substances such as platelet-derived

growth factor, glial-derived connexin, ciliary neurotrophic factor

(CNTF), neurotrophic factor Y and cell adhesion molecules (such as

L1-nerve cell adhesion molecule (L1-NCAM) and nerve cell

adhesion molecule-1 (NCAM1)). These secreted bioactive

substances provide a good basic environment for nerve

regeneration and repair (10, 38, 39). The secretory group

produced by OECs also includes paracrine exosomes and

extracellular vesicles, which can protect neurons, reduce

neurotoxicity and play a key role in the repair of nerve injury (40,

41). Studies have shown that OECs-derived exosomes can inhibit

the polarization of pro-inflammatory macrophages/microglia,

increase the number of anti-inflammatory cells, promote neuronal

survival and functional recovery after spinal cord injury (42).
3 OECs and neurological diseases

Neurological diseases, including PD, AD, HD and ALS, are

caused by disorders of protein homeostasis, characterized by the

loss of specific groups of neurons and inclusion bodies consisting of

insoluble and unfolded proteins. This pathogenic process leads to

the gradual loss and paralysis of sensory, cognitive and motor

neurons (43, 44). Although great progress has been made in the

mechanisms of neurological diseases, including the identification of

mutated genes that cause these diseases, but the exact mechanism of

neuronal death is still unclear and there are still no effective method

to slow the progression of these diseases. With the research and

exploration of the treatment of neurological diseases, cell therapy

has been introduced into the field of vision of researchers and has

been greatly encouraged. These applied bioactive cells, including

OECs, can protect neurons, reconstruct neural networks and exert

therapeutic functions by producing special bioactive factors at the

injured site (45–47). The goal of cell therapy in neurological diseases

includes obtaining specific neuronal subtypes and rebuilding neural

networks similar to those lost in the disease. Another way to treat

neurological diseases is to create environmental enrichment to

support host neurons by producing neurotrophic factors and

removing toxic factors or by establishing auxiliary neural

networks around the affected areas (48, 49). Although the

application of cell therapy is still in its infancy, it has

become a safe and effective new strategy for the treatment of

neurological diseases.
3.1 OECs and Alzheimer’s disease

AD is associated with selective damage to brain areas and neural

circuits critical to cognition and memory, including neurons in the

neocortex, hippocampus, amygdala, basal forebrain cholinergic

system and monoaminergic nucleus of the brainstem. The

pathological process of AD has two typical pathological features:

b-amyloid plaque deposition and hyperphosphorylated tau nerve

fiber tangles (50). The existing research theory shows that the

production of long A b peptide, especially in the form of highly
Frontiers in Immunology 04127
toxic oligomer, leads to the accumulation and deposition of A b in

the brain. Aggregated A b causes to neurotoxicity, degeneration of

neurofibrils, activation of microglia and ultimately leads to the loss

of synapses and neurons (51, 52). Diagnosis of AD is based on

compliance with clinical manifestations and other auxiliary

examinations, including imaging and biomarkers. The current

treatment is symptomatic treatment to alleviate the progression of

the disease.

OECs may have certain effects on the potential pathophysiology

of nervous system diseases, including neuroplasticity and natural b-
amyloid peptide. b-amyloid peptide is the main component of

senile plaque peculiar to the brain of AD. The precursor protein

of amyloid b protein (A b) is cut into amyloid polypeptide. Ab 25-

35 is considered to be the functional domain of A b and is

responsible for its neurotoxic properties (53). In vitro studies

found that A b may affect the molecular conformation of OECs

(54, 55). After OECs were exposed to A b (1-42) fragments, the

expression level of transglutaminase Tg2 in OECs increased, and

the expression patterns of their subtypes (Tg2-long and Tg2-short)

were also different. A b may stimulate nerve regeneration in AD by

changing the conformation of Tg2 in OECs (54). Another in vitro

study showed that A b (1-42) or A b (25-35) increased the

expression of Tg2, vimentin and caspase cleavage in OECs. Basic

fibroblast growth factor or glial cell line-derived neurotrophic factor

can restore the protein level in OECs and play a key role in AD (56).

In vitro studies have shown that OECs conditioned medium can

improve A b (25-35)-induced oxidative damage of cells by

inhibiting mitochondrial pathway, increase cell survival rate and

produce protective function (53). These studies suggest the

relationship between OECs and AD, but more studies are needed

to confirm the usefulness of OECs as a treatment for AD.
3.2 OECs and Parkinson’s disease

PD caused by loss of dopaminergic neurons in the midbrain. Its

pathological features are selective loss of dopaminergic neurons in

substantia nigra pars compacta of ventral midbrain and ubiquitin

deposition in residual neurons (57, 58). Although PD cannot be

cured, there are a variety of pharmacological treatments that can

alleviate some of the functional defects caused by dopamine

depletion. Similarly, researchers have received consistent

recognition through the application and transplantation of special

bioactive cells (such as neural stem cells and mesenchymal stem

cells) to treat and improve PD. In view of the biological

characteristics of OECs, the treatment of transplanted OECs in

PD has also achieved exciting results. Indeed, in vivo studies have

shown that transplantation/injection of OECs into the body can

improve the amount of dopamine in the striatum and restore

dopaminergic activity, and play a therapeutic role in PD (59). In

vivo studies have shown that combined transplantation of

OECs and vascular endothelial cells results in a significant

increase in [3H]-spirocyclone binding rate, dopamine and 3-

dihydroxyphenylacetic acid levels in rats, which supports the

activity of dopaminergic cells and contributes to PD-induced

functional recovery (59). In vivo studies have shown that the
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transplantation of OECs into the striatum can improve the survival

of neurons in the dopaminergic and inhibit the immune response of

the transplantation site to improve the survival rate of striatal grafts

(60). In addition, OECs can restore the nigra striatal pathway in PD

and play a therapeutic role. An in vivo study found that OECs could

improve the survival rate of grafted ventral mesencephalic tissue

and promote the recovery of motor function by promoting the

prolongation of dopaminergic and serotonergic axons in bridged

grafts (61).

OECs express a variety of factors, such as nuclear receptor

related factor 1 (Nurr1), neurogenic protein 2 (Ngn2), NGF, bFGF,

GDNF, and NT3, which have neuroprotective effects on PD (59, 62,

63). in vivo and in vitro studies have shown that transplantation of

OECs-Nurr1-Ngn2 can improve behavioral disorder in rats with

PD (62). OECs-Nurr1-Ngn2 have significant neuroprotective,

antioxidant and anti-apoptotic effects on PD by up-regulating

neurotrophin-TrkB pathway (62). In the study of in vivo model,

these growth factors and adhesion molecules expressed and secreted

by OECs can also improve the survival rate of graft-derived

dopaminergic neurons, facilitate communication between host

and graft, and promote axonal growth (64, 65). In vivo studies

have shown that OECs not only significantly increase the survival

and neurite growth of dopaminergic neurons derived from neural

stem cells, but also have a protective effect on 6-OHDA

neurotoxicity under co-culture conditions (65).

Although these studies have revealed the role of OECs in the

treatment of PD, but OECs transplantation has been challenged.

Heterotopic transplantation of cells is unlikely to integrate into

normal brain circuits. Even if OECs are transplanted into the

primitive sites of PD, such as substantia nigra and striatum, new

dopaminergic neurons will not regenerate the axons of striatum.

Another challenge is that an obstacle to PD cell replacement therapy

is the lack of abundant, reliable and renewable sources of

dopaminergic neurons.
3.3 Cell therapy and Huntington’s disease

HD is a dominant inherited neurodegenerative disease caused

by abnormal amplification of CAG repeats (36 or more) in exon 1 of

the Huntington protein gene located on chromosome 4p16.3.

Patients with HD mainly showed neuronal degeneration in

striatum and cerebral cortex (66, 67). The most important new

discovery is the highly variable nature of brain degeneration (68).

The pathology of HD includes massive atrophy of the striatum and

degeneration of cortical pyramidal neurons. As the development of

disease, the loss of neurons becomes more comprehensive, affects

many brain regions. Severe cortical loss followed, eventually leading

to death (69, 70). Therefore, the use of some special graft

replacement therapy to improve these striatum and neuronal

degeneration can produce certain protective and therapeutic effects.

Although there are few reports on OECs in the application and

treatment of HD. But some studies have found that the

transplantation of functional active cells can be used as a

potential treatment of HD. The therapeutic mechanisms of these

transplanted cells include secreting neurotrophic factors, reducing
Frontiers in Immunology 05128
neuroinflammation, enhancing neuronal plasticity and cell

substitution. Importantly, transplanted cells (such as neural stem

cells) must properly migrate to the central nervous system and

integrate with host neurons to form circuits to enhance

neuroplasticity (71, 72). In vitro studies have shown that neural

stem cells/early neural progenitor cells can be cultured on a large

scale and differentiated into neurons, which paves the way for the

treatment of HD (73). Some in vivo and in vitro studies have found

that human embryonic or fetal neural stem cells are transplanted

into the striatum of HD mice or rats to survive, in some cases,

improve functional status (74, 75). Despite these encouraging

results, there is a lack of direct evidence and reports on OECs

transplantation in the treatment of HD. Therefore, the role of OECs

transplantation in HD needs more research to explore. However,

cell therapy in the treatment of HD has been recognized by many

studies, which is a prospective treatment strategy for the treatment

of HD.
3.4 OECs and amyotrophic lateral sclerosis

ALS is a rapidly progressive and fatal neurodegenerative disease.

In sporadic ALS, both upper motoneurons (in the cortex) and lower

motoneurons (in the spinal cord) degenerate for unknown reasons.

Its pathological feature is that it affects motor neurons in the motor

cortex, brainstem and spinal cord, resulting in paralysis and death.

Mutations were found in familial ALS cases, but these mutations

accounted for only about 10% of all cases (76–78). At present, some

studies have proposed several pathological mechanisms of ALS-

induced motoneuron death, including glutamate-induced

excitotoxicity, abnormal cytoskeleton, protein aggregation,

oxidative stress, mitochondrial dysfunction and extracellular

SOD1 toxicity. Currently, there is no effective treatment for this

devastating disease. In recent years, researchers have proposed a

therapeutic strategy of reconstructing neural function by

transplanting special types of cells to replace these lost or

degenerative motor neurons. For example, a clinical trial reported

that mesenchymal stem cell transplantation can delay the

progression of ALS and improve survival (79). In vivo studies

have shown that transplantation of motoneurons derived from

human umbilical cord mesenchymal stem cells with high

expression of BDNF can improve the motor ability and prolong

the survival time of mice with ALS (80). Although cell therapy for

motor neuron replacement, support or as a carrier of

neuroprotective molecules is in preliminary exploration and there

are many challenges and problems, however, the beneficial effects of

transplantation therapy observed in animal models of motor

neuron disease have raised hopes (81).

The application and exploration of OECs transplantation in

ALS has also achieved some exciting results. A clinical trial reported

that OECs transplantation can reduce the amplitude of motor unit

action potential, increase the number of motor unit action potential,

and effectively control or reverse the physiological deterioration

caused by ALS (82). In vivo studies have shown that transplantation

of OECs can protect the survival of motor neurons, repair the

injured axons with myelin sheath through pyramidal tract, and
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improve motor nerve function (83). In vivo studies found that OECs

could prolong and increase the survival of animals with ALS by

giving full play to their ability of neuroprotection and myelin

regeneration (84). In vivo studies have shown that transplantation

of OECs into the brain of rats with ALS can increase the survival

and prolong the survival time of motor neurons in the motor cortex

and ventral horn of the spinal cord. Behavioral tests, including

screen tests, hindlimb stretching, rotating sticks and gait control,

have shown that OECs transplantation can improve these

symptoms (85). These studies have revealed the therapeutic role

of OECs in the progression of ALS and may be used as a potential

candidate cell replacement therapy for ALS therapy. But,

unfortunately, people soon realized that this is an extremely

difficult task because new motor neurons have to project to

distant axons and connect with host neurons through neural

networks to reconstruct function. The white matter in the central

nervous system can produce resistance to supporting axonal growth

and some evidence suggests that the toxic environment in the

degenerated spinal cord may not support new transplantation

substitutes, which is also the key problem to be overcome.
3.5 OECs transplantation and peripheral
nerve injury

The process of peripheral nerve injury regeneration is a

dynamic process of multicellular regulation, which involves

neurons, Schwann cells and immune cells. The interaction

between these cells and the molecules regulates the process of

peripheral nerve regeneration. It is understood that the peripheral

nervous system maintains the same inherent lack of regeneration as

the central nervous system, but the difference is that after peripheral

nervous system injury, neurons (which can undergo growth

phenotypic changes) can produce regenerative axons. this process

involves phagocytosis, clearance, secretion of factors including

growth and chemokines and myelination of Schwann cells and

macrophages (47). The main obstacles to the repair and

regeneration of peripheral nerve injury are axonal degeneration,

nerve inflammation and demyelination. Therefore, the axons that

promote the repair of peripheral nerve injury mainly leads the

regeneration to form a new neural connection with the axons at the

distal end of the host injury, form a new neural network. Therefore,

exploring and finding effective ways to change these pathological

processes and make progress in a favorable direction for the repair

of nerve injury. Despite the progress of microsurgical technology

and the improvement of the understanding of nerve regeneration,

there are still some challenges in the repair of peripheral nerve

injury (86).

More and more studies have revealed that cell transplantation

has been proved to play a great role in the treatment of peripheral

nerve injury, which encourages people to explore the broad

application and prospect of cell transplantation therapy. As

described in the previous biological function of OECs, the

mechanism of OECs promoting nerve regeneration is by secreting

multiple neurotrophic factors, protecting neurons, inhibiting

inflammatory response, and promoting axonal regeneration (10,
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87). OECs can guide the establishment of new axons through the

injured microenvironment to reach both ends of nerve injury and

produce bridging function (26, 88). In addition, OECs

transplantation has the ability to migrate and penetrate glial scar

(26, 88). In vivo studies have shown that the transplantation of

OECs effectively promotes the axon regeneration of recurrent

laryngeal nerve injury and improves the function of laryngeal

muscle (17). In vivo studies have shown that OECs are

transplanted into the injured sciatic nerve, it is found that OECs

can form Ranvier nodules of regenerated axonal myelin sheath,

increase nerve conduction velocity and improve function (89). In

view of the biological characteristics of OECs and the role of

repairing injured nerves. Some researchers have made some

achievements by combining OECs with other functional active

cells or biomaterials to improve the function of OECs in

peripheral nerve injury. In vivo experiments, the application of

PCL catheter or PLGA catheter containing OECs to the site of

sciatic nerve resection promoted nerve regeneration and

angiogenesis (90, 91). In vivo and in vitro studies found that

OECs were co-cultured with exosomes of human umbilical cord

mesenchymal stem cells, these exosomes could promote the survival

and migration of OECs under hypoxia, and effectively increased the

gene expression and secretion of brain-derived neurotrophic factor

(92). Co-transplantation of them into the injured sciatic nerve could

promote the regeneration of the injured sciatic nerve and restored

the motor and sensory function (92) (Table 1).

It is understood that Schwann cells (SCs) form the myelin

sheath of the peripheral nerve, protect and nourish neurons, and

play an irreplaceable role in the repair of peripheral nerve injury.

There is no transcriptional difference between OECs and SCs. OECs

is highly similar to SCs and expresses the biomarker of SCs (94). In

vivo studies have shown that the transplantation of OECs can

regulate the changes of SCs and enhance the repair function of

SCs in peripheral nerve injury, and the co-transplantation of the

two can play a synergistic role in promoting nerve regeneration

(93). It is worth mentioning that OECs have higher phagocytosis

and transport abi l i ty and produce lower amounts of

proinflammatory cytokines than SCs in vitro, which may be

better than SCs transplantation in the damaged nervous system

(37). These studies have confirmed that the functional role of OECs

in peripheral nerve injury and may be used as an alternative cell

therapy for peripheral nerve injury.

4 Clinical application and current
challenges of OECs transplantation in
neurological diseases

With the aging of the population and the participation of many

factors, the disability and lethality of neurological diseases are

increasing, but the clinical treatment of neurological diseases has

always been a thorny problem. Therefore, delaying or stopping the

progression of these diseases is a major but unmet urgent need.

Unfortunately, due to the lack of a considerable amount of direct

evidence to explain the pathological process of these diseases and to

mine reliable biomarkers, this hinders the study of effective
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TABLE 1 Preclinical study on the application of OECs in neurological diseases.

Cell source Type Disease
model

Animal Therapeutic effect. Refs

Olfactory mucosa
or olfactory bulb

In vivo Recurrent
laryngeal nerve
injury model

Fischer
rats

OECs transplantation can effectively promote axonal regeneration of recurrent laryngeal
nerve injury and improve laryngeal muscle function.

17

Olfactory bulbs In vivo
and in
vitro

6-
hydroxydopamine
(6-OHDA)-
lesioned rat model
of PD

Rats OECs can maintain dopaminergic activity in striatum, restore D-amphetamine-induced
rotational behavior and spontaneous activity, and promote functional recovery in rats.

59

Olfactory bulbs In vivo PD rat model Rats OECs reduced the immune response (mediated by CD3+T cells and OX-6+ microglia) and
increased the survival rate of dopaminergic neurons in the striatum.

60

Olfactory bulbs In vivo PD rat model Rats OECs can improve the survival rate of transplanted ventral mesencephalic tissue and
promote the recovery of motor function. OECs can promote the prolongation of
dopaminergic and serotonergic axons in bridged grafts.

61

Olfactory bulbs In vivo
and in
vitro

PD rat model SD rats In vitro, it was found that OECs-Nurr1-Ngn2 increased the vitality of PC12 cells and
inhibited oxidative stress and apoptosis. Transplantation of OECs-Nurr1-Ngn2/VMCs into
vivo can improve the behavioral disorder of PD rats, and has significant neuroprotective,
antioxidant and anti-apoptotic effects on PD.

62

Olfactory bulb
tissue of SD rats

In vivo
and in
vitro

6-
hydroxydopamine
lesion rat model
of PD

SD rats OECs and transplanted fetal ventral mesencephalic tissue can enhance the functional
recovery of dopamine cell survival, striatal reinnervation and rotation induced by
amphetamine and apomorphine. Only in the case of combined transplantation of OECs can
dopamine neurons extend to astonishingly long processes and reach the surrounding striatal
septum.

64

Olfactory bulb
tissue of adult
rats

In vivo
and in
vitro

6-OHDA lesioned
PD rats

Rats OECs significantly increased the survival, neurite growth and dopamine release of
dopamine neurons derived from neural stem cells, and had a protective effect on 6-OHDA
neurotoxicity under co-culture conditions, promoted the recovery of motor function and
neurochemistry.

65

Mouse olfactory
bulb

In vivo ALS mice model Mice The neural progenitor cells derived from the transplanted olfactory ensheathing tissue-
neurospheres can differentiate into choline acetyltransferase positive large spinal cord
neurons, intermediate neurons and glial cells, reduce the loss of motor neurons and
promote the recovery of motor function in ALS mice.

83

olfactory bulb of
neonatal “green”
rats

In vivo ALS rat model SD rats OECs transplantation can reduce the loss and collapse of motor neurons in the anterior
horn of spinal cord, promote myelin regeneration and change the microenvironment of
ALS.

84

olfactory bulb of
approximately 7-
day-old neonatal
“green” male rats

In vivo Adult SOD1
mutant rats with
ALS

SD rats OECs transplantation increased the survival of motor neurons in the motor cortex and
ventral horn of spinal cord, prolonged survival time and behavioral tests (including screen
test, hindlimb extension, rotating stick and gait control) in rats.

85

Olfactory bulbs
of transgenic SD
rats

In vivo Rat model of
sciatic nerve
injury by
transection

SD rats Footprint analysis showed that OECs could survive and integrate into the repaired nerve.
OECs can transform the regenerated axonal myelin sheath into Ranvier nodules, increase
the sciatic nerve conduction velocity and improve the function of rats.

89

Allogenic
neonatal rats

In vivo Rat model of
sciatic nerve
injury by
transection

F344
inbred
rats

The transplantation of PCL catheter containing OECs increased the sciatic nerve
conduction velocity, wet muscle weight and nerve density, and promoted the regeneration
of sciatic nerve injury.

90

2 to 7 day old
neonatal Wistal
rats

In vivo Rat model of
sciatic nerve
injury by
transection

Wistal
rats

OECs can migrate along the nerve axis after transplantation. The transplantation of PLGA
catheter filled with OECs increased the nerve conduction velocity and the amplitude of
compound muscle activity potential. However, 12 weeks after operation, the sciatic nerve
function index was not improved due to the injury model.

91

Olfactory bulb
tissue of SD rats

In vivo
and in
vitro

Rat model of
sciatic nerve
injury by
transection

SD rats Exosomes derived from umbilical cord mesenchymal stem cells can promote the vitality and
proliferation of OECs and promote the motor and sensory function of injured sciatic nerve.
Co-transplantation of OECs and exosomes can better promote nerve regeneration and
functional recovery.

92

Olfactory bulb
tissue of neonatal
SD rats

In vivo Rat model of
sciatic nerve
injury by
transection

SD rats Compared to OECs transplantation, co transplantation of SCs and OECs can increase
axonal regeneration by 28%. The gastrocnemius muscle has significantly recovered and has
a synergistic effect on the repair of the sciatic nerve.
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treatment and brings great challenges to clinical treatment (95).

Although some drugs or other physiotherapy are used to delay or

improve the progression of neurological diseases, the results are still

not satisfactory or even failed. Drug therapy cannot change these

pathological changes and reconstruct the neural network, which

leads to the limitation of long-term clinical application.

The expected effect of OECs transplantation was confirmed in

the disease model, and these studies revealed the value of OECs in

neurological diseases. On the basis of the results of animal model

research, some researchers have risen to the observation of clinical

trials and made some progress, but most studies have focused on
Frontiers in Immunology 08131
OECs in ALS clinical trials (Table 2), while other neurological

diseases have not been reported. These studies suggest that OECs

transplantation is safe and feasible, has therapeutic value for

neurological diseases, and can improve neurological function and/

or reduce progressive deterioration in patients (98, 101). OECs

transplantation may play a role in the treatment of patients with

ALS. A clinical trial showed that fetal OECs were transplanted into

the bilateral corona radiata of the pyramidal tract of the frontal lobe

in 15 patients with ALS. After 4 months of follow-up, the functional

deterioration of the patients was significantly slower and the total

score of ALS was increased, and the neurological function was
TABLE 2 Study on OECs in ALS clinical trial.

OECs
origin

Transplant
method
and loca-
tion

Transplant
dose

follow-
up
time

Treatment results Side effect Refs

Olfactory
bulb tissue
of human
fetus

Injected into
the bilateral
radiation
corona of the
frontal
pyramidal tract

Two million cells. 4 months A total of 15 patients received OECs
transplantation, the total score of ALS-FRS
increased and the deterioration of
neurological symptoms slowed down.
Improvement of neurological function in 7
patients

No obvious side effects and
complications were found, and no
death after OECs transplantation
was found.

96

Human
embryonic
OECs

Spinal cord.
Radiation
corona of spinal
cord and
bilateral frontal
lobe.
Double frontal
lobe radiation
crown

50 ml (1x106) OECs
was transplanted
into the spinal cord,
and 50 ml OECs (2
x106) was injected
into the radiation
corona of both sides
of the brain,

4 weeks A total of 327 patients received OECs
transplantation, neurological function was
improved in 252 cases. In 261 cases, the
spontaneous potential decreased or
disappeared, the EMG amplitude decreased
during contraction, and the potential
density increased.

Postoperative adverse reactions
occurred in 16 cases, including
headache, short-term fever, major
seizures, central nervous system
infection, pneumonia, respiratory
failure, urinary tract infection, heart
failure and pulmonary embolism, of
which 4 cases died.

82

Fetal OECs Cerebral
injection

2000000 of cells
(100ml)

12-24
months

There are obvious glial and inflammatory
reactions around the transplanted cells.
There was no evidence of axonal
regeneration, neuronal differentiation and
myelin formation. Transplantation of OECs
did not change the neuropathological
changes in patients with ALS.

There was no clinical adverse
reaction after operation, but the
patient died of respiratory
insufficiency in the later stage.

97

Fetal OECs Corona radiata 100ml (about 2
million)

An
average of
47.2
months

OECs transplantation could not prevent the
progression of disease in patients with ALS.

No obvious adverse events were
observed.

98

Olfactory
ensheathing
tissue of
female fetus
born at 12-
16 weeks

Brain
parenchyma

100ml (about
2000000)

2 weeks Seven patients with ALS were treated with
OECs transplantation, of which 2 patients’
ALSFRS score increased and their
neurological symptoms and EMG were
improved. OECs improved the symptoms of
the patients in a short time. and the other 5
patients remained stable.

No obvious adverse reactions were
reported.

99

Embryonic
olfactory
bulb tissue

Unreported 1 year Symptoms of 7 patients were not improved
objectively after receiving OECs treatment.
OECs had no beneficial effect on the
treatment of patients with ALS.

Two patients developed venous
thrombosis and respiratory
insufficiency

100

Embryonic
olfactory
bulb tissue

Spinal cord and
brain

Unreported 2-8 weeks Transplantation of OECs into the brain and
spinal cord is feasible and safe. They have
good therapeutic value for central nervous
system diseases such as chronic spinal cord
injury, ALS, cerebral palsy and stroke
sequelae, and can improve patients’
neurological function and/or reduce
progressive deterioration.

Among the 1255 patients with ALS,
4 patients died of heart failure,
pulmonary embolism, respiratory
failure and severe pneumonia.

101
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improved in 7 cases (96). The clinical condition of 2 patients was

stable, and the ALS-FRS score of the other 5 patients decreased by

4.4 points on average (96). This means that OECs transplantation

seems to slow down the clinical progress of ALS. OECs were

transplanted into the spinal cord and/or bilateral radiation

coronary lesion areas of 327 patients with ALS and were

evaluated by using the ALS functional rating scale (ALSFRS). The

results showed that the spontaneous potential decreased or

disappeared, the amplitude of motor unit action potential

decreased, and the number of motor unit action potential

increased significantly (82). Among them, 16 cases had various

complications including headache, short-term fever, seizures,

central nervous system infection, pneumonia, respiratory failure,

urinary tract infection, heart failure and possible pulmonary

embolism, and 4 cases died (82). This study suggests that OECs

transplantation may effectively control or reverse the physiological

deterioration caused by ALS, but it also means that there are some

side effects and security risks in OECs transplantation. In other

clinical trials, 7 patients with ALS received OECs transplantation, of

which 2 cases showed significant improvement in short term after

OECs transplantation (99).

However, OECs transplantation is not very satisfactory in

human trials of neurological diseases, and it has always been

controversial. Some studies have found that OECs transplantation

is not beneficial to patients with ALS (100). A case report showed

that female patients with ALS who received frontal lobe injection of

OECs, found that ALS progressed faster after surgery and suffered

crippling side effects (102). Although this case shows that OECs

transplantation has achieved poor results in the treatment of ALS,

this is only a case and does not represent the feasibility of OECs

transplantation treatment. More case data are needed to support

this result. Another clinical trial found no evidence of axonal

regeneration, neuronal differentiation and myelin formation after

transplantation of fetal OECs (97). It was further found that the

transplanted cells did not change the neuropathological changes in

patients with ALS (97). There are many factors leading to these

results, which may be related to the differences in symptoms and

signs of patients, time of nerve injury, operation, time and dose of

OECs transplantation and evaluation index.

Although animal experiments have recognized the value of

OECs transplantation in the treatment of neurological diseases,

the inherent variability and diversity of human patients have been

ignored. Therefore, it is not clear whether these transplanted cells

will produce similar results when used in patient populations, and

there is a lack of more direct data support in clinical trials. At this

stage, it is not feasible to extrapolate the results of these in vivo

studies directly to human patients. Therefore, the results and

functional effects of transplanted OECs in animal experiments

need to be verified in clinical trials. But at present, the application

of OECs in clinical trials is greatly restricted, this may be due to

some problems that need to be solved to hinder its development and

application in clinical trials.

The first problem is the stability and safety of transplanted

OECs. Studies have shown that transplantation of OECs into the

body can produce some side effects, such as headache, short-term

fever, seizures and even aggravate the progression of the disease (96,
Frontiers in Immunology 09132
102). Due to the differences between animals and humans, the

active therapeutic effects of OECs in animals and produce favorable

results, but these may not be significant in humans or even the

opposite results. A major obstacle to the progress of OECs therapy

is to understand how OECs work in the body and how they

integrate with the target tissue/organ to overcome tissue and

environment-specific barriers. Therefore, the extensive use of

OECs in clinical trials requires more animal research to fully

understand the characteristics and safety of OECs therapy and

reduce the risk of additional injury.

The second major problem is that OECs can be derived from

olfactory mucosa or olfactory bulb tissue. however, it takes a long

time to prepare OECs, and the purification system of OECs in vitro

is still not perfect, which may miss the key treatment window.

Porcine OECs changed systematically with time in vitro, resulting in

decreased expression of p75, decreased proliferation and decreased

myelin regeneration ability (103). This means that it takes a

relatively short time for the expanded culture and purification of

cells in vitro to enhance the viability and proliferation of cultured

cells. Therefore, it is very important to obtain safe and efficient cells

in a short time. However, the technology and instruments currently

used are difficult to achieve, although the task is arduous, but with

the continuous efforts of researchers will eventually be solved.

The third problem is that transplantation of autologous or

allogeneic OECs into the body will produce a certain degree of

immune rejection, which can reduce the success rate and survival

rate of cell transplantation, reduce the therapeutic effect and even

cause immune injury. The microencapsulated cell technology has

good biocompatibility, can exert immune barrier and anti-

inflammatory effects, increase the survival rate of transplanted

cells, and contribute to the therapeutic effect of transplanted cells

in the field of treatment (104–106). We previously explored the

effect of transplantation of microencapsulated OECs into sciatic

nerve injury in pain relief. The results showed that compared with

OECs alone, microencapsulated OECs could bitter promote the

myelination of sciatic nerve and relieve pain (107, 108). Although

this technique has been recognized by researchers and feasible in

the basic field, but clinical trials based on cell encapsulation have

not produced any approved treatments. Progress in this area has

been slow, in part because of the complexity of technology and

possible uncertain risk factors such as biodegradability, toxicity and

metabolism. Therefore, exploring a safe and feasible method to

reduce the immune response and inflammatory response of OECs

transplantation into the host, and improve the survival rate and

survival time may improve the therapeutic effect.

The fourth problem is that the methods of OECs

transplantation into the body including intracranial injection,

intramedullary injection and intravenous injection. Different

transplantation methods will produce different therapeutic effects.

At present, there is no tracking method to determine whether the

transplanted cells can accurately locate and gather in the injured

site, especially for vein transplantation or subarachnoid

transplantation, the cells will disperse and move in the blood or

brain effusion. It is possible that only a few transplanted cells will be

colonized in the trauma site, which will significantly reduce the

therapeutic effect and increase other additional potential risks. We
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believe that using image guidance, puncture or minimally invasive

surgery to accurately implant cells into the injured site or the site

that needs treatment may be the best solution at present. In

addition, different doses and time of transplantation of OECs

have different effects. At present, there is no unified application

standard for the best time and quantity of cell transplantation.

The fifth challenge is that for peripheral neurodegenerative diseases,

OECs transplantation can protect injured neurons, promote axonal

regeneration and repair injured nerves by secreting neurotrophic

factors. However, these factors such as BDNF and NGF can also be

used as pain-related molecules (11, 47). It may lead to pathological pain

in the process of repairing injured nerve. Therefore, it is necessary to fully

understand the characteristics of transplanted cells and the specific

mechanism by which transplanted cells mediate secretory factors to

regulate nerve injury.

Although cell transplantation is a promising choice in current

and future clinical applications, the natural limitations of cell source

and in vitro expansion are still the main challenges to the

development of autologous cell transplantation. This difficulty

may be overcome by immortalizing primary cells, allowing

unlimited expansion and reprogramming of somatic cells to

produce a large number of induced pluripotent stem cells.

Although cell transplantation therapy is in the primary stage of

exploration, there are many uncertain factors and many problems

that need to be solved, but these will not prevent researchers from

carrying out in-depth exploration and intensified work.
5 Conclusion

The pathological mechanism of neurological diseases is

complex, and treatment has always been a thorny problem at

present, but the clinical effect of traditional medicine is not good,

and even has devastating sequelae. The development of a cell-based

therapy for the treatment of neurological diseases is a prospective

exploratory method. As many studies have shown, considerable

progress has been made in the direction of cell therapy. OECs are

characterized by their unique biological characteristics, lifelong

survival and continuous renewal, and play a favorable role in

nerve regeneration and tissue repair. The possible mechanisms of

OECs in the treatment of neurological diseases include the secretion

of neurotrophic factors, immune regulation, axonal regeneration,

myelination and neuroprotection, thus improving and delaying the

progress of neurological diseases. However, the results obtained in
Frontiers in Immunology 10133
clinical trials are not very satisfactory, and the effectiveness of these

cell-based therapies remains to be proved by more studies. Before

OECs may be used in clinical trials to treat neurological diseases,

many existing problems need to be solved, and more in-depth

studies on the practical application of cell therapy strategies are

needed. Despite these unresolved issues, with the continuous efforts

of researchers, the cell transplantation strategy is expected to be

successfully applied to clinical treatment in the future.
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