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Editorial on the Research Topic

Epigenetic regulation of autophagy in inflammatory diseases
Autophagy is a conserved stress response mechanism that occurs in eukaryotes. It

involves the degradation of various cargoes (e.g., damaged organelles, misfolded proteins,

etc.) within autolysosomes and is regulated by autophagy-related genes (Atgs). Autophagy

helps maintain homeostatic balance and regulates physiological functions. Many human

diseases are accompanied by inflammation. Autophagy clears pathogens, inhibits the

production of inflammatory factors, and regulates the function of immune cells,

reducing inflammatory response (1). Dysregulation of autophagy can contribute to the

development and progression of various diseases, including inflammatory diseases (ID) (2).

Epigenetic regulation or the regulation of gene expression through chromatin structure

alteration and DNA methylation impacts cellular function and physiological states (3).

Increasing evidence has revealed the interaction between autophagy, inflammation, and

epigenetic regulation (4).

Herein, we aimed to shed light on the role of autophagy and its epigenetic modifications

in ID, highlighting the clinical implications of targeting epigenetics and/or autophagy for

the prevention and treatment of these pathologies. To this end, this Research Topic

includes 11 research articles and reviews.

Using gene enrichment analysis, Cao et al. screened differentially expressed genes

(DEGs) from a public RNA-seq dataset and identified four immune- and metabolism-

related hub genes (CD40LG, MAPK14, CD28, S100A12), providing new insights into

postoperative systemic inflammatory dysregulation. In the past decade, Lin et al.

systematically analyzed the regulatory role of autophagy in lung diseases, deepening our

understanding of their pathogenesis. Na+/K+-ATPase, a major driver of Na+ transport

in alveolar type II epithelial cells, was shown to promote alveolar fluid clearance (5).
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Na+/K+-ATPase is degraded during autophagy (Wen et al.).

Furthermore, using a lipopolysaccharide-induced inflammation

mouse model, Wen et al. revealed that insulin upregulated Na+/

K+-ATPase expression by inhibiting autophagy, leading to a

reduction in the inflammatory response. An original study

reported by Wang et al. revealed that autophagy-mediated

endocytosis of natural killer (NK) group 2D receptors on the

surface of NK cells and their lysosomal degradation exacerbates

radiation-induced pneumonia.

Autophagy and inflammation studies have identified potential

targets for anti-osteoarthritis (OA) therapy. Using relevant datasets

derived from Gene Expression Omnibus and autophagy databases,

Qin et al. identified four Atgs (MAP1LC3B, CDKN1A, MYC,

DDIT3) associated with inflammation/immunity. In addition, Lu

et al. reported a heritability study linking OA and spondylitis.

Inflammation and epigenetic regulation mediated through

specific factors impact autophagy, affecting the development of

inflammation. Yang et al. revealed that the m6A demethylase, fat

mass and obesity-associated protein, regulated autophagy and renal

fibrosis by impairing the stability of p62 mRNA. Zhang et al.

described how sirtuins, histidine deacetylases, and related co-

substrates regulate autophagy and macrophage polarization,

impacting glucose metabolism. They also reported that sirtuins

regulate autophagy by deacetylating autophagy-related proteins,

suggesting the potential use of sirtuin modulators in tuberculosis

therapy (Zhang et al.). A review article by Mao et al. described the

epigenetic regulation of pulmonary hypertension during autophagy,

including acetylation signaling of autophagy, methylation of

histones and DNA, and RNA alternative splicing.

These data on targeting autophagy and epigenetic modifications

are crucial for understanding how epigenetic modifications influence

autophagy mechanisms. They could potentially offer personalized

treatment strategies for patients with various diseases, including

pulmonary hypertension. Additionally, Jiang et al. discuss how

programmed cell death, including autophagy, affected epigenetic

regulation in hypoxic-mediated pulmonary hypertension.

Studies on drug regulation of autophagy and epigenetics offer

new treatment targets for ID. Canagliflozin, a sodium-glucose

cotransporter-2 inhibitor approved by the Food and Drug

Administration for the treatment of diabetes, targeted the

epigenetic modifiers histone deacetylases 6 and 2, inhibiting the

progression of tumors (6, 7) and activated autophagy yielding anti-

inflammatory effects (8). Canagliflozin attenuated renal fibrosis in

vitro and in vivo through an autophagy-mediated m6A modification

(Yang et al.).

Obeticholic acid is a specific ligand for farnesoid X receptor (FXR),

which is regulated by various epigenetic modifications such as

methylation and acetylation (9). It targets the Toll-like receptor 4/

transforming growth factor-beta 1/autophagy pathway mitigating non-

alcoholic fatty liver disease (10). Using single-cell RNA-seq data, Gou

et al. identified CXCL16 as a DEG in NKT cells, exploring the potential

of targeting the chemokine (C-X-C motif) ligand (Cxcl)16/CXCR6

pathway. Furthermore, co-treatment with obeticholic acid and 5b-
cholanic acid 3 inhibited the malignant progression of hepatocellular
Frontiers in Immunology 026
carcinoma in an in situ carcinoma mouse model (Gou et al.). However,

how obeticholic acid-regulated autophagy affects tumor epigenetic

modifications still needs to be explored in depth.

This work covers just a fraction of the evolving field of

epigenetic regulation of autophagy, which is rapidly advancing. In

summary, understanding the interplay between epigenetic

regulation and autophagy is crucial for deciphering the

pathogenesis of ID and identifying novel treatment targets

and strategies.
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Background: Autophagy refers to the process in which cells wrap their

damaged organelles or unwanted proteins into a double-membrane

structure and direct them to lysosomes for degradation. Autophagy can

regulate many lung diseases such as pulmonary hypertension, acute lung

injury, and lung cancer. However, few bibliometric studies on autophagy are

available. The aim of the present study was to clarify the role of autophagy in

lung diseases by bibliometric analysis.

Methods: Publications were retrieved from the 2012–2021 Science Citation

Index Expanded of Web of Science Core Collection on 20 September 2022.

Bibliometrix package in R software was used for data retrieval. VOSviewer and

CiteSpace were used to visualize the research focus and trend regarding the

effect of autophagy on lung disease.

Results: A total of 4,522 original articles and reviews on autophagy in lung

diseases published between 2012 and 2021 were identified. China had the

largest number of published papers and citations, whereas the United States

(US) ranked first in the H-index and G-index. Moreover, cooperation network

analysis showed close cooperation between the US, China, and some

European countries, and the top 10 affiliates were all from these countries

and regions. Bibliometric analysis showed that “autophagy” and “apoptosis”

were the keywords with the highest frequency. During the past decade, most

studies were concerned with basic research on pathways related to the

regulatory role of autophagy in the inhibition and attenuation of lung diseases.

Conclusion: The study of autophagy in lung diseases is still in the development

stage. The information published in these articles has helped researchers

understand further the hot spots and development trends in the field more

and learn about the collaboration network information regarding authors,

countries, and institutions, as well as the paper citation correlation. More

studies have been performed to gain deeper insights into the pathogenesis

of autophagy by focusing on the links and effects between various diseases.
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More recently, research in this field has paid increasing attention to the function

of autophagy in COVID-19–related lung diseases.
KEYWORDS

autophagy, lung, bibliometrics, bibliometrix, VOSviewer, citespace
Introduction

Autophagy (“self-eating” in Greek) refers to the process in

which cells wrap their damaged organelles or unwanted proteins

into a double-membrane structure and direct them to lysosomes

for degradation (1, 2). Autophagy exhibits a strong conservative

property in all eukaryotes and is essential for maintaining

cellular homeostasis. Hence, nearly all cell types present a

basal autophagy level. Normally, autophagy takes charge of

regulating the physiological functions, degrading cellular

components, and forming building blocks and cell response to

stress (RTS) (2). Autophagy can be easily induced by

environmental insults, and the autophagic cycle rate (flux) can

commonly change in RTS (3). Upon most occasions, induction

of autophagy in RTS is a cytoprotective mechanism. Despite this,

undue self-degradation results in cell death (4–6). The lung is a

complex organ mainly functioning in gas exchange and is

composed by many cell types including endothelial, epithelial,

inflammatory, and mesenchymal cell types (7). Autophagy is an

inducible RTS in lung cells. Agents triggering autophagy present

a special association with lung cell biology, including hypoxia,

particle and cigarette smoke exposure, pro-inflammatory states,

and conditions that promote endoplasmic reticulum (ER) stress

or oxidative stress. An increasing number of lung-related

diseases are emerging, such as chronic obstructive pulmonary

disease (COPD), idiopathic pulmonary fibrosis, pulmonary

hypertension, acute lung injury, and lung cancer, which form

a crux in the field of malignancy (8), causing high mortality (9,

10). Although some progress has been made in research of the

effect of autophagy on lung diseases, many issues need to be

further explored.

Bibliometric analysis pays attention to the literature

systems and literature characteristics and broadly serves for

understanding the knowledge structure as well as exploring the

developmental trends by virtue of the qualitative and

quantitative scientific literature analysis (11). Bibliometric

analysis quantitatively measures the study domain outline

distribution as well as the relationship and clustering. It

describes and predicts the future development of a certain

research field on the one hand and compares the contributions

made by different authors, institutions, countries, and journals

on the other hand. As bibliometric analysis can help develop
02
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guidelines, understand research hot spots, and evaluate the

research trends (12), it has been applied to the research of

digestive system diseases (13), cancer (14), rheumatic system

diseases (15), and nervous system diseases (16). However, there

are basically no bibliometric studies investigating the

autophagy in lung diseases. Hence, the aim of this study is to

make a systematical analysis of the research on the autophagy

in lung diseases and to evaluate the related research state

and trend.
Materials and methods

Data sources and search strategies

We performed a systematic search for the Science Citation

Index Expanded (SCI-Expanded) of Web of Science Core

Collection (WoSCC) in 2012–2021 during 1 January 2012 and

31 December 2021, and we downloaded the data on 20

September 2022 for avoiding deviations. The search terms

included: TS = (autophagy) AND TS= (“pulmonary” OR

“lung”). Two reviewers (FH Lin and JX Yuan) took charge of

independently identifying this data search and discussing

underlying differences, with the final agreement of 0.90 (17).

After excluding the online publication time of 2022 and articles

written in non-English and by limiting the publication type to

reviews and original articles, we finally obtained 4,522 original

articles and reviews that met the criteria for inclusion in the

analysis (Figure 1).
Data collection and cleaning

First, the original data were extracted from the SCI-

Expanded database of WoSCC. The recorded information

included the number of papers and citations, H-index,

publication year, countries/regions, affiliations, authors,

journals, references, and keywords. Afterward, duplicate

authors and misspelled elements were moved artificially.

Although inaccurate analysis may not be avoided completely

due to multiple versions of cited references, the same

abbreviated names of different authors, and different forms of
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cited journals, we pointed out the first extracted original data

from the SCI-Expanded database. The recorded information

was paper and citation number, H-index, G-index publication

year, countries/regions, affiliations, authors, journal,

references, and keywords. Then, we removed misspelled

elements and duplicate authors. Cited references have

different versions, different authors may have the same

abbreviated name, and cited journals have different forms,

which may lead to inaccurate analysis. Despite this, most raw

data were accurate. We removed the misspelled elements and

duplicate authors and adopted a thesaurus file for merging

duplicates into one word, deleting useless words and correcting

the misspelled elements. Later, we imported the cleansed data

to VOSviewer (version 1.6.18.0), CiteSpace (version 6.1. R3),

and the “bibliometrix package 4.0.1” of R software (version

4.2.1) for the subsequent bibliometric analysis.
Bibliometric analysis

The number of papers and citations is the bibliometric

indicator commonly used to represent the bibliographic

material. In general, the research level can be evaluated from the

perspective of productivity and impact, which, in the paper, were

respectively measured via the number of publications (NP) and

the number of citations without self-citations (NC). Sometimes,

H-index is used to evaluate the individual academic achievements

or the publication output (18). G-index refers to the highest

number of papers that receive H-index or more citations (19).

In addition, the article value can also be indicated by the impact

factor (IF) from the latest version of Journal Citation Reports (20,

21). We visualized the results for the number of papers per year,

country, organization, author, citation, and other relevant aspects.

Prior to data analysis, the R4.2.1-based Bibliometrix package was

used to store, count, and clean up data. As important indicators of

the research, H-index, G-index, and IF were all included in the
Frontiers in Immunology 03
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analysis. Subsequently, the following software was used for

bibliometric analysis.

R (version 4.2.1) stands for the language and environment

specific to the statistical computing and graphics. It presents a

strong extensibility, capable of automating the analyses and

creating new functions. The cleansed data received bibliometric

analysis under the assistance of bibliometrix package in R (22). To

further explain the annual document quantity alternation, we

employed the fitting polynomial model for predicting the annual

NP. Variable f (x) refers to the annual study number, and x stands

for the publication year. Moreover, VOSviewer software assisted

in constructing bibliometric maps for obtaining more extensive

information regarding the results considering co-citation (CC)

and co-occurrence (CO) (23, 24). Co-citation refers to the

situation that two items are simultaneously cited by the third

one. Keyword co-occurrence takes charge of measuring the

keywords appearing in the same documents most frequently

(25). Analysis on the keywords serves for demonstrating the

autophagy-related research in lung disease.

VOSviewer, CiteSpace, and R (version 4.2.1) were used for

the statistical computing and graphics. VOSviewer uses data

from WoSCC for establishing the bibliometric maps (23),

capable of assisting in comprehensively viewing the

bibliometric maps in detail considering the collaborative

data. CiteSpace focuses on analyzing the underlying

knowledge in the scientific literature and visualizing the

collected data (26).
Results

An overview of publications on
autophagy in lung disease

The number of retrieved publications was 4,522, including 3,772

original research articles and 750 reviews, with total NC of 114,589, a

mean NC/article ratio of 27.91, and a mean H-index of 130.
The annual trend of paper publication
quantity

Figure 2A displays the annual NP associated with autophagy

in lung diseases. The annual paper number indicates a fast

increase from 119 in 2012 to 785 in 2021, and the NP reached

the peak in 2021. From 2012, annual NP did not change

significantly in the United States (US) and Korea but indicated

a fast elevation in China, and there has been a surge since 2015.

The annual NP exhibited an obvious relation to the publication

year, with the correlation coefficient R2 of 0.9872 (Figure 2A).

The rapidly increasing NP demonstrates the increasing number
FIGURE 1

Detailed process for literature screening.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1092575
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lin et al. 10.3389/fimmu.2022.1092575
of scholars who placed emphasis on this field. There were more

than 4,500 publications in 2021, demonstrating the increasing

number of scholars who conducted relevant research

and the flourish of lung disease-related autophagy research

theories (Figure 2B).
Contributions of countries/regions to
global publications

The 10 high-output countries/regions with the highest

output were ranked according to NP of all authors. China
Frontiers in Immunology 04
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published the most papers (2,564, 56.7%), followed by the US

(1,048, 23.18%) and South Korea (234, 5.17%) (Figures 3A, B;

Table 1). NC was 23,791 for China, accounting for 38.2% of the

total number of citations, followed by the US (47,846) and South

Korea (5,449). However, the US enjoyed the highest H-index

(181) and G-index (264), about three times that of South Korea

(58 of 81).

Figures 3C, D display the publication distribution in various

countries and regions. Related cooperation was mainly

concentrated upon China and the US, and cooperation with

other countries was relatively weak. As shown in Figure 3C,

cooperation between countries and regions significantly
B

C D

A

FIGURE 3

Contributions of various countries to the research of autophagy in lung diseases. (A) Country collaboration map of autophagy research in lung
disease. Circles denote countries, and lines denote their collaborations. (B) Countries’ density map. (C) World map of countries’ cooperation
density. (D) A circle diagram evaluating the international collaboration between clusters.
BA

FIGURE 2

(A) The total NP and top three countries by number of published papers during 2012 and 2021. (B) The annual NP and accumulation during
2012 and 2021.
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promoted the development of scientific research. The lines in the

figure indicate cooperation: The wider the lines, the stronger the

cooperation. Nevertheless, lines cannot be found in most

countries, meaning that these countries had no stable

communication and cooperation.
Analysis of authors

According to the author visualization chart by VOSviewer,

78 authors performed autophagy-related studies. In terms of the

NP, Choi Augustine M. K. (28 publications) ranked first,

followed by Ryter Stefan W. (28 publications), Wang Jing

(25articles), and Wang Wei (24 articles) (Figure 4A; Table 2).

Obviously, there was a relatively low author centrality (≤0.04),

demonstrating the necessity to enhance the autophagy impact in

lung disease. Co-cited authors refer to those (at least two) who

are cited at the same time (Figure 4B). Only six had a frequency

of citation of over 400 times amid the 103,587 co-cited authors.

The lines between nodes stand for authors’ collaboration, and

the collaboration graph means that authors’ collaboration

indeed existed in the field.
Frontiers in Immunology 05
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Analysis of affiliations

Figure 5 is an institutional co-occurrence map built with

CiteSpace, listing the top 10 institutions considering the output

and centrality in autophagy-related lung disease studies. Nodes

stand for institutions: The larger the node, the more output the

institution made. Links between nodes mean institutional

collaboration, and the color and thickness denote the

collaboration duration and intensity, respectively. China

Medical University (n = 190) was in the leading position

considering the output, followed by Shandong University

(n =180) and Zhejiang University (n = 174). The top three

institutions considering the centrality were New York University

(0.37), Pittsburgh University (0.30), and Michigan University

(0.26) (Table 3). As the data show, institutions were closely

collaborated with each other.
Analysis of journals

Table 4 gives the top 10 journals considering the research

number of lung disease–related autophagy and the impact
TABLE 1 Top 10 countries with the most published research on autophagy in lung disease.

Rank Country/Region NP % of (4,522) NC H-index G-index

1 China 2,564 56.70 54,251 118 163

2 United States 1,048 23.18 47,846 181 264

3 South Korea 234 5.17 5,449 58 81

4 Japan 169 3.74 5,943 69 102

5 Italy 148 3 27 6,054 75 105

6 India 132 2.92 3,488 43 72

7 Germany 126 2.79 4,740 62 102

8 United Kingdom 122 2.70 5,042 59 89

9 Canada 121 2 68 5,305 64 100

10 France 92 2.03 4,141 75 134
fron
BA

FIGURE 4

Authors related to the research on autophagy in lung disease. (A) Author co-occurrence. (B) VOSviewer visualization of co-cited authors. Circle
size means the number of authors’ published articles; the connecting lines stand for authors’ mutual communication and interaction.
tiersin.org

https://doi.org/10.3389/fimmu.2022.1092575
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lin et al. 10.3389/fimmu.2022.1092575
indicators, namely, H-index, G-index, and IF eigenfactor score.

These journals had a larger possibility in accepting articles

regarding autophagy in lung disease, given their largest NP of

relevant topics. Scholars in the autophagy area are suggested to

place emphasis on these journals. ONCOTARGET (115

publications, IF = 4.147) had the highest NP, followed by INT

J MOL SCI (98 publications, IF = 5.924), PLOS ONE (97

publications, IF = 3.248), CELL DEATH DIS (81 publications,

IF = 8.468), and AUTOPHAGY (80 publications, IF = 16.016).

Notably, the AUTOPHAGY had higher citations, H-index, and

G-index, demonstrating that the quality of many studies was not

high. In Figure 6A, the analysis of journals revealed that PLOS

ONE (2,677 total citations) presented the highest citation

frequency, followed by AUTOPHAGY (2,626 total citations)

and J BIOL CHEM (2,440 citations). J BIOL CHEM (0.58)

enjoyed the highest centrality, followed by PLOS ONE (0.40)

and P NATL ACAD SCI USA (0.39) (Table 5), all of which had a

high centrality, demonstrating their stronger impact in this field.

In the domain dimension, superposition graph analysis was
Frontiers in Immunology 06
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carried out for the fields involved in the literature (Figure 6B).

Among them, the top fields of paper production were oncology,

pharmacology and pharmacy, chemistry medicinal ,

multidisciplinary sciences, and chemistry multidisciplinary.

Therefore, in the study of autophagy in lung diseases,

oncology and pharmacochemistry are currently the

focused areas.

CiteSpace assisted in constructing the subject distribution

regarding academic journals by virtue of the biplot overlay

function (Figure 7). According to the journal biplot overlay,

there were mainly two citation paths. Journals publishing articles

were basically in medical sciences covering the pharmaceutical,

clinical, molecular, biological, and immunological fields, and

most cited articles were published in journals in molecular,

biological, immunologic, genetic, dermatological, health,

nursing, rehabilitation, dental, surgical, sports, neurological,

pharmaceutical, and ophthalmological fields.
Co-cited reference clusters analysis

A co-citation network refers to a reference network

simultaneously co-cited by at least one paper. Conceptual

clusters were created when a set of manuscripts was cited

together repeatedly (27). As shown in Figures 8A, B, the most

cited article was written by Basant A. Abdulrahman who pointed

out that rapamycin, an autophagy stimulator, enhanced the

clearance of C. coronans by inducing autophagy and

significantly reduced the infection of C. coronans in vitro.

Rapamycin was found capable of lowering the bacterial

burden in the mouse lung in vitro and markedly eliminating

lung inflammation signs (28). Figure 8C demonstrates a

network visualization map regarding cited references, with

nodes denoting the cited reference, where the connecting

lines stand for the co-citation relationship. The different

colors varying from purple to yellow mean different years in

the range of 2012 to 2021. Node size denotes the number of co-

citation number. Figure 8D displays the 16 relevant clusters
TABLE 2 Top 10 authors and co-cited authors related to autophagy in lung disease.

Rank Author Count (%) Centrality Co-cited author Citation Centrality

1 Choi Augustine M. K. 28 (0.62%) 0.03 Mizushima N. 1,170 0.02

2 Wang Jing 25 (0.55%) 0.02 Levine B. 696 0.01

3 Wang Wei 24 (0.53%) 0.00 Klionsky D. J. 696 0.01

4 Ryter Stefan W. 21 (0.46%) 0.00 White E. 352 0.01

5 Zhang Wei 19 (0.42%) 0.02 Galluzzi L. 348 0.03

6 Li Yan 18 (0.40%) 0.02 Wang Y. 341 0.02

7 Liu Ying 14 (0.31%) 0.04 Zhang Y. 322 0.01

8 Ghavami Saeid 14 (0.31%) 0.00 Chen Z. H. 311 0.03

9 Li Yi 14 (0.31%) 0.02 Liu Y. 279 0.01

10 Zhang Li 14 (0.31%) 0.02 Kroemer G. 274 0.02
fro
FIGURE 5

Visualization of institutions that performed research on
autophagy in lung disease.
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divided by CiteSpace: cancer, lung cancer, signaling pathway,

anticancer immunity, ferroptosis, particulate matter (PM2.5),

COPD, asthma, ER stress, idiopathic pulmonary, acute lung

injury, pulmonary disease, COVID-19, oxidative stress,

alveolar type II, respiratory immunity, and autophagy.

Citation burst reference refers to the sudden citation increase

of specific articles within a certain period, which serves for

finding the latest high-profile research topics in relative fields

(29). We obtained 674 references with the highest citation

burst and selected the top 25 (Figure 8E). The blue line denotes

the timeline, and the red sections denote the burst interval,

respectively, showing the beginning and end of the year, and

the burst duration.
Analysis of keywords

Keywords demonstrate a paper’s principal ideas and theme

concepts, briefly describing the certain research hot spots.

VOSviewer and CiteSpace were used for drawing charts. We

identified words that appeared over 13 times in the process of
Frontiers in Immunology 07
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analysis as keywords and finally obtained 155 keywords

(Figure 9A; Table 6). As shown in Figure 9C, the closer the

keyword was closer to yellow, the more frequently it appeared in

the year. According to Figure 9A, clusters 1 and 5 were mainly

composed of autophagy, apoptosis, and death, which paid

attention to relevant mechanisms in the programmed cell death.

Cluster 2 stands for “oxidative stress”, “mitochondrial

dysfunction”, and “lung disease”. Oxidative stress, the oxidation-

antioxidant imbalance in the body, usually causes mitochondrial

dysfunction and lung disease. Cluster 3 emphasizes the function of

autophagy in lung diseases caused by COVID-19. Clusters 4 and 5

mainly reflect the cellular mechanism and molecular pathway of

lung diseases caused by autophagy. In overlay visualization, the

color of keywords depends on the average publication year (APY).

As shown in Figure 9B, the VOSviewer colors all keywords on the

basis of APY. The most recent keyword was “sars-cov-2” (cluster

3, APY: 2020.53), followed by “COVID-19” (cluster 3, APY:

2020.45), both closely related to COVID-19. The color division

confirms that the most recent keywords in the research field were

“pyroptosis“, “immunity”, “COVID-19”, and “lung cancer”, which

are proven to be the recent research hot spots.
TABLE 4 Top 10 journals for co-citation of autophagy research in lung disease.

Rank Journal NP NC H-index G-index IF (2020)

1 ONCOTARGET 115 3,605 35 51 4.147

2 INT J MOL SCI 98 3,351 24 56 5.924

3 PLOS ONE 97 3,491 36 54 3.240

4 CELL DEATH DIS 81 2,487 30 46 8.468

5 AUTOPHAGY 80 4,858 43 69 16.016

6 SCI REP-UK 80 2,013 26 40 4.380

7 BIOCHEM BIOPH RES CO 64 1,025 19 29 3.575

8 BIOMED PHARMACOTHER 55 1,204 20 32 6.529

9 FRONT PHARMACOL 54 903 18 28 5.811

10 ONCOL LETT 53 803 16 26 2.967
fro
TABLE 3 Top 10 institutions conducting autophagy in lung disease by volume and centrality.

Rank Affiliations Count Rank Affiliations Centrality

1 China Med Univ 190 1 New York Univ 0.37

2 Shandong Univ 180 2 Pittsburgh Univ 0.30

3 Zhejiang Univ 174 3 Michigan Univ 0.26

4 Fudan Univ 164 4 Lovelace Resp Res Inst 0.21

5 Nanjing Med Univ 157 5 UIsan Univ 0.21

6 Shang Hai Jiao Tong Univ 157 6 Brigham &Women’s Hosp 0.20

7 Sichuan Univ 143 7 Chinese Acad Med Sci 0. 19

8 Chongqing Med Univ 116 8 Seoul Natl Univ 0.19

9 Seoul Natl Univ 111 9 Baylor Coll Med 0.18

10 Huazhong Univ Sci and Technol 109 10 Roma Tor Vergata Univ 0.18
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Analysis of research for autophagy
caused by COVID-19

Following the COVID-19 epidemic outbreak in December

2019, research on lung disease increased markedly in 2020

(Figure 10A). Our study screened out and analyzed 76 papers on

lung diseases and autophagy related to COVID-19 from the

retrieved literature in an attempt to reveal the research focuses

and trends in the association between severe lung diseases and

autophagy resulting from COVID-19 (Figure 10B). The terms

inflammation, immunology, cytokine storm, oxidative stress, and

macrophages all had the highest frequency as revealed in the

keyword visualization analysis, in addition to COVID-19, SARS-

COV-2, and lung-related diseases, explaining how autophagy

exerted its function in severe lung disease caused by the

pathogenesis of COVID-19. In addition, the APY-based keyword

color classification by VOSviewer confirmed “inflammation” and

“oxidative stress” as the top two recent keywords, meeting previous

findings on autophagy in lung diseases. In addition, Figure 10 shows

the involvement of autophagy in the pathogenesis of COVID-19.

We also found that the mechanism of anti-inflammatory treatment
Frontiers in Immunology 08
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and immunomodulation therapy for COVID-19–related lung

disease was through inhibiting autophagy activation (Figure 10).
Discussion

In this study, we used VOSviewer, CiteSpace, and R to

investigate the research dynamics and hot spots of autophagy in

lung diseases in the SCI-Expanded. A total of 4,522 publications

were obtained from WoSCC. It was found that there was a

substantial increase in the number of annual publications and

citations during 2012 and 2021, particularly after 2015. China,

which published the most papers, has made greater contributions to

the study of autophagy in lung diseases. Moreover, nine of the top

10 productive institutions were from China, including China

Medical University, Shandong University, and Zhejiang

University, indicating that autophagy has drawn increasing

attention from Chinese research institutions in the study of lung

diseases recently. However, the H-index and G-index of the US

were relatively high compared with that of China. The US ranked

first among all countries in both H-index and G-index,

demonstrating that the quality of documents from the US is high.
TABLE 5 Top 10 journals for centrality of autophagy research in lung disease.

Rank Journal Centrality JCR IF (2020)

1 J Biol Chem 0.58 Q2 5.1571

2 Plos One 0.40 Q2 3.204

3 P Natl Acad Sci Usa 0.39 Q1 11.205

4 Cancer Res 0.36 Q1 12.702

5 Am J Resp Crit Care 0.23 Q1 21.404

6 Cell 0.21 Q1 41.584

7 Clin Cancer Res 0.20 Q1 12.531

8 J Immunol 0.16 Q1 5.422

9 Int J Mol Sci 0.14 Q1 5.924

10 Free Radical Bio Med 0.11 Q1 7.376
fro
JCR, Journal Citation Reports.
BA

FIGURE 6

Visualization of co-cited journals on lung disease-related autophagy. (A) Circles denote co-cited journals; connecting lines stand for journal
interaction. (B) Superposition analysis of research fields.
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Despite China’s rapid development and dominant position in the

field, it is necessary to improve the collaboration and academic

influence in regions. The international distribution of current

research in this field is imbalanced.

Choi Augustine M. K. is the most published and cited author in

this field. He has long studied the relationship between acute and

chronic lung diseases and molecular, cellular, and genetic triggers.

He proposed that lung disease may be associated with a pathological

accumulation of mutated a1-antitrypsin and that autophagy may

be a clearance mechanism for this disease (3). A proper method for

monitoring autophagy has been established by Klionsky et al., who

suggested that autophagy defects could be induced in favor of lung

tumor formation by modulating the tumor microenvironment (28).

Noboru Mizushima is also a very influential writer whose works are

widely cited. In 1998, Noboru Mizushima reported the homologous

gene of Atg12 in human and clarified autophagy (cell self-digestion)

as a cellular pathway capable of assisting in degrading proteins and

organelles, which is deeply related to human diseases and

physiology (30). Yoshinori OhSumi, winner of the 2016 Nobel

Prize in Physiology or Medicine, made excellent achievements

regarding the function had by autophagy (31). The results of his

work have already assisted us in better understanding the function

and the effect of autophagy on disease and health (32). The above

authors are well respected as they more comprehensively elucidate

the mechanism regarding autophagy and contribute to the

prevention of lung diseases.

Usually, there is a close relation between the impact of a

journal and the impact of its articles (33). Amid the top 10 journals

that had the most published papers, AUTOPHAGY exhibited the

highest IF (16.016), which was first published in 2005 and is now a

leading journal in the field. ONCOTARGET was the most prolific

journal, with an IF of 4.147. The journal is sponsored by the US

and focuses on articles related to cancer, tumors, autophagy, and

cellular immunity. In addition, most active journals are in the

professional category. Several multidisciplinary journals, such as

CELL DEATH DIS and BIOMED PHARMACOTHER, have also

published high-quality studies investigating autophagy in lung

disease, which is an emerging and developing research topic and

involves molecular biology, cell biology, biochemistry, and
Frontiers in Immunology 09
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medicine. Journals of various disciplines have published advances

in such research topic, demonstrating the wide attention paid to

lung disease pathogenesis and treatment. In addition,

multidisciplinary journals have a wider readership (34), more

benefiting interdisciplinary cooperation.

As the research continuously progresses, researchers have

revealed the signal pathway that affects different mechanisms. On

the basis of keyword mapping, oxidative stress critically impacts the

pathogenesis of autophagy, regulating the progression of related

lung diseases. The activation of autophagy in response to oxidative

stress is mainly for avoiding cell apoptosis (35, 36), In contrast,

autophagy inhibition increase oxidative stress damage and even cell

death. When ROS is elevated, the HIF-1a transcription factor, p53,

FOXO3, and Nrf2 will be activated, which then triggers BNIP3 and

NIX, TIGAR, LC3, and p62 (37) to transcribe. The oxidized ATG4

can facilitate LC3 lipidation to initiate autophagy and

autophagosome formation. According to a recent report,

angiotensin II (Ang II) vasoconstriction can induce autophagy,

revealing the ability of Ang II to form autophagic vesicles that

contain LC3 and to elevate the ATG12–ATG5, ATG7, and ATG4,

thereby simulating the elongation of phagophores (38). As for

human glomerular mesangial cells, oxidative stress triggered by

Ang II can use mTORC1 signaling for enhancing autophagy,

leading to early-stage senescence (39). ROS was found capable of

regulating autophagy through pathways dependent of mTOR in the

cytoplasm (40, 41). ROS inhibits the PI3K-Akt-mTOR pathway or

activates AMPK for suppressing the mTOR signaling pathway,

thereby resulting in autophagy activation (42). The increase in ROS

oxidizing phosphatase and tensin homolog helps inhibit Akt-

mTOR activity (43). Similarly, excess H2O2 is capable of

triggering autophagy dependent of AMPK, coupled with

weakened mTORC1 activity (44). Thioredoxin-interacting protein

(TXNIP) takes charge of regulating the autophagy of rats with

diabetic nephropathy via themTOR signaling pathway (45). In lung

diseases, hypoxia caused by the weakened lung functions primarily

stimulates the autophagy induction (45). As for the primary human

lung vascular endothelial and smooth muscle-cells, hypoxia could

induce BECN1 expression, activate LC3, promote autophagosome

formation, and stimulate the autophagic flux, thereby protecting

mice from pulmonary vascular disease (46). Therefore, this provides

a clear path for us to further explore the autophagy-lung

disease relationship.

When we talk about the impact of autophagy on various lung

diseases, COVID-19 is an unavoidable topic associated with

autophagy-mediated lung disease (Figure 9A). The SARS-CoV-2

virus causing COVID-19 exhibits a strong infectivity and can trigger

cytokine-storm, inducing acute respiratory distress syndrome

(ARDS)–like lung injury that can develop into pneumonia and

severe lung damage, causing high risk of mortality, especially in

susceptible populations (47–49). According to recent studies, SARS-

CoV-2 is capable of restricting autophagy, which, as anticipated, is

an underlying mechanism for serious COVID-19 lung disease as it

impairs the viral clearance ability and causes immune dysfunction
FIGURE 7

A biplot overlay of journals on autophagy research in lung
disease (left and right sides refer to the citing journal areas and
the cited journal areas, respectively).
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FIGURE 8

Visualization of co-cited references on autophagy research in lung disease. (A) Reference co-citation network. Circles are co-cited literature.
(B) Co-cited reference density visualization. (C) Network visualization diagram of cited references. (D) The clustered network map of lung
disease autophagy-related co-cited references. (E) The 45 references having the highest citation burst.
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FIGURE 10

Visualization analysis of autophagy research in lung disease resulted from COVID-19. (A) Keyword network mapping. A total of 76 keywords
appearing for over two times fell into six clusters based on colors. (B) APY-based keyword visualization. Keywords in yellow occurred later than
those in blue (color version can be found online).
TABLE 6 Top 20 keywords of publications regarding autophagy research in lung disease based on occurrences.

Rank Keywords Occurrences TLS Rank Keywords Occurrences TLS

1 Autophagy 1,967 1,734 11 ROS 87 136

2 Apoptosis 757 1,025 12 Mitochondria 85 110

3 Non–small cell lung disease 326 326 13 Reactive Oxygen Species 84 126

4 Lung cancer 309 348 14 Acute lung injury 84 112

5 Inflammation 205 259 15 Cisplatin 75 115

6 Cancer 187 172 16 Proliferation 74 119

7 Oxidative stress 140 203 17 AKT 68 103

8 Chronic obstructive pulmonary disease 117 121 18 Metastasis 67 83

9 MTOR 94 137 19 Macrophages 67 70

10 Mitophagy 89 113 20 Lung adenocarcinoma 64 69
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 11
18
frontiersi
B

C

A

FIGURE 9

The keyword mapping of autophagy research in lung disease. (A) The 155 keywords appearing over 13 times fell into five clusters based on colors:
Cluster 1, 2, 3, 4, and 5 are, respectively, red, green, blue, yellow, and purple. The node size denotes the occurrence frequency. (B) Keywords
visualization based on the APY. Keywords in cluster 4 occurred later than those in cluster 3. (C) Yearly occurrences of the top keywords.
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(50, 51). Recently, researchers have revealed the stronger affinity

exhibited by NSP6 protein of SARS-CoV-2 in binding with the ER

(52). Because of the genetic alternation, virus is capable of restricting

autophagy through damaged autophagosome processing, where

viral particles can be less degraded by lysosome (52). In addition,

relying on PLP2 overexpression in SARS-CoV and MERS-CoV cell

lines, the virus is capable of preventing autophagolysosomal

formation and suppressing autophagy flux, which may serve for

inhibiting autophagy in SARS-CoV-2 (53). These studies reveal the

potential ways for SARS-CoV-2 to inhibit autophagy infection or

avoid the pathogenic clearance of host cells, meanwhile restricting

the sufficient immune response, which is similar to other types of

coronaviruses, and need to be further investigated. Eliminating

viruses by autophagy (also called virophagy) can well serve for

various viral infections (54, 55). Despite the various ways through

viruses get access to cells, autophagy augmentation can promote

virus clearance, thus reducing the viral load from a strategic

perspective (56, 57). To prove this from a conceptual perspective,

some recent studies have investigated how the three different drugs

(spermidine, MK02206, and niclosamide) induced by autophagy

restrict the propagation of SARS-CoV-2 (58). Autophagy induction

together with relevant overall immunity upregulation assists in

combating the exacerbations, which may prove to be a strategy to

enhance immunity and prevent COVID-19 infection (59).

Autophagy induction can enhance immunity, restrict viral load,

support SARS-CoV-2 clearance, and simultaneously assist in

treating COVID-19 infection and preventing negative results,

although further investigation is required to confirm these effects.

The pathogenesis regarding severe COVID-19 mediated by

SARS-CoV-2 is pointed out to be associated with the activation of

many pro-inflammatory cytokines that constitute the cytokine

storm, resulting in a hyper-inflammatory state. In addition to

destroying the lung and COVID-19–related ARDS, such

inflammatory response is also capable of damaging the

cardiovascular, nervous, and gastrointestinal systems and bringing

into direct and long-term outcomes (60). To support these findings,

studies have revealed how autophagy affects the inflammatory

response in organ systems including the lung (61, 62).

Accordingly, autophagy induction is capable of attenuating lung

inflammation in the event of being exposed to pathogens. Hence,

except for infection, using autophagy induction for restricting the

inflammatory response has huge potentials for treating COVID-19

and decreasing relevant morbidity and mortality.

In this study, we employed the bibliometric approach for

visualizing the research on autophagy-mediated lung diseases,

thereby gaining a better understanding about the hot spots and

trends in this field. Nevertheless, it suffers many limitations (1).

The study only included English articles and reviews from the

SCI-Expanded. (2) Currently, the limitation of software-based

scientific measurement added the difficulty in combining at least

two databases for the analysis. Hence, the study only adopted the

WoSCC database for the screening and might have missed the
Frontiers in Immunology 12
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other related studies in the literature. Therefore, more databases

should be employed for a more rigorous analysis in the future.

(3) Open-source journals may have an impact on both citation

volume and publication volume. (4) The combination of

CiteSpace and VOSviewer for literature analysis may miss

information during analysis. Specifically, VOSviewer keyword

analysis clustering might not have been able to extract key

information, because color was only used to divide the range.
Conclusions

According to bibliometric analysis, the research on

autophagy in the field of lung diseases has broad prospects

and rapid development. We identified the major contributors,

regions, and publications in the research area. China published

the largest NP and the US made more huge breakthroughs. The

latest studies have been published and new progression

regarding the field has been made on AUTOPHAGY and

ONCOTARGET. Recently, oxidative stress has been revealed

to have significant impact on the pathogenesis of autophagy-

mediated lung diseases. In addition, the mechanism of

autophagy induction may prove crucial as a treatment strategy

for COVID-19 over classical antivirals and provide a tool to end

the pandemic. Attenuating the progression of COVID-19–

associated lung diseases by inhibiting autophagy may become

a new research hotspot in this field.
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Obeticholic acid and
5b-cholanic acid 3
exhibit anti-tumor effects
on liver cancer through
CXCL16/CXCR6 pathway

Haoxian Gou1,2†, Shenglu Liu2†, Linxin Liu1, Ming Luo2,
Shu Qin2, Kai He1,2* and Xiaoli Yang1,2*

1Department of Hepatobiliary Surgery, The Affiliated Hospital of Southwest Medical University,
Luzhou, China, 2Academician Workstation of Sichuan Province, Luzhou, China
Hepatocellular carcinoma (HCC) is the most common type of liver malignancy

with a high incidence and mortality rate. Previous in vitro and in vivo studies

have confirmed that liver sinusoidal endothelial cells (LSEC) secrete CXCL16,

which acts as a messenger to increase the hepatic accumulation of CXCR6+

natural killer T (NKT) cells and exert potent antitumor effects. However,

evidence for this process in humans is lacking and its clinical significance is

still unclear. In this study, by dissecting the human HCC single-cell RNA-seq

data, we verified this process through cellphoneDB. NKT cells in patients with

high expression of CXCL16 exhibited a higher activation state and produced

more interferon-g (IFN-g) compared with those with low expression. We next

investigated the signaling pathways between activated (CD69 high) and

unactivated NKT cells (CD69 low) using NKT cell-developmental trajectories

and functional enrichment analyses. In vivo experiments, we found that

farnesoid X receptor agonist (obeticholic acid) combined with the takeda G

protein coupled receptor 5 antagonist (5b-cholanic acid 3) exhibited significant

tumor suppressive effects in the orthotopic liver tumor model and this result

may be related to the CXCL16/CXCR6 axis. In conclusion, our study provides

the basis and potential strategies for HCC immunotherapy based on NKT cells.

KEYWORDS

single cell RNA sequencing, hepatocellular carcinoma, immunotherapy, CXCL16,
natural killer T cells, bile acids
1 Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent human cancers

associated with a high mortality rate (1). Due to the low resection rate of HCC and

the high recurrence risk after hepatectomy or transplantation, comprehensive treatments

including surgery, interventional therapy, targeted treatment, and emerging
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immunotherapy approaches are necessary (2). Immune

checkpoint inhibitors, such as nivolumab and pembrolizumab,

which target programmed cell death protein-1 (PD1) mainly

enhance the T-cell response to tumors, thus improving the

prognoses of patients with HCC (3, 4). However, only

approximately 20% of patients with malignancy benefit from

this approach (5).

In addition to T cells, the liver is also abundant in natural

killer T (NKT) cells which account for 25% of human liver

lymphocytes and 40% of mouse liver lymphocytes (6). NKT cells

are a heterogeneous subpopulation of T cells coexpressing T-cell

receptors and various receptors that are abundantly expressed in

NK cells (7). Activated NKT cells exert powerful antitumor

function through multiple mechanisms involved in the

granzyme and perforin pathway, release immunomodulatory

cytokines including interferon (IFN-g) and tumor necrosis factor

(TNF), and form the Fas/FasL and TRAIL/TRAILR complex (8–

10). Therefore, immunotherapy based on targeting NKT cells is

a promising and novel strategy to improve the outcomes in

patients with HCC.

CXCL16, a chemokine mainly secreted by liver sinusoidal

endothelial cells (LSEC) in the liver triggers the hepatic

recruitment of CXCR6+ NKT cells, thus exerting a potent

antitumor effect (11, 12). Ma, et al. found that CXCL16 not

only promotes the recruitment of NKT cells to the liver but also

promotes the activation of intrahepatic NKT cells, as manifested

by the elevation of some activation markers (such as CD69) and

the increase of antitumor cytokine (such as IFN-g) (13). Zhu,
et al. also found that CXCR6 deficiency impaired the IFN-g
producing capacity of hepatic NKT cells, and downgraded the

accumulation of NKT cells (14). The gut microbiome mediates

the conversion of primary bile acids to secondary bile acids.

Primary and secondary bile acids have different effects on

CXCL16 production in LSEC. Specifically, primary bile acids

upregulate CXCL16 secretion in LSEC, enhancing antitumor

activity, whereas secondary bile acids exhibit the opposite

response (13, 15). Although these findings provide new targets

for the treatment of HCC, controlling the gut microbiome or

directly altering the composition and ratio of primary and

secondary bile acids is complicated.
Abbreviations: AST, aspartate aminotransferase; ALT, alanine

aminotransferase; BUN, Blood urea nitrogen; CRE, creatinine; CH,

CXCL16 high expression group; CL, CXCL16 low expression group; CNV,

copy number variation; DEGs, differentially expressed genes; FXR, farnesoid

X receptor; GO, gene ontology; HCC, hepatocellular carcinoma; H&E,

hematoxylin and eosin; KM mice, kunming mice; LSEC, liver sinusoidal

endothelial cells; NKT cells, natural killer T cells; OCA, obeticholic acid; PD1,

programmed cell death protein-1; PCA, principal components analysis; PCs,

principal components; PBS, phosphate buffer solution; scRNA-seq, single-cell

RNA sequencing; t-SNE, t-distributed stochastic neighbor embedding; TLCA,

taurolithocholic acid. TGR5, takeda G protein coupled receptor 5; 5b-CA, 5b-

cholanic acid 3.
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Primary bile acids are predominantly bound to the farnesoid

X receptor (FXR) and secondary bile acids are primarily bound

to the takeda G protein coupled receptor 5 (TGR5) in LSEC (16–

18). Therefore, we assumed that applying drugs binding to both

FXR and TGR5 could directly target CXCL16 production in

LSEC, bypassing the bile acids as well as microbiota metabolism,

thereby being a promising, feasible immunotherapeutic

approach to treat HCC. Given this background, we evaluated

the FXR agonist obeticholic acid (OCA) to mimic primary bile

acids and 5b-cholanic acid 3 (5b-CA) to block the downstream

signaling of secondary bile acids as an approach to treating HCC

using an orthotopic HCC mouse model (Figure 1).

Single-cell RNA sequencing (scRNA-seq) is an efficient

method for investigating cell heterogeneity, cell-cell interactions,

and cell evolution. Given that the interaction of LSEC with NKT

cells has not been validated using tissue samples of patients with

HCC, we dissected 53,982 human single-cell transcriptomes to

explore the feasibility of targeting the LSEC-CXCL16/CXCR6+

NKT cells axis in humans.
2 Materials and methods

2.1 scRNA-seq data collection

The GSE149614 dataset was obtained from the GEO database,

which included 71,915 cells from 10 patients with HCC and from

4 relevant sites: primary liver tumor, normal liver, metastatic

lymph node, and portal vein tumor thrombus. Among them, 8

patients with HCC having primary tumor tissues and paired

normal liver tissues were selected for this study. Two other

patients were excluded as only tumor samples were available.
2.2 Data processing

Cell filtering, normalization, dimensionality reduction,

clustering, and cell-type annotation were performed using the

“Seurat” package (version 4.1.1) in RStudio. The gene-barcode

matrix was filtered to exclude low-quality cells (< 600 or > 7000

detected genes, >15% mitochondrial genes) and low-expressed

genes (any gene expressed in < 10 cells). Finally, 53,982 cells

from primary tumor tissue (26,259 cells) and normal liver tissue

(277,23 cells) were selected for subsequent analysis.

Raw counts data were normalized using the “NormalizeData”

function with the default parameters (scale.factor = 10000). The

top 1500 most variable genes obtained using the “vst” method

were used for principal components analysis (PCA). Principal

components (PCs) were identified using the “RunPCA” and

“Jackstraw” functions. The first 16 PCs were used for cluster

identification and t-Distributed Stochastic Neighbor Embedding

(t-SNE) dimensionality reduction with the parameter “res = 0.8.”

The marker genes of the generated clusters were determined by
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running the “FindAllMarkers” function with the parameter

“only.pos = TRUE, min.pct = 0.25.” Next, cell-type annotation

was based on the “CellMarker” database and the existing literature.
2.3 Copy number variation inference

Single cells with clonal large-scale chromosome CNV were

evaluated using the “inferCNV” R package (version 1.10.1) with

the default setting. The setting parameters included “denoise =

T,” “cutoff = 0.1,” and “HMM = F.” T cells and B cells from

adjacent liver samples were input as the reference group and

other cells as the observation group.
2.4 Cell–cell communication analysis

To explore potential receptor–ligand interactions between

different cells, the “CellphoneDB” python package (version

3.0.0) was used for cell–cell communication analysis.

CellphoneDB is a public repository that includes a known list of

ligands, receptors, and their interactions from existing literature.

We investigated the possible presence of ligand–receptor

pairs between endothelial cells, myeloid cells, NKT cells, LSEC,
Frontiers in Immunology 03
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hepatocytes, T cells, and B cells in normal liver tissues adjacent

to the tumor tissues, and also ligand–receptor pairs between

malignant cells, myeloid cells, NKT cells, T cells, and B cells in

primary tumor tissues. To quantify the potential communication

between these cells, general circos plots and detailed plots for

each major cell type were drawn using the igraph package in

RStudio. We then selected chemokine ligand–receptor pairs in

normal liver tissues and immune-related ligand–receptor

couples in primary tumor tissues to draw bubble diagrams.
2.5 Grouping of patients based on
scRNA-seq data

We calculated the proportion of LSEC to all cell types in

tumor samples and paired normal liver samples separately by the

“proportions” function in RStudio. Next, we assigned 8 patients

and 4 patients in each group. The adjacent liver tissues in all

patients had a cell count ≥ 1940 (Supplementary Figure 4). Thus,

to avoid classification errors arising from the varying total

number of cells per patient, we randomly selected 1940 cells of

each patient from the normal liver tissue using the “sample”

function and subsequently calculated the total amount of

CXCL16 expressed by all LSEC in the selected cells and used it
FIGURE 1

Mechanism of liver cancer immunotherapy mediated by OCA and 5b-CA. OCA binds to FXR and 5b-CA binds to TGR5, thus upregulating
CXCL16 secretion from LSEC. The increase in CXCL16 promotes NKT cell accumulation in the liver and tumor-suppressive effects.
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as a score for CXCL16 expression in that patient. Lastly, we

divided patients into a CXCL16 high-expression group (CH) or a

CXCL16 low-expression group (CL) based on their CXCL16

expression scores.
2.6 Cell developmental trajectory

To infer the differentiation trajectory of NKT cells, we used

the “Monocle” package (version 2.22.0) to conduct pseudo-

temporal analysis on CD69high and CD69low NKT cells. We

first used the ‘‘FindAllMarkers’’ function to determine the

differentially expressed genes (DEGs) between CD69high and

CD69low NKT cells. Next, we ordered each NKT cell along the

trajectory for pseudo-temporal analysis, drew a heat map based on

the expression changes of characteristic differential genes using

the “plot_pseudotime_heatmap” function, and divided these

characteristic differential genes into 5 clusters based on their

expression patterns. Based on Gene Ontology (GO) analysis for

the biological process, we further annotated the critical clusters

with different expression patterns to functional categories.
2.7 DEGs identification and GSEA analysis

We first identified the DEGs between CD69high and

CD69low NKT cells using the “FindMarkers” function and

mapped the volcano plot and heat map. The “clusterProfiler”

package (version 4.2.2) was used for GSEA analysis and the gene

sets included the Reactome, Kyoto Encyclopedia of Genes and

Genomes (KEGG), and GO (biological process) databases. We

applied the “sort” function to rank DEGs from large to small and

used the “GSEA” function to acquire results from GSEA. Lastly,

GSEA enrichment plots were drawn to show significantly

activated and suppressed pathways.
2.8 Cell lines and animals

Mouse liver tumor cells (H22) were purchased from PriCells

(Wuhan, China). H22 cells were cultured with Roswell Park

Memorial Institute-1640 (RPMI-1640) medium containing 1%

penicillin-streptomycin and 10% fetal bovine serum (FBS) and

incubated at 37°C in an atmosphere of 5% CO2.

The Southwest Medical University Animal Management

Committee approved all animal experiments. Seven-week-old

male Kunming (KM) mice weighing 18–22 g were purchased

from the Experimental Animal Center of Southwest Medical

University. All animals were housed in cages with 5 mice/cage

and provided access to food and water ad libitum. All cages were

maintained at a constant temperature of 20−24°C and relative

humidity of 50%.
Frontiers in Immunology 04
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2.9 Modeling and
pharmacologic interventions

KM mice were used to establish the H22 orthotopic liver

tumor model. Anesthetized male KM mice were fixed on an

operation table. A longitudinal midline incision was made to

allow complete liver exposure. H22 cells extracted from the

ascites fluid of KM mice were washed with sterile saline and

diluted to 4×107 cells/mL with phosphate buffer saline (PBS).

Next, 0.01 mL of the H22 cell suspension (4×105 cells) was

slowly injected into the left lobe of the liver of each mouse. The

puncture made by the syringe needle was immediately pressed

using a 75% ethanol-dipped cotton swab to kill the extravasated

cancer cells and prevent the leakage of tumor cells into the

peritoneal cavity. Mice were randomized into 4 groups after 3

days of surgery and treated with different drugs.

OCA and 5b-CA were purchased from Beijing Jianqiang

Weiye Technology Co. Ltd. (Beijing, China). To upregulate

CXCL16 secretion in LSEC, mice were gavaged with OCA (20

mg/kg), or 5b-CA (20 mg/kg), or OCA+5b-CA (20 mg/kg+20

mg/kg) every 2 days at 3 days after H22 inoculation.

Polysorbate-20 (Tween-20) was added to dissolve OCA or 5b-
CA, which was then diluted in PBS. Vehicle (Tween-20 and

PBS)-gavaged mice served as the controls. At 17 days after cell

inoculation, the liver tissues, tumors, serum, and intestinal

contents were collected and the weights of the liver and tumor

were recorded.
2.10 Biochemical and cytokine analysis

To assess the adverse effects of the drugs, serum biochemical

parameters including aspartate aminotransferase (AST), alanine

aminotransferase (ATL), creatinine (CRE), and blood urea

nitrogen (BUN) were analyzed according to the instructions in

the corresponding assay kits.

The levels of CXCL16, IFN-g, and TNF-b in the serum, normal

liver tissues, and tumor tissues were determined using the

corresponding enzyme-linked immunosorbent assay kits

(RUIXIN Biotech, Quanzhou, China) in accordance with the

manufacturer’s instructions. We used “pg/g” as the concentration

unit of cytokines in the tumor and adjacent normal liver tissues and

“pg/mL” as the concentration unit for the serum.
2.11 Histological analysis

The collected tumors, and liver, kidney, and lung tissues were

fixed with 4% paraformaldehyde, paraffin-embedded, and

sectioned to a thickness of 5 mm. Subsequently, the sections

were stained with hematoxylin and eosin (H&E), and the

tumors as well as pharmacological-induced liver, kidney, and
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lung damage were visualized using microscopy. Histological

photographs were acquired and analyzed using optical

microscopy (Leica, Germany).
2.12 Analysis of intrahepatic
immune cells

Tumor tissues were mechanically clipped, filtered through a

300-mesh filter, and centrifuged, and the cell concentration was

adjusted to 106 cells/mL with PBS. Next, 100 mL of cell

suspensions were taken in sterile Eppendorf tubes; 1 mg each

of CD8a, CD3, CD49b, CD45, CD4, Live/Dead, CD69, and

CXCR6 antibodies were added, thoroughly mixed, and stained

at 4°C for 30 min while protecting from light. The cells were

detected using a ZE5 flow cytometer (Bio-rad, American) and

the data were analyzed using Flowjo software.
2.13 Statistical analysis

Two-tailed unpaired Student’s t-test was used to calculate

statistical differences between groups. Data analyses were

performed using RStudio software. P < 0.05 was considered

statistically significant (*0.01 ≤ P value < 0.05, **0.001 ≤ P value

< 0.01, ***P value < 0.001).
3 Results

3.1 Determination of cell types in the
scRNA-seq dataset

Eight tumor specimens and paired adjacent nontumor liver

samples were selected from the GSE149614 dataset for subsequent

analysis. After the initial quality controls, we retained 53,982 cells

for cell annotation (Supplementary Figures 1, 2). Thirty-seven cell

clusters from tumor and normal liver tissues were identified and

visualized using t-distributed stochastic neighbor embedding (t-

SNE) dimensionality reduction (Figures 2A, B and

Supplementary Figure 3).

The cells in clusters 3, 4, 6, 7, 10, 15, 23, 25, 26, and 35

originated from tumor specimens and were highly expressed in

ALB, KRT18, and CD24; therefore, they were labeled as

malignant cells (Figures 2C, F). Furthermore, these malignant

HCC cells were also defined by inferred CNV (Supplementary

Figure 3). We noticed that AFP, an HCC marker, was lowly

expressed in liver cancer cells, this finding was consistent with

what was reported by Sun et al. (19), suggesting that it may not

be a reliable marker gene for HCC. The possible reason is that

AFP is not universally expressed in all liver cancers. Similarly, we

observed that the cells in cluster 16 and 30 were all derived from

non-tumor liver and highly expressed in GPC3 and CD24; thus,

they were annotated as hepatocytes (Figures 2C, F).
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The nonimmune cells that were identified mainly included

LSEC (CLEC4G and ENG) (20, 21), non-LSEC endothelial cells

(endothelial, CDH5, and ENG), and hepatocytes (ALB and

KRT18). The immune cells that were identified consisted of T

cells (CD3E and CD7), B cells (CD79A and IGKC), NKT cells

(NCAM1 and CD3D), and myeloid cells (CD68 and CD163)

(Figures 2C, D). Next, we performed differential gene expression

analysis among 9 cell types to verify the accuracy of cell

annotation (Figure 2E and Supplementary Table 1). The

identified immune cell types were co-present in the tumors

and adjacent liver sections but at different proportions, revealing

the heterogeneity of the HCC microenvironment. Despite this

variation, tumors and adjacent liver specimens had similar

proportions of B cells (Supplementary Figure 4).
3.2 Cell-cell communication in
human HCC

To gain insight into cell–cell interactions in HCC, we

calculated the number of ligand–receptor pairs among tumor

tissues and paired nontumor liver tissues using the CellphoneDB.

The heat map shows the level of interactions between each cell

type and others (Supplementary Figure 5), and the number of

ligand–receptor pairs is presented by color variation. Myeloid cells

were notably active and interacted with all cell types in the liver

tissues adjacent to the tumor (Figures 3A, B).

Previous animal experiments have found that LSEC recruits

CXCR6+ NKT cells by secreting CXCL16. However, whether

this mechanism also exists in humans remains unclear. We have

widely identified chemokine ligand–receptor complexes between

LSEC and other cell types. The bubble diagram revealed that the

extent of CXCL16/CXCR6 signaling was the highest between

LSEC and NKT cells, suggesting that the mechanism of LSEC

using CXCL16 as a messenger to recruit NKT cells may similarly

present in human HCC (Figure 3C). In addition to NKT cells,

LSEC may also recruit T cells via the CXCL16/CXCR6 complex.

Interestingly, several rarely reported cell–cell interactions

(CXCL2/DPP4, CCR1/CCL23, CCR1/CCL14, CCL3L3/DPP4)

between LSEC and myeloid cells were identified, suggesting that

LSEC may recruit myeloid cells by multiple ways. In addition to

LSEC, NKT cells may also recruit myeloid cells through

receptor–ligand singling including CCL5/CCR1, CCL3/CCR1,

and CCL4L2/PGRMC2 (Figure 3C).

In the tumor samples, we noticed that B cells had the weakest

interaction with tumor cells, indicating that B cells may have

relatively weak antitumor effects (Figures 3D, E). We further

analyzed cell–cell interaction in tumor tissues and an interesting

finding was that TNFRSF14, a co-stimulatory molecule (22),

interacted with MIF widely existing in all major immune cell

types and malignant cells of the liver, indicating that TNFRSF14/

MIF signaling may be a promising target of immunotherapy in

HCC (Figure 3F).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1095915
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gou et al. 10.3389/fimmu.2022.1095915
3.3 Patient grouping

We investigated the proportion of LSEC in adjacent liver and

tumor tissues and found that LSECwere almost absent in the tumor

regions and exclusively restricted to the adjacent liver sections

(Figure 3G and Supplementary Figure 4). In the liver, it is known

that CXCL16 is mainly secreted by LSEC. Therefore, based on the

total amount of CXCL16 expressed by LSEC in each patient, the 8

patients in our study were categorized into either a CXCL16 high-

expression (CH) group or CXCL16 low-expression (CL) group,

with 4 patients in each group (Figure 3H).

To explore the differences in immune function between both

groups, we performed differential gene expression analysis. We

noticed that the activation marker CD69, antitumoral cytokine

IFN-g, and chemokines CCL3 and CCL4 were notably highly

expressed in NKT cells in the CH group (Figure 3I). In addition,
Frontiers in Immunology 06
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samples in the CH group contained a much higher proportion of

CD69high NKT cells (Figure 3J). These findings suggested that

higher expression of CXCL16 is associated with a stronger function

of NKT cells. Furthermore, the histograms indicate that the CH

group has a higher proportion of NKT cells and LSEC (Figures 3K,

L). Therefore, in humanHCC, CXCL16may also trigger the hepatic

accumulation of NKT cells. This phenomenon was previously

identified only in animal models of liver cancer.
3.4 Pseudotime trajectory analysis of
NKT cells

CD69 is an activation marker of NKT cells. We found that

the level of CD69 normalized expression was substantially

higher in the CH group compared with that in the CL group;
D

E

A

B

F

C

FIGURE 2

Cellular annotation of scRNA-seq data for tumor and adjacent liver tissue samples from 8 patients. (A) Processing procedure of GSE149614
scRNA-seq dataset and t-SNE distribution of 53,982 cells. (B) The cluster map illustrates the cell origins by color (non-tumor liver and HCC
samples). (C) The t-SNE plot shows the 8 identified cell types and 1 undefined cell type (annotated as other cells) from 10× Genomics. (D) The
bubble plot displaying the normalized expression levels of selected marker genes across the 9 clusters, the variation from high to low
expression is represented by the colors from orange to blue. (E) Heatmap of top 5 DEGs in the identified cell types. (F) Feature t-SNE plots
showing the expression levels of 15 well-known marker genes.
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moreover, the CH group had a higher percentage of CD69high

NKT cells (Figures 3I, J). To determine the correlation between

CD69 expression and NKT cell function, we investigated the

alterations in gene expression and associated functional

variations during the differentiation of CD69low to CD69high

NKT cells using pseudotime trajectory analysis.

CD69low NKT cells were predominantly distributed at the

beginning of the differentiation trajectory, whereas CD69high

NKT cells were primarily found at end of the trajectory
Frontiers in Immunology 07
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(Figures 4A, B). Next, we analyzed normalized CD69

expression along the trajectory in samples from the CH and

CL groups separately. At end of the trajectory, the normalized

CD69 expression of NKT cells obtained from patient samples in

the CH group was significantly higher compared with that in the

CL group (Figure 4C). All cells were divided into 7 states along

the differentiation process (Figure 4D). As the cell state

transitioned along the differentiation trajectory, the ratio of

CD69high NKT cells increased gradually (Figure 4E).
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FIGURE 3

Cell-cell communication networks and patient grouping. (A, B) The map showing in detail the number of putative ligand–receptor interactions
between each cell type and others in the non-tumor liver. The width of the connecting lines is proportional to the imputed events, which are
also labelled with numbers. (C) Summary of selected chemokines ligand-receptor interactions that may exist between LSEC and other cells in
the noncancerous tissue. The size of the circles is inversely proportional to the p-value, and the color variation represent the level of interaction.
(D, E) The graph quantifies potential communication between various immune cells and malignant cells in tumor tissue. (F) Detailed view of the
selected ligand-receptor interactions between major immune cells and cancer cells. (G) The ratio of LSEC in tumor and adjacent normal liver
samples. (H) According to the level of CXCL16 expressed by LSEC, eight patients were divided into the CXCL16 high group (CH) and the CXCL16
low group (CL). (I) Violin plots indicating CD69, IFNG (IFN-g), CCL3 and CCL4 were highly expressed in NKT cells from the CH sample. (J) The
boxplot displaying the ratio of CD69high NKT cells in CH and CL. (K) Overview of the proportion of each cell type in CH and CL. (L) The
histograms showing the proportion of cell types in each patient.
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We studied the variation in gene expression patterns

associated with NKT cell state transition and determined 149

dynamic genes with notable alterations in expression; these

genes were divided into 5 clusters (Supplementary Table 2).

Next, we extracted these dynamic genes from different

clusters for GO analysis. Cluster 1 was characterized by the

downregulated expression of metabolism-related genes such as

PCNA, HMGB2, PKM, and ENO1. GO analysis revealed that

signaling pathways such as the carbohydrate catabolic process,

glucose metabolic process, and ATP generation were enriched in

cells at the beginning of the trajectory (CD69low NKT cells)

(Figure 4F and Supplementary Figure 6A). Interestingly, clusters

3 and 4 were characterized by the upregulated expression of

immune cell differentiation–related genes such as IL7R, IRF1,

RORA, and NCR3, and chemokines including CCL4, CCL5,
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XCL1, and XCL2. Moreover, enrichment analysis indicated that

the pathways involved in the differentiation of lymphocytes,

mononuclear cells, and T cells; positive regulation of cytokine

production; regulation of innate immune response; and cellular

response to chemokines and IFN-g were enriched in cells at

end of the trajectory (CD69high NKT cells) (Figure 4F,

Supplementary Figure 6B, C). Additionally, we found that

cytotoxicity-related genes including GZMH, GZMK, KLRD1,

and NKG7; chemokines including CCL4, CCL5, XCL1,

XCL2, and CCL4L2; and the anti-tumoral cytokine IFN-g
were gradually upregulated as differentiation progressed

(Figures 4G-I). These findings collectively suggested that

CD69high NKT cells had stronger immune function compared

with CD69low NKT cells but may be at a disadvantage with

respect to substance metabolism.
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FIGURE 4

Simulation of NKT-cell differentiation trajectory in HCC. (A) The red arrow represents the simulated development direction of NKT cells. (B) 2D
trajectory chart showing the distribution of CD69high NKT cells and CD69low NKT cells along with the trajectory. (C) 2D graph showing the
dynamics of normalized expression of CD69, from CH and CL samples. (D) All cells are divided into 7 states and labeled with different colors.
(E) The graph showing the proportion of CD69high NKT cells in different states, along the developmental trajectory. (F) Heatmap displaying the
dynamic variation of differentiation-related gene expression. The dynamic expression of cytotoxic-related genes (G), chemokines (H) and anti-
tumoral cytokine IFNG (IFN-g) (I).
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3.5 Identification of DEGs and GSEA

To further investigate the functional differences between

CD69high NKT cells and CD69low NKT cells, we identified

their DEGs and performed GSEA. Volcano plots and heat maps

displaying the most significant DEGs are depicted in Figures 5A,

B and Supplementary Table 3. We performed GSEA using genes

ranked by the absolute value of log2 (fold change). We observed

that the pathways associated with the T-cell receptor signaling

pathway, response to TNF, and leukocyte differentiation were

mainly enriched in CD69high NKT cells, whereas pathways

related to the cell cycle such as cell cycle checkpoints were

primarily enriched in CD69low NKT cells (Figures 5C, D).
Frontiers in Immunology 09
30
3.6 OCA combined with 5b-CA
suppresses orthotopic H22 liver
cancer development

We constructed an H22 orthotopic liver cancer mouse

model to better mimic the immune microenvironment of

human HCC. First, mice were inoculated with H22 cells

inoculation on day 0 and were then treated with various

drugs (Tween-20 and PBS, OCA, 5b-CA, OCA+5b-CA)
(Figure 6A). At the end of the experiment, representative

macroscopy images of livers from the 4 groups are shown in

Figure 6B. H&E staining was used to evaluate the microscopic

features of H22 orthotopic liver tumors. The cancer cells varied
D
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C

FIGURE 5

Identification of DEGs between the CD69high NKT cells and CD69low NKT cells. (A) Volcano plot showing the DEGs between CD69high NKT cells
and CD69low NKT cells. Red and green colors represented high expression genes within CD69high and CD69low NKT cells, respectively. The blue
color represented the genes with no significant changes. (B) Heatmap displaying the top 43 significant DEGs between CD69high NKT cells and
CD69low NKT cells. Red and blue colors represented upregulated and downregulated genes, respectively. (C, D) GSEA functional enrichment
analysis of the ranked DEGs. The numbers marked on the chart represent the adjusted P-values. The purple and blue colors represented
upregulated and downregulated pathways in the CD69high NKT cells, separately. The gene sets included Reactome, KEGG and GO (Biological
process) databases.
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in size and exhibited large nuclei and increased mitotic figures,

suggesting the successful establishment of the orthotopic model

of liver cancer (Figure 6C).

Tumors and livers were collected on day 17 to compare the

tumor burden between different groups. The tumor and liver

weights of the OCA and 5b-CA treatment groups were lower

than those of samples obtained from the control group,

indicating a partial tumor-suppression effect. Samples from the

OCA+5b-CA group had the lowest tumor and liver weights,

revealing a more pronounced therapeutic effect. Additionally,

the OCA+5b-CA group exhibited the smallest tumor/liver ratio
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(Figure 6D). The body weights were recorded every 2 days to

evaluate tumor-induced cachexia. No apparent body weight loss

was observed in any group except during the first 3 days after

tumor inoculation, indicating that all mice were in the early

disease stage (Figure 6E). No significant differences in serum

ALT and AST levels were determined between mice treated with

different drugs, suggesting that OCA and 5b-CA did not exert

obvious hepatoprotective effect or hepatotoxicity. OCA and 5b-
CA were not associated with nephrotoxicity or pulmonary

toxicity as serum BUN and CRE levels were similar among all

4 groups (Figure 6F and Supplementary Figure 6).
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FIGURE 6

OCA combined with 5b-CA significantly inhibited orthotopic H22 liver tumor. (A) The experimental flow chart. (B) Representative liver images in
the 4 groups are shown. The tumors were outlined with an orange dashed curve. (C) The orthotopic H22 mice model was assessed by H&E
images. A black dashed line outlines the border between the tumor and the non-tumor liver. (D) The liver weight, tumor weight and the ratios
of tumor/liver weight from 4 groups were recorded while mice were executed. (E) The body weight variation. (F) Tumor-induced liver injury,
drug-induced hepatotoxicity or drug-induced liver protective effect was assessed by serum levels of ALT and AST. Drug-induced nephrotoxicity
was assessed by BUN and CREA (ns, no significance; *0.01 ≤ P value < 0.05; **0.001 ≤ P value < 0.01; ***P value < 0.001).
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3.7 In vivo immunity analysis after
various treatments

In vivo immunity analysis was conducted to further explore

the molecular mechanism of OCA+5b-CA-mediated significant

tumor growth inhibition. On day 17, orthotopic tumors were

digested into single-cell suspensions for flow cytometry. OCA

+5b-CA treatment led to a remarkable increase in NKT cells,

whereas CD4+ T, CD8+ T, and NK cells did not exhibit much

change. A slight increase in the number of NKT cells was observed

in the OCA and 5b-CA groups (Figures 7A, B). To provide

mechanistic insight into the increase in NKT cell numbers and to

investigate whether OCA+5b-CA treatment affected NKT cell

activation, we analyzed the NKT cell phenotype of CXCR6 and

CD69 (a marker of NKT cell activation). Notably elevated

proportions of CD69+ NKT cells and CXCR6+ NKT cells were

observed after treatment with OCA+5b-CA (Figures 7A, B).

INF-g and TNF-b derived from NKT cells are beneficial for

NKT-initiated antitumor immunity. Higher IFN-g levels in the

serum, tumors, and livers were found in NKT cells obtained from

OCA+5b-CA-treated mice; however, TNF-b levels did not change

obviously (Figures 7C-E). CXCL16, a ligand for CXCR6, is mainly

secreted by LSEC and recruits CXCR6+ NKT cells to the liver.

Elevated CXCL16 levels in the tumors, serum, and livers of OCA

+5b-CA-treated mice explained the accumulation of intratumoral

NKT cells (Figures 7C-E). Importantly, OCA+5b-CA exhibited

superior effects in enhancing NKT cell infiltration, promoting their

activation and, hence, increasing the antitumor function of NKT

cells compared with OCA and 5b-CA monotherapy (Figure 7A-E).
4 Discussion

So far, only immune checkpoint inhibitors targeting the PD1/

PDL1 axis are available to clinicians for HCC immunotherapy, and

their response rates are still limited (23, 24). NKT cells, with robust

antitumor activity, store thousands of fold higher levels of antitumor

cytokines than NK cells and CD8+ T cells (25–27). Previous in vitro

and in vivo experiments have confirmed that LSEC use CXCL16 as

a messenger to control the accumulation of CXCR6+ NKT cells in

the liver (11, 13, 14, 28). However, this evidence in human samples

is lacking. Based on human scRNA-seq data, we found that high

CXCL16 expression in LSEC was associated with an increased

number and activated phenotype of NKT cells. Further animal

experiments determined that OCA combined with 5b-CA was

highly effective in upregulating CXCL16 production, thereby

increasing the hepatic number of NKT cells and exerting a

significant tumor growth–inhibition effect.

By forming ligand–receptor complexes, cell–cell communication

plays a crucial role in coordinating diverse biological processes in the

tumor immune microenvironment (29, 30). CellphoneDB is an open

database where ligands, receptors, and their interactions are stored,

enabling users to achieve a systematic and comprehensive analysis of
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intercellular communication. Notably, the CellphoneDB takes into

account the ligand and receptor subunits and, therefore, allows an

accurate representation of the heteromeric complexes (31). We used

the CellphoneDB and found that LSEC express relatively high levels

of CXCL16, and that CXCR6 (the receptor of CXCL16) is

overexpressed in NKT cells, revealing the potential interactions in

biological processes between LSEC and NKT cells.

CD69 is a classic activation marker of NKT cells (32). NKT

cells exhibit potent antitumor effects upon activation by rapidly

releasing multiple cytokines such as IFN-g, TNF-b, and

chemokines (33, 34). Differential analysis suggested that

compared with NKT cells from the CL group, those from the

CH group were characterized by the overexpression of CD69,

IFN-g, CCL3, and CCL4, suggesting an activated phenotype. In

addition, samples from the CH group had a higher proportion of

NKT cells. Therefore, hepatic CXCL16 levels correlated with the

accumulated number and immune function of NKT cells.

Cells constantly switch from one differentiated state to

another throughout the growth cycle. This process has also

been described as cell differentiation. Cells in different

differentiation states have distinct gene expression patterns,

resulting in dynamic cell function changes (35). During cell

differentiation, the expression of some genes was gradually

reduced while that of others was activated (36). The

purification and extraction of cells in different differentiation

states are complex, leading to difficulties in describing the gene

expression transients in animal or cellular experiments.

Pseudotime trajectory is a method that enables the

determination of dynamic gene expression patterns and

functional status alterations without having to purify cells (37).

Results from the analysis indicated that during the

differentiation of CD69low NKT to CD69high NKT cells,

cytotoxic-related genes such as GZMH, GZMK, KLRD1, and

NKG7; chemokines such as CCL4, CCL5, XCL1, XCL2, and

CCL4L2; and the classic antitumoral cytokine IFN-g were

gradually upregulated. For GO analysis, we extracted the

significantly dynamic genes during the differentiation process

of CD69low NKT to CD69high NKT cells. The results suggested

that the signaling pathways involved in the differentiation of

lymphocytes, mononuclear cells, and T cells; positive regulation

of cytokine production; regulation of innate immune responses;

and cellular response to chemokines and IFN-g were

significantly enriched. We further determined the DEGs

between CD69high and CD69low NKT cells and conducted

GSEA. The pathways associated with the T-cell receptor–

signaling pathway and the response to TNF and leukocyte

differentiation were mainly enriched in CD69high NKT cells.

These findings demonstrated that CD69high NKT cells exerted

more cytotoxicity and had higher antitumor immune functions

compared with CD69low NKT cells.

Pathak et al. (38) reported that the FXR agonists alter the

abundance of bile acid–producing bacteria, thus increasing the

levels of the secondary bile acid taurolithocholic acid (TLCA) by
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thousands of times. Based on this finding, we speculated that

when OCA was used alone, the increase in TLCA may reduce

CXCL16 secreted from LSEC by binding to TGR5, and the TGR5

antagonist may offset this TLCA-induced adverse event.

Therefore, we tested the combination of OCA and 5b-CA for

the treatment of HCC using an orthotopic HCC mouse model.

OCA+5b-CA treatment led to the highest proportion of NKT,

CXCR6+ NKT, and CD69+ NKT cells. NKT cells that

accumulated after OCA+5b-CA treatment produced more IFN-

g. In addition, OCA+5b-CA treatment led to the lowest tumor and

liver weights compared with that using the vehicle or using OCA
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or 5b-CA monotherapy, suggesting that the combination

treatment may be a promising immunotherapeutic approach in

the management of HCC.
5 Conclusion

Our study presents the important targets and potential

immunotherapeutic strategies for the treatment of HCC. By

dissecting the scRNA-seq data, we verified that in the human HCC

microenvironment, CXCL16 secreted from LSEC could also increase
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FIGURE 7

OCA plus 5b-CA improving the number and enhancing the function of NKT cells. (A) Proportions of tumor-infiltrating CD4+ T cells, CD8+ T
cells, NK cells, NKT cells, CXCR6+ NKT cells and CD69+ NKT cells after various treatments. (B) Flow cytometry diagrams showing the gating
strategy of CD4+ T cells (CD3+ CD4+), CD8+ T cells (CD3+ CD8+), NK cells (CD49b+ CD3+), NKT cells (CD49b+ CD3+), CXCR6+ NKT cells,
CD69+ NKT cells. (C-E) CXCL16, INF-g and TNF-b concentrations in the orthotopic tumor, serum and normal liver adjacent to the tumor after
various drug treatments (ns, no significance; *0.01 ≤ P value < 0.05; **0.001 ≤ P value < 0.01; ***P value < 0.001).
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the accumulated number of hepatic NKT cells. The accumulated NKT

cells in the liver in turn exhibited a higher activation state and produced

more IFN-g. We also investigated the differences in gene expression

patterns and signaling pathways between activated CD69high NKT

cells and unactivated CD69low NKT cells using NKT cell-

developmental trajectories, differential analysis, and functional

enrichment analysis. In vivo experiments in an orthotopic liver

tumor mouse model were conducted to confirm the enhanced

antitumor efficacy of the combination of OCA with 5b-CA.
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m6A eraser FTO modulates
autophagy by targeting
SQSTM1/P62 in the
prevention of canagliflozin
against renal fibrosis

Youjing Yang1†, Qianmin Li2†, Yi Ling2, Linxin Leng2,
Yu Ma1, Lian Xue2, Guoyuan Lu3, Yue Ding3,
Jianzhong Li3* and Shasha Tao1,2*

1Chongqing University Central Hospital and Chongqing Emergency Medical Center,
Chongqing, China, 2School of Public Health, Medical College of Soochow University,
Suzhou, China, 3Department of Nephrology, The First Affiliated Hospital of Soochow University,
Suzhou, Jiangsu, China
The dysregulation of autophagy contributes to renal fibrosis. N6-

Methyladenosine (m6A) RNA modification is a critical mediator of autophagy.

Our previous studies have reported that the disorder of the PPARa/fatty acid

oxidation (FAO) axis in renal tubular cells is suppressed by STAT6, which is

involved in the regulation of renal fibrotic processes. Here, we found that

canagliflozin significantly upregulates SQSTM1/P62, promoting PPARa-
mediated FAO by inducing autophagy-dependent STAT6 degradation both in

TGF-b1-treated HK2 cells and in unilateral ureteral occlusion (UUO) and

ischemia–reperfusion (I/R) renal fibrosis mouse models. Knockdown of P62/

SQSTM1 led to the impairment autophagic flux and the dysregulation of the

STAT6/PPARa axis, which was confirmed by SQSTM1/P62cKO mice with UUO

treatment along with bioinformatics analysis. Furthermore, SQSTM1/P62

deficiency in renal tubular cells inhibited canagliflozin’s effects that prevent

FAO disorder in renal tubular cells and renal fibrosis. Mechanistically, the level

of m6A eraser FTO, which interacted with SQSTM1 mRNA, decreased in the

renal tubular cells both in vitro and in vivo after canagliflozin administration.

Decrease in FTO stabilized SQSTM1 mRNA, which induced autophagosome

formation. Collectively, this study uncovered a previously unrecognized

function of canagliflozin in FTO in the autophagy modulation through the

regulation of SQSTM1 mRNA stability in the renal tubular STAT6/PPARa/FAO
axis and renal fibrosis.

KEYWORDS

autophagy, canagliflozin, N6-methyladenosine, renal fibrosis, SQSTM1, STAT6
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1 Introduction

Renal fibrosis is considered the final common pathogenic

process for all kidney diseases. It is characterized by the deposition

of the extracellular matrix, tubular atrophy, and loss of peritubular

microvasculature (1, 2). When histopathological damage is

consistent, structural destruction and functional impairment

occur, leading to the poor prognoses of patients with chronic

kidney diseases (3). Thus, effective strategies that alleviate renal

fibrosis are urgently needed.

Renal tubular cells require high levels of adenosine

triphosphate (ATP) through fatty acid oxidation (FAO), and

impairment in FAO in these cells causes ATP deficiency,

intracellular lipid accumulation, partial epithelial–mesenchymal

transition, inflammation, and eventually interstitial fibrosis (4).

Our previous study has reported that STAT6, which is activated in

the process of kidney fibrosis, negatively regulates PPARa signals.

STAT6 inhibition promotes a shift to FAO for energy utilization

by inducing PPARa activation in tubular cells, thereby

attenuating the lipid accumulation and alleviating renal fibrosis

(5). Moreover, STAT6 can be degraded by autophagy-dependent

pathways (6). Autophagy is an evolutionarily conserved catabolic

pathway that degrades cytoplasmic components, moves

organelles, and recycles cytoplasmic contents in eukaryotic cells,

contributing to the maintenance of kidney homeostasis and

function (7, 8). As one of the most important self-protection

mechanisms, basal autophagy in the kidney is critical for

maintaining renal homeostasis, structure, and function (9). In

acute kidney injury, autophagy is activated as an intrinsic

protective mechanism in renal tubular cells (10). However, the

role of autophagy in the development of interstitial fibrosis

remains a highly controversial issue. On the one hand,

autophagy is regarded as an inducer of tubular cell injury and

tubular atrophy, leading to fibrosis progression in the kidney. On

the other hand, autophagy plays a protective role in renal fibrosis

by mediating extracellular matrix protein expression, cell cycle

G2/M arrest, or inflammation (11–13). Thus, autophagy is a

potential therapeutic target for kidney fibrosis. Moreover,

whether autophagy-involved protein degradation is a potential

strategy that alleviates renal fibrosis is largely unknown.

Sodium-glucose cotransporter 2 inhibitor (SGLT2i), as a

class of anti-hyperglycemic medication, has attracted

considerable interest. Canagliflozin (Cana) is the first SGLT2

inhibitor approved by the Food and Drug Administration

(FDA). As reported, Cana has been implicated in several

biological processes that are independent of SGLT2-involved

glucose-lowering effects, including lipid metabolism. Osataphan

et al. showed that Cana can promote fatty acid oxidation and

ketogenesis in livers (14). Moreover, autophagy can be induced

by Cana treatment as reported, but the underlying regulatory

mechanisms remain unknown. The most abundant chemical
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modifica t ion o f eukaryo t i c messenger RNA, N6-

methyladenosine (m6A) regulates a number of fundamental

bioprocesses by targeting the gene expression (15–17). In

general, m6A is composed of three kinds of protein, the

“Writers,” the “Readers,” and the “Erasers.” Accumulated

evidence has shown that m6A modification mediates

autophagy (18, 19). However, no evidence of the role of m6A

modification in SGLT2i-induced autophagy activation has

been obtained.

The aim of this study was to explore the role and modulation

of m6A in autophagy regulation toward Cana-mediated

renoprotective effects. In vivo and in vitro evidence has

demonstrated that Cana is efficient in providing protection

against unilateral ureteral occlusion (UUO)- or ischemia–

reperfusion (I/R)-caused renal fibrosis by normalizing the

FAO gene program dependent on autophagy. Precisely, the

m6A eraser FTO modulates Cana/autophagy by regulating

SQSTM1 mRNA stability.
2 Materials and methods

2.1 Animals and treatments

C57BL/6 mice were purchased from SLAC Laboratory

Animal Co., Ltd. Atg7flox/flox mice were gifts from Dr. Jianrong

Wang, Medical College of Soochow University (20).

SQSTM1flox/flox mice were gifts from Dr. Hongting Zheng,

Xinqiao Hospital, Army Medical University (21). All mice

were housed with a standard 12-h light/dark cycle, climate-

controlled, and pathogen-free facility. All experiments were

conducted in accordance with the Guide for the Care and Use

of Laboratory Animals, and the study protocols were approved

by the Laboratory Animal Welfare and Ethics Committee of

Chongqing University. To generate tubular-specific Atg7-

deficient and SQSTM1-deficient mice, Atg7flox/flox and

SQSTM1flox/flox mice were crossed with gGTcre mice (Cyagen

Biosciences). Gender-matched wild-type and specific knockout

mice (6–8 weeks old) from the same litter were selected

randomly to indicated groups. Two animal studies were

performed as follows: a) mice were divided into four groups

(n = 8 per group): (i) Ctrl with sham operation, (ii) canagliflozin

(Cana) (Selleck S2760; 20 mg/kg in PBS, daily intragastric

administration till the mice were harvested), (iii) UUO

(sacrificed 7 days after the performance), and (iv) Cana +

UUO, and b) mice were divided into four groups (n = 8 per

group): (i) Ctrl with sham operation, (ii) canagliflozin (Cana)

(Selleck S2760; 20 mg/kg in PBS, daily intragastric

administration for consecutive 21 days), (iii) I/R (sacrificed 21

days after the performance), and (iv) Cana + I/R. I/R and UUO

operation was performed according to our previous study (5).
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2.2 Cell culture and treatments

Human proximal renal tubular cell line HK2 was purchased

from the Cell Bank of the Chinese Academy of Sciences. HK2

cells were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM, Corning) containing 10% FBS (HyClone) in a 5%

CO2 incubator at 37°C. TGF-b1 (5 ng/ml) was added to the

medium to induce the fibrotic protein expression and

lipid accumulation.
2.3 Hematoxylin and eosin,
immunohistochemical, Oil Red O,
and Sirius Red staining

The kidney of each mouse was removed and fixed with 4%

paraformaldehyde before embedding. H&E staining was

performed for pathological analysis. For IHC staining, kidney

sections were incubated with primary antibody LC3 or FTO

overnight and then a horseradish peroxidase (HRP) polymer

secondary antibody was used. Oil Red O staining and Sirius Red

staining were performed using a corresponding kit based on the

manufacturer’s instructions (Solarbio, Chondrex). Images were

collected and analyzed with a fluorescence microscope (Leica

DM 2500).
2.4 Assay of serum blood urea nitrogen
and lipid parameters

Levels of blood urea nitrogen (BUN) and total cholesterol

(TC), low-density lipoprotein cholesterol (LDL), and high-

density lipoprotein cholesterol (HDL) in serum were assayed

by a corresponding kit (BioAssay Systems, USA, DIUR-500,

Nanjing Jiancheng, China, TC: A111-1-1, LDL: A113-1-1, A112-

1-1) according to the manufacturer’s construction.
2.5 Assay of kidney TG levels

Levels of TG in kidney tissue were measured by using a

commercial kit (Nanjing Jiancheng, A:110-1-1). Tissues were

weighted and added with PBS (1:9) for homogenization, and the

supernatant was obtained. Then, the supernatant and the

working solution of the kit were mixed and subjected to

measurement of the absorbance at 546 nm. Cellular TG levels

were measured using a commercial TG Quantification

Colorimetric Kit (BioVision; USA, K622) according to the

manufacturer’s protocol. In brief, cells were homogenized in

solution containing 5% NP-40 in water and then heated to

100°C. Then, 20 ml cell lysate was adjusted to the volume of 50
Frontiers in Immunology 03
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ml/well with a triglyceride assay buffer. Finally, the absorbance at

570 nm was measured.
2.6 Nucleus and cytoplasm
protein isolation

The nucleus and cytoplasm protein of HK2 cells were

isolated by using a Nucleus/Cytosolic Extraction Kit (Fude

Biological Technology, China, FD0199) based on the

manufacturer’s instructions. Briefly, cells were incubated with

Nc-Buffer A for 10 min on ice and then added with Nc-Buffer B.

After centrifugation, the supernatant was collected to obtain the

cytoplasm protein. Nc-Buffer C was added to the deposit to

collect the nuclear protein. All the Nc-Buffer should be added

with 1% protease inhibitor before use. Nuclear and cytoplasmic

proteins were subjected to immunoblot analyses.
2.7 Immunoblot analyses

Proteins of cells and tissues were isolated using a RIPA buffer

containing protease and phosphatase inhibitor cocktail. Total

protein was quantified using the BCA method (Fude Biological

Technology, China, FD2001). Equal amounts of protein from

each group were separated through an SDS-polyacrylamide gel.

The following antibodies were used: STAT6 (sc-374021), p-

STAT6 (sc-136019), Arg-1 (sc-166920), TGF-b1 (sc-146), a-
SMA (sc-53142), FN (sc-18827), LC3I/II (sc-398822), SQSTM1

(sc-28359), CPT-1a (sc-393070), PPARa (sc-398394), and

GAPDH (sc-32233) from Santa Cruz Biotechnology. FTO

(AF6936) and N6-Methyladenosine (m6A) Rabbit Polyclonal

Antibody (AF7407) were from Beyotime. Protein half-life assays

were performed according to our previous protocol (22). Briefly,

cell lysates from the control or Cana group were collected at

different time points after cycloheximide (CHX) administration

and subjected to immunoblot analyses with the anti-STAT6 and

anti-GAPDH antibodies. The prestained protein marker

(Vazyme Biotech Co., Ltd., MP102-01) was used to identify

the specific bands.
2.8 Indirect immunofluorescence

For indirect immunofluorescence, cells were fixed on round

glass coverslips (Fisher Scientific) with chilled methanol. After

incubation with the primary antibodies and the respective

secondary antibodies for 50 min each, coverslips were washed

with PBS and mounted with antifade mounting solution

(Invitrogen). A fluorescence microscope (Leica DM 2500) was

used to obtain representative images.
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2.9 Cell viability assay

Cell viability assay was performed according to the

previously described method. Briefly, the potential cytotoxicity

of Cana in HK2 cells was assessed by the functional impairment

of the mitochondria with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma). Approximately 1

× 104 cells per well were plated in a 96-well plate and incubated

overnight. The cells were treated with different doses of Cana for

48 h. Then, MTT was added into the cells followed by incubation

at 37°C for 2 h. The medium was removed, and 100 ml
isopropanol/HCl was added into each well. Absorbance at 570

nm was measured by a synergy 2 multimode microplate reader

(BioTek, Seattle, USA).
2.10 Actinomycin D treatment

HK2 cells were treated with 5 mg/ml actinomycin D

(GC16866, GLPBIO, USA) to inhibit mRNA transcription.

Cells were collected at 0, 3, and 6 h. RNA was extracted as

below described and used for quantitative polymerase chain

reaction (qPCR).
2.11 RNA extraction and real-time qPCR

Total RNA was isolated from cells and kidney tissues using

TRIzol reagent (CWBiotech, China, CW0580S). Equal amounts

of mRNA were synthesized using a iScript cDNA Synthesis Kit

based on the manufacturer’s instructions (Vazyme Biotech,

China, R333-01) with a 0.2-ml PCR tube (Nest, China,

401001). Real-time PCR was performed using a qPCR SYBR

Green Master Mix (Yeasen, 11184). Primer sequences were listed

in the supplementary.
2.12 RNA immunoprecipitation qPCR

HK2 cells were harvested and lysed in an IP lysis buffer

(Beyotime Biotechnology, P0013) containing a protease

inhibi tor cocktai l and RNase inhibi tor (Beyot ime

Biotechnology, R0102-2KU). After centrifugation, the

supernatant was collected and 10% of the lysate was taken out

for input. The remaining lysate was added to anti-FTO antibody

incubated with protein A/G agarose beads at 4°C for 24 h. IgG

was used for negative control RNA immunoprecipitation (RIP)

reaction. 10% of the complex was collected to test the efficiency

of immunoprecipitation after resuspending with a lysis buffer.

The remaining lysate was subjected to centrifugation, and RNA

was extracted as described above. RNA enrichment was

normalized to the input control.
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2.13 Methylated RNA
immunoprecipitation qPCR

Total RNA was extracted as described above. An EpiQuik™

CUT&RUNm6A Enrichment kit (EpiGentek, USA, P-9018) was

used to monitor the status of m6A in RNA. 200 ng of RNA was

collected and stored at -80°C after cleavage. Anti-m6A antibody

or IgG was incubated with affinity beads for 90 min and then

washed with a wash buffer. A protein digestion buffer containing

proteinase K was added and incubated with an antibody–RNA

complex for 15 min at 55°C. Next, the RNA binding beads were

resuspended and added to the complex and then the RNA was

eluted with an elution buffer. The input of RNA and eluted RNA

was subjected to qPCR as described above.
2.14 m6A dot blot

Total RNA was isolated as described above and spotted onto

nylon membranes. Then, the membranes were crosslinked by

ultraviolet (UV) and subjected to methylene blue and then

blocked for 1 h with a blocking buffer (5% milk in phosphate-

buffered saline with 1% Tween 20). Corresponding secondary

antibodies were added and incubated for 1 h.
2.15 m6A quantification

The levels of global m6A in mRNA were measured by using

an EpiQuik m6A RNA Methylation Quantification kit

(Colorimetric) (EpiGentek, Germany) based on the

manufacturer’s instruction.
2.16 Live-cell imaging

HK2 cells were transfected with mRFP-GFP-LC3 for 24 h

and then either left untreated or separately treated with

rapamycin, CQ, or Cana. Finally, cells were gently washed

with PBS and images were captured with a fluorescence

microscope (Leica DM2500, USA).
2.17 Microarray data processing

The expression profile and corresponding annotation

platform of GSE118337 were downloaded from the National

Center for Biotechnology Information (https://www.ncbi.nlm.

nih.gov/) (23). The profile was then normalized by function

normalizeBetweenArrays(). The normalized microarray series

matrix was processed by the limma R package (24) to calculate

the log fold change, p value, and adjusted p value of gene
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expression for further analysis, and genes that meet |log2FC| >1

and p < 0.05 were considered differentially expressed. A volcano

plot and heatmap created by R were graphed to show the overall

condition of the data.
2.18 Protein–protein interaction analysis

Genes in GSE118337 regulated by TGF-b1 and restored by

Cana (p < 0.05, |log2FC| >1) were used to create a protein–

protein interaction (PPI) network on String and visualized by

Cytoscape (25, 26). Retrieved from functional enrichment

results, the genes related to fibrosis and fatty acid oxidation

were highlighted.
2.19 Enrichment analysis

The upregulated and downregulated genes in GSE118337

were respectively used for biological process functional

enrichment on Metascape (27), the results of which were used

to create bar plots showing functions related to the present

investigation by R. Gene sets used for functional enrichment

analysis and gene set enrichment analysis (GSEA) were

downloaded from GSEA (http://www.gsea-msigdb.org/gsea/

index.jsp) (28, 29). Then, software GSEA 4.2.2 and R package

“Clu s t e rP rofi l e r ” wer e emp loy ed fo r GSEA and

visualization (30).
2.20 Correlation analysis

Correlation between the expression level of genes was

calculated by Pearson correlation analysis. The p-value of the

correlation coefficient was analyzed with package “hmisc,” and

p-value <0.05 was considered statistically significant. An

absolute value of Pearson correlation coefficients between 0.6

and 1 indicated a strong correlation, and that between 0.4 and

0.6 indicated a moderate one. The correlation was finally

visualized by software Cytoscape and R package “corrplot” (31).
2.21 Construction of the autophagy
gene signature

We applied a methodology to quantify the autophagy level

(autophagy score) of samples. First, we chose 19 genes with

frequent existence in pathways related to autophagy or reported

in previous studies (32). Next, principal component analysis

(PCA) was performed to establish the autophagy gene signature

of genes selected above. Finally, we selected principal

components 1 as signature scores.
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2.22 Statistical analysis

The investigators were blinded to group allocation. Data

were presented as mean ± SD. GraphPad Prism 8.0 and R

statistical software were performed for graphics and statistical

analyses. Unpaired Student’s t tests were applied for comparison

between two groups. For multiple comparison analyses, one-way

ANOVA with Bonferroni’s correction were performed. The

differences with *p < 0.05 was considered statistically significant.
3 Results

3.1 Cana showed tight regulation
both on renal fibrosis and fatty
acid metabolism

To verify the effects of Cana on renal fibrosis and lipid

metabolism, the microarray expression dataset GSE118337

retrieved from the GEO database was analyzed. As shown in

Figure 1A, there were 541 genes regulated by TGF-b1 and 589

genes regulated by Cana (p < 0.05, |log2FC| >1), with 332 genes

at their intersection. 61.3% of the genes changed by TGF-b1
were further restored by Cana, revealing the potential

therapeutic effect of Cana on renal fibrosis (Figure 1B).

Among them, 193 genes and 139 genes were separately

upregulated and downregulated by TGF-b1 and restored by

Cana. Enrichment functions of all genes regulated by both TGF-

b1 and Cana (p < 0.05) were conducted by Metascape (https://

metascape.org/). As shown in Figures 1C–E, gene ontology

terms associated with fibrosis and fatty acid metabolism were

significantly mediated and the PPI network was graphed,

suggesting that fatty acid metabolism and fibrosis-related

genes are closely interacted with each other. These data

showed that Cana exhibited the significant modulation both

on renal fibrosis and fatty acid metabolism.
3.2 Cana improved aberrant lipid
metabolism and renal fibrosis induced
by UUO and I/R

Based on the bioinformatic analysis above, we next

conducted an in vivo study via establishing UUO and I/R

models to confirm the protection of Cana on renal fibrosis.

H&E staining showed that the histological injury caused by

UUO and I/R was attenuated by Cana, so did the lipid

accumulation as shown by Oil Red O staining and triglyceride

(TG) content in the kidney, without damage on renal function

(Figures 2A, B, F, G, S1A). In addition, Sirius Red staining

exhibited the alleviated collagen deposition by Cana (Figures 2C,

H). Our previous study showed that STAT6, a key nuclear
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transcription factor, is activated in fibrosis-associated tissue

disorder and it could negatively regulate PPARa related-lipid

metabolism, which contributes to lipid accumulation in renal

tubular cells and kidney fibrosis (5). To explore the potential

mechanism of Cana on the regulation of FAO and renal fibrosis,

the expressions of STAT6 signal-related protein (STAT6,
Frontiers in Immunology 06
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p-STAT6, Arg-1) and fibrosis-related protein (a-SMA, FN)

were detected by immunoblot analyses (Figures 2D, I).

Interestingly, here we found that STAT6 was suppressed in the

kidney of UUO or I/R mice with Cana treatment. The

deactivation of the STAT6 pathway was accompanied by

reduced expressions of fibrosis-related protein a-SMA and FN
A B

D

E

C

FIGURE 1

Cana positively regulated the abnormality of lipid metabolism and tubulointerstitial fibrosis. (A–E) The microarray expression dataset GSE118337
was retrieved from the GEO database. (A) A total of 541 genes were regulated by TGF-b1, and 589 genes were by Cana (p < 0.05, |log2FC| >1),
with 332 genes at their intersection. (B) The heatmap displayed the top 50 upregulated and downregulated genes of two samples in the TGF-b1
group and two samples in the Cana group by z-score, in comparison with the Ctrl group. GO analysis was separately conducted with genes
upregulated by TGF-b1 and downregulated by Cana (C) and genes downregulated by TGF-b1 and upregulated by Cana (D), and the 10 highest-
ranking biological process terms are shown. (E) The interaction network of above 332 genes both regulated by TGF-b1 and Cana, in which
fibrosis-related genes and fatty acid metabolism-related genes according to enrichment results are highlighted.
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FIGURE 2

Cana intervention attenuated aberrant lipid metabolism and tubulointerstitial fibrosis in UUO or I/R mice. A tubulointerstitial fibrosis model was
conducted by UUO or I/R operation. The mice of UUO or UUO+Cana were sacrificed at day 7, and mice of I/R or I/R+Cana were sacrificed at
day 21. (A) Representative micrographs for H&E and Oil Red O staining in the kidney sections from the indicated groups. (B) TG content was
determined in the kidneys from the indicated groups. (C) Representative micrographs for Sirius Red staining and quantification of relative
collagen proportion in the kidneys from the indicated groups. (D) Kidney tissue lysates from each group were subjected to immunoblot analyses
with the indicated antibodies. Representative blots of three independent samples in each group were shown, and quantification of relative
protein expression was determined. (E) The mRNA levels of genes related to lipid metabolism in the kidneys from the indicated groups. Mice
received intragastric administration of saline or Cana intervention after IR operation. (F) H&E and Oil Red O staining, (G) TG content, (H) Sirius
Red staining, (I) immunoblot analyses, and (J) qPCR. Results were expressed as the mean ± SD (n = 8, *p < 0.05, UUO vs. UUO + Cana or IR vs.
IR + Cana).
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in UUO and I/R kidney. Consistently, Cana mainly upregulated

the FAO in the kidney with UUO and I/R performance

(Figures 2E, J). These data suggested that Cana may attenuate

UUO- and I/R-induced renal fibrosis through STAT6 inhibition

and FAO activation.
3.3 Cana alleviated TGF-b1-induced HK2
cell aberrant lipid metabolism and
fibrosis-related protein expression
through suppressing STAT6 expression

Next, we conducted in vitro studies using HK2 cells to further

confirmCana’s protection effects observed in animal studies above.

MTT assay was employed to select the dose range (0–40 mM) in the

following in vitro experiments (Figure 3A). Consistently, Western

blot showed that Cana decreased the expression and activation of

STAT6 signals (STAT6, p-STAT6, and Arg-1) in a dose-dependent

manner along with the increased expressions of SQSTM1 and

LC3II and less effect on LC3I (Figure 3B). Since STAT6 could be

degraded by autophagy according to others’ and our previous

studies, the stability of STAT6 was next detected. Cana shortened

STAT6 half-life from 7.38 to 5.11 h (Figure 3C). Consistent with

Figure 3B, immunofluorescence (IF) staining showed that Cana

increased LC3 expression in a dose-dependent manner

(Figure 3D). Moreover, a tandem mouse red fluorescent protein

(mRFP)-GFP-LC3 construct was employed. Two positive controls

were conducted to differentiate increased formation of

autophagosomes (rapamycin) from blockage of autophagosome

degradation (bafilomycin A1, BafA1). As shown in Figure 3E, cells

treated with Cana contained red puncta but less yellow puncta,

which was the same as rapamycin, indicating that Cana may act as

an inducer of autophagy. Moreover, qPCR andWestern blot assays

indicated that Cana alleviated TGF-b1-induced abnormal lipid

metabolism and fibrotic protein expression (Figures 3F, G). Then,

the effects of downregulated STAT6 by Cana were further

explored. Overexpression of STAT6 exacerbated TGF-b1-
induced aberrant lipid metabolism and fibrotic protein

expression and impaired the protective effect of Cana, which

further confirmed that Cana improved FAO and fibrosis via

autophagy degradation of STAT6 (Figures 3G–I). These data

suggested that Cana suppressed STAT6 through activation of

autophagy to alleviate TGF-b1-induced aberrant lipid

metabolism and fibrotic protein expression.
3.4 Autophagy mediated Cana’s
protection effects for renal fibrosis
via inducing STAT6 degradation in
tubular cells

Since we found that Cana decreased STAT6, HK2 cells

treated with different doses of Cana were separated to detect
Frontiers in Immunology 08
43
STAT6 expression in the cytoplasm and nucleus, respectively.

The results showed that the expression of STAT6 in both

cytoplasm and nucleus was decreased after Cana treatment

(Figure 4A). To further determine the method of STAT6

degradation, cells were treated with Cana along with

proteasome inhibitor (MG132) or autophagy inhibitor

(BafA1). Results showed that the expressions of SQSTM1 and

LC3II were both increased after Cana treatment. Higher levels of

LC3II and SQSTM1 were found in the Cana and BafA1

combined treatment group (Figure 4B), which was consistent

with Figure 3E that Cana induced the autophagosome

formation. Moreover, only BafA1 treatment reversed the

decrease in STAT6 signaling.

Whether autophagy is involved in the protective effect of

Cana against tubulointerstitial fibrosis in vivo was further

confirmed. There was no obvious different histological change

and collagen deposition (Figure S2A). Interestingly, remarkable

tubular atrophy and interstitial collagen deposition were

observed in the WT group with UUO performance, which was

significantly ameliorated by Cana administration. These

protective effects of Cana were inhibited in the tubular-Atg7-/-

(Atg7cKO) group (Figures 4C, D). Consistently, Western blot

showed that Atg7 deficiency in tubular cells vanished Cana’s

effect of suppressing STAT6 signaling, inhibiting fibrotic protein

expression, and increasing FAO-related protein expression

(Figure 4E). These data suggested that Cana improved renal

tubular cells’ FAO and kidney fibrosis through degradation of

STAT6 in an autophagy-dependent manner.
3.5 Cana-induced autophagy was
significantly associated with SQSTM1

SQSTM1 is well known as the receptor of autophagy-related

degradation. In the above experiments, we found that SQSTM1

was induced after Cana treatment (Figures 3B, 4B). To elucidate

the functional role of SQSTM1, a siRNA-based strategy was used

to interfere HK2 cells’ SQSTM1 expression and then detected

the change of STAT6 and autophagy levels. The efficiency of

siSQSTM1 was confirmed at the protein level. During

knockdown of SQSTM1, the suppressed expression of STAT6

was alleviated while the increased expression of LC3II caused by

Cana was inhibited (Figure 5B). In line with the results from

Western blot, IF staining also showed that Cana barely induced

LC3 expression with siSQSTM1 transfection (Figure 5A).

In order to further identify that Cana and SQSTM1 were

related to autophagy, we systematically searched publicly

available renal gene-expression data sets and chose GSE118337

for the next analysis. The Cana group and control group were

selected as the object (33). Differentially expressed genes (DEGs)

between the two groups were determined using the R package

limma. The results represented by volcano plot showed that

many DEGs were related to autophagy (Figure 5C). Moreover,
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FIGURE 3

Cana causes STAT6 degradation through inducing autophagy. (A) HK2 cells were treated with the indicated doses of Cana for 48 h serum-free
medium culture and cell viability was determined using MTT assay. (n = 4, *p < 0.05, Cana 0 mM vs. other doses of Cana). (B) HK2 cells were treated
with Cana (0–20 mM) for 24 h, and then cell lysates were harvested and subjected to immunoblot analyses with the indicated antibodies. (C) To test
its protein stability, the half-life of STAT6 was determined. HK2 cells were left untreated or treated with Cana (20 mM) for 24 h, and CHX (50 mM)
was added at different time points. The intensity of STAT6 and GAPDH bands was quantified and plotted against the time after CHX addition. (D)
HK2 cells were treated with Cana (0–20 mM) for 24 h and subjected to immunofluorescence staining of LC3. (E) HK2 cells were transfected with a
tandem mRFP-GFP-LC3 construct for 24 h and then either left untreated or separately treated with rapamycin (1 mM), BafA1 (100 nM), or Cana (40
mM) for 24 h. Representative micrographs of the indicated cells are shown. (F) The mRNA levels of STAT6, Arg-1, PPARa, and CPT-1a in HK2 cells
treated with Cana (0–20 mM) for 24 h were measured by qPCR. (*p < 0.05, Cana 0 mM vs. other doses of Cana). (G–I) HK2 cells were transfected
with vector or plasmid of STAT6 overexpression. Followed by 24 h serum-free medium culture, cells were treated with TGF-b1 (5 ng/ml) for another
24 h and cotreated with or without Cana (20 mM). (G) Immunoblot analysis was conducted with the indicated antibodies. (H) Immunoblot analyses
were employed to confirm the efficiency of overexpressing STAT6. Representative microphages showed the Oil Red O staining in HK2 cells with the
indicated treatments. (I) TG content was determined enzymatically. (n = 4, *p < 0.05, TGF-b1 vs. TGF-b1 with other treatments).
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FIGURE 4

Atg7 deficiency vanished the protection of Cana in tubulointerstitial fibrosis. (A) HK2 cells were treated with Cana (0–20 mM) for 24 h. The
protein expression of STAT6 and p-STAT6 in nucleus and cytoplasm was separated and determined by immunoblot analyses. (B) HK2 cells were
pretreated with MG132 (10 mM) or BafA1 (100 nM) for 4 h and cotreated with or without Cana after being cultured with serum-free medium for
24 h. The cell lysates were subjected to immunoblot analyses with the indicated antibodies. (C–E) WT and Atg7cKO mice received intragastric
administration of saline or Cana (20 mg/kg) after UUO operation. (C) Representative images of H&E, Sirius Red, and IHC staining of kidney
sections from the indicated group of mice. Quantification of the relative collagen proportional area from each group of mice was performed.
(D) TG content in kidney tissue was measured by a commercial kit. (E) Immunoblot analyses for the protein levels of p-STAT6, STAT6, Arg-1, FN,
a-SMA, PPARa, CPT-1a, and GAPDH in kidney from the indicated group with quantification on the right panel (n = 8, *p < 0.05, UUO vs. UUO +
Cana).
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FIGURE 5

Autophagy was significantly associated with SQSTM1/P62 and Cana. (A, B) HK2 cells were transfected with or without SQSTM1 siRNA. Followed
by 24 h serum-free medium culture, cells were treated with or without Cana (20 mM) for another 24 h. (A) Representative microphages of
immunofluorescence from the indicated group are shown. (B) Immunoblot analyses was performed. (C) Volcano map showing that DEGs
between Cana treated and control samples with autophagy-related genes were labeled. (D) Functional enrichment analysis of DEGs. (E) Gene
set enrichment analysis result. (F, G) Correlation between SQSTM1 and genes related to autophagy. (H) The variation of SQSTM1 expression
level and its corresponding autophagy score rank shown by alluvial diagram.
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functional enrichment analysis revealed that DEGs were

significantly enriched in pathways related to autophagy

(Figure 5D). To further explore the changes of autophagy,

gene set enrichment analysis (GSEA) was used to observe the

enrichment of gene signatures in different phenotypes. The

results showed that autophagy-related genes were significantly

enriched in the Cana-treated group (Figure 5E). It was

concluded that Cana treatment was closely related to

autophagy of renal proximal convoluted tubule epithelial cells

and might upregulate the level of autophagy. Additionally, the

correlation between SQSTM1 and 19 feature genes related to

autophagy was calculated. The results indicated that autophagy-

related genes were mostly positively correlated with SQSTM1

(Figures 5F, G). Then, 19 feature genes were extracted for further

PCA to establish the autophagy score and rank. Samples were

ranked based on gene expression of SQSTM1, and its

relationship with PCA score was visualized with an alluvial

diagram which showed that a high SQSTM1 expression got a

high autophagy score rank and vice versa (Figure 5H). The above

results indicated that there was a close relationship among

autophagy, Cana treatment, and SQSTM1.
3.6 Cana enhanced the stability of
SQSTM1 mRNA through inhibiting FTO

In the above results, we found that SQSTM1 is a key factor in

the protection of Cana on renal fibrosis; we next sought to

analyze its potential mechanism. To confirm Cana’s function

from the perspective of m6A modification, we firstly identified

whether m6A participates in the process of Cana administration.

It was found that m6A levels were significantly increased in

HK2 cells following Cana administration (Figures 6A, B).

Consistently, the kidney of mice treated with Cana exhibited

the same trend (Figure 6C). It was reported that the m6A level

was mainly modified by methyltransferase or demethylase. Thus,

we examined related gene expression to verify whether Cana

regulates through mediating RNA methyltransferases or

demethylases. As shown in Figure 6D, the expression of

SQSTM1 was consistently upregulated and Arg-1 (a typical

STAT6 downstream gene) expression was decreased. Notably,

Cana significantly inhibited FTO expression, with no obvious

change of other methyltransferase- or demethylase-related

genes. In accordance with the results of qPCR, we validated

that Cana deceased FTO at the protein level both in vitro and in

vivo (Figures 6E, F). Next, the transcriptional downregulation

manner of FTO by Cana was further confirmed in the cells with

either proteasome inhibitor (MG132) or autophagy blocker

(BafA1) treatment. Interestingly, the levels of FTO in the

BafA1-treated group were dramatically increased compared
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with the Ctrl group. However, BafA1 treatment could not

recover the decrease of FTO caused by Cana, as well as

MG132, which indicated that the downregulation of FTO by

Cana is not caused by increased protein degradation through

either proteasome or autophagy (Figure 6G). Next, IF staining

and Western blot were employed to further investigate the effect

of FTO on autophagy. The results showed that the increased

LC3II and SQSTM1 was inversed with FTO overexpression

(Figures 6H, I). Also, a tandem mouse red fluorescent protein

(mRFP)-GFP-LC3 construct was employed. As shown in Figure

S3A, HK2 cells treated with Cana contained red puncta but less

yellow puncta, indicating its induction of autophagy. However,

overexpression of FTO attenuated Cana’s effect on autophagy

induction. Moreover, we found that Cana treatment increased

the stability of SQSTM1 mRNA, whereas overexpressing FTO

resulted in decreased stability of SQSTM1 mRNA. These data

suggested that Cana decreased FTO transcription, which

negatively regulated autophagy through modulation of the

SQSTM1 mRNA stability (Figure 6J).

Then, we profiled that SQSTM1 mRNA contained the

potential m6A modification region (position: 1906) with an

FTO-binding motif as shown in Figure S4. Next, the RNA

immunoprecipitation (RIP)-qPCR experiment was conducted

and the results confirmed that FTO protein interacted with

SQSTM1 mRNA (Figure 6K). Moreover, the methylated RNA

immunoprecipitation (MeRIP) assay showed that Cana

increased the m6A modification of SQSTM1 mRNA, whereas

overexpression of FTO attenuated Cana’s effect of increasing

SQSTM1 mRNA m6A modification (Figure 6L). With the vital

role of SQSTM1 in the modulation of autophagy, we then

downregulated SQSTM1 to observe the effect of Cana. As

shown in Figure 6M, the knockdown efficiency was confirmed

using immunoblot analysis. Cana significantly alleviated TGF-

b1-induced lipid accumulation. Oppositely, siSQSTM1

exacerbated TGF-b1-induced lipid accumulation and impaired

the protective effect of Cana. Collectively, these data suggested

that Cana showed negative regulation on FTO and enhanced

SQSTM1 mRNA stability.
3.7 SQSTM1 deficiency eliminated
the protection effect of Cana against
renal fibrosis

To further provide evidence for the in vivo role of SQSTM1,

renal tubular-specific SQSTM1 deficiency mice were generated

using SQSTM1flox/flox and gGTCre mice. There were no obvious

differences in histological change and collagen deposition, while

there were comparisons between WT and SQSTM1cKO mice at 2

months after birth (Figure S5A). As shown in Figure 7A, obvious
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FIGURE 6

FTO was downregulated by Cana to enhance the stability of SQSTM1 mRNA through installing m6A modification of its mRNA. m6A levels of

HK2 cells treated with or without Cana (20 mM) were detected by using the EpiQuik™ m6A RNA methylation quantification kit (A) and RNA dot
blot analyses (B). Methylation blue (MB) staining served as a loading control. (C) RNA dot blot analyses of m6A levels in mice from the indicated
group. (D) HK2 cells treated with or without Cana (20 mM) were harvested and subjected to qPCR to determined STAT6, Arg-1, SQSTM1, FTO,
ALKBH5, METTL14, METTL3, and WTAP mRNA levels. (n = 4, *p < 0.05, Ctrl vs. Cana). (E) HK2 cells treated with Cana (0–20 mM) for 24 h were
subjected to detected the protein levels of FTO by immunoblot analyses. (F) Mice received intragastric administration of saline or Cana (20 mg/
kg) after UUO treatment. The expression of FTO was determined through IHC staining. (G) HK2 cells were pretreated with MG132 (10 mM) or
BafA1 (100 nM) for 4 h and cultured with serum-free medium for 24 h. Then, the cells were left and treated with or without Cana (20 mM) for
another 24 h. Immunoblot analyses was performed to detect the protein level of FTO. (H–J, L) HK2 cells were transfected with or without
plasmid of FTO overexpression 48 h. Then, cells were treated with or without Cana (20 mM) for another 24 h. (H) The levels of LC3 in HK2 cells
from the indicated group were detected through immunofluorescence staining. (I) Immunoblot analysis was performed to determine the
protein levels of STAT6, FTO, SQSTM1, LC3I/II, and GAPDH. (J) qPCR analyses of SQSTM1 mRNA stability in HK2 cells from the indicated group
(*p < 0.05). (K) RNA immunoprecipitation (RIP)-qPCR analyses revealed the SQSTM1 mRNA level enriched by the FTO antibody. The agarose gel
electrophoresis analyses of qPCR products are shown on the panel (*p < 0.05). (L) MeRIP-qPCR assay indicated the m6A modification level of
HK2 cells from the indicated group (*p < 0.05). (M) HK2 cells transfected with or without SQSTM1 siRNA for 24 h and then treated with Cana
(20 mM) along with TGF-b1 (5 ng/ml) for another 48 h. The efficiency of knockdown SQSTM1 in HK2 cells was confirmed by immunoblot
analyses. Representative microphages showed the Oil Red O staining in HK2 cells with indicated treatments.
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tubular atrophy and interstitial collagen deposition were

presented in the WT group with UUO treatment, which was

ameliorated with Cana administration. These protective effects

were dampened in the SQSTM1cKO group. Additionally,
Frontiers in Immunology 14
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SQSTM1cKO mice exhibited more aggravated renal

morphological damage and fibrosis in comparison with the

indicated WT mice. Also, Cana was found to decrease the TG

content in WT mice, whereas there was no change in
A B

D

C

FIGURE 7

SQSTM1 deletion eliminated the protection effect of Cana against tubulointerstitial fibrosis. (A) Representative micrographs for H&E and Sirius
Red staining of kidney sections from the indicated groups of mice. Quantification of the relative collagen proportional area from each group of
mice was performed. (B) TG content was determined in the kidneys from each group of mice. (C) Immunoblot analyses in the kidneys from
each indicated group with quantification. (D) The mRNA levels were measured by qPCR assay in the kidneys from each indicated group. Results
are expressed as mean ± SD (n = 8 *p < 0.05, UUO vs. UUO+ Cana).
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SQSTM1cKO mice. Furthermore, TG content in SQSTM1cKO

mice was even higher than that in WT mice (Figure 7B).

Consistently, immunoblot and qPCR analyses also showed

that suppression of the STAT6 signaling pathway by Cana

only in WT mice and the SQSTM1cKO group showed higher

levels of STAT6 and p-STAT6 expression compared with the

WT group. Consistently, Cana eliminated the alteration of

UUO-induced fibrosis-related protein and PPARa-related
FAO gene expression, whereas SQSTM1cKO mice exhibited

more fibrosis-related gene expression and less FAO-related

gene expression in comparison with WT mice (Figures 7C, D).

These data suggested that SQSTM1 was essential for the function

of Cana on renal fibrosis and SQSTM1 deletion eliminated the

protection of Cana against renal fibrosis.
4 Discussion

Here, our study firstly revealed that Cana ameliorated UUO-

or I/R-induced renal lipid metabolism disorder and fibrosis

based on the degradation of STAT6 in a SQSTM1/autophagy-

dependent manner. Specifically, after Cana administration,

relative m6A levels increased in vivo and in vitro. Cana

decreased the expression of m6A eraser FTO and recovered

SQSTM1mRNA stability. Deficiency in endogenous SQSTM1 in

mice deteriorated the protective effect of Cana. Overall, our

study presented a novel mechanism by which Cana (a

commercial antidiabetic drug based on the inhibition of

SGLT2) acts to counter to abnormal renal fatty acid

metabolism and interstitial fibrosis through the m6A-modified

SQSTM1/autophagy/STAT6 axis.

Renal fibrosis is a complex and coordinated process, which

involves multiple cell types and cytokines (34–36). Tubular cells

are highly specialized cells that use high amounts of ATP to

maintain intense reabsorption and excretion processes (37). In

tubular cells, FAO impaired by a specific inhibitor or endogenic

gene knockdown can induce aberrant lipid accumulation,

resulting in the progression of kidney fibrosis (38). STAT6 is a

major regulatory transcription factor for type II-related gene

expression (involving TGF-b), and our previous study revealed

the crucial role of STAT6 in regulating PPARa-mediated FAO

in tubular cells and kidney interstitial fibrosis (5, 39, 40).

Substantial evidence indicates that SGLT2 inhibitors elicit

unanticipated renoprotective effects in non-diabetic and

diabetic kidney disease (41, 42). Thus, improving improper

lipid metabolism reprogramming represents a pivotal target by

which SGLT2i mitigates kidney fibrosis after renal damage, but

the mechanism by which they improve lipid metabolism is

elusive. In our study, the potential roles of Cana in regulating

fibrosis and FAO were firstly verified and evaluated by relative

bioinformatics analysis (Figure 1). In vivo studies were also
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carried out to demonstrate that Cana can improve UUO- or I/

R-induced renal fibrosis and FAO dysregulation. The induction

of STAT6 in fibrotic kidneys was blunted by Cana treatment

(Figure 2). Glycolysis is critical for energy metabolism, and

SGLT2 inhibition can suppress fibrogenesis in diabetic kidneys

by suppressing aberrant glycolysis (43). Moreover, Dufort et al.

found that STAT6 mediated glycolysis in B cells (44). Therefore,

STAT6/glycolysis may be one of the mechanisms underlying the

protective effects of Cana and warrants further investigation.

Next, the mechanisms about Cana-suppressed STAT6

induction were explored, which is important for intracellular

homeostasis. Autophagy is a well-known major intracellular

degradation system where cytoplasmic materials are delivered

and degraded by lysosome, and the process can be activated

by many stimuli including starvation, genotoxicity, and

inflammatory stress (45–48). As we previously reported,

STAT6 can be degraded via the autophagosomal pathway (22).

Moreover, autophagy can be induced by SGLT2i through several

signaling pathways, such as AMPK/mTOR and SIRT1 or SIRT3

signaling (49–52). Consistently, the results of our bioinformatic

analysis here also indicated the close association between

autophagy and Cana treatment (Figure 4). Thus, the

renoprotective effect exerted by Cana treatment was speculated

through autophagy-mediated STAT6 degradation, and this

prediction was confirmed by the obtained results. First, both

in vivo and vitro results showed the induction of autophagy

following Cana treatment, and STAT6 protein degradation was

mostly affected by the autophagolysosomal pathway, rather than

the ubiquitin–proteasomal pathway. Second, the inhibition of

autophagy impaired the protection of Cana on lipid metabolism

disorder and renal fibrosis by Atg7 knockout in tubular cells.

In the current study, SQSTM1 was upregulated dose-

dependently by Cana treatment in HK-2 cells, hinting that

SQSTM1 is a potential target gene of Cana. During the process

of autophagy, SQSTM1/P62 acts as a vital and multifunction

protein. In general, SQSTM1 is a robust indicator of dynamic

autophagic flux, given that it is an autophagy receptor that

directly interacts with selected cargoes for degradation.

Primarily, the inhibition of autophagy leads to intracellular

SQSTM1 accumulation (53). Moreover, SQSTM1 is an

upstream regulator of autophagy and binds to arginylated

substrates. Deficiency in SQSTM1 inhibits the formation of

autophagosome and impaired autophagy (54). In Hela cells,

SQSTM1 deficiency inhibited the recruitment of MAP1/LC3,

resulting in autophagosome formation inhibition (55).

Consistently, in our study, we found a close association

between SQSTM1 and autophagy through bioinformatic

analysis and showed that SQSTM1 knockdown inhibited

autophagy induced by Cana in HK2 cells. Therefore,

SQSTM1/autophagy may be an important target for

Cana treatment.
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FIGURE 8

Proposed model for the therapeutic action of Cana against renal fibrosis. Cana attenuates renal tubular cells’ FAO disorder and r
m6A-dependent manner.
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Furthermore, we explored the mechanism underlying this

mode of Cana-mediated SQSTM1/autophagy. m6A is the most

prevalent form of posttranscriptional modification in RNA

molecules and involved in diverse key biological processes,

including alternative splicing, stability, mRNA translation, and

miRNA maturation (56–58). Emerging evidence suggests that

m6A modification plays a remarkable role in autophagy

regulation (59, 60). Herein, Cana treatment markedly

increased the m6A level in HK2 cells and mouse kidneys.

qPCR analysis further identified that FTO, the first identified

m6A demethylase, is the only methyltransferase- or

demethylase-related gene with a significant difference. It was

reported that FTO plays a role in regulating renal fibrosis, and

the m6A modification of lncRNA GAS5 may participate in the

process (61, 62). In addition, some studies that have explored the

relationship between FTO and autophagy and the results showed

that FTO deficiency inhibits mTORC1 signaling and activates

autophagy in MEFs (19). Another study has shown that the

forced expression of FTO augments the activation of autophagy

in 3T3-L1 and porcine primary preadipocytes, suggesting that

the role of FTO in autophagy induction is controversial (19). In

arsenic-associated human skin lesions, FTO is degraded upon

autophagy (63). These results indicate the existence of a probable

feedback loop between FTO and autophagy. Our data showed

that FTO overexpression resulted in the inhibition of autophagy

induced by Cana. Meanwhile, after BafA1 (autophagy inhibitor)

treatment, FTO expression increased but failed to restore the

downregulation caused by Cana. Thus, FTO may be the

upstream of Cana-induced autophagy activation. Overall, a

feedback loop may be involved in the FTO and autophagy

regulation in tubular cells.

We then explored how FTO regulates autophagy with Cana

stimulation. SQSTM1 nuclear mRNA can be modified by m6A

reader protein YTHDC1 through methylation in diabetic

keratinocytes, and m6A modification may be involved in

SQSTM1 expression (64). Consistently, we predicted that

SQSTM1 mRNA contained an m6A modification region

(position: 1906) with an FTO-binding motif. The results of the

RIP-qPCR assay confirmed that FTO interacted with SQSTM1

mRNA. Cana treatment decreased the transcription of FTO, and

the m6A methylation of SQSTM1 mRNA increased after Cana

treatment. However, FTO overexpression reduced SQSTM1

m6A methylation and suppressed its mRNA stability. These

results indicated that Cana increased SQSTM1 mRNA

expression via FTO. Furthermore, the in vivo study employed

with SQSTM1 cKO mice confirmed that SQSTM1 in tubular

cells played a critical role in the protective effect of Cana on renal

fibrosis. Notably, SQSTM1 can contribute to the regulation of

fibrotic process via the vitamin D receptor or NRF2 pathway,

which are independent autophagy programs (65, 66). Thus, the

role of SQSTM1 in regulating the protective effects of Cana in
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renal fibrosis may be either dependent or independent of the

autophagy pathways.

Followed by our previous study that STAT6 activation

negatively regulates PPARa signaling and causes FAO

disorder and aggravates renal fibrosis (5), here we found that

Cana attenuates renal tubular cells’ FAO disorder and renal

fibrosis by SQSTM1/autophagy-mediated STAT6 degradation in

an m6A-dependent manner. We further clarified that Cana

functioned mainly by inhibiting FTO, increasing the stability

of SQSTM1 mRNA, and immediately increasing autophagy,

which is essential to the degradation of STAT6 (Figure 8).

Overall, our study will provide valuable insights of Cana into

the treatment of chronic kidney disease.
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Sirtuin-dependent metabolic and
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Macrophages are the preeminent phagocytic cells which control multiple

infections. Tuberculosis a leading cause of death in mankind and the causative

organism Mycobacterium tuberculosis (MTB) infects and persists in macrophages.

Macrophages use reactive oxygen and nitrogen species (ROS/RNS) and autophagy

to kill and degrade microbes including MTB. Glucose metabolism regulates the

macrophage-mediated antimicrobial mechanisms. Whereas glucose is essential

for the growth of cells in immune cells, glucose metabolism and its downsteam

metabolic pathways generate key mediators which are essential co-substrates for

post-translational modifications of histone proteins, which in turn, epigenetically

regulate gene expression. Herein, we describe the role of sirtuins which are

NAD+-dependent histone histone/protein deacetylases during the epigenetic

regulation of autophagy, the production of ROS/RNS, acetyl-CoA, NAD+, and S-

adenosine methionine (SAM), and il lustrate the cross-talk between

immunometabolism and epigenetics on macrophage activation. We highlight

sirtuins as emerging therapeutic targets for modifying immunometabolism to

alter macrophage phenotype and antimicrobial function.

KEYWORDS

human macrophages, autophagy, glycolysis, metabolism, histone modifications, SIRTUIN
Introduction

Macrophages are the preeminent phagocytic cells which respond to pathogen invasion

using a variety of anti-microbial mechanisms. Circulating monocytes originating in bone

marrow become macrophages (MFs) at tissue sites of infection after getting exposed to

cytokines and microbial stimuli. During tuberculosis, the causative organism Mycobacterium

tuberculosis (MTB) infects and grows in naive MFs. That tuberculosis continues to kill more

than a million people each year indicates that MTB has evasion mechanisms to survive and
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grow in MFs. Indeed, MTB evades antimicrobial mechanisms of MFs
using multiple strategies including epigenetic modifications (1, 2). For

example, MTB encodes for dozens of methyltransferases of which,

products from Rv1988 and Rv2966c methylate DNA (2, 3); DNA

hypermethylation of MFs was reported to decrease immunity in TB

patients (4). MTB derived Rv3423.1 acetylates histones affecting gene

expression, whereas Enhanced intracellular survival (Eis) protein

acetylates histone H3 at K9 and K14 and increases IL-10 (5).

Together, these observations suggest that ‘acetylation and

methylation’ are important for controlling antimicrobial mechanisms

within MFs during intracellular infections like tuberculosis.
Intriguingly, T cell derived cytokines like IFN-g drive naïve MFs

into an M1-MF phenotype whereas, IL-4, IL-10 and IL-13

differentiate them into M2-MFs. We recently reported that MTB

infected human M1- and M2-MFs show unique transcriptional

responses and M1-MFs were able to inhibit the growth of MTB

using a nitric oxide- and autophagy-dependent mechanism, whereas

M2-MFs were permissive for growth (6). During these studies, we

noted that M1- and M2-MFs expressed differing levels of sirtuin

(SIRT) histone/protein deacetylases and significantly, SIRT2 blockade

increased the ability of MFs to kill MTB suggesting a pivotal role.

Recent studies demonstrate that the activity of MF derived

histone acetyltransferases is regulated by their co-substrate, acetyl-

CoA (ac-CoA), whereas the activity of sirtuin proteins which are

nicotinamide adenine dinucleotide (NAD+)-dependent histone

deacetylases, is dependent on NAD+. It is also known that the

activity of histone methyltransferases and DNA methyltransferases

is regulated by their specific co-substrate, s-adenosylmethionine

(SAM) (7). Therefore, chromatin-modifying enzymes can sense the

metabolic status and translate this information into gene expression.

In MФs, this would determine their polarization state as either pro-

inflammatory IFN-g/LPS inducible M1-MFs or alternatively

activated and anti-inflammatory, IL-4/IL-10 and IL-13 driven M2-

MFs. Interestingly, Glucose metabolism differs between M1- and

M2-MFs and glycolysis and its associated pentose-phosphate-

pathway (PPP), serine biosynthesis, and one-carbon metabolism are

major sources for the co-substrates for methylation and acetylation.

In M1-MFs, glucose uptake is elevated by up-regulated glucose

transporter GLUT1, followed by up-regulated glycolysis (8, 9). High

glucose intake and metabolism is essential for phagocytosis,

production of reactive-oxygen-species (ROS) and reactive-nitrogen-

species (RNS), and secretion of pro-inflammatory cytokines (10).

Emerging evidence also links glycolysis to epigenetics. Locasale’s

and Schultz’s groups have demonstrated that histone acetylation is

enhanced by glucose flux in a variety of cell types (11, 12). Acetylation

is strongly associated with ac-CoA levels but inversely correlated with

the ratio of ac-CoA to free CoA (11). Inhibition of glycolysis results in

the reduced production of ac-CoA and reduction of histone

acetylation leading to differentiation of embryonic stem cells (13).

In bacteria, two-thirds of glycolytic and TCA cycle enzymes are

acetylated, with acetylation inhibiting their catalytic activity and

promoting degradation (14). Glycolysis also regulates histone

deacetylation because NAD+-dependent srtuin proteins regulate the

expression of glycolytic enzymes and the ratio of NAD+/NADH is

controlled by the glycolytic flux, and vice versa (15–18). In addition to
Frontiers in Immunology 0256
acetylation, glycolysis also indirectly affects methylation through

serine biosynthesis that utilizes 3-phospho-glycerate (3-P-G) as the

starting material (19). Through one-carbon metabolism, serine is used

for the de novo synthesis of methionine and SAM which is the co-

substrate of methyltransferases (19, 20).

In this review, we summarize the recent research on the

regulation of glucose metabolism and its associated metabolism by

sirtuin proteins and their co-substrate NAD+ and their impact on

epigenetic regulation of MF activation, polarization, and autophagy

activity. We also discuss the NAD+-dependent sirtuin histone

deacetylases as emerging drug targets for the treatment of infectious

diseases, specifically for tuberculosis. Since we wish to focus on

metabolism-derived co-substrates of histone acetylation/methylation

enzymes and the NAD+-dependent histone deacetylase-sirtuin

proteins, epigenetic regulation of autophagy by other histone

modification enzymes or modification states is beyond the scope of

this review and are covered elsewhere (21, 22).
Glucose metabolism
and immune responses

Glucose metabolism exerts a strong impact on immune cell

function (Figure 1) (23). For example, hexokinase (HK) binds to

bacterium-produced N-acetylglucosamine and causes its deactivation

as well as its dissociation from mitochondrial voltage-dependent anion

channels (VDACs), which in turn, leads to NOD-Like Receptor family

Pyrin domain containing 3 (NLRP3) inflammasome activation in MFs
(24, 25). Phosphoglucose isomerase (PGI) is identical to the protein

known as Autocrine Motility Factor (AMF) which is upregulated in

cancer cells together with other glycolysis enzymes and thought to play

a key role in cancer metastasis by activating Epithelial-Mesenchymal

Transition (EMT) and the MAPK/ERK or PI3K/AKT pathways (26,

27). These pathways are also upregulated in glucose deprivedMFs (28–
30). Fructose-bisphosphate aldolase (FBA) is immuno-responsive

during pathogen infection and is a potential vaccination target (31).

Triosephosphate isomerase (TPI) catalyzes the interconversion of

dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-

phosphate (G3P). TPI has been predicted to be essential for growth

of MTB (32). Phosphoglycerate kinase (PGK) enhances the immunity

to Streptococcus agalactiae in tilapia (33). Immunization of

phosphoglyceromutase (PGM) induces Th1- and Th2-related

immune responses in mice infected with Brucella (34). Deficiency of

enolase (ENO1) causes the reduction of pyruvate which then

contributes to a dysfunction in mitochondrial homeostasis and affects

dendritic cell survival, maturation and antigen presentation (35).

Pyruvate kinase 2 (PKM2) is required for the expression of PD-L1 in

immune cells and tumors. Loss of PKM2 impairs endothelial cell

proliferation and migration and triggers innate immune signaling

(36). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) binds to

3’-UTR of inflammatory mRNAs and inhibits the translation of tumor

necrosis factor alpha (TNF-a) and interferon gamma (IFN-g) (37).

PDK2/4 serves as a metabolic checkpoint for polarization of

macrophages into the pro-inflammatory M1 phenotype (38). Though

not generally characterized as a glycolytic enzyme involved in the 10
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steps of glycolysis, lactate dehydrogenase (LDH) is elevated in pro-

inflammatory immune cells to produce surplus lactate. Another

glycolysis-related enzyme is glucose-6-phosphate dehydrogenase

(G6PD) which acts at the first and the rate-limiting step of the

pentose phosphate pathway (PPP). G6PD level is elevated in M1-

MFs and cells deficient in G6PD have a reduced ability to induce the

innate immune response, thereby increasing host susceptibility to

infection with pathogens (39). In addition to glycolytic enzymes, the

glycolytic intermediates also play a significant role in the activation of

the immune system. Pyruvate is reduced by LDH to form lactate that

regulates immune response in macrophages and dendritic cells (40).

Importantly, phosphoenolpyruvate (PEP), the precursor of pyruvate, is

an immune signaling molecule; it promotes pro-inflammatory

functions and activates T cells by regulating Ca2+-transportation and

translocation of nuclear factor of activated T cells (NFAT) (41). Other

metabolic enzymes and their products associated with glucose and

immunometabolism have been reviewed elsewhere. These pathways

include PPP (42), TCA cycle (43, 44), serine biosynthesis and one-

carbon metabolism (45, 46), glutamine metabolism (47), and arginine

metabolism (48).
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Glucose metabolism, reactive oxygen
(ROS) and reactive nitrogen species
(RNS) production in macrophages, and
their action on bactericidal function

Reduction-oxidation (redox) reactions occur in various metabolic

processes including glycolysis, TCA cycle, but predominantly in the

electron-transport chain (ETC) of mitochondria, which is essential

for the generation of energy (ATP) for living cells. Oxidants, typically

reactive oxygen species (ROS), are produced as the byproducts of

redox reactions in ETC (49, 50). The major cellular redox reactions

are conversions between NAD+ and NADH, NADP+ and NADPH,

and FAD and FADH2. NAD+ is reduced/converted into NADH

during glycolysis (two molecules) and in TCA cycle (three

molecules) (51). NADH is re-oxidized to NAD+ by either lactate

dehydrogenation (LDH) which catalyze the conversion of pyruvate

into lactate, or by the ETC complex I through which, one proton and

two electrons are released and ROS (O2
.-) is formed when the

electrons are added to O2 (51, 52). Paralleling the glycolysis
FIGURE 1

A diagram of glycolysis and glycolic enzymes involved in the regulation of immune responses.
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initiating at glucose-6-phosphate, the pentose-phosphate-pathway

(PPP) generates NADPH (from NADP+) from pentose as well as

ribose 5-phosphate, a precursor for the synthesis of nucleotides.

Similar to NAD+/NADH, NADPH is oxidized by NADPH oxidase

(NOX) to be converted back to NADP+ and ROS is formed when the

released electrons are added to O2 (53). NOX is a membrane-bound

flavocytochrome, containing two molecules of heme and one

molecule of flavin adenine dinucleotide (FAD) with a spectroscopic

absorbancemax of 558 nm. For this reason, NOX is also referred to as

flavocytochrome b558 which contains p22phox (a-subunit, the

production of the CYBA gene) and NOX2/gp91phox (b-subunit,
CYBB gene) (54). NOX is found in functional phagocytes including

neutrophils, eosinophils, monocytes, dendritic cells, and macrophages

(55). The third pair of redox reaction is FAD and FADH2, which are

bound to succinate dehydrogenase complex (SDH). The substrate of

SDH is succinate, an intermediate of TCA cycle, which is synthesized

directly from succinyl-CoA. Succinate synthesis is enhanced in M1-
Frontiers in Immunology 0458
MFs due to the inhibition of TCA cycle (9). In addition, succinate can

also be synthesized via glutamine-dependent anaplerosis or the g-
aminobutyric acid (GABA) shunt, which promotes and maintains

polarization of M1-MFs (56). SDH is a part of ETC Complex II, and

mediates oxidation of succinate into fumarate. This reaction is

coupled with the reduction of ubiquinone (UQ) to ubiquinol

(UQH2) coupling with the oxidation of FADH2 to FAD. When

high amounts of succinate are oxidized to fumarate under low

oxidative phosphorylation conditions, electron flux moves in the

opposite direction of ETC, from complex II toward complex I,

leading to reverse electron transport (RET) and generating ROS (9,

57, 58) (Figure 2). The production of mitochondrial ROS is also

mediated by immunoresponsive gene 1 (IRG1), which utilizes b-
oxidation of fatty acids to generate ROS and improved activity of ETC

increases ROS production in phagosomes thereby augmenting

bactericidal activity (59). On the other hand, IRG1 is also called

Aconitate Decarboxylase 1 (ACOD1), an important enzyme in the
FIGURE 2

Up-regulated production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in M1- macrophages. Increased production of NADH
from reduction of NAD+ via glycolysis fuels the electron transport chain (ETC) complex 1 to generate O2

.-; NAD+ is continuously replenished by
upregulated NAD+ de novo synthesis from tryptophan metabolism. Increased production of NADPH via the pentose-phosphate-pathway (PPP), which is
also up-regulated in M1- type macrophages (MFs), fuels the ETC to produce O2

.-. O2
.- is also generated via succinate dehydrogenase (SDH) which is

coupled with FADH2/FAD redox reaction in complex II of ETC. In M1-MFs, RNS is derived from nitric oxide (NO) which is produced by arginine
metabolism through iNOS/NOS2. Mitochondrial ROS/RNS regulates phagocytosis, bacterial killing, and polarization towards M1-MFs via ATG and MAPK
activation. Additional symbols: 1,3-BPG, 1,3-bisphosphoglyceric acid; a-KG, alpha-ketoglutarate; ATG, Autophagy regulating gene; CIT, citrate; DHAP,
dihydroxyacetone phosphate; F-1, 6-P, Fructose-1, 6-biphosphate; F-6-P, Fructose-6-phosphate; FUM, fumarate; G-3-P, glycerol-3-phosphate; G-6-P,
glucose-6-phosphate; GABA, g-aminobutyrate; GA, glutaminase; GABA-T, GABA transferase; GAD, glutamate decarboxylase; GDH, Glutamate
dehydrogenase; Gln, glutamine; Glu, glutamate; GLUT1, glucose transporter protein type 1; iCIT, isocitrate; IDO, Indoleamine-pyrrole 2,3-dioxygenase;
Kyn, kynurenine; Lac, lactate; MAL, malate; OAA, oxaloacetic acid Pyr, pyruvate; SSA, succinate semialdehyde; SSADH, succinate semialdehyde
dehydrogenase; SUC-CoA, succinyl-CoA; SUC, succinate.
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TCA cycle, which converts aconitate to itaconic acid that has a

canonical antibacterial role through isocitrate lyase inhibition (60,

61). IRG1 is specifically up-regulated in LPS induced pro-

inflammatory murine M1-MFs (62, 63). ROS are essential for

macrophages to fight against invasive pathogens through the M1-

MF-dependent innate immune defense system, but they also play a

critical role in signal transduction, differentiation, and gene

expression (64, 65). In addition to ROS, cells generate oxidants

through reactive nitrogen species (RNS). RNS are produced from

the reaction of nitric oxide (•NO) with superoxide (O2
•−) to form

highly reactive peroxynitrite (ONOO−) (66) (Figure 2). NO is

synthesized from arginine by NO synthase (NOS2/iNOS) (67, 68).

Macrophages produce both ROS and RNS in response to

phagocytosis and are required for killing of pathogens (69). The

antimicrobial function of macrophages mainly depends on NOS2 and

NOX2 genes which are upregulated in both murine and human M1-

MFs to generate abundant ROS and RNS (70–74). Therefore, M1-

MFs exhibit a high bactericidal function to defend against many

intracellular pathogens including MTB (75). It has been noted that

M1-MFs have lower acidification rate and reduced proton pumping

activity and thereby increased proton moving force compared to M2-

MFs; this facilitates M1-MFs to generate ROS and efficiently control

pathogens (76). Interestingly, NO also enhances the accumulation of

itaconic acid in inflammatory cells increasing anti-bacterial activity

(77); consequently, gene disruption of IRG1 reduces itaconic acid

increasing the susceptibility to MTB infection and lung

immunopathology (78). Paradoxically, for some pathogens, excess

ROS can hijack host immune system and become favorable to

pathogen survival (79). The mechanisms of ROS dependent hijack

are not clear but inhibition of ETC complex I and regulation of TCA

intermediates by NO may provide a plausible explanation (77, 80).
Metabolic profiles of mouse and
human M1- versus M2-MFs during
tuberculosis infection

Metabolic gene expression profiling has revealed a biphasic

metabolic behavior of MTB infection using an animal model (81).

In the early phase post infection (up to 8 hr), the innate immune

system is activated to generate proinflammatory cytokines including

interleukin-1b (IL-1b), IL-6, IL-12, and TNF-a, predominantly in the

M1-MFs. In this early phase, glucose uptake aided by upregulated

GLUT1 is accelerated and the genes of glycolysis are activated to

increase the production of ATP and glycolytic intermediates and

increase the consumption of NAD+. Concurrently, oxidative

metabolism is down regulated indicated by a decrease in key

enzymes of the TCA cycle and mitochondrial ETC complexes in

mice exposed to MTB (82–84). However, as the infection progresses

to 24 and 48 hr, post-infection, the M1- metabolic state of

macrophages is reversed and an increase in TCA cycle and

oxidative phosphorylation with dampened glycolysis are observed

suggesting a switch towards M2-MFs (9, 81, 85). These data are

consistent with increased glycolysis and reduced TCA proteins in

human M1-MFs and switch towards M2-MFs observed using

proteomics analysis in our lab (86). Whereas most proteins of the
Frontiers in Immunology 0559
ETC complexes II-IV were down-regulated, majority of proteins in

complex I were up-regulated in human M1-MFs (86).

Although many metabolic profiling studies have been done using

mouse macrophages, recent studies are focusing on human

macrophages (86–92). For example, mice are more susceptible to

tuberculosis whereas nearly 90% of humans exposed to tuberculosis

develop latent infection indicating a better control by their

macrophages. In this direction, Gleeson, et al. identified that lactate

derived from glycolysis-generated pyruvate, is increased in M1-MFs

when activity of TCA cycle is down-regulated, suggesting it as a key

player during metabolic remodeling in MTB-infected human

macrophages (93). Treatment of resting human macrophages with

exogenous lactate caused a decrease in extracellular acidification rate

while an increase of oxygen consumption rate (analogous to oxidative

phosphorylation), resulted in an increased capacity to kill MTB

possibly through autophagy (94). The same study also found that

tuberculosis antimicrobial drugs, such as clofazimine, reshaped the

immunometabolic profiles of MTB infected human macrophages

towards oxidative phosphorylation similar to the effects of

lactate (95).

On the other hand, Cumming, et al. found that in MTB-infected

human monocyte-derived macrophages (nondifferentiated/resting

state) both glycolysis and oxidative phosphorylation were

suppressed leading to a state of metabolic quiescence resulting in a

decrease of ATP production in mitochondria and a switch from

dependency on glucose to fatty acids (88). This study suggested that

MTB promoted polarization of macrophages towards M2-MFs. We

suggest that this discrepancy could arise when the starting monocyte-

macrophage populations are different. Nonetheless, there seems to be

a consensus that MTB infected human macrophages undergo a

transition from M1-MFs during early phase of infection to M2-

MFs during late phase similar to the mouse data (81).

Interestingly, pharmaceutical modulation with histone

deacetylase inhibitor, suberanilohydroxamic acid (SAHA) promoted

the glycolysis rate of human macrophages with increased production

of pro-inflammatory cytokine IL-1b (a marker of M1-MFs) and

decreased production of anti-inflammatory cytokine IL-10 (a marker

of M2-MFs) during the early stage of MTB infection associated with

enhanced T helper cell responses ex vivo (87). In this direction, we

recently reported RNA-seq based transcriptomic data supporting

metabolic profiling; genes of glycolysis, TCA cycle, and ETC

complexes were all up-regulated that MTB infected in M1-MFs at

24 hr post infection (6). We further demonstrated that human M1-

MFs expressed unique innate immune response genes to defend

against tuberculosis through increased production of NO, accelerated

autophagy- dependent killing of MTB and increased antigen

presentation to T cells through an ATG-RAB7-cathepsin pathway

(6). Taken together, these data indicate that MTB infection promotes

naïve macrophage polarization progressively from M1-MF to M2-

MF phenotype. The biphasic metabolic switch observed using ex-vivo

MTB-infected human macrophages is similar to that of mouse

macrophages infected with MTB. However, mice still develop

progressive tuberculosis after aerosol infection with MTB unlike

humans suggesting that differences in metabolic regulation of M1-

vs. M2-MFs may exist. For example, we found that sirtuins were

differentially expressed by MTB infected M1 and M2-MFs unlike

similarly infected in mouse MFs (96). The metabolic basis for the
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differences in the antimicrobial function of M1 vs. M2-MFs is

discussed below.
Glucose has a profound impact
on immunometabolism
and autophagy in human MFs

Glucose metabolism and glycolysis are key players in

inflammatory response (10). In mouse M1-MFs exposed to

pathogens, both glycolysis and GLUT1 expression are upregulated
Frontiers in Immunology 0660
in the early phase of infection to facilitate rapid glucose uptake and

consumption, resulting in eventual depletion of glucose, increased

acidification of the microenvironment, both of which can be

detrimental to proliferating pathogens (8, 9, 97). In addition to

ROS/RNS discussed above, another bactericidal mechanism of

macrophages is autophagy which is regulated by nutritional and

metabolic states (98). Autophagy is generally induced by decreased

availability of glucose or other nutrients such as amino acids

(Figure 3A). In contrast, it can be stimulated by metabolites such as

fatty acids and ammonia. Under nutrition-restricted conditions,

glucose, acetyl-CoA, and amino acids are depleted, and NAD+
B

A

FIGURE 3

Impact of glucose metabolism on autophagy in macrophages during tuberculosis. (A) Regulation of autophagy by glucose homeostasis (Left: glucose
starvation; Right: glucose repletion) dependent metabolic sensor kinases. Description of the scheme is referred to the text. (B) Glycolysis-promoted
histone lactylation and acetylation during macrophage polarization. Upregulation of glycolysis in M1-Mfs increases lactate production from pyruvate;
however, excess of lactate provided exogenously pushes the equilibrium of the conversion between pyruvate and lactate further to the synthesis of
citrate from pyruvate and the former is broken up to acetyl -CoA by ACLY; this results in the elevation of both global histone acetylation and acetylation
of chromatins associated with the promoters of genes which promote polarization towards M2-Mfs.
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accumulates leading to an increase in the NAD+/NADH ratio (51)

which in turn, regulates autophagy (99, 100). Several metabolic-

sensor kinases also regulate this process (Figure 3A).

The target of rapamycin complex 1 (mTORC1) of the mTOR

complex is a positive regulator of glycolysis and is activated in M1-

MFs. Whereas mTORC1 inhibits autophagy, inhibition of mTORC2

activates the process. Roberts et al. demonstrated that during glucose-

limiting conditions, HK2 binds and inhibits mTORC1 thereby

activating autophagy, whereas in glucose-repletion condition,

glucose-6-phosphate (G6P) inhibits the binding of HK2 to

mTORC1 to suppress autophagy (101, 102). Therefore, HK2 and

G6P are pharmaceutical targets to induce autophagy in glucose-rich

condition. Indeed, Metformin, a biguanide antidiabetic drug, lowers

G6P in hepatocytes by activation of glucose phosphorylation, which is

downstream of glycolysis and triggers autophagy (103, 104). This

means that during early phase of infection of macrophages, high

glucose intake produces excess ATP that activates ROS-dependent

oxidative stress response and thereby up-regulated pro-inflammatory

cytokines but this process also reduces autophagy without

pharmacological intervention (102, 105). However, during the later

phase of infection of macrophages, glucose and other nutrients are

depleted, resulting in activation of autophagy and ROS level.

The second class of kinases is the AMP-activated kinases

(AMPKs) which activate autophagy. Under glucose starvation,

AMPK promotes autophagy by directly activating ULK1 through

phosphorylation of Ser317 and Ser777 (106, 107), which can be

prevented by mTORC1 that phosphorylates Ulk1 at Ser757 (106,

107). Glycolysis provides most of ATP in M1-MФs which is

hydrolyzed into ADP and further into AMP, generating energy

needed by cells. During glucose starvation, the AMP/ATP ratio

increases leading to the activation of AMPK (108). Activation of

AMPK inhibits mTOR resulting in an increase of autophagy (109,

110). Seemingly redundant to mTORC1, the RAS/cAMP-dependent

protein kinase A (PKA) signaling pathway also regulates the

induction of autophagy in yeast and mammals (111, 112). In

addition to mTORC1 and PKA, Akt in the PI3K/Akt signaling

pathway also regulates autophagy. Akt inhibits autophagy through

phosphorylating the C-terminal Ser279 of Beclin-1 in the core

autophagy machinery independent of mTORC1 (113, 114).

Interestingly, during glutamine deprivation or hypoxia, a glycolytic

enzyme – phosphoglycerate (PGK1), also directly phosphorylates the

N-terminal Ser30 of Beclin-1 leading to enhanced VPS34 activity and

subsequent autophagy (115). Of note, phosphorylation of Beclin-1 at

N-terminus or C-terminus has different effects on autophagy;

phosphorylation at the N-terminus enhances autophagy while at

the C-terminus inhibits. Akt is a major mediator of insulin

signaling and has been reported to be involved in mediating obesity

and type 2 diabetes-related inflammatory disease (116). Metformin

inhibits Akt activating autophagy, which is consistent with its

activation of autophagy by lowering G6P as a result of inhibition of

glucose flux and glycolysis (117). Deletion of Akt promotes

macrophage polarization towards to M1-MФs and increased NO

synthesis from arginine (118, 119). These observations suggest that,

besides its antidiabetic effect, metformin can significantly reduce the

risk of TB in patients with diabetes mellitus (120). Contradictory

findings on the relationship between glucose metabolism and

autophagy have been also revealed. Collins and coworkers reported
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that loss of mTORC1 in macrophages enhanced pro-inflammatory

functions which are normally related to M1-MФs with upregulated

glycolysis and activation of mTORC1 (121). These results were

evaluated using rapamycin to polarize mouse and human

macrophage models (122). The discrepancy can be explained by the

differential localization of mTOR in lysosomes under M1- and M2-

conditions (119). Mechanistically, it is known that, under starvation

of glucose, a p38 MAPK-dependent pathway can trigger autophagy

independent of the AMPK-mTOR pathway (123). We illustrate a

diagram of Mtb-killing or survival during autophagy or nitric oxide

(NO) through metabolite-sensing kinases corresponding to glucose

homeostasis (Figure 3A).

During MTB infection of macrophages, glucose metabolism plays

a significant role centered around autophagy. Glucose is a major

metabolic source producing ac-CoA through glycolysis and SAM

through serine biosynthesis and one-carbon metabolism. Ac-CoA

and SAM are the necessary cofactors of histone acetyltransferases and

methyltransferases (including DNA methyltransferases); further,

glycolysis consumes NAD+ that is an essential cofactor of histone

deacetylases. It is evident that glucose metabolism controls the level of

cofactors and thereby, the epigenetic regulation through histone

acetylation and methylation (and DNA methylation) which is

further reviewed below. IFN-g which drives M1-MFs promotes a

metabolic switch from oxidative phosphorylation to glycolysis, a

process similar to the Warburg effect of hypoxia in cancer cells.

Increased glycolysis causes the production and enrichment of copious

lactate. Interestingly, Zhang et al. identified that histones can be

modified by lactylation, and increased lactate promoted histone

lactylation and polarization towards M2-MFs (124). These data

suggest that M1-MFs can self-differentiate into M2-MFs after

prolonged glycolysis culminating in excess lactate. Noe et al. also

show that glucose is still required for M2-MF polarization; under

glucose starvation, exogenously added lactate matching the measured

concentration of lactate produced by IL-4 primed M2-MFs rescued

the loss of lactate endogenously produced from glucose metabolism.

This process enriched citrate from pyruvate by the half-blocked TCA

cycle, and subsequently increased ac-CoA after ACLY cleavage

resulting in global histone acetylation and M2 gene promoter-

specific acetylation (Figure 3B) (125). Together, these observations

indicate that lactate is a driver of M2 polarization from either M0- or

M1-MFs. Interestingly, the lactate-treated M2-MFs had increased

capacity to kill MTB possibly through autophagy (94). However, it

remains unclear how histone lactylation is regulated and whether it

causes histone acetylation to promote autophagy during TB.
Acetyl-CoA production from glycolysis
is regulated by protein acetylation
and sirtuins

Proteins acetylation dictates how cells choose glycolytic versus

oxidative metabolism as a function of energy availability and then

determine storage or utilization of carbon source (126, 127). Being a

fundamental building block for fatty acid synthesis, ac-CoA is a

necessary co-substrate of protein acetyltransferases to provide acetyl

groups for acetylation of proteins, mostly on the ϵ-amino group of
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1121495
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1121495
lysine, but also on the hydroxyl groups of serine, threonine, and

tyrosine specifically among bacteria (128). Though it can be formed

by fatty acid b-oxidation, amino acid catabolism, and break-up of

citrate, ac-CoA is mainly produced by glycolysis (129, 130). Many

enzymes in glycolysis, TCA cycle and proteins in mitochondria are

the substrates of histone acetyltransferases whose acetylation sites

have been identified by proteomics; nearly two-thirds of glycolic and

TCA cycle enzymes show acetylation sites (14). Acetylation promotes

or inhibits the activities of these enzymes, thereby increasing or

decreasing the production of metabolites (129, 131). For instance,

the enzymatic activity of phosphoglycerate mutase-1 (PGAM1), a

protein critical for glycolysis, is regulated by glucose availability and

SIRT1-dependent reversible deacetylation (15). When glucose is

available, acetylation of PGAM1 stimulates catalysis. When glucose

is restricted, SIRT1 levels increase, leading to deacetylation of PGAM1

and decrease in its enzymatic activity (15). Another positive

correlation between acetylation and enzymatic activity is SIRT2

expression during iPSC reprogramming when OCT4 induces miR-

200c-5p to suppress the expression of SIRT2 via microRNA binding

sites in its coding sequence. As a result of downregulation of SIRT2,

the activities of glycolytic enzymes (ALDOA, GAPDH, PGK1, ENO1

and PKM1/2) are increased due to elevated acetylation levels of these

proteins (132). In contrast, acetylation of some glycolic enzymes can

reduce their activity. It was reported that PKM2, a pyruvate kinase

which is involved in the last step of glycolysis to produce pyruvate and

ac-CoA, is acetylated at K305 by p300/(CREB binding protein)

associated factor (PCAF) resulting in a decrease of its enzymatic

activity (133). Moreover, acetylation of PKM2 enhanced its

interaction with HSC70 and promoted its lysosome-dependent

degradation via chaperone mediated autophagy under high glucose

intake (133). Deacetylation at K305 by SIRT2 inhibits the pyruvate

kinase of PKM2 by promoting its tetramerization (134), whereas

deacetylation at K433 by SIRT6 inhibited the pyruvate kinase of

PKM2 by suppressing its nuclear localization (135). The decrease of

both enzymatic activity and protein level resulted in the accumulation

of glycolytic metabolites upstream of PKM2, including FBP (fructose-

1, 6-bisphophate) and G6P (glucose-6-phosphate). FBP was then

found to couple with glycolytic flux to activate Ras and its

downstream targets MEK and ERK driving autophagy (136); in

contrast, G6P inhibited autophagy during glucose depletion (101,

102, 137). Interestingly, desuccinylation at K311 by SIRT5 counters

acetylation at K355 and K433 to activate the pyruvate kinase of PKM2

by promoting its tetramer-to-dimer transition and nuclear

localization, thereby blocking macrophage IL-1b production and

preventing dextran sulfate sodium (DSS)-induced colitis in mice

(138). These observations suggest that glucose metabolism and ac-

CoA production are regulated by the acetylation states of glycolytic

enzymes and sirtuin proteins play a major regulatory role.

Histone acetylation is responsive
to metabolite levels
and regulates autophagy

Acetylation of histones is a critical epigenetic modification that

changes chromatin architecture and regulates gene expression. Many

studies show that metabolism regulates acetylation, and, the changes
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in glucose metabolism can regulate histone acetylation (12, 13, 139).

Using multiplexed stable isotopic labeling by amino acids in cell

culture (SILAC)-based proteomics, Locasale’s lab found that the

acetylation levels of half of identified histone acetylation sites and

lysine acylation modifications at these sites were modulated by the

rate of glycolysis and that histone acetylation levels were strongly

correlated with ac-CoA levels and inversely associated with the ratio

of ac-CoA to free CoA (11). However, glycolysis-generated, ac-CoA-

dependent histone acetylation was competitively regulated by citrate-

generated ac-CoA by ATP-citrate lyase (ACLY) (140–142). Moreover,

the production of ac-CoA seems to be counter-balanced by utilization

of ac-CoA to form lactate from pyruvate via LDH, reaction with OAA

to form citrate entering the TCA cycle, acetylation of amino acids, and

synthesis of fatty acids and other molecules in various metabolic

pathways. Therefore, histone acetylation regulates metabolism and

macrophage activation, whereas acetylation is fine-tuned by

metabolism in polarized macrophages (143, 144). LPS/IFN-g
promotes polarization towards M1-MFs characterized by up-

regulated glycolysis and production of pro-inflammatory cytokines,

such as IL-1b whose expression is enhanced by histone acetylation

(145). The acetylation was thought to be due to the increased

production of ac-CoA from elevated glucose metabolism and

upregulated ACLY that reciprocally up-regulates glycolytic gene

expression (146, 147). Higher levels of histone acetyltransferase

MOF expression and acetylation at histone H4K16 were detected in

inflammatory macrophages at the wound sites of diet-induced-obese

mice compared to the anti-inflammatory macrophages in the healing

phase (148). In addition, ACLY-mediated citrate metabolism in the

TCA cycle contributes to the production of ROS and RNS in

inflammatory cells (149). In contrast, Noe and co-workers reported

that ACLY activation also promoted naive M0 to M2 polarization

through the lactate-citrate-ac-CoA route for histone acetylation in

tumor microenvironments (TME) (125). It remains unclear whether

data from animal studies can be translated to humans although, some

studies do reveal a positive correlation. For example, Vlad et al. found

that histone acetylation, the expression of histone acetyltransferases

p300, and the expression of NADPH oxidase-5 (Nox5) were all

elevated in human atherosclerotic specimens. They were co-

localized in the area of CD45+/CD68+ immune cells and lipid-rich

deposits within atherosclerotic plaques (150); in these

microenvironments, increased glucose intake and enhanced

glycolysis were proposed (151). Consistently, ACLY was activated

in inflammatory macrophages and human atherosclerotic plaques

(152). In contrast, inhibition or silencing of Slc25a1, a transporter of

citrate, resulted in decreased production of NO, ROS, and PGE2 in

U937 cells (153) and inhibition of ACLY had the same effects (154).

However, the role of ACLY in macrophage polarization was

challenged by Namgaladze et al. who found that silencing ACLY

expression using CRISPR/Cas9 in human THP-1 cells did not

attenuate IL-4 induced gene expression as ACLY inhibitors did and

concluded that ACLY might not be the major regulator of

nucleocytoplasmic ac-CoA contributing to IL-4-induced M2-MF
polarization of human macrophages (155). Erika Palmier and

coworkers performed 13C tracing experiments using [U-13C]-

glucose and glutamine and found that NO inhibited mitochondrial

aconitase (ACO2) resulting in blockade of TCA, and that

inflammatory macrophages rerouted pyruvate away from pyruvate
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1121495
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1121495
dehydrogenase (PDH) in an NO-dependent but hypoxia-inducible

factor 1a (HIF1a)-independent manner. This process promoted

glutamine-based anaplerosis which sustained the TCA cycle using

the glutamine generated aKG and OAA from pyruvate carboxylation

(80). This suggested that ac-CoA generated from glycolysis would be

reduced resulting in decreased histone acetylation in M1-MFs due to

NO-mediated inhibition of PDH. This is an intriguing cross

regulation by NO in M1-MFs that needs additional investigation.

Besides production of ac-CoA from metabolism, histone

acetyltransferases themselves also determine the acetylation level of

histones and expression of autophagy genes. Fullgrabe et al.

demonstrated that induction of autophagy by starvation or

rapamycin inhibition of mTOX was coupled to reduction of histone

H4 lysine 16 acetylation (H4K16ac) through downregulation of the

histone acetyltransferase hMOF/KAT8/MYST1 in both mouse

embryonic fibroblasts (MEF) and human transfected cells (156).

However, downregulation of histone acetylation and hMOF also led

to a transcriptional repression of autophagy genes based on a

feedback mechanism, preventing chronic autophagy that could lead

to cell apoptosis (156).
Sirtuins and NAD+ regulate protein/
histone deacetylation and autophagy-
mediated killing of bacteria

Sirtuins and antimicrobial mechanisms

Sirtuins, the class III histone deacetylases (HDAC), are crucial

regulators of inflammation and immune cell metabolism and function

(157–159). Metabolism is controlled not only by histone acetylation

but also deacetylation. Activities of sirtuins are dependent of NAD+,

NADH, or their ratio as NAD+ is their essential co-substrate (160).

There are seven currently known sirtuins (SIRT1-7). Each sirtuin

isoform is located at a specific compartment of the cell and has its

specific preferred substrate. SIRT1, SIRT6, and SIRT7 are

predominantly located in the cell nucleus (161). SIRT1 also exists

in cytosol and is a master metabolic regulator and the most studied

sirtuin protein so far; it is downregulated in cells with high insulin

resistance and its overexpression increases insulin sensitivity (162–

164). High concentration of glucose significantly downregulates

SIRT1 expression at both mRNA and protein levels, which is

related to upregulation of pro-inflammatory cytokines, IL-1b and

TNF-a in RAW264.7 macrophages (165). On the other hand, SIRT1

is up-regulated under calorie-restrict conditions known to extend life-

span (166, 167). SIRT1 also stimulates autophagy by deacetylating

autophagy-related proteins (ATG) including ATG5, ATG7, and LC3

which are required for autophagy in cultured cells, embryonic and

neonatal tissues (168, 169). SIRT1-dependent mechanism of

autophagy induction is not clear; it may stabilize ATG proteins by

forming a complex with them to prevent from degradation or prevent

deacetylation at the promoters of ATG5 and ATG7 genes by other

sirtuins due to its usage of NAD+ thereby activating expression of

ATG5 and ATG7 (170). SIRT1 can also promote autophagy by

activating AMPK to improve mitochondrial function (171),

inhibiting the mTORC1 signaling pathway (172), and enhancing
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transcriptional activities of FOXO1 and FOXO3 through their

deacetylation (169). Cheng and co-workers reported that MTB

infection down-regulated SIRT1 in animal models and patients with

active TB. Activation of SIRT1 by its activators, such as Resveratrol,

not only induced autophagy but also dampened MTB-mediated

chronic inflammation via deacetylation of RelA/p65 and impaired

binding of RelA to the promoter of inflammatory genes (173). Similar

results were obtained by others using mouse models (174). Another

mechanism of the anti-TB property of SIRT1 was revealed by Yang,

et al. who found that activation of SIRT1 prevented cell death in

MTB-infected macrophages through BAX and GSK-3b (175, 176). In

addition, SIRT1 activators also enhanced anti-TB drug efficacy (173).

Interestingly, SIRT1 inhibition by sirtinol has also been reported to

induce autophagy and autophagic cell death in MCF-7 cells (177).

The mechanism is not known. Off target effects on NAD+

biosynthesis and/or salvage pathways is possible, since an enhanced

activation of these pathways increases autophagy (178). SIRT6 is

essentially a deacetylase of histones H3 and H4, which changes

chromatin density and regulates gene expression and is required for

normal base excision repair and double-strand break repair of DNA

damage in mammalian cells (179). SIRT6, together with histone

H3K9 methyltransferase G9a, participate in inflammatory response

in macrophages, contribute to the IFN-sterol antiviral activity, and

play an active role in inflammation-mediated glucose intolerance

during obesity (180, 181). SIRT6 seems to facilitate MTB survival in

macrophages by epigenetically modulating host cholesterol

accumulation (182). SIRT7 was originally found to facilitate the

transcription of DNA by DNA polymerase I, DNA polymerase II,

and DNA polymerase III (183, 184). It has recently been found as a

nutrient sensor similar to SIRT1 during glucose starvation or calorie-

restricted diet and its depletion causes impaired activation of

autophagy (185). The effects of SIRT7 on tuberculosis

remain unclear.

SIRT2 is mainly cytoplasmic and also exists in nuclei where it can

deacetylate histones. SIRT2 suppresses T cell metabolism by targeting

key enzymes involved in glycolysis, TCA cycle, fatty acid oxidation,

and glutaminolysis. SIRT2-deficient murine T cells and SIRT2

blockaded human tumor-infiltrating lymphocytes showed increased

glycolysis and oxidative phosphorylation, enhanced proliferation and

effector functions and thereby superior antitumor activity (186).

SIRT2 dysregulated autophagy in high-fat-exposed mouse immune-

tolerant and hypo-inflammatory macrophages (187). We found that

the expression of SIRT2 was higher in MTB-infected human

peripheral blood derived M2-MFs which had lower autophagy

activity than M1-MFs infected with MTB (6). Pharmaceutical

inhibition of SIRT2 increased autophagy and killing of MTB by

M2-MFs; morover, SIRT2 blockade combined with anti-TB drug

dramatically increased MTB clearance in macrophages (6) (our

unpublished data). Although Cardoso, et al. claimed that SIRT2

blockade only had a transient effect on MTB infection of mice

(188), it is likely that human and mouse macrophages differ in

sirtuin dependent regulation.

SIRT3, SIRT4, and SIRT5 are all found in the mitochondrial

compartment and therefore implicated in regulating metabolic

processes by deacetylating mitochondrial proteins. SIRT3 showed

anti-inflammation property and mitigated endotoxin-induced acute

lung injury (189). In MTB-infected macrophages, SIRT3 is down-
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regulated resulting in reduced expression of SIRT3-target genes

including IDH2 and ETC complex I subunits and consequent

accumulation of isocitrate, reduction of ETC complex I and II

activity, lower GSH/GSSG ratio, and increase mtROS, promoting

cell death (190). Paradoxically, activation of SIRT3 is necessary for

autophagy and can provide protection for mitochondria in MTB-

infected macrophages (191). However, anti-TB activity of SIRT3 is

dependent on its genetic variants; for example, the minor allele

genotype (A carriers) of rs3782118 shows a decreased risk of TB

susceptibility, whereas the haptotype AGAAG (containing the major

allete G of rs3782118) is associated with an increased risk of TB (192).

SIRT4 is a mitochondrial ADP-ribosyltransferase that inhibits

mitochondrial glutamate dehydrogenase 1 (GLUD1) activity,

thereby downregulating insulin secretion in response to amino

acids (193). SIRT4 shows opposite activity of SIRT1 and SIRT3

(194) and it counters SIRT1 and SIRT3 activity by suppressing

their expression by rebalancing glycolysis and glucose oxidation

during recovery of acute inflammatory response in monocytes (195).

SIRT5 exhibits multiple enzymatic activities, as it is a deacetylase,

desuccinylase, and demalonylase, and capable of removing acetyl,

succinyl, and malonyl groups from the lysine residues of proteins

(196, 197). SIRT5 has dual functions of increasing ammonia

production via promoting glutaminolysis and removing it by

activating urea cycle. SIRT5 deacetylates and regulates carbamoyl

phosphate synthetase (CPS1), the rate-limiting and initiating step of

the urea cycle in liver mitochondria and therefore plays a critical role

in ammonia detoxification (14, 197). On the other hand, SIRT5

stabilizes glutaminase (GLS) by desuccinylation, the enzyme

transforming glutamine into glutamate generating ammonia (198).

As ammonia is a diffusible regulator of autophagy (199), the

regulation of autophagy by SIRT5 may be dependent on net

ammonia concentrat ion produced and consumed from

glutaminolysis and urea cycle. Indeed, Polletta et al. demonstrated

that in human breast cancer MDA-MB-231 and mouse myoblast

C2C12 cell lines, ammonia production was increased when SIRT5

was silenced and decreased in SIRT5-overexpression cells (200).

Morover, when GLS was activated by SIRT5, production of

ammonia was increased and consequently autophagy activity was

increased, whereas inhibition of SIRT5 decreased both ammonia

production and autophagy (200). SIRT5 is therefore appears to be a

potential regulator of autophagy and has additional, tangential effects

like desuccinylation of mitochondrial proteins (201). Desuccinylation

of ETC complex I and II occurs upon the binding of SIRT5 to the

mitochondria-exclusive phospholipid-cardiolipin, which maintains

the integrity of ETC residing on the inner mitochondrial membrane

hence promoting the oxidation of NADH into NAD+ and the

production of ROS and ATP (202, 203). Further, SIRT5 can

desuccinylate glycolytic enzyme PKM2 causing its deactivation; in

LPS activated but SIRT5 knock-out macrophages, IL-1b production

was boosted due to an increase in succinylation of PKM2,

demonstrating that SIRT5 is related to anti-inflammation (138). In

our studies, we found that SIRT5 was up-regulated in MTB-infected

and -uninfected human M1-MFs in contrast to SIRT2 which was up-

regulated in M2-MFs (6). We found that both inflammatory IL-1b
production and autophagy were up-regulated in MTB infected M1-

MFs unlike mouse macrophages (6, 96), and in contrast with Wang,

et al. (138), we found that SIRT5 was related to a pro-inflammatory
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response. These issues underscore sirtuin- dependent differences

between human and mouse macrophages. In cancer studies, SIRT5

was found to be downregulated in gastric cancer tissues and it

enhanced autophagy via the AMP-activated protein kinase-mTOR

signaling pathway (204). From these observations, we propose a

tentative conclusion, though debatable, that of the seven sirtuin

proteins, SIRT1, 3, 5, and 7 perform a protective function against

infections with MTB whereas, SIRT2, SIRT4 and SIRT6 interfere with

macrophage pathways facilitating pathogen survival. However, it is

also likely that sirtuins are interdependent and compete with the

shared resource of NAD+; for example, activity of one sirtuin protein

may be enhanced by inhibition of another one. An example is that

SIRT5 counters the inhibitory effects of SIRT2 and enhances the

innate immune responses in macrophages by blocking SIRT2-

dependent deacetylation of RelA/p65 activating NF-gB and

increased production of downstream cytokines (205).
Sirtuins and arginine metabolism

An intriguing effect of SIRT5 is its ability to regulate arginine

metabolism and NO production. As discussed above, SIRT5

deacetylates, desuccinates, and deglutarylates CPS1 to promote the

formation of carbamoyl phosphate from ammonia in the urea cycle

(196, 197). This process potentially increases the synthesis of

citrulline because of interaction between carbmoyl phosphate and

ornithine (Figure 4). Interestingly, acetylated glutamate (NAG)

additively activates CPS1 (206). With the aid of catalytic enzyme

arginosuccinate synthetase (ASS1), citrulline reacts with aspartate to

form arginosuccinate which is then converted into arginine and

fumarate by argininosuccinate lyase (ASL). Both ornithine and

aspartate can be acetylated in macrophages. Therefore, it appears

that acetylation of amino acids (glutamate, aspartate, and ornithine)

and SIRT5 are involved in the conjugated urea cycle and arginine

metabolism cycle. Nitric oxide, the RNS (reactive-nitrogen-species)

precursor, is produced by arginine oxidation with the help of iNOS/

NOS2. Increased citrulline can replenish arginine consumption for

oxidation (207). We propose that an identification of the targets and

functions of SIRT5 using mouse liver and human kidney cells can

shed a light on the role of SIRT5 during macrophage activation

and polarization.

In this direction, we measured mRNA expression of SIRT5 which

was significantly higher in MTB-infected and uninfected M1-MФs

than in M2-MФs cultured under identical conditions (6). Because we

had detected that a majority of the proteins in the ETC complex I in

M1-MФs was up-regulated (86), we suspected that not only

desuccinylation by SIRT5 but also protein expression of ETC

complex I promote NADH oxidation into NAD+ and ROS in M1-

MФs. We also found an inverse relationship between acetylated

amino acids and acetylated histones (86). Therefore, we speculated

that acetylation of amino acids and acetylation of histones might

compete for ac-CoA to fulfill acetylation; in M1-MФs, glycolysis

generated acetyl-CoA cannot enter the partially blocked TCA cycle

but is consumed by acetylation of amino acids as a consequence of

which, the supply of ac-CoA for acetylation of histones is diminished.

Another possibility is that histone acetylation was reduced by

deacetylation with increased production of NAD+ by ETC complex
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I (86). Interestingly, acetylated aspartate (NAA), glutamate (NAG)

and ornithine (NAO) were not only enriched in M1-MФs but were

also connected with arginine metabolism (Figure 4). Both NAO and

methylated arginine inhibit iNOS/NOS2 required for the production

of NO (208–211). In addition, arginine is metabolized into citrulline

releasing NO to form RNS that is upregulated in M1-MФs. These

intriguing data led us to the tantalizing questions: how does SIRT5

regulate acetylation of amino acids and histones to leverage arginine

metabolism and further, how is RNS production regulated by SIRT5

via arginine metabolism?

We note here that, bacteria including Mtb can synthesize arginine

from glutamate by acetylation. NAG which is synthesized from

glutamate by ArgA and NAO which is synthesized from NAG-5-

semialdehyde by ArgD, are the important intermediates. Because

mutation dependent loss of function for ArgA or ArgD led to

antibiotic resistance in bacteria (212), it appears important to

determine, how amino acid acetylation in macrophages is regulated

by SIRT5 to replenish NAG and NAO during urea and arginine

cycles in relation to drug resistance. Additional studies are warranted

in this area.
Sirtuins and tryptophan metabolism

Deacetylation activities of sirtuins are regulated by the availability

of NAD+. Two and three molecules of NAD+ are respectively

consumed in glycolysis and TCA cycle. NAD+ can be recovered

from NADH oxidation, pyruvate reduction to lactate, and the redox

reaction in ETC complex I. NAD+ can also be de novo synthesized
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from tryptophan metabolism and synthesized via the nicotinamide

salvage pathway (Figure 5). Thus, the overall level of NAD+ is well

regulated under physiologic conditions to maintain optimal

metabolism, appropriate energy production, and proliferation.

Isotope tracing studies performed by Minhas et al. revealed that

macrophage NAD+ was derived substantially from kynurenine

pathway of tryptophan metabolism to maintain normal innate

immune functions, whereas breakdown of this de novo NAD+

synthesis pathway could occur after LPS stimulation. They also

demonstrated that inhibiting the expression of quinolinate

phosphoribosytransferase (QPRT) decreased NAD+ level and

caused innate immune dysfunction during aging and age-related

diseases (213). Another study by Cameron et al. indicated that

synthesis of NAD+ by the salvage pathway drove an immediate

macrophage inflammatory response to LPS (214). The mechanistic

insight was that LPS-induced ROS caused DNA damage through

heightened expression of CD38 and increased PARP activity, a

process which consumes NAD+ to trigger the salvage pathway for

repletion of NAD+ (214, 215).

Using triomics to analyze IFN-g activated but rested and

uninfected human donor derived M1-MFs, we found significantly

increased expression of QRPT and the production of Niacin (aka,

nicotinic acid or vitamin B3) which is the precursor of NAD+; this

indicated up-regulated de novo NAD+ synthesis through tryptophan

metabolism. We proposed that elevated NAD+ level would result in

an increased deacetylation by sirtuins and thereby decreased histone

acetylation. Indeed, we found decreased histone acetylation in

uninfected M1-MFs using mass spectrometric measurements (86).

However, during MTB infection, we propose that NAD+ level could
FIGURE 4

Sirtuin5 plays a vital role in arginine metabolism during macrophage activation and polarization. Arginine is converted into citrulline to release NO in M1-
MFs where iNOS/NOS2 is up-regulated, whereas arginine is converted into ornithine in M2-MFs where ARG1 is up-regulated. In addition, arginine
metabolism is regulated by glutamine metabolism which is involved in the urea cycle by N-acetylglutamate (NAG). NAG which is an allosteric activator
and is required for the initial and rate-limiting enzyme of the urea cycle, carbamoyl phosphate synthetase 1 (CPS1). The formation of this unique co-
substrate from glutamate and acetyl Coenzyme-A is catalyzed by NAG synthase (NAGS). Sirtuin-5 (SIRT5) desuccinates and activates CPS1 to promote
the formation of carbamoyl phosphate from ammonia. Carbamoyl phosphate can modify ornithine to form citrulline through the enzyme ornithine
transcarbomoylase (OTC). Citrulline can react with aspartate facilitated by the catalytic enzyme arginosuccinate synthetase (ASS1) to form
arginosuccinate, which can return to arginine and fumarate through argininosuccinate lyase (ASL). Both aspartate and ornithine can be acetylated to
form acetylated aspartate (NAA) and acetylated ornithine (NAO). Asymmetric di-methylated arginine (ADMA/Rme2) can be hydrolyzed by enzyme
dimethylarginine dimethylaminohydrolase (DDAH) into citrulline and dimethylamine. In bacteria, arginine biosynthesis can start with glutamate
acetylation and a set of bacterium-specific catalytic enzymes (ArgA-H) are involved. Additional Symbols: NAT8L, N-acetyltransferase 8 like; PRMT,
Protein arginine methyltransferase.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1121495
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1121495
be depleted by glycolysis or the inhibition of NAD+ salvage pathway

by tuberculosis necrotizing toxin (TNT) resulting in the death of

macrophages (216, 217). Further, NAD+ replenishment alone or its

combination with resveratrol (RSV) or cyclosporin A (CsA) can

counter the toxicity of TNT and protect macrophages from MTB-

induced cell death (173, 216, 218). Others found that NAD+ levels can

also be raised by treatment with fatty acid oxidation inhibitors such as

Trimetazidine (TMZ) which induced NADPH oxisase and autophagy

mediated control of tuberculosis (219). Together, these data suggest

that cellular NAD+ concentration controls both sirtuin deaceylase

activity and antimycobacterial function of macrophages.
Pharmacological modulation of sirtuins to
increase antimicrobial mechanisms

Sirtuins have been found as potential immunotherapeutic targets

against tuberculosis because of their regulation of central energy

metabolism via NAD+-dependent deacetylation. It has been
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reported that MTB infection depleted NAD+ level and perturbed

sirtuin activity in MFs (173, 190, 191, 217). Others reported that

inhibition of SIRT2 with AGK2 restricted the growth of both dug-

sensitive and -resistant strains of MTB and enhanced the efficacy of

anti-TB drug Isoniazid in the mouse model of infection (220). In

contrast, SIRT1 activators, such as resveratrol (RES), achieved a

similar outcome by reducing lung pathology, chronic inflammation,

and enhanced the efficacy of anti-TB drugs (173). As previously

noted, hMOF is a specific histone H4K16 acetyltransferase; low

activity of hMOF and low H4K16 acetylation is related to

starvation-induced autophagy, which causes chronic repression of

autophagic genes (156). SIRT1 is a H4K16 specific deacetylase.

Mechanistically, activation of SIRT1 may keep the global H4K16

acetylation at low levels but on the other hand, it may deacetylate and

activate ac-coA synthetase 1 (AceCS1) accumulating ac-CoA from

acetate (221). Moreover, SIRT1 can also deacetylate hMOF to

facilitate its binding to the chromatin at the promoters of

autophagic genes promoting H4K16 acetylation due to increase in

AceCS1 derived ac-Co-A (222). In murine J2-macrophages, the
FIGURE 5

Regulation of Histone acetylation and deacetylation by metabolism-generated acetyl-CoA and NAD+. Acetyl-CoA is an essential co-substrate of histone
acetyltransferase (HAT) that is mainly generated from glycolysis and fatty-aid b-oxidation; it is required for histone acetylation, amino acid acetylation
including forming n-acetyl-aspartate (NAA), n-acetyl-glutamate (NAG), and n-acetyl-ornithine (NAO), and fatty-acid synthesis. NAD+ is an essential co-
substrate of NAD+-dependent histone deacetylases that includes Sirtuin proteins. NAD+ is consumed by glycolysis (2 molecules) and TCA cycle (3
molecules), whereas it is regenerated from NADH oxidation via conversion of pyruvate into lactate and through ETC complex I. NAD+ is biosynthesized
from quinolinic acid, the end product of tryptophan metabolism, catalyzed by the rate-limiting enzyme quinolinate phosphoribosyl transferase (QPRT).
The NAD+ de novo biosynthesis pathway is coupled with and regulated by the NAD+ salvage pathway. Regulation of NAD+ usage and production in MFs
controls Sirt deacetylase activity, and hence, histone acetylation level. Additional Symbols: ACLY, ATP-citrate lyase; NAM, niacinamide; NAMPT,
nicotinamide phosphoribosylransferase; NMN, nicotinamide mononucleotide; NMNAT, nicotinamide nucleotide adenylyltransferase; Orn, ornithine;
PHGDH, phosphoglycerate dehydrogenase; p-Pyr, phosphopyruvate.
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mRNA expression levels of SIRT1, SIRT3, SIRT5, and SIRT7 were all

decreased at 24 hr post-infection of TB, which was also validated

using mouse bone marrow derived macrophages (BMDM) (190). A

detailed study of SIRT3 demonstrated that, over-expression of SIRT3

or treatment with SIRT3 activator Honokiol prevented MTB from

inducing mitochondrial ROS accumulation in murine BMDM and

cell death, whereas reduced expression of SIRT3 in Sirt3-/- mice

increased bacterial burden (190). A similar report revealed that

SIRT3 enhanced anti-TB defense through coordinated

mitochondrial and autophagic functions (191). SIRT7 has

protective effects against TB-infection through regulation of NO

production and apoptosis demonstrated using an in-vitro model

(223). Prakhar et al. observed restricted growth of TB and

development of granulomatous lesion in the lungs and spleen of

SIRT6 heterozygous mice infected with TB (182). Together these data

suggest that the activators of SIRT3, SIRT5 and SIRT7 are potential

anti-TB drugs in addition to the SIRT1 activator-Resveratrol. In

contrast, we found that SIRT2 blockade increases autophagy-

mediated killing of MTB. Of note, there are no data on whether

SIRT4 contributes to anti-tuberculosis immunity.
Prospects for sirtuin modulators as drugs
against tuberculosis

Despite reports that sirtuin inhibitors or activators in

combination with the FDA-approved frontline anti-TB drugs

enhance killing of drug resistant and dormant TB (173, 220, 224),

none has been approved by FDA. Metformin is a direct SIRT1

activator based on computational modeling and experimental

validation (225). Although it is not a TB-specific drug, it shows

therapeutic efficacy for patients who have comorbidity of TB and

diabetes and can be used as a pure adjunctive therapy for TB (226).

Because, small chemical compounds that modulate sirtuin function

have been pursued as anticancer agents (227), we propose that efforts

should be made to use a combination of sirtuin activators and

inhibitors to treat tuberculosis in combination with existing therapies.

Beside sirtuin proteins, the NAD+ biosynthesis pathway may also

be a promising target for tuberculosis therapy. Recent elucidation of

the mechanism of isoniazid (INH), a frontline anti-TB drug, indicated

that INH couples with NADH catalyzed by KatG to form the active

INH-NAD adduct, which in turn, binds tightly to the enoyl-acyl

carrier protein reductase InhA so that the synthesis of mycolic acid

for mycobacterial cell wall formation is inhibited (228). As MTB

depends solely on its own de novo pathway to meet its NAD+ demand

(229), MTB-QPRT provides an attractive target for designing novel

anti-TB drugs (230). Coincidentally, NAD+ in the host M1-MF is

significantly higher than M2-MFs to maintain autophagy and

bactericidal activity. Because of QPRT occurs in both host

macrophages and MTB, its non-specific inhibition would decrease

autophagy mediated killing capacity of macrophages. As crystal

structures of both human and MTB derived QPRT have been

elucidated (229, 231), to avoid toxicity, a drug to selectively target

MTB-QPRT but not human-QPRT based on their structural

difference at the substrate binding sites would be crucial. Quinolinic

acid (QA) is the first intermediate in the de novo pathway of NAD+

biosynthesis that is common to all organisms and is mainly produced
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by the degradation of tryptophan in most eukaryotes. In contrast, in

prokaryotes, including MTB, it is mainly produced from L-aspartate

and dihydroxyacetone phosphate by the enzymes encoded by nadA

(quinolinic acid synthetase) and nadB (L-aspartate oxidase) (232).

Therefore, we propose that a drug to target nadA/B may be an

alternative to QPRT inhibitors to control tuberculosis (233).
Sirtuins intersect the serine
biosynthesis, one-carbon metabolism,
and methylation of DNA and histones

The biosynthesis of serine starts with the oxidation of 3-

phosphoglycerate (an intermediate from glycolysis) by NAD+ to 3-

phosphohydroxypyruvate and NADH catalyzed by phosphoglycerate

dehydrogenase (PHGDH), which is a rate-limiting enzyme (Figures 5,

6); the other two are Phosphoserine aminotransferase (PSAT) and

Phosphoserine Phosphatase (PSPH). Since NAD+ is required for

facilitating the functions of both PHGDH in serine biosynthesis and

GAPDH in glycolysis, serine biosynthesis competes with the glycolysis

pathway. Supporting this concept, serine deprivation in LPS-Simulated

macrophages caused a reduction of pyruvate, decreased NAD+/NADH

ratio, and decreased ROS level, partially resembling M2-MF phenotype

but still maintaining a pro-inflammatory cytokine profile of M1-MFs
(234). However, Rodrigues et al. reported that serine is required for LPS

induction of IL-1b mRNA expression but not inflammasome activation,

because serine is used for conversion to glycine that is needed for

macrophage GSH synthesis to support IL-1b production (235). Serine

is required for the growth of MTB (236). Serine is converted to glycine by

SHMT1 in the cytosol and SHMT2 in the mitochondria, which then

donates one carbon to the folate cycle adjacent to the methionine cycle

throughmethionine synthase (MTR) that in turn, requires vitamin B12 as

a co-substrate. In the methionine cycle, SAM is synthesized from S-

Adenosyl Homocysteine (SAH) with the donation of a methyl group

frommethionine. SAM is an essential co-substrate of methyltransferases,

and provides the methyl group for methylation of histone, DNA and

other biological compounds in the cells. In M1-MFs, up-regulated
glycolysis would increase the supply of 3-phosphohydroxypyruvate for

serine biosynthesis. Because nitric oxide in M1-MFs is toxic to vitamin

B12, the transportation of B12 crossing the cell membrane is inhibited by

hypoxia, and the mitochondrial citramalyl-CoA lyase (CLYBL) appears

to be indirectly involved in the inhibition of vitamin B12 metabolism,

depletion of B12 and as expected, subsequent inactivation of methionine

synthase (MTR). As a result, one-carbon metabolism is hindered

resulting in reduced formation of SAM and consequently, decreased

methylation of histones or DNA (Figure 6). However, increased

extracellular methionine uptake can still be triggered via the feedback

mechanism to restore the loss. Excess methionine increases the

production of SAM and DNA methylation attenuating LPS-induced

inflammation (237). Because hypermethylation in macrophages reduces

pro-inflammatory responses, we propose that a similar mechanism may

favor the survival of MTB (238). Notably, MTB synthesizes its own

methionine and SAM from homoserine which is produced through

aspartate pathway (239, 240). Dinardo et al. performed methylation-

sensitive enzyme-quantitative PCR (MSRE-PCR) and observed that in

the PBMCs of TB-infected patients, pro-inflammatory genes including
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IL-1b and IFN-g were DNA-hypermethylated resulting in dampened

host immune responsiveness (4). MTB mediated hypermethylation of

inflammatory genes is therefore a pathogen evasion strategy.

Proteomics has identified that the one-carbon enzyme, MTHFD1L

(methylenetetrahydrofolate dehydrogenase [NADP+ dependent 1-like])

in the folate cycle, is a substrate for SIRT5 mediated desuccinylation/

malonylation and SIRT5 also interacts with SHMT2 (241–244). In SIRT5

knock-down (KD) melanoma cells, reduced H3K4me3 and H3K9me3

were observed, indicating that reduced SAM production from impaired

one-carbon metabolism of H3K4me3 and H3K9me3 sense the SAM

levels in the cells (243, 245). SIRT5 also desuccinylates and activates

SHMT2 to promote one-carbon metabolism and potential histone

methylation in cancer cells (244). If this is true in immune cells, one-

carbon metabolism and histone methylation would be enhanced in M1-

MFs as SIRT5 is up-regulated based on our RNA-seq data (6), which is

opposite to what we proposed: that one-carbon metabolism would be

down-regulated due to B12 depletion/MTR inactivation discussed above.

In contrast, in breast cancer, SIRT2 regulates the reversible acetylation of
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PHGDH through TIP60 and promotes the binding of PHGDH and

RNF5 to induce PHGDH degradation and reducing serine and glycine

derived from glucose metabolism via the serine biosynthesis pathway in

(246). If this information is also true in immune cells, in M2-MFs
upregulated SIRT2 would reduce serine synthesis from glucose

metabolism potentially resulting in histone hypomethylation.

Therefore, we propose that the methylation state in M1-MFs versus

M2-MF depends on which metabolic pathway is dominant- glycolysis

and glucose intake, serine biosynthesis and intake, one-carbon

metabolism and methionine intake, depending upon specific

tissue microenvironments.

In order to understand how MTB regulates lysine and arginine

methylation or other free amino acids and histones differently in M1-

versus M2-MFs, we will need to use isotope tracers and mass

spectrometry. This will allow us to monitor how methyl migration to

lysine and arginine residues from methionine/SAM produced by glucose

derived serine occurs, and to determine whether serine is synthesized

from intracellular source or directly taken up from extracellular nutrients
FIGURE 6

Histone methylation through one-carbon metabolism and serine biosynthesis in macrophages. Serine is biosynthesized from 3-phophoglycerol (3PG), an
intermediate of glycolysis, by phosphoglycerol dehydrogenase (PHGDH) to form phosphopyruvate (p-Pyr) and catalyzed by phosphoserine
aminotransferase (PSAT) to form phosphoserine (p-Ser) and then phosphoserine phosphate (PSPH) to form serine. With the aid of catalytic enzyme
serine hydroxymethyltransferase (SHMT), serine is further converted into glycine donating one-carbon (a methyl group) to the tetrahydrofolate (THF) in
the folate cycle to form sequentially 5, 10-methylenetetrahydrofolate (5,10-meTHF) and 5-methyl-tetrahydrofolate (meTHF); the methyl group of the
latter is transferred to homocysteine (Hcy) to form methionine (Met) and S-adenosyl-methionine (SAM). SAM is the co-substrate of methyltransferases
for DNA and histone methylation. Methionine and serine can also be respectively delivered from extracellular environment to the cells by their
transporters, L-type amino acid transporter/solute carrier family member 5 (LAT1/SLC7A5) and alanine/serine/cysteine/threonine transporter 1 (ASCT1).
The methyl transfer from meTHF to Hcy needs methionine synthesis (MS/MTR) and its co-substrate vitamin B12. In M1-MFs, elevated nitric oxide (NO)
poisons vitamin B12 causing deactivation of MTR and the disruption of one-carbon metabolism, resulting in reduced Met and SAM for histones/DNA
methylation. In Mycobacterium tuberculosis MTB) infected MFs, independent of vitamin B12, the pathogen can bypass the one-carbon metabolic
pathway to synthesize methionine and SAM through homoserine, a product of aspartate metabolic pathway.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1121495
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1121495
in naïve versus polarized macrophages. Additionally, using isotope-

labeled aspartate, we may be able to trace the methyl group migrating

through the aspartate-homoserine-homocysteine route to lysine and

arginine in MTB infected macrophages (Figure 6). We will then have a

clear picture of methylation and epigenetic profiles differentially affected

by metabolism in naïve or polarized macrophages infected with MTB.
Conclusion and perspectives

Glycolysis not only generates energy (ATP) to meet the demand

of cells for their surviving but also controls the homeostasis of NAD+

which prevents cells from death and is an essential co-substrate of

sirtuin proteins, the type-III histone deacetylases. Importantly,

glycolysis is also a source of directly or indirectly producing ac-

CoA and SAM, the co-substrates of histone acetyltransferases and

methyltransferases respectively. Upregulated glycolysis in M1-MFs

generates increased ac-CoA from pyruvate and thereby increased

histones acetylation which is counter-regulated by NAD+. NAD+ is

consumed in glycolysis and TCA cycle and other redox processes. It is

also reproduced by oxidation in metabolic pathways such as lactate

synthesis from pyruvate and ETC. Increased NAD+ from de novo

synthesis and the NAD+ salvage pathway would tip the balance

towards hypoacetylation. Glycolysis also links to serine biosynthesis,

a fuel for one-carbon metabolism, and the synthesis of SAM for

histone/DNA methylation. Metabolic switch between M1- and M2-

MFs therefore causes an imbalance of co-substrates (ac-CoA and

SAM) of histone acetyltransferases and methyltransferases thereby

changing the landscapes of acetylation and methylation of histones

and proteins in the metabolic pathways. Consequently, metabolism

controls macrophage gene expression, the production of anti-

mycobacterial oxidants, and autophagy during pathogen infection.

Since the co-substrates produced by metabolites from glucose are

regulated by other metabolic pathways, future work needs to be

focused on the dynamic correlation between metabolism and

histone modifications through measurement of the levels of co-

substrates produced in polarized macrophages and the states of

histone modifications on a time scale. For example, we can use

stable isotope labeled glucose as the major probe during early and

late phase of infection. It is also important to seek an insight into the
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impact of glucose metabolism on the expression of cytokines and

autophagy genes regulated by co-substrates. Moreover, we can use

stable-isotope labeled glutamine and arginine, to probe the

mechanism of how sirtuin proteins control glutaminolysis and NO

production through conjunction of the urea cycle and arginine

metabolism cycle. Sirtuin proteins and their substrates are therefore

promising targets for treatment of tuberculosis and likely other

intracellular infections.
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Pulmonary hypertension is characterized by pulmonary arterial remodeling that

results in increased pulmonary vascular resistance, right ventricular failure, and

premature death. It is a threat to public health globally. Autophagy, as a highly

conserved self-digestion process, plays crucial roles with autophagy-related

(ATG) proteins in various diseases. The components of autophagy in the

cytoplasm have been studied for decades and multiple studies have provided

evidence of the importance of autophagic dysfunction in pulmonary

hypertension. The status of autophagy plays a dynamic suppressive or

promotive role in different contexts and stages of pulmonary hypertension

development. Although the components of autophagy have been well studied,

the molecular basis for the epigenetic regulation of autophagy is less understood

and has drawn increasing attention in recent years. Epigenetic mechanisms

include histone modifications, chromatin modifications, DNA methylation, RNA

alternative splicing, and non-coding RNAs, which control gene activity and the

development of an organism. In this review, we summarize the current research

progress on epigenetic modifications in the autophagic process, which have the

potential to be crucial and powerful therapeutic targets against the autophagic

process in pulmonary hypertension development.
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1 Introduction

Autophagy has been implicated in multiple physiological

processes that are important for human health and disease (1, 2).

It is an adaptive process that occurs in response to different forms of

stress, including hypoxia, infection, and nutrition deprivation. The

damaged organelles, pathogen, aggregated proteins, or long-lived

proteins are collected, delivered to lysosomes, digested by lysosomal

hydrolases, and recycled to produce amino acids and fatty acids

necessary for ATP production and cellular response (3). Multiple

signaling pathways and autophagy-related proteins (ATG proteins)

have been implicated in completing the autophagic process. So far,

according to the human autophagy database developed by the

Laboratory of Experimental Cancer Research headed by Dr. Guy

Berchem, more than 200 different autophagic genes directly or

indirectly modulating the autophagic process have been discovered.

More than 40 genes encoding ATG proteins have been identified in

yeast, and most of the genes (ATG1-ATG10, ATG12-ATG14,

ATG16-ATG18) are conserved between yeast and mammals,

which indicates the autophagic process as an intracellular

evolutionarily conserved degradation process (4). The so-called

core ATG proteins essential for autophagic process completion

undergo different modifications, including epigenetic modifications,

acetylation, phosphorylation, and ubiquitylation, which affect the

role of autophagy-related proteins in the autophagic process.

Numerous signaling pathways serve as upstream regulators of

autophagy, including the NF-kB, STAT3, p53, FOXO, Sirt1, and
HDAC signaling pathways. These signaling pathways also have

significant influences on angiogenesis, endothelial-to-mesenchymal

transition, and programed cell death, resulting in vascular

remodeling and vascular resistance. Epigenetics refers to the

regulation of epigenomic gene expression by epigenetic alterations

(DNA methylation, histone modifications, and alternative RNA

splicing) that are independent of changes in gene sequences and are

heritable. Factors such as DNA methylation, histone modifications,
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and alternative RNA spliced isoforms are responses to changes in

environmental stimuli that interact to regulate gene expression and

control cellular phenotypes, all of which are necessary to maintain

environmental stability in the body and contribute to normal

physiological functioning. The epigenetic modifications of these

signaling pathways affect the expression, stability, and function of

autophagy-related proteins.

Direct links exist between autophagy and pulmonary

hypertension (PH) according to various research. Pulmonary

hypertension is a fatal and heterogeneous disease characterized by

elevated pulmonary vascular resistance and pulmonary artery

pressure, resulting in the remodeling of the pulmonary

vasculature (5). PH is divided into five categories according to

inherited or unknown causes, heart disease, lung disease, the

blockage of blood vessels, or other medical conditions such as

some blood disorders (Figure 1) (6). The pathologic process of PH

begins with vasoconstriction and remodeling of the small

pulmonary arteries, leading to an increase in pulmonary vascular

resistance (PVR). This can be caused by a variety of factors

including genetic mutations, viral infections, and exposure to

toxins such as cigarette smoke. As PVR increases, the right

ventricle must work harder to pump blood through the lungs into

the left side of the heart, leading to right ventricular hypertrophy

and eventually right heart failure (7). The primary cellular

mechanism underlying the pathologic progression of PH is

abnormal smooth muscle cell and endothelial cell proliferation.

As the disease progresses, these cells proliferate excessively and

invade the surrounding extracellular matrix, leading to a narrowing

of the lumen of the pulmonary artery and increasing the resistance

to blood flow. Additionally, there is also a shift towards a pro-

inflammatory and thrombotic state, further contributing to disease

progression. The histopathological changes in PH include intimal

fibrosis, medial hypertrophy, and adventitial remodeling. Intimal

fibrosis refers to the thickening of the intima, or innermost layer, of

the pulmonary artery due to a buildup of collagen and other
FIGURE 1

Pulmonary hypertension classification and vascular pathological progression in pulmonary hypertension. As agreed at the 6th World Symposium on
Pulmonary Hypertension in 2018, pulmonary hypertension is now classified into five groups (Left) (6). Multiple signaling pathways (HIF-1a, HDACs,
AKT/mTOR, et. al) participate in the pathological progression and phenotype in PH (Right). These important pathways also activate autophagy and
impact PH progression through the autophagy process.
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extracellular matrix proteins. Medial hypertrophy refers to the

thickening of the media, or middle layer, of the pulmonary artery

due to an increase in smooth muscle cell mass. Adventitial

remodeling involves changes in the outermost layer of the

pulmonary artery, including inflammation and fibrosis (8).

Autophagy has been discovered to be upregulated in PH patients

compared with healthy controls. Administration of an autophagy

antagonist prevents the progression of experimental pulmonary

hypertension (9). This phenomenon provides a clue about the

importance of discovering the underlying key regulatory

mechanism of autophagy in PH. As a homeostatic mechanism

essential for cell survival, autophagy activation under stress affects

various pathological processes of pulmonary hypertension,

including disrupted redox balance, blocked apoptosis,

inflammation, angiogenesis, vascular calcification, and remodeling

(10, 11). Understanding these mechanisms of autophagy will

provide novel therapeutic targets for PH. Despite the great

advances in the investigation of the autophagic process in PH, the

mechanism of autophagy remains elusive. In this review, we focus

on epigenetic modification in autophagic process of PH.
2 The autophagic process in PH

Autophagy is a conserved adaptive process that has played an

important role in human disease. During the development of PH,

the cellular autophagy mechanism, which removes useless materials

such as aging, damaged, and abnormal cells, plays different roles at

different stages of progression. In the early stage of PH, autophagy

plays a protective role. Studies have shown that the expression levels

of autophagy-related proteins are low in the lung tissues of patients
Frontiers in Immunology 0377
with PH, but an increase in autophagy levels through drug or

genetic intervention can alleviate the pathological damage of PH

(12). Autophagy can clear harmful molecules such as excess

proteins, organelles, and oxidative products that cause cell death,

promote cell survival, and function maintenance. In addition, in the

early stage of PH, autophagy can also regulate the reactive oxygen

species (ROS) level of endothelial cells, inhibit pulmonary vascular

contraction, and maintain normal blood flow. In the mid-to-late

stages of PH, autophagy plays a dual role. On the one hand,

autophagy activation can protect pulmonary artery endothelial

cells (PAECs) from apoptosis (13). Endothelial dysfunction and

apoptosis are key features of PH, and autophagy activation can

maintain endothelial cell survival by clearing damaged organelles

and proteins. On the other hand, excessive autophagy activation in

the mid-to-late stages of PH can lead to abnormal cellular

metabolism and inflammation, which may contribute to the

progression of PH (14, 15). Studies have shown that the levels of

autophagy-related proteins increase significantly in the lungs of

patients with PH, suggesting a potential link between autophagy

dysregulation and disease progression. Therefore, it is important to

strike a balance between autophagy activation and inhibition to

achieve optimal therapeutic effects in PH (Figure 2, left).

Autophagy refers to macroautophagy, mitophagy, and

chaperone-mediated autophagy (Figure 2, right). The autophagic

process involves five core complexes: (i) the ULK kinase complex,

consisting of ULK1/2, ATG13, RB1CC1/FIP200, and ATG101; (ii)

the ATG9A/ATG2-WIPI1/2 trafficking system; (iii) the class III

PI3K complex, which includes VPS34, Beclin 1, p115, and either

ATG14 in PI3KC3 complex I or UVRAG in complex II; (iv) WIPI

proteins and their interaction partner ATG2; and (v) two ubiquitin-

like proteins and their conjugation machinery. Autophagy acts as a
FIGURE 2

Autophagy activation in pulmonary hypertension (Left) and the specific role of the complexes in the process of autophagy (Right). Autophagy is a
process of intracellular waste degradation and reuse in response to different microenvironment stresses. Its activation promotes the survival and
proliferation of pulmonary vascular endothelial cells while also regulating different cell types such as alveolar macrophages, smooth muscle cells,
and fibroblasts, thereby participating in the occurrence and development of pulmonary hypertension. In addition, autophagy can also promote
cellular metabolic balance, reduce oxidative stress, and inflammatory response, and is expected to become a new target for the treatment of
pulmonary hypertension.
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double-edged sword in human diseases which can promote cell

survival or apoptosis under different stresses (16). These opposite

effects could possibly be attributed to the different modifications of

ATG-related proteins in a context-dependent manner. In response

to different pathological stimulus, autophagy is abnormally

activated in PH patients (9). The research surrounding the altered

autophagy phenotypes has bloomed since work on autophagy won

the Nobel Prize in 2016, making great progress in the

understanding of the underlying mechanisms in PH.

The key autophagy-related genes (LC3B-II, Beclin1) and upper

signaling molecules (AMPK, mTOR, ·BMP, ROS, NF-kB) have

been discovered activated and playing important roles in regulating

autophagy in PH. Activated autophagy promotes the proliferation

of PASMC (pulmonary arterial smooth muscle cells) and PAEC

(pulmonary arterial endothelial cells), inhibits ROS production, and

regulates mitochondrial function in PH (11). Autophagy plays a

dual role in endothelial cells. On the one hand, it promotes the

survival and adaptation of these cells under stress conditions by

removing damaged organelles and recycling nutrients to provide

energy for the cell. On the other hand, excessive autophagy can

result in endothelial dysfunction and apoptosis, leading to impaired

vascular homeostasis and contributing to PH progression (13). The

underlying mechanism involves modulation of key signaling

pathways such as AKT/mTOR, AMPK, and ERK1/2. In smooth

muscle cells, autophagy has been shown to regulate the proliferation

and migration of these cells (14). Specifically, inhibition of

autophagy leads to reduced smooth muscle cell proliferation and

increased apoptosis. This effect is mediated through the modulation

of RhoA and mTOR pathways. In addition, autophagy also plays a

role in the regulation of immune cells during PH development.

Autophagy promotes antigen presentation by dendritic cells,

enhances T-cell survival, and regulates macrophage polarization

towards an anti-inflammatory phenotype (17). Dysregulation of

autophagy in immune cells can lead to inflammation, promoting

progression of PH. The exact molecular mechanisms behind

autophagy-mediated immune cell regulation in PH are still being

investigated. Overall, autophagy is a complex process that plays a

multifaceted role in PH pathogenesis, affecting multiple cell types

and signaling pathways. Increasing our understanding of the

specific molecular mechanisms underlying autophagy in PH may

enable development of new therapies targeting this process to

improve patient outcomes.

Multiple signaling genes are important in human diseases

through affecting various downstream pathways. Various

modifications play key roles in regulating the expression or

functions of the signaling molecules themselves or downstream

molecules. These modifications include post-transcriptional, post-

translation, and pre-transcriptional modifications. Epigenetics refers

to histone modification and chromatin remodeling, which means

reversible and hereditary changes in gene expression without

alterations in DNA sequences. Post-translational modification of

histones, including acetylation, methylation, phosphorylation,

SUMOylation, ubiquitination, and ADP-ribosylation, occur mainly

in the N-terminal tails and have profound effects on chromatin

structure. Epigenetic modification affects autophagosome formation,
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autophagy-related protein expression, and signaling pathway

activation and potentially functions as the PTM switch to regulate

autophagy (18). As histone acetylation or methylation modifying

enzymes, HDACs, SIRT1, SIRT3, and BRD4 proteins are confirmed

with significant alternation in expression levels and play important

roles in the proliferation, inflammatory and fibrotic phenotypes of

vascular cells (19). Additionally, these signal molecular genes

regulating autophagy are also reported to be impacted by

epigenetic modifications such as acetylation (Ac) and methylation

(Me), which affect the chromatin state, thus altering expression of

specific genes (20, 21).
3 Acetylation signaling of autophagy
relevant to pulmonary hypertension

Acetylation refers to the process of transferring and adding

acetyl groups to protein lysine residues or protein N-terminus

under the catalysis of acetyltransferases (or non-enzymes).

Histone acetylation affects the pathological progression of PH

through repressing ATG genes transcriptionally. Research has

shown that the acetylation of autophagy-related proteins plays an

important role in the regulation of autophagy in PH. Specifically,

increased levels of acetylated proteins such as LC3B and ATG7 have

been observed in animal models of PH and in human patients with

the disease. These proteins are key components of the autophagy

machinery and their acetylation has been shown to impair

autophagic function (22). We summarize recent research which

has shown that histone-modifying enzymes occupy an important

position in regulating autophagic process of PH (Figure 3).

Histone lysine acetyltransferases (HATs) and deacetylases

(HDACs) gene families are the main regulators of histone

acetylation (19). Acetylation of histone tails neutralizes positively

charged lysine, which is thought to disrupt the interaction between

the tail and negatively charged nucleosome DNA, thereby

promoting the opening of chromatin and thus positive

transcription. At present, 18 HDACs have been found in humans

belonging to four categories (I, II, III, and IV). Among them, 11

subtypes, such as class I, II, and IV, were Zn2+-dependent proteins.

Seven subtypes of the class III subgroup, Sirt1~7, use NAD+ as the

catalytic active site. Acetylation of lysine at histone tails is highly

dynamic and important for the regulation of chromatin structure,

transcription, and DNA repair. Acetylation of non-histones,

including tumor suppressors and oncogenes (i.e., p53, Rb, and

Myc), regulates protein stability, DNA binding, protein

interactions, enzyme activity, or protein localization.

HDAC1, HDAC2, and HDAC3 are elevated in PH fibro6blasts

(23). Additionally, HDAC1 and HDAC5 have also been reported as

being activated in human idiopathic PAH (IPAH) lung

homogenates (24). HDACs play crucial roles in the control of

pathological hypertrophy, inflammation, fibrosis, restenosis, and

left ventricular (LV) cardiac remodeling in various preclinical

models of LV failure (25). The prototypical HDAC inhibitor

(HDACi), trichostatin A (TSA), attenuates both load- and
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agonist-induced hypertrophic growth and abolishes the associated

activation of autophagy through affecting ATG5 or BECN 1, two

essential autophagy effectors (26). HDAC6 is essential for

autophagosome- lysosome fus ion through binding to

polyubiquitinated proteins (27). On the contrary, HDAC7

deactivates autophagy through depressed ERK signaling (28).

These pieces of evidence show the importance of HDACs in the

pathological progression of PH through autophagy.

The mechanisms underlying the HDAC-related autophagy

embrace multiple signaling pathways. In most cases, mTOR

inhibition, NF-kB hyperacetylation, ROS accumulation, and the

p53 pathway are observed in HDAC-related autophagy signaling

(29). Deacetylation of p53 by HDAC enable the accessibility of p53

to its target genes. Additionally, the nuclear export, proteasomal

degradation, and co-activator recruitment of p53 are also regulated

by HDAC (30). Distinct acetylated residues of p53 are attached by

several HATs, increasing the stability and transcriptional activity of

p53 binding to sequence-specific target DNA (31). Furthermore, the

balance between autophagy and apoptosis is also regulated by p53,

providing new insights into the role of p53 in the development of

therapeutic drugs of PH.

Multiple inhibitors of HDACs have been developed recently

and autophagy activation are frequently observed in the effects of

HDAC inhibitor (HDACi) administration. Forkhead box protein

O1 (FoxO1) is another important transcript factor in regulating the

proliferation and inflammatory signaling of pulmonary artery

smooth muscle cells (PASMCs) of PH (32). Inhibiting HDAC

with SAHA and TSA activates FoxO1, resulting in mTOR-

suppression and ATG-upregulation (33). Acetylation of FoxO1 by
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SIRT2 prevents its interaction with ATG7, thereby inhibiting

autophagy induction (34).

Death-associated protein kinase (DAPK) is a calcium/

calmodulin modulated cytoskeleton-associated enzyme, which is

closely associated with different MAPKs such as ERK in response to

inflammatory apoptotic stimuli (35). Nuclear translocation of

DAPK expression is also involved in HDACi-related autophagy

activation (36). Additionally, dephosphorylation of DAPK1 at

serine 308 by HDAC inhibitor LBH589 promotes autophagy in

HCT116 colon cancer cells (37). Studies have shown that DAPK can

regulate vascular smooth muscle cell proliferation and migration,

promoting vascular inflammation and the development of

hypertension diseases (38). Furthermore, vascular calcification is

also alleviated by DAPK deficiency (39), which provides a clue

regarding the importance of DAPK in PH progression and needs

further research.

Sirtuins belong to class III of HDACs. The distinguishing

feature of this class of HDACs is that the catalytic activity of the

enzyme depends on NAD+ and is regulated by dynamic changes in

the NAD+/NADH ratio, suggesting that sirtuins may have evolved

into a sensor of energy and redox states in cells. Among the histone-

modifying enzymes, the NAD-dependent deacetylase SIRT1

(sirtuin 1) is a particularly well-known modulator of pulmonary

hypertension (19). Studies have shown that SIRT1 can regulate the

occurrence and process of autophagy and promote the treatment of

PH diseases by enhancing the activity of autophagy (40).

Specifically, SIRT can promote autophagy by activating key

molecules in the autophagy pathway, such as LC3, Beclin-1, and

ATG7, or by inhibiting the expression of mTOR, an inhibitor of
FIGURE 3

Acetylation signaling pathway in regulating autophagy activation of pulmonary hypertension. Acetylation modifications can modulate the activity of
autophagy, thereby exerting a protective effect against pulmonary hypertension. In addition, various drugs can also be used to treat pulmonary
hypertension by modifying acetylation modifications. However, further research is needed on the specific mechanism and effect of acetylation
modification in pulmonary hypertension.
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autophagy. In PH diseases, the expression level of SIRT1 is also

regulated. Under hypoxic stress, SIRT1 expression increases,

promoting the occurrence of autophagy, which inhibits excessive

cell proliferation and hypertrophy of lung vascular wall cells (41).

The deacetylase-inactive mutant of SIRT1 disables the induction of

autophagy under starvation in mouse embryonic fibroblasts

compared with the SIRT1 wild-type gene (34). Histone mark

H4K16 is deacetylated by SIRT1 and has great influence on

transcriptionally repressing various ATG genes (ULK1/ATG1,

ULK3/ATG1, ATG9A/ATG9, LC3/ATG8), leading to the

decreased turnover of LC3/ATG8 and autophagic flux (42).

Additionally, ATG5, ATG7, and ATG8 bind directly with SIRT1

and can be deacetylated by this binding (43). The stability and

function of p53 are also impacted by the enzymatic activity of

SIRT1. The degradation of p53 by MDM2 ubiquitination is reversed

by SIRT1 expression, which acetylates p53 at lysine 382 and leads to

autophagy activation in MCF-7 breast cancer cells (44). Meanwhile,

the apoptosis and autophagic cell death of Ishikawa cells are

inhibited by SIRT1 through p53 regulation. The subcellular

localization of SIRT1 is another influencing factor in autophagy

regulation. While SIRT1 limits autophagy in a nucleus under

starvation or rapamycin treatment, deacetylation of cytoplasmic

proteins by SIRT1 is responsible for autophagy induction (34).

These pieces of evidence show that SIRT1 regulates autophagy by

both epigenetic and post-translational mechanisms.

Starvation or rapamycin treatment is the well-recognized

autophagy-inducing pathway. This canonical process is

accompanied by the downregulation of KAT8 and deacetylation

of H4K16. Histone acetyltransferase TIP60 activates the acetylation

of ULK-1 during starvation-induced autophagy (45). Acetyl

coenzyme A (acetyl-CoA), which serves as the donor for

acetylation reactions, unavoidably plays an important role in

regulating autophagy. High levels of acetyl-CoA inhibit the

transcription of ATG7 by hyperacetylation of histone 3 (on K9,

K14, and K18) (46). As another well-known autophagy inducer,

spermidine is a naturally endogenous polyamine synthesized by

diamine putrescine, leading to the inhibition of histone

acetyltransferase activity and hypoacetylation of histone 3 (K9,

K14, K18) (47). Acetylation of ATG7 promoter is activated and

the autophagy-related genes (ATG7, ATG11, ATG15) are increased

during spermidine treatment (48).

Generally, acetylation is a common modification and the

acetylating regulators have been discovered with abnormal

expression in PH. Specifically, acetylation affects autophagy-

related genes and proteins such as BECN 1, ATG5, and ATG7,

thereby affecting autophagy initiation, autophagosome formation,

and the subsequent steps of autophagy. By regulating the

expression and function of these key factors, acetylation

ultimately affects the role of autophagy in PH. Furthermore,

acetylation can also participate in the occurrence and

development of pulmonary hypertension through pathways such

as regulat ing endothel ia l dysfunct ion, inflammation,

mitochondrial energy, and oxidative stress. Therefore, targeting

acetylation signaling pathways may represent a promising

therapeutic strategy for the treatment of PH.
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4 Methylation of DNA and histones
in the autophagy process of
pulmonary hypertension

Methylation refers to the catalytic transfer of methyl groups

from active methyl compounds to other compounds. Various

methyl compounds can be formed, or certain proteins or nucleic

acids can be chemically modified to form methylation products.

Within biological systems, methylation is enzymatically catalyzed,

involving regulation of gene expression, regulation of protein

function, and RNA processing.
4.1 DNA methylation

DNA methylation involved in autophagy is regulated by

both methyltransferase and demethylase, affecting protein–

protein interactions, protein activity, and the interplay with

other modifications. There are five members of the DNA

methyltransferases (DNMT) family: DNMT1, DNMT2, DNMT3A,

DNMT3B, and DNMT3L. DNMT1 catalyzes the methylation of mir-

152-3p promoter region and inhibits its expression, which reduces

cell viability and inhibits mitophagy progression (49). Additionally,

the acetylation of DNMT1 KG-linker is linked to the stability of

DNMT1 through USP77 with its UBL1-2 region. The fifth carbon of

a cytosine ring in cytosineguanine dinucleotide (CpG) dinucleotides

generating 5-methylcytosine (5mC) is transferred with a methyl

group by DNMT3A (50), which leads to a stable and heritable

DNA methylation mode on target ATGs. Meanwhile, autophagy

activation promotes DNMT3A expression, resulting in its

combination and transcriptional repression with LC3A, LC3B, and

LC3BII genes (51). lncRNA MEG3 promoter methylation is also

mediated by DNMT1, which in turn inhibits the ERK/p38/autophagy

signaling pathway in bleomycin-induced pulmonary fibrosis (52).

DNA methylation of ULK2, ATG5 gene promoter, nitro domain-

containing protein 1 (NOR1), death-associated protein kinase

(DAPK), and SOX1 also impact the autophagic process (20, 53, 54).

In PH, DNMT1 and DNMT3B are reported with elevated

expression in experimental models induced by Sugen 5416 and

hypoxia (55). The DNMT1-HIF-1a- pyruvate dehydrogenase

kinase pathway also has an effect on right ventricular fibrosis in

MCT-PAH (56). Additionally, bone morphogenetic protein

receptor type 2 (BMPR2) promoter is also hypermethylated by

switch-independent 3a in human pulmonary arterial smooth

muscle cells (57). Furthermore, of therapeutic significance, the

present study opens a new avenue for PH treatment by targeting

the DNA methylation pathway in pulmonary vessel cells that can

modulate the epigenetic landscape of pulmonary vascular genes,

and therefore pulmonary vascular and RV remodeling. Given the

widespread occurrence of DNA methylation regulation, the direct

contact between DNA methylation and autophagy is relatively

incomplete and more effort is needed to understand the

pathological progression of PH (Figure 4).
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4.2 Histone methylation

Histone methylation mainly occurs on lysine and arginine.

Lysine can be monomethylated (me1), dimethylated (me2), or

trimethylated (me3), while arginine can be monomethylated

(me1), symmetrically dimethylated (me2s), or asymmetrically

dimethylated (me2a) on its guanidine group (58). Histone

methylation is regulated by protein lysine methyltransferases

(PKMTs or PLMTs) and protein arginine methyltransferases

(PRMTs), including members of the PRMT family, SET gene

family, and non-SET gene family (59, 60). Meanwhile,

demethylases mediate the removal of methyl groups from

different residues on histones (61). Histone methylation serves as

a specific binding site for transcription factors and coregulators.

Differential methylation on lysines is able to guide differential

activation, causing it to bind to specific promoters. Thus, histone

methylation sites form intermediate stations on chromatin that link

specific transcription factors or cofactors to downstream

gene expression.

Accumulating evidence indicates that histone methylation

contributes to the control of cell fate and to the maintenance or

suppression of autophagy. Enhancer of zeste homolog 2 (EZH2)

gene encodes a histone lysine N-methyltransferase, which

methylates histone H3 at position 27 lysine and induces

transcriptional repression of the mTOR pathway under serum

starvation conditions (62). Metastasis-associated 1 family member

2 (MTA2) recruits EZH2 at specific target gene promoters and

catalyzes H3K27me3. In a transverse aortic constriction (TAC)-
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induced PH mouse model, EZH2 was overexpressed (63). EZH2

promotes vascular smooth muscle cell (VSMC) survival through

catalyzing H3K27me2/3, suppressing autophagic cell death by

inhibiting the ERK1/2 signaling pathway (64). By inhibiting the

expression of EZH2, the proliferation and cell hypertrophy of

pulmonary vascular smooth muscle cells can be weakened, and

the occurrence of autophagy can be promoted to achieve the effect

of treating PH diseases (65, 66). Furthermore, EZH2 methylates

STAT3 at Lys180 to activate the STAT3 signaling pathway, which

promotes the expression of BCL2 and BCL2L1 and directly inhibits

autophagic functions (67). Inhibiting EZH2 with GSK343 or

UNC1999 upregulates LC3B and autophagic progression, leading

to VSMC loss, enhanced drug sensitivity, and cell death (68, 69).

Meanwhile, endogenous knocking-down of EZH2 with RNA

interference technology activates cellular senescence-signaling

proteins (p16, p53, p14) and inhibits autophagy, which also leads

to cell death (70).

H3K9 and H3K4 methylation levels are mainly catalyzed by

histone methyltransferases (HMTs) such as euchromatic histone

lysine methyltransferase 2 (EHMT2) (71). The dimethylation of

H3K9 by EHMT2 represses autophagy gene transcription, which is

achieved by the enrichment of EHMT2 on the promoters of ATGs

(21). Inhibition of EHMT2 reverses the H3K9me2, resulting in the

dissociation of EHMT2 and H3K9me2 from the promoter of ATG6

(72). Autophagy activation also promotes the dissociates EHMT2

from histone H3K9, further decreasing H3K9 dimethylation (73).

Additionally, H3K4me3 is also recruited at the promoter region of

the damage-regulated autophagy modulator (DRAM) gene upon
FIGURE 4

Methylation and alternative splicing located in nucleus regulating the autophagy process of pulmonary hypertension. N-methyltransferase (includes
EHMT2, CARM1, EZH2, and SETD7) modulate the autophagy process through methylating histone 3, ATG16L1, and STAT3, contributing to the
changes in the structure, function, and expression levels of certain genes, which impact the autophagy process in pulmonary hypertension.
Alternative splicing, on the other hand, SnRNPs, and SRSFs regulate the RNA splicing process and can generate different isoforms of proteins
involved in autophagy, which may have distinct structures and functions. These mechanisms may contribute to the dysregulation of autophagy in
pulmonary hypertension, which is a pathological condition characterized by abnormal cellular remodeling in the lungs.
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serum deprivation conditions. DRAM expression is increased by

H3K4me3 in serum deprivation-induced autophagy activation.

EHMT2 inhibition displays reduced H3K4 methylation and

ATGs’ expression in VSMC and various tumors (74). In addition,

EHMT2 can also be assembled in the appropriate DNA region,

regulating the expression level of autophagy-related nuclear factor

transcription factors (75). The methylation levels of H3K4 likely

serve as an upstream regulator of autophagy in PH. Specifically,

lower methylation levels of EHMT2 are found in hypertensive

patients as compared with normotensive subjects (76).

Furthermore, emerging evidence suggests a role of DNA

methylation in blood physiology, providing a clue regarding the

direct link between EHMT2 expression and PH pathology. Overall,

in-depth study of the specific mechanism of EHMT2 regulating

autophagy will help to further reveal the pathogenesis of PH disease

and open up new therapeutic pathways for the treatment of this

disease (76).

Coactivator associated arginine methyltransferase 1(CARM1)

belongs to PRMTs and increases H3R17me2 levels under glucose

deprivation. CARM1 regulates autophagy through transcriptionally

coactivating ATGs and lysosomal genes with transcription factor

EB (TFEB) (77). Stem cell factor (SCF) E3 ubiquitin ligase is

responsible for degrading and destabilizing CARM1 when

autophagy is depressed by AMPK inhibition. CARM1-mediated

histone arginine methylation seems to be a critical nuclear event in

the regulation of autophagy and targeting the AMPK-CARM1

signaling pathway may abrogate the pathological progression in

autophagy-related diseases. In addition, CARM1 can also regulate

the expression levels of ATGs and nuclear factors by assembling in

the appropriate DNA region, playing a regulatory role in multiple

cellular responses such as nuclear factors, transcription factors, and

cell signaling pathways (78). The homocysteine metabolism

pathway is also reported to be regulated by CARM1, which is a

risk factor for vascular disease (79). This evidence provides a clue

regarding the importance of CARM1 in autophagy regulation of

PH disease.

SET domain containing 7 (SETD7) belongs to the SET gene

family, which is histone lysine methyltransferase containing highly

conserved SET domains. SETD7 methylates ATG16L1 at lysine 151,

impairing the ATG16L1-ATG12-ATG5 complex and autophagy

progression. This methylation of ATG16L1 is reversed by lysine

demethylase 1A (LSD1/KDM1A), inhibiting hypoxia/reoxygenation-

induced cardiomyocyte apoptosis (80). Furthermore, methylated

ATG16L1 at lysine 151 prevents its phosphorylation at S139, which

is critical for autophagy maintenance (81). Moreover, SETD7 also

dimethylates STAT3 at Lys 140, which prevents its phosphorylation

at Tyr705 and inhibits STAT3 activity (82). STAT3 is critical for

transcriptionally upregulating HIF1a, which is stabilized and induces

autophagy under hypoxic conditions in PH (83). Located at 4q28.3-

31.23, SETD7 deletion may impact lung vascular malformation

leading to PH (84). The direct link between SETD7 regulation in

the autophagy process of PH still needs more investigation and may

play a significant role in the development of PH therapeutic drugs.

Above all, histone methylation has been discovered with widespread

existence in numerous human diseases. Many methylation regulators

exhibit abnormal phenotype expression and have effects on PH
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progression. Studies of G9a and EZH2 in PH indicate that histone

methylation plays an essential role in PASMC proliferation of PH.

Specifically, increased levels of H3K9me2 and H3K9me3 contribute

to impaired autophagic flux and the exacerbation of PH pathogenesis,

while targeting these histone modifications has shown promise as a

therapeutic strategy for PH.
5 RNA alternative splicing is another
important regulatory machinery
affecting autophagy

5.1 RNA alternative splicing
regulatory enzymes

Transcription and translation make up the entire process of

gene expression, and RNA splicing is a crucial step in this process.

Due to the complexity and diversity of RNA splicing, alternative

splicing is an important contributor to proteome richness. Small

nuclear ribonucleoproteins (SnRNPs) and splicing regulatory

factors (SRSF proteins, hnRNPs, RBPs) play important roles in

finishing the transcription, and are involved in numerous human

diseases including PH through ATGs regulation (Figure 4).

U1 snRNP overexpression induced by presenilin 1 affects

autophagy by impairment of lysosomal biogenesis and

autophagosome-lysosome fusion, which in turn affects the

turnover of these peptides and accelerates neuronal cell death

(85). Knocking-down the pre-mRNA splicing factor (PRPF8),

which is a component of U5 snRNP and central module of the

spliceosome, leads to enhanced skipped splicing of exon 22 and

exon 23 of ULK1 at the mRNA level. This splicing process abrogates

mitophagosome formation and the clearance of mitochondria (86,

87). U2AF1S34F mutant protein of the pre-mRNA splicing factor

U2AF alters the 3′end formation of mRNAs through distal cleavage

and polyadenylation sites, which results in ATG7’ depression (88).

SRSF1 and SRSF3 belong to the splicing regulatory factor family

and inhibit autophagosome formation through their effect on the

transcription factor (RELA proto-oncogene, NF-kB subunit,

forkhead box O1)-BECN1 pathway in lung adenocarcinoma cells

(89). The splicing of the long isoform of Bcl-x that interacts with

Beclin1 is also promoted by SRSF1, thereby dissociating the

Beclin1-PIK3C3 complex (89). Similarly, the 3′UTR of BECN1 is

also regulated by binding with hnRNPA1, the effects of which

remain to be established in PH (90).

Alternative splicing of the autophagy gene ATG5 has been

shown to regulate apoptosis of pulmonary artery smooth muscle

cells (PASMCs) in PH. The inclusion of a specific exon in the ATG5

mRNA, which is promoted by the splicing factor SRSF1, results in

increased autophagy activity and decreased PASMC apoptosis (91).

SRSF3 has been shown to promote PH by regulating the expression

of the autophagy gene ATG16L1. Specifically, SRSF3 promotes the

inclusion of a specific exon in the ATG16L1 mRNA, resulting in

increased autophagy activity and enhanced vascular remodeling (92).

Conversely, other splicing factors such as RBM4 (RNA binding motif

protein 4) can inhibit PH by promoting the exclusion of the same exon
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from the ATG16L1 mRNA, leading to decreased autophagy activity

and attenuated vascular remodeling (93).

Muscleblind like splicing regulators (MBNLs) modulate

alternative splicing through exon skipping. MBNL1 and MBNL2

interact directly with the rubicon autophagy regulator (RUBCN)

through RNA binding, leading to the exon skipping of RUBCN and

increases of autophagy (94, 95). Additionally, utilizing the

antiautophagic drug chloroquine is sufficient to upregulate

MBNL1 and 2 proteins (96). Chloroquine has been proven to be

efficient in experimental mouse PH models, but the expression and

function of MBNLs deserve a deeper study.

Alternative splicing regulation is an emerging mechanism of

gene expression control, which affects protein translation and

function by altering the splicing patterns of RNA. Alternative

splicing of BMPR2 by SRSF2 has a role in PH penetration and

makes developing PH more likely (97). Specifically, this regulatory

mechanism can affect the transcription and alternative splicing of

genes related to autophagy, thereby influencing the progression and

efficiency of autophagy. These studies suggest that alternative

splicing regulation plays a crucial role in autophagy in pulmonary

hypertension. Therefore, a deeper understanding of the

mechanisms underlying the alternative splicing regulation of

autophagy in pulmonary hypertension is crucial for drug

development and treatment.
5.2 Alternative spliced isoforms of ATGs
affect the autophagic process differentially

Alternative splicing creates multiple isoforms of ATGs which may

differ from the primary subunit in structure and function. An

additional splice variant of BECN1 called BECN1 short isoform

(BECN1S) that lacks both exon 10 and 11 has been reported in

multiple cell types. This different BECN1 variant exhibits distinct

functions in controlling autophagy compared to BECN1.

Overexpression of BECN1S abrogates starvation-induced autophagy

in AML cells as a negative regulator (98). Whereas BECN1S is useless

in macroautophagy, it could on the other hand support mitophagy

(99). These phenomena point out its effect in non-selective autophagy

and selective mitophagy. Studies have shown that the ratio of BECN-1S

to BECN-1 is altered in PH, with a shift towards the production of

BECN-1. This shift has been shown to impair autophagy flux and lead

to endothelial cell dysfunction. In addition to BECN-1, other

autophagy-related genes have also been shown to undergo alternative

splicing in PH (100). For example, the splicing of ATG5, another key

autophagy regulator, has been shown to be altered in PH. This altered

splicing leads to the production of a truncated isoform of ATG5, which

has been shown to impair autophagy flux and lead to endothelial cell

dysfunction (101).

Likewise, ATG10S, which is distinct from ATG10 at 36 amino

acids at the N terminus promotes autophagy completion that

degrades HCV subgenomic and genomic replicons. Meanwhile,

the absence at Cys44 of ATG10S makes it possible for its nuclear

translocation and combination with interferon lambda 2 (IL28A),

which mediate the clearance of viral infections through

autophagy (102).
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ATG14 is another essential core component in the early steps of

autophagy (103). ATG14S is a short variant of ATG14 which lacks

the cysteine repeats-containing domain required for autophagosome-

endolysosome fusion. Moreover, this oligomerization domain is not

functional in the PtdIns3K nucleation complex formation, which

retains the function of ATG14L and ATG14S in phagophores

composition (104).

ATG7 is required for LC3 lipidation for its E1-like enzyme

activity. ATG7(2) is distinct from ATG7(1) at a deprived exon of 27

amino acids. Additionally, ATG7(2) lacks the region required for

homodimerization and the binding between ATG7 and LC3, thus

inhibiting the lipidation of LC3 (105).

ATG16L1 participates in autophagy regulation in multiple

aspects, like binding with ATG5 through its N-terminal region

and engaging in LC3 lipidation (106). Three slicing variants of

ATG16L1 have been discovered so far and ATG16L1b (absence of

exon 9) contains a unique b-isoform lipid-binding region, which is

indispensable for LC3 lipidation under endosomal stress (107).

Lysosomal-associated membrane protein 2B (LAMP2B) is

abundant in lysosomes and is indispensable in autophagosome

fusion with late endosomes/lysosomes. The differences between

LAMP2C and LAMP2B are located at the lysosomal carboxyl-

terminal transmembrane region and the cytoplasmic short tail.

Meanwhile, LAMP2C affects DNautophagy and RNautophagy

through interacting with RBPs (108). LAMP2C is reported to

interact with RBPs and nucleic acid proteins such as histone 1,

suggesting a role in the uptake and degradation of RNA and DNA

molecules within the lysosome, processes known as DNautophagy

and RNautophagy (108).

To summarize, studies have shown that alternative splicing

variants of ATGs may be associated with the occurrence and

development of PH. Specifically, some alternative splicing variants

of autophagy genes increase the expression levels in pulmonary

vascular smooth muscle cells, leading to enhanced intracellular

autophagy processes and promoting the development of PH. In

addition, certain alternative splicing variants may also affect PH

through pathways such as cell apoptosis, proliferation, and

metabolism. However, the research on the relationship between

alternative splicing variants of ATGs and PH is still in its early

stages and requires further investigation.
5.3 MirRNAs

MirRNAs are small (21–25 nucleotides) single stranded RNAs

that bind to complementary nascent mRNAs and render them

susceptible to degradation prior to translation, thereby inhibiting

the expression of specific target genes. RNA interference is an

epigenetic mechanism of gene regulation that occurs post-

transcriptionally. MirRNAs plays an important role in autophagy

regulation. For example, some microRNAs can inhibit the

expression of autophagy-related genes, thus inhibiting the

autophagy process, while some long non-coding RNAs can

participate in the induction and execution process of autophagy.

For example, MirRNA-10a, MirRNA-20a, and MirRNA-885-3p

target RB1CC1, ULK1, and ULK2, respectively, and impact the
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1206406
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mao et al. 10.3389/fimmu.2023.1206406
induction of autophagy (109–111). MirRNA-34a, MirRNA-195,

MirRNA-30a, and MirRNA-30a bind ATG9, ATG14, BECN1,

and UVRAG, respectively, in the nucleation process of autophagy

(112–114). The elongation of autophagy phospholipid membrane is

regulated by ATG4, ATG5, ATG7, ATG10, ATG12, ATG16, LC3,

and SQSTM1, which are also affected by MirRNA-101, MirRNA-

30a, MirRNA-17, MirRNA-519a, MirRNA-30d, MirRNA-519a,

MirRNA-204, and MirRNA-17 (111, 115–119). This evidence

elucidates that MirRNA participates in regulating the whole

process of autophagy and has an effect on the completion

of autophagy.

In recent years, small RNAs have gained more and more

attention and numerous studies have made progress in the

regulation of small RNAs in PH. CircSIRT1 impacts the

biological behavior of hypoxia-stimulated PASMC via modulating

the Mir-145-5p/Akt3 pathway (120). The circ-calm4/Purb/BECN1

signal axis is involved in the occurrence of hypoxia-induced

PASMCs autophagy, and the novel regulatory mechanisms and

signals transduction pathways in PASMC autophagy are induced by

hypoxia (121). LncRNA-GAS5/Mir-382-3p axis promotes

autophagy and inhibits pulmonary artery remodeling. MirRNA-

874-5P regulates autophagy and proliferation in PASMCs by

targeting Sirtuin3 (41). Mir204 enhances autophagy and promotes

endothelial-mesenchymal in hypoxia PH (122). Targeting this

MirRNA has been shown to restore autophagy and improve

disease symptoms in animal models of PH. These non-coding

RNAs modulate the ATGs with relatively simple and direct

mechanisms through binding and inhibiting the target genes.

These molecules have emerged as attractive targets for PH

therapy due to their ability to modulate various signaling

pathways involved in disease progression, including autophagy.

Targeting MirRNAs that regulate autophagy is a potential

personalized therapy. Currently, research on the mechanism of

MirRNA regulating autophagy mainly focuses on the following

aspects: identifying and describing new regulatory factors, exploring

the molecular mechanisms of regulatory factors, and studying the

role of regulatory factors in PH. These studies are of great significance

for us to deepen our understanding of autophagy regulation

mechanisms, develop treatment methods for autophagy-related

diseases, and so on. However, it should be noted that there are still

many unknowns about the mechanism of MirRNA regulating

autophagy which require further research and exploration.
6 Conclusions and future perspectives

PH is a type of chronic life-threatening cardiovascular disease

that is difficult to cure clinically, the pathogenesis of which is

complex and not yet fully understood. Epigenetic regulation

affects the expression, stability, and function of ATGs and plays

important roles in the development of PH. Certain epigenetic

modification patterns (such as DNA methylation and histone

modification) are reported with abnormal dysfunction in patients

with pulmonary hypertension, leading to dysregulated gene

expression and promoting pathological processes such as

pulmonary vessel tension and cell proliferation. In this review,
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mounting evidence has demonstrated that crosstalk between

epigenetic modifications and autophagy is related to the initiation

and progression of PH. Acetylation regulated by HDACs and HATs

occurs in multiple signaling pathways which directly or indirectly

act on ATGs, which can either promote or inhibit autophagic

activity depending on the specific lysine residues targeted and the

acetyltransferase/deacetylase enzymes involved. In preclinical

studies, HDAC inhibition has been shown to attenuate PH by

enhancing autophagy in both endothelial cells and smooth muscle

cells. This effect is mediated by the acetylation of histones upstream

of autophagy-related genes such as BECN-1 and LC3 (123). A

HDAC inhibitor is one potential approach for personalized

treatment strategies targeting epigenetic regulation of autophagy.

However, more research is needed to determine whether HDACi

are a viable therapeutic option for human PH (124). Understanding

the precise mechanisms by which acetylation regulates autophagy is

an active area of research, with potential therapeutic implications

for diseases associated with autophagy in PH. Targeting acetylation

and deacetylation pathways may offer new strategies for enhancing

or inhibiting autophagy in disease states, although further

preclinical and clinical studies are needed to evaluate their

efficacy and safety.

Additionally, the aberrant methylation of histones and DNA in

nucleus serves as another important pattern contributing to

autophagy dysfunction in various diseases, such as cancer,

neurodegenerative disorders, metabolic disorders, and PH.

Hypermethylation of ATGs leads to decreased autophagic activity

and increased growth. However, the relationship between

methylation and autophagy is complex and context-dependent,

and more research is needed to fully understand the underlying

mechanisms. Furthermore, it remains unclear whether targeting

DNA methylation could be a viable therapeutic approach for

modulating autophagy in PH. Overall, the study of methylation

regulation of autophagy presents an exciting avenue for future

research, with potential implications for the development of novel

therapeutic strategies.

Alternative splicing has effects on autophagy in PH through

producing multiple protein isoforms with distinct structures. It can

generate both pro-autophagic and anti-autophagic isoforms with

opposing functions. Considering the complexity of alternative

splicing, more research is needed to elucidate the exact molecular

pathways involved. Overall, the study of alternative splicing

regulation of autophagy presents a promising area for future

research. With a better understanding of the complex interplay

between alternative splicing and autophagy, researchers may be able

to uncover new targets for drug development and improve our

ability to treat PH involving autophagy dysfunction.

As for now, the clinical treatment of autophagy in PH has

progressed rapidly, which will be elaborated in depth below. First,

cytokine inhibitors (125): currently, research has found that one of

the therapeutic strategies for autophagy is to regulate autophagy by

regulating cytokine levels. Specifically, the evaluation and regulation

of cytokines such as TGF-b, BMP, and PDGF in PH diseases has

become a research hotspot. Treatments that target these cytokines,

such as the use of specific inhibitors, play an important role in

restorative enhancement therapy for autophagy (126). Second, the
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development of agonists and inhibitors (127): studies have found

that treatment targeting specific autophagy modulators can

promote cardiovascular recovery and reduce symptoms of PH.

There are currently many autophagy regulators being developed,

including autophagy agonists and inhibitors. Studies of autophagy

agonists in the treatment of PH have shown that some autophagy

agonists can reduce symptoms in patients with PH by enhancing

the activity of autophagy (128). For example, according to one

study, Sirt1 agonists reduce symptoms in rats with PH, reducing the

pulmonary vascular resistance and right ventricular weight index by

promoting autophagy. Similarly, another study showed that a drug

called RapaLink-1 that utilizes autophagy pathway drug delivery

can reduce pathological damage and thymus peptide secretion in

mice. These findings suggest that autophagy agonists may become a

novel drug for the treatment of PH. Acting as an autophagy

inhibitor, chloroquine has a significant therapeutic effect in

patients with PH. A randomized, double-blind, placebo-controlled

trial of chloroquine in the treatment of PH showed that chloroquine

significantly reduced clinical symptoms and blood biochemical

parameters and increased exercise tolerance and lung function

(129). These data suggest that chloroquine, as a drug regulating

autophagy, may be a good prospect in the treatment of PH. In

general, chloroquine will become a major trend in the development

of autophagy agonists in the treatment of PH. Its complex

mechanism of action and definite efficacy provides a new

treatment option for patients with PH. However, chloroquine

needs further clinical studies to support it as the first-line drug

for the treatment of PH (9). As such, personalized treatment

strategies targeting these pathways may be effective in improving

outcomes for patients with PH.

Above all, epigenetic regulation of autophagy plays an important

role in the pathogenesis of PH. Researchers are currently exploring

how to use epigenetic regulation and autophagy to treat PH.

Inhibiting autophagy through drug intervention can successfully

alleviate the severity of PH. In addition, some epigenetic

modification repair technologies are also under development to

restore damaged gene expression patterns. Further clinical and

translational research is needed to optimize screening, diagnostics

(including genetic testing), establish therapies, and tailor therapy to

treat the underlying pathological processes in PH patients. With the

advancement of technology and knowledge, we can expect more

effective and personalized treatment options to emerge focusing on

epigenetic regulation and autophagy.
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Insulin reverses impaired alveolar
fluid clearance in ARDS by
inhibiting LPS-induced
autophagy and inflammatory

Xu-peng Wen1,2, Min Li3, Ru-qi Zhang3 and Qi-quan Wan1*

1Transplantation Center, the Third Xiangya Hospital, Central South University, Changsha,
Hunan, China, 2Department of Critical Care Medicine, Zhongshan Hospital, Fudan University,
Shanghai, China, 3Department of Anatomy and Neurobiology, School of Basic Medical Sciences,
Central South University, Changsha, Hunan, China
Until now, acute respiratory distress syndrome (ARDS) has been a difficult clinical

condition with a high mortality and morbidity rate, and is characterized by a

build-up of alveolar fluid and impaired clearance. The underlying mechanism is

not yet fully understood and no effective medications available. Autophagy

activation is associated with ARDS caused by different pathogenic factors. It

represents a new direction of prevention and treatment of ARDS to restrain

autophagy to a reasonable level through pharmacological and molecular genetic

methods. Na, K-ATPase is the main gradient driver of pulmonary water clearance

in ARDS and could be degraded by the autophagy-lysosome pathway to affect its

abundance and enzyme activity. As a normal growth hormone in human body,

insulin has been widely used in clinical for a long time. To investigate the

association of insulin with Na, K-ATPase, autophagy and inflammatory markers

in LPS-treated C57BL/6 mice by survival assessment, proteomic analysis,

histologic examination, inflammatory cell counting, myeloperoxidase, TNF-a
and IL-1b activity analysis etc. This was also verified on mouse alveolar

epithelial type II (AT II) and A549 cells by transmission electron microscopy.

We found that insulin restored the expression of Na, K-ATPase, inhibited the

activation of autophagy and reduced the release of inflammatory factors caused

by alveolar epithelial damage. The regulation mechanism of insulin on Na, K-

ATPase by inhibiting autophagy function may provide new drug targets for the

treatment of ARDS.

KEYWORDS

ARDS, insulin, Na, K-ATPase, autophagy, inflammatory response
Abbreviations: ARDS, Acute respiratory distress syndrome; LPS, Lipopolysaccharide; BALF,

Bronchoalveolar lavage fluid; AT II, Alveolar type II epithelial; W/D, Wet/dry; ENaC, Epithelial Na+

channel; A549, Human non-small cell lung cancer cell line/Human AT II cell line; AFC, Alveolar fluid

clearance; GO, Gene Ontology; MPO, Myeloperoxidase; TEM, Transmission electron microscopy; ATP1A1,

Na, K-ATPase a1; ATP1B1, Na, K-ATPase b1; HE, Hematoxylin-eosin; BCA, Bicinchoninic acid; ELISA,

Enzyme-linked immunosorbent assay; TNF-a, Tumor necrosis factor a; AMPK, Adenosine 5’-

monophosphate (AMP)-activated protein kinase; AP, Autophagosomes; ASS, Autolysosomes; SP-C,

Surfactant-associated protein C.
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1 Introduction

Acute respiratory distress syndrome (ARDS) is a clinically life-

threatening disease with poor prognosis and high treatment cost,

characterized by intractable hypoxemia due to the accumulation of

alveolar fluid. Severe pulmonary inflammation, damaged alveolar

epithelium and impaired gas exchange with pulmonary edema are

one of the main pathological features of ARDS (1, 2). The

mechanisms of ARDS are intricately related to each other, which

makes it extremely difficult to treat, and the mortality rate is as high

as 35-55% (3, 4). For most patients with ARDS, effective removal of

excess edema fluid from the alveoli and maintenance of a dry

environment in the alveolar space are the main ways to relieve

ARDS. In the past few years, researches on pulmonary water

removal in ARDS have been in full swing, but no breakthroughs

have been achieved so far.

Na, K-ATPase -mediated Na+ transport at the basolateral of

alveolar type II epithelial (AT II) cells is the main driving force for

alveolar fluid clearance (AFC) (5). The dysregulation of Na, K-

ATPase in the ARDS state subsequently exacerbates pulmonary

edema production mostly due to the restriction of Na+ transport

and disruption of alveolar barrier function (6). Na, K-ATPase is a

trimeric structure consisting of a, b and g subunits. Among them,

the a subunit plays a key role in edema fluid transporting (7). The

a1, which carries several binding and functional domains, is not

only most common in AT II cells and the main driver of

intrapulmonary Na+ - K+ exchange but also facilitates AFC (8, 9).

Intriguingly, Na, K-ATPase could be degraded via the autophagy-

lysosome pathway, and it has been shown that the connection

between the Na, K-ATPase and autophagy requires the involvement

of the Na, K-ATPase a1 (10).

Pulmonary autophagy is a response of alveolar epithelial cells to

long-term and sustained stimulation of external and internal

factors. It maintains the balance of structure, metabolism and

function of alveolar epithelial cells by phagocytosis of its

cytoplasm or organelles and degradation in lysosomes (11).

Several studies have shown that excessive autophagy exacerbates

cellular injury. In contrast, inhibiting autophagy to a moderate level

is beneficial in reducing lung injury in ARDS (12, 13). Studies have

shown that Na, K-ATPase a1 and AMPKmay serve as the “on” and

“off” states of the autophagy pathway (10). Taken together,

autophagy appears to contribute to endothelial barrier disruption

caused by edema-inducing mediators, and inhibition of autophagy

can protect against endothelial barrier function caused by ARDS.

Insulin has been reported to prevent or attenuate the occurrence

of lipopolysaccharides (LPS)-induced acute lung injury in rats (14).

Insulin upregulated the relative abundance of Na, K-ATPase on cell

membranes and restored the efficiency of transporting (15).

Therefore, insulin may act as a potential co-promoter of the Na,

K-ATPase, suggesting that insulin may be promising as a

therapeutic agent for ARDS. In our study, we found that LPS

induced autophagy in ARDS mice, A549 cells and AT II cells,

inhibited Na, K-ATPase a1 activity, and promoted the

inflammatory response. Meanwhile, insulin inhibited their

autophagy and inflammation levels and upregulated Na, K-

ATPase function. Our study reveals that insulin is likely to
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regulate Na, K-ATPase a1 expression by inhibiting autophagy

and thus reversing the impaired AFC in ARDS caused by LPS,

and the effect of insulin on inflammatory response may also

improve the prognosis of ARDS by targeting various key factors

which promote AFC.
2 Materials and methods

2.1 Animal experiment

All experimental animal treatment procedures were approved

by the Department of Laboratory Animals of Xiangya School of

Medicine, Central South University, and are carried out under the

Guide for the Use of Laboratory Animals by the National Institutes

of Health. The male C57BL/6 mice from 6 to 8 weeks old were

purchased from the Department of Laboratory Animals of Xiangya

School of Medicine, Central South University (Changsha, China).

All mice were housed in specific pathogen-free conditions at 22°C

environment under 12 h light/dark cycle.
2.2 In vivo model of ARDS

A total of 120 mice were randomly divided into different groups

according to different experimental requirements. To assess

mortality, mice are treated with different doses (0.5, 1.0 and 1.5

IU/kg) of insulin 0.5 h after injection of 10 mg/kg LPS

intratracheally. Different doses of insulin were dissolved in

different concentrations of glucose solution (1%, 5%, 10%) to

avoid hypoglycemia and to keep the blood glucose concentration

in the appropriate range. The mortality of the mice was recorded

every 12 h for 3 days after LPS injection. The experiments were

performed using mice from the same litter, with 10 mice in

each group.

To further investigate the effect of insulin on ARDS, mice were

randomly divided into four groups: 1) control group (n=6): mice

received normal saline (NS) instilled intratracheally; 2) LPS group

(n=6): mice were administered LPS (10 mg/kg) instilled

intratracheally; 3) Insulin group (n=6): mice were given insulin

(1.0 IU/kg) under subcervical skin 0.5 h after saline administration

(n=6); 4) LPS+insulin group(n=6) mice received insulin (1.0 IU/kg)

0.5 h after LPS (10 mg/kg) administration (n=6).

Mice were anesthetized by using sodium pentobarbital (30 mg/

kg, i.p.) throughout modeling. LPS and saline were administered via

a tracheal tube connected to the animal’s ventilator, which allows

the LPS and saline to be evenly distributed in the lungs of the mice.

Insulin and saline were administered by subcutaneous injection

under the neck. A blood glucose meter detected blood glucose level

during drug administration (Figure 1).
2.3 Pulmonary histopathology

The lung tissues were fixed in 4% formaldehyde, embedded in

paraffin and cut into 5 mm thick sections. Next, the sections were
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stained with hematoxylin-eosin (HE). Changes in lung

histopathology were observed under the microscope and a

pathology score was obtained. Depending on the degree of lung

injury, hemorrhage, edema, exudation, necrosis, congestion,

neutrophil infiltration, and pulmonary atelectasis, the score is

based on a scale of 0 to 4 (16): no injury = 0, lesion field <25% =

1, lesion field 25-50% = 2, lesion field 50-70% = 3, full field of vision

= 4. Scores were calculated for statistical analysis.
2.4 Inflammatory cell counting and protein
concentration determination in the BALF

The collected bronchoalveolar lavage fluid (BALF) was

centrifuged at 1000×g for 15 minutes at 4°C, the supernatant was

collected and frozen at -80°C for subsequent assays. The total

number of inflammatory cells in the BALF was determined by

counting cells with a blood cell counter (Beckman Coulter, Inc.)

after resuspension of the cell precipitate in PBS and exclusion of

dead cells by Tissue Blue staining. For analysis of cell numbers, 100

ml of BALF was centrifuged onto slides by Cytospin (Thermo Fisher

Scientific, Waltham, USA). After the slides were dried, the cells were

fixed and stained using Wright’s staining solution (32857, Sigma,

USA) according to the manufacturer’s instructions. The number of

neutrophils was sorted to determine the percentage of neutrophils

by a laboratory technician who was unaware of the experimental

design. The frozen BALF supernatant was thawed and mixed

thoroughly and the total protein concentration was determined

by the BCA (bicinchoninic acid) method.
2.5 Lung wet/dry ratios

Mice were sacrificed and the lung was removed and aspirated.

Wet weights were obtained immediately. The lungs were then dried

in an oven at 80°C for 48 hours to obtain a dry weight. Lung tissue

edema was assessed by calculating the ratio of wet to dry lungs.
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2.6 Enzyme-linked immunosorbent assay

Collect BALF as described above. Myeloperoxidase (MPO) was

measured in BALF using MPO ELISA kits (Cusabio, China) per the

manufacturer’s instructions. And the levels of TNF-a and IL-1b in

serum were determined using ELISA kits according to the

manufacturer’s instructions.
2.7 Cell culture and treatment

We performed the isolation, culture and purification of mouse

primary AT II cells: According to the Elise Mmethod (17).A549 cell

line was purchased from ATCC. AT II and A549 cells were cultured

in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA)

and 1% penicillin/streptomycin (Cytiva, USA). LPS was

administered to AT II and A549 cells at 1mg/ml for 12h and

insulin (100nM) was administered at the eighth hour (Figure 1).
2.8 Cell viability assay

Cell viability was assessed by using the CCK-8 kit (APE Bio, USA).

CCK-8 solution (20 ml) was added to 200 ml of a complete medium in

each well of the 96 wells and incubated for 30 minutes. The

absorbance value at 450 nm was measured using a microplate reader.
2.9 Transmission electron microscopy

A549 cells were collected, washed 3 times with 0.1 M PBS and

prefixed with a 3% glutaraldehyde, then postfixed in 1% osmium

tetroxide, dehydrated in series acetone, infiltrated in Epox 812 for a

longer, and embedded, fixed overnight at 4°C in 2.5% glutaraldehyde,

then dehydrated using an acetone gradient, embedded, sectioned and

routinely stained. Semi-thin sections were stained with methylene

blue, ultra-thin sections were cut with a diamond knife and stained
BA

FIGURE 1

A simple flow chart of animals and cells experiments. (A) ARDS animals model and insulin intervention; (B) ARDS cells model and insulin intervention.
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with uranyl acetate and lead citrate sections were examined with

HT7800 transmission electron microscope from HITACHI to

visualize autophagosomes and autolysosomes.
2.10 Proteomic analysis

We used the label-free quantification for proteomic analysis,

with each sample prepared and detected by LC-MS/MS

independently, as described in the Supplementary Material. Data

are available via ProteomeXchange with identifier PXD040288.
2.11 Western blot

Protein preparation and western blot detection as previously

described (18). The lung tissues, A549 cells and AT II cells were

lysed with RIPA lysis buffer (Beyotime, China) on ice for 1h. Then,

electrophoresed on 10-12% SDS-PAGE gels before being transferred to

PVDFmembranes (millipore). After blocking with 5% nonfat dry milk

for 1 h, the membrane was left overnight at 4°C with the primary

antibody against Beclin1, light chain 3 (LC3), P62/SQSTM1, ATG5,

Na, K-ATPase a1(ATP1A1), Na, K-ATPase b1(ATP1B1), GAPDH
and b-actin followed by 2 h incubation with an appropriate peroxidase-
conjugated rabbit or mouse secondary antibody. The immune-reactive

bands were visualized by enhanced chemiluminescence and exposed to

the gel imaging system. Immunoreactive bands were analysed using

image analysis software with the ECL system. The gel images were

analyzed with the Image J software.
2.12 Statistical analysis

Distributed data are presented as means ± standard deviation

(SD). Experimental data were compared between two independent

groups by unpaired Student’s t-test. The difference across multiple

groups was assessed by one-way analysis of variance (ANOVA),

followed by a Tukey test for multiple comparisons. Survival data

was presented by the Kaplane-Meier method and comparisons were

made by the log rank test All data processing using the GraphPad

8.0 software. Statistical significance was established at P < 0.05.
3 Results

3.1 Insulin reduces cumulative mortality in
LPS-induced ARDS mice

To verify whether insulin has a therapeutic effect on the ARDS

model and determine the concentration of insulin to be used in

subsequent experiments, we used insulin (0.5/1.0/1.5 IU/kg) which

were administered 0.5 h after LPS (10 mg/kg) administration, and

found that (as shown in Figure 2) insulin significantly improved the

survival of LPS-induced ARDS mice, with cumulative survival rates

of 60% and 40% during 3 days in the 1.0 IU/kg and 1.5 IU/kg insulin

groups, respectively, significantly higher than that in the LPS group
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(10%, P < 0.01), and the cumulative survival rate was higher at 1.0

IU/kg (60%) than at 1.5 IU/kg (40%) (P < 0.05) insulin group. No

preventive effect of 0.5 IU/kg insulin on death (30%, P > 0.05).

Therefore, we chose 1.0 IU/kg insulin to go for the subsequent series

of experiments.
3.2 Proteomics found that autophagy-
lysosome pathway plays an indispensable
role in the treatment of ARDS mice
with insulin

To understand the specific regulatory mechanism of insulin in

the process of ARDS and reveal the differential expression of related

proteins after ARDS, we established the interaction group of insulin

and LPS at the protein expression level by label-free quantification

(Figure 3). C57 mice were treated with LPS to simulate

inflammatory injury and additionally intervened with insulin. For

group comparisons, we used volcano plots to display (Figures 4A–

C) up- and down-regulated proteins for each group. To test the

rationality and accuracy of the selected differentially expressed

proteins, we used the screened proteins to perform hierarchical

clustering on each group of samples. Compared with the control

group (Control), the interacting proteins of the experimental group

(LPS, LPS + Insulin) were significantly enriched, which indicates

that the differentially expressed proteins have higher specificity

(Figure 4D). Notably, we ranked the proteins in the LPS and

LPS+Insulin groups according to Fold Change (FC) values and

listed the top 10 candidate proteins that were significantly up- or

down-regulated as following Table 1.

After that, we tried to use GO enrichment analysis to study the

biological processes that differentially expressed proteins

participated in. Interestingly, we found that many proteins are all

related to autophagy-lysosomal degradation in the normal group

(Control), ARDS group (LPS), and treatment group (LPS + Insulin)

(Figure 5). These MS-based GO analysis data provide us with a clue

that insulin may regulate the occurrence and development of ARDS

through the autophagy-lysosomal degradation system.
FIGURE 2

Effect of different concentrations of insulin on survival in ARDS mice.
Mice were challenged with LPS (10 mg/kg) with or without different
doses of insulin treatment (0.5, 1.0 and 1.5 IU/kg). Survival was
observed for 12, 24, 36, 48, 60 and 72 h. Experiments were performed
using mice from the same litter, each group contains 10 mice.
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FIGURE 3

Proteomics Graphical Abstracts.
B

C D

A

FIGURE 4

Linkage of insulin and LPS-induced ARDS by proteomics. (A–C) Volcano plots for LPS-Control, LPS+Insulin-Control and LPS+Insulin-LPS. Proteins
with significant differences between the two groups are indicated in dark green (down-regulated) and orange-red (up-regulated), respectively.
Proteins with no statistical difference are shown in brown. (D) Differential protein hierarchical clustering analysis, the top color bar represents the
grouping of samples; the bottom is the corresponding sample name; the protein name on the right corresponds to the symbol column in the
differential protein list (Supplemental Material.csv).
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3.3 Insulin alleviates symptoms of LPS-
induced ARDS mice and exerts anti-
inflammatory effect.

To explain whether insulin alleviated inflammation of ARDS

induced by LPS in vivo, we developed the ARDS mouse model

induced by LPS administration, and evaluated the changes of

pulmonary histopathological features by HE staining, lung W/D

ratio and lung injury score. It was indicated that the lung tissues

accompanied with inflammatory cell infiltration, edema, vascular

congestion and alveolar wall thickening in ARDS model induced by

LPS (Figures 6A–D). However, insulin significantly attenuated LPS-

induced histopathological changes. Importantly, a scoring systemwas

used to assess the degree of lung injury. As shown in (Figure 6E), the

quantitative scoring of histological lung injury in the ARDS mice was

markedly increased compared with that in the control group 24 h

after LPS challenge. However, insulin markedly decreased the

pathological scores compared with those in the LPS group.

Lung W/D ratio and BALF total protein concentration, two

commonly used indicators of pulmonary vascular permeability, are

important features of ARDS. Importantly, the lung W/D ratio and
Frontiers in Immunology 0694
BALF total protein concentration dramatically increased after LPS

administration, and the phenomena were reversed with insulin

treatment (P < 0.05) (Figures 7A, B). Meanwhile, compared with

those in the LPS group, insulin significantly inhibited the increase of

MPO activity and the number of neutrophil cells induced by LPS

(Figures 7C, D). Besides, to investigate the anti-inflammatory effect of

insulin, the levels of TNF-a and IL-1b in BALF were detected in this

study. As shown in Figures 7E, F, compared with the normal control

group, the levels of TNF-a and IL-1b in the BALF of the LPS group

were significantly increased. Compared with the LPS group, the levels

of TNF-a and IL-1b in the BALF of the LPS+insulin group were

significantly decreased. These results suggest that insulin attenuates

pulmonary edema and inflammation in LPS-challenged mice.
3.4 Insulin regulates the expression of the
Na, K-ATPase by inhibiting autophagy in
LPS-induced ARDS mouse model

Na, K-ATPase participates in the autophagy-lysosome pathway

through its a1 subunit, and ATP1A1 may act as a shutdown factor of
TABLE 1 Up- or down-regulated proteins in the top 10 FC rankings in LPS+Insulin group vs LPS group.

Rank LPS-A549 vs Control-A549

Annotation Alias FC*

1 keratin 17 KRT17 3.20673671

2 dihydrolipoamide dehydrogenase DLD 2.619500792

3 nicalin NCLN 2.355100614

4 mutS homolog 2 MSH2 2.355100614

5 heterogeneous nuclear ribonucleoprotein H3 (2H9) HNRNPH3 1.619500792

6 stearoyl-CoA desaturase (delta-9-desaturase) SCD 1.619500792

7 LIM and SH3 protein 1 LASP1 1.451281189

8 coatomer protein complex, subunit beta 2 (beta prime) COPB2 1.451281189

9 coiled-coil domain containing 86 CCDC86 1.355100614

10 solute carrier family 1 (neutral amino acid transporter), member 5 SLC1A5 1.355100614

Down-regulated Proteins

1 ribosomal RNA processing 1 homolog B RRP1B -3.459431619

2 dolichyl-phosphate mannosyltransferase polypeptide 1 DPM1 -2.584962501

3 GDP dissociation inhibitor 2 GDI2 -2.321928095

4 nucleoporin 107kDa NUP107 -2.321928095

5 talin 1 TLN1 -2.321928095

6 WD repeat domain 36 WDR36 -2.321928095

7 WD repeat domain 46 WDR46 -2.149102965

8 DEAH (Asp-Glu-Ala-Asp/His) box polypeptide 57 DHX57 -2.000000000

9 G1 to S phase transition 2 GSPT2 -2.000000000

10 nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 NFKB2 -2.000000000
f
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the autophagy pathway (10). To explain whether insulin reduces LPS-

induced ARDS inflammation and improves Na, K-ATPase by

inhibiting autophagy in vivo, we examined autophagy levels in an

LPS-induced ARDS mouse model. We first assessed the protein levels

of LC3-II/I, Beclin-1, ATG5 and P62 by western blotting. As shown in

Figures 8A–E, LC3-II/I, Beclin-1 and ATG5 expression were

significantly elevated and P62 expression was decreased in the

LPS group. In particular, the treatment of insulin resulted in

remarkably decreased LC3-II/I, Beclin-1 and ATG5 expression,
Frontiers in Immunology 0795
while p62 accumulation was effectively enhanced in the LPS-

induced ARDS mouse model. Our results suggest that LPS-induced

autophagy activation was reversed by insulin in vivo. Furthermore,

the reduce in ATP1A1 accumulation following exposure to LPS

was attenuated considerably by insulin (Figures 8F, G). It can be

seen that inhibiting autophagy may be crucial for regulating the

expression of Na, K-ATPase in the lung tissue, improving the

inflammatory response, and inhibiting the generation of pulmonary

edema fluid.
B

C

A

FIGURE 5

Gene Ontology analysis (A–C) Gene Ontology analysis revealing enrichment of biological process terms of differentially expressed proteins under
LPS-Control, LPS+Insulin-Control and LPS+Insulin-LPS.
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B

C D

E

A

FIGURE 6

Effects of insulin on lung histopathological changes in LPS-induced ARDS mice. Mice were challenged by LPS (10 mg/kg) with or without insulin
treatment (1.0 IU/kg). Representative histological changes of lung obtained from mice of different groups. (A) Control group, (B) LPS group,
(C) Insulin group, (D) LPS + insulin group, (Hematoxylin and eosin staining, Scale bar, 50mm). (E) Lung histologic injury score. The data are presented
as mean ± SD. n = 5, the horizontal line represents the comparison between each two groups, **p < 0.01.****p < 0.0001.
B C

D E F

A

FIGURE 7

Effects of insulin on pulmonary edema and inflammation in LPS-induced ARDS mice. Treat the mice as described in Materials and Methods. (A) Lung
W/D ratio. (B) BALF protein concentration. (C) MPO in BALF. (D) Neutrophils in BALF. (E, F) Effects of insulin on TNF-a and IL-1b production in the
BALF. The data are presented as mean ± SD. n = 5, the horizontal line represents the comparison between each two groups, *p<0.05. **p < 0.01.
***p < 0.001. ****p < 0.0001.
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3.5 Insulin attenuates autophagy levels and
improves Na, K-ATPase expression in LPS-
induced A549 cells

To directly investigate the role of LPS and insulin in the

development of ARDS in vitro, we utilized LPS-induced human

AT II cell line (A549) as a model of ARDS. To determine the
Frontiers in Immunology 0997
optimal concentration and duration of action of LPS and insulin

affecting ATP1A1 expression in A549 cells, we first utilized western

blotting to detect ATP1A1 expression levels, and the results showed

that ATP1A1 was significantly inhibited at LPS concentration of

1.0mg/ml after using separately LPS at 0mg/ml, 0.1mg/ml, 0.5mg/ml,

1.0mg/ml, 5.0mg/ml, and 10.0mg/ml(Figures 9A, C). Subsequently,

after using 1.0mg/ml to act on A549 cells for 0h, 3h, 6h, 12h, 24h,
B

C D E

F G

A

FIGURE 8

Effects of insulin on autophagy-related proteins and ATP1A1 expression in LPS-induced ARDS mice. Treat the mice as described in Materials and
Methods. (A, F) Representative western blotting detected the levels of LC3-II/I, Beclin-1, ATG5, P62 and ATP1A1 in lung tissues (B–E, G) Quantitative
analysis of LC3-II/I, Beclin-1, ATG5, P62 and ATP1A1 were shown in bar graphs, respectively. The data are presented as mean ± SD. n = 3, the
horizontal line represented the comparison between each two groups, *p<0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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and 48 h, respectively, it was found that 12 h was the suitable time

period when ATP1A1 was significantly inhibited (Figures 9B, D).

Similarly, we puzzled over a range of insulin concentrations and

times. We found that the expression of ATP1A1 increased

significantly when the insulin concentration was 100 nM and

acted for 4h (Figures 9E–H).

To ensure the accuracy and stability of subsequent experiments,

we also examined the effects of concentration gradients of LPS and

insulin on cell viability using CCK-8 assay. Which showed that after

12h and 4h of LPS and insulin acting on A549 cells, respectively the

viability of A549 cells decreased with increasing doses of LPS and

insulin in a concentration-dependent manner (Figures 9I, J).

Combining the above data, we chose 1 mg/ml LPS and 100 nM

insulin to act on A549 cells for 12h and 4h, respectively, for

subsequent cell-modeling doses of ARDS.

Intriguingly, to investigate whether the protective effect of

insulin on LPS-induced Na, K-ATPase in A549 cells is related to

autophagy, we detected the levels of several key autophagy-related

proteins using western blotting. A549 cells were treated with LPS for

12 hours, and insulin was administrated at the eighth hour. As

shown in the Figures 10A–E, LPS treatment significantly up-

regulated LC3-II/LC3-I, ATG5 and Beclin-1 levels, while P62

decreased, suggesting autophagy activation (P < 0.01). On the

contrary, insulin can reverse the activation of autophagy and play

an inhibitory role (P < 0.05). Subsequently, insulin treatment

significantly up-regulated the expression of ATP1A1, which was

inhibited by LPS (Figure 10F), which indicated that insulin
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increased the expression of Na, K-ATPase in LPS-treated cells,

which may be related to the inhibition of autophagy. The above

results indicate that insulin inhibited autophagy and improved Na,

K-ATPase expression in ARDS in vitro, which may play an

important role in limiting pulmonary edema.
3.6 Insulin improves Na, K-ATPase
expression by inhibiting autophagy in ARDS
which was confirmed by autophagy
inhibitors and promoters

Tomake our results more robust and accurate, we administered the

autophagy inhibitor 3-methyladenine (3-MA, 3mM) and the autophagy

promoter rapamycin (1nM) 30min before LPS induction and then

intervened with insulin in A549 cells after LPS administration.

Notably, we obtained better results. It was found that in the LPS+3-

MA group compared with the LPS group, the expression level of

ATP1A1 increased, suggesting that inhibition of autophagy could

restore the level of ATP1A1 inhibited by LPS to some extent. And the

same effect was exerted in the LPS+insulin group. In addition, the

administration of Rapamycin on top of LPS and insulin revealed that the

expression level of ATP1A1 decreased, suggesting that the effect of

insulin could be attenuated after promoting autophagy (Figures 11A–C).

The above results further demonstrate that insulin inhibits autophagy

and improves the expression of Na, K-ATPase in ARDS in vitro, which

may play an important role in limiting pulmonary edema.
B C D

E F G H

I J

A

FIGURE 9

Effects of LPS and insulin on Na, K-ATPase expression and cellular activity in A549 cells. (A, B, E, F) Representative western blotting detected the
levels of ATP1A1 in A549 cells by different LPS and insulin concentrations and duration (C, D, G, H) Quantitative analysis of ATP1A1 was shown in bar
graphs, respectively. (I, J) Effects of different doses of LPS and insulin on the survival rate of A549 cells using CCK-8 assay. The data are presented as
mean ± SD. n = 3, the horizontal line represented the comparison between each two groups, *p<0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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3.7 Ultrastructure of A549 cells induced by
LPS after insulin administration observed
by TEM

Using transmission electron microscopy (TEM) to observe cell

autophagy and its morphological structure is currently a highly

recommended and more accurate method for autophagy detection.

To further study the effect of insulin on the number of

autophagosomes (AP) and autolysosomes (ASS) induced by LPS in

A549 cells, we used TEM to observe them compared with the control

group. It revealed that the number of AP and ASS increased after LPS

treatment, and decreased in the insulin group. Compared with the

LPS group, The number of AP and ASS decreased significantly in the

LPS+insulin group (Figures 12A, B). Therefore, insulin may inhibit

the autophagy activated by LPS in cells.
3.8 Insulin attenuates autophagy levels and
improves Na, K-ATPase expression in LPS-
induced mouse primary AT II cells

To ensure the accuracy, credibility, practicality and stability of

our results, we also repeated and verified the above experiments on

AT II cells, and to our delight is that the results are almost the same.
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First, we isolated AT II cells from C57 mice, purified and cultured

them, and then detected pulmonary surfactant-associated protein C

(SP-C) by immunofluorescence (Figure 13A). AT II cells grew in an

island shape under an inverted phase-contrast microscope, and the

cells were short spindle-shaped, polygonal or cuboidal (Figure 13B).

Last but not least, we also induced AT II cells with LPS and

intervened with insulin. The results showed that the expressions

of LC3-II/I and ATG5 increased and P62 decreased after LPS

administration, which suggested that LPS activated autophagy in

AT II cells, while insulin played an inhibitory role on the contrary

(Figures 13C–F). Interestingly, we detected Na, K-ATPase

b1 (ATP1B1) at the same time as ATP1A1 detection, and

surprisingly found that the expression trend of ATP1B1 was

consistent with that of ATP1A1, both of which were inhibited by

LPS and increased by insulin (Figures 13G–I). The above results are

sufficient to prove that insulin inhibited LPS-induced autophagy

activation and improved the expression of Na, K-ATPase in lung

tissue, thereby limiting the generation of pulmonary edema.
4 Discussion

Pulmonary infection is the main cause of ARDS, especially LPS

induced alveolar epithelial cell injury and increased vascular
B C

D E F

A

FIGURE 10

Effects of insulin on autophagy-related proteins and ATP1A1 expression in LPS-induced A549 cells. (A) Representative western blotting detected the
levels of LC3-II/I, ATG5, Beclin-1, P62 and ATP1A1 (B–F) Quantitative analysis of LC3-II/I, Beclin-1, ATG5, P62 and ATP1A1 were shown in bar graphs,
respectively. The data are presented as mean ± SD. n = 3, the horizontal line represented the comparison between each two groups, *p<0.05.
**p < 0.01. ***P < 0.001. ****P < 0.0001.
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endothelial cell permeability that leading to pulmonary edema fluid

leakage and thus resulting in severe hypoxemia (19). ARDS is often

accompanied by abnormalNa, K-ATPase function. UpregulatingNa,

K-ATPase expression or increasing the amount ofNa,K-ATPasemay

enhance trans-epithelial sodium transport in alveolar cells, thereby

promoting intra-alveolar edema fluid reabsorption and limiting the

development of pulmonary edema (20). The current researches focus

on the mechanism of Na, K-ATPase regulatng in the alveolar
Frontiers in Immunology 12100
epithelium during lung injury, and the dysregulation of Na, K-

ATPase subsequently exacerbates the development of pulmonary

edema, thus regulating alveolar epithelial Na, K-ATPase is important

for limiting pulmonary edema.

Autophagy occurs in the lung is a response of alveolar epithelial

cells to long-term and continuous stimuli from intrapulmonary and

extrapulmonary factors (21). Liu Y et al. found that Na, K-ATPase

participates in autophagy-lysomytosterios through its a1 subunit,
B C

A

FIGURE 11

Effect of 3-MA and Rapamycin on the role of insulin in LPS-induced autophagy in A549 cells. (A) Western blot assay for LC3-II/I and ATP1A1. (B, C)
Quantitative analysis. The data are presented as mean ± SD. n = 3, the horizontal line represented the comparison between each two groups,
*P < 0.05, **P < 0.01, ***P < 0.001.
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and AMPK (one of the most important positive regulators of

autophagy) and ATP1A1 may act as the “on” and “off” states

of the autophagic pathways (10). In addition, the novel mechanism

of ATP1A1 as a mediator of signal transduction and autophagy

during ischemia-reperfusion provides new ideas for the intervention

of ischemic stroke (22, 23). Our previous study revealed that the

ATP1A1 regulatory mechanism may be related to the autophagy-

lysosome pathway (24). Few studies have been conducted on the

degradation of Na, K-ATPase via the autophagy-lysosome pathway,

However, the relationship between them is worthy of extensive

attention and discussions to affect the abundance and enzyme

activity of ATP1A1, enhance the lung water clearance ability, and

improve the prognosis of ARDS in the future.

Insulin is a normal growth hormone in human body, which has

been widely used in clinical practice for a long time without any toxic

side effects. It is only necessary to inject concentrated sugar to prevent

the occurrence of hypoglycemia, and the dose of 6 IU/h of continuous

intravenous pumped insulin is approximately the same as that of 1.0

IU/kg intraperitoneal injection inmice and 100 nMconversion inA549

and ATII cells, so the clinical results are highly consistent with the

results of animal and cellular experiments. Our study was conducted to

use these characteristics of insulin as described above, and validated on

LPS-induced animal and cell ARDS models. We found that LPS

activates autophagy and promotes inflammatory responses, leading

to Na, K-ATPase degradation and alveolar epithelial damage thus

exacerbating intra-alveolar fluid accumulation. In contrast, insulin

inhibited both autophagy and inflammatory response, allowing Na,

K-ATPase activity to be improved, thus reversing the impaired lung
Frontiers in Immunology 13101
water clearance caused by LPS in ARDS. It is highly likely that there are

many close links between the key factors of autophagy, inflammation

and Na, K-ATPase, and insulin plays a crucial role in this regard. The

specific mechanisms deserve to be explored in depth.

Several key autophagy proteins were well validated in our

experiments. P62/SQSTM1, is a multifunctional autophagy

protein. It is involved in ubiquitin-proteasome and autophagy-

lysosome degradation processes and is an important regulatory

molecule linking ubiquitinated proteins to the autophagic

machinery (13). It is now known that insulin activates mTORC1

through upregulation of AKT to elevate P62, which binds to Keap1

and transports it to the lysosome for degradation, where Keap1-

bound transcription factor NRF2 dissociates from Keap1 into the

nucleus and initiates transcription for anti-inflammatory effects

(25). We found that insulin also inhibited autophagy and

upregulated P62 levels in ARDS mice and A549 cells as well as

ATII cells. The above evidence suggests that insulin is likely to

upregulate P62 levels, inhibit the release of inflammatory factors,

and reduce inflammatory cell infiltration and thus reduce

pulmonary water production. Interestingly, in our previous study,

we found that ATP1A1 interacts with P62 through Co-IP and

western blot verification (24). It is thought-provoking that P62 may

act as a key regulatory mediator in this, so we conjecture that insulin

most likely regulates ATP1A1 and P62 expression through

inhibition of autophagy and thereby plays some key role in the

accumulation of alveolar epithelial fluid.

Inflammatory cytokines are involved in the control of autophagy

and known to play a key role in the development of ARDS. In turn,
B

A

FIGURE 12

The remarkable images of autophagosomes ultrastructure by TEM in A549 cells (A) Representative photographs of TEM showed autophagosomes
and autolysosomes. (B) Quantitative analysis of autophagosomes (orange dots) and autolysosomes (yellow dots), bars represented as mean ± SD.
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autophagy regulates inflammatory factors. TNF-a is the earliest

endogenous mediator and amplifies the inflammatory response and

the production of IL-1b leads to lung epithelial injury (26). Insulin

inhibits the release of pro-inflammatory factors such as TNFa and IL-

1b, and increases the production of anti-inflammatory factors such as

IL-10 (27). Autophagy reduces IL-1b secretion by inhibiting

inflammasome activation (28). Activation of autophagy inhibits

TNF-a secretion (29). Yang S et al. found that decreased hepatocyte

autophagy promotes IL-1b/TNF-induced necrosis from impaired

energy homeostasis and lysosomal permeabilization and
Frontiers in Immunology 14102
inflammation through the secretion of exosomal damage-associated

molecular patterns (30). It is dependent on the PI3K/AKT/mTOR

signalling pathway to promote autophagy and suppresses

inflammation in TNF-a-treated keratinocytes and psoriatic mice

(31). Based on these reports and our previous results, the specific

mechanisms of insulin in inhibitng autophagy and inflammation

deserve further exploration.

Nevertheless, there are some conflicting limitations to our study.

In formal clinical care, some clinical observations and experimental

animal studies suggest that it is uncertain whether insulin prevents
B
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FIGURE 13

Effects of LPS and insulin on Na, K-ATPase expression and cellular activity in AT II cells. (A) Immunofluorescence detection of pulmonary surfactant
protein SP-C, the scale bar is 20 µm, the positive signal is SP-C (green fluorescence), and the blue is the nuclear staining signal. (B) AT II cells were
observed with an inverted phase-contrast microscope. the scale bar is 1×100 and 2×100, respectively. (C, G) Representative western blotting
detected the levels of LC3-II/I, ATG5, P62 and ATP1A1 in AT II cells. (D–F, H, I) Quantitative analysis of LC3-II/I, ATG5, P62 and ATP1A1 were shown
in bar graphs, respectively. The data are presented as mean ± SD. n = 3, the horizontal line represented the comparison between each two groups,
*p<0.05. **p < 0.01. ***P < 0.001. ****P < 0.0001.
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the development of ARDS, and studies have shown that in diabetes

with systemic inflammatory, insulin exacerbates the production of

pro-inflammatory mediators and inhibits cardiac function (32).

There are much debates as to whether insulin is harmful or

beneficial in ARDS. What is certain, however, is that the benefits of

the right dose of insulin aremore pronounced in patients withARDS.

In addition, it is known that autophagy has a dual roles in different

models. The exact mechanism needs to be further investigated.

Zhang et al. reported that chloroquine, a chemical inhibitor of

autophagy, and silencing of Atg7 attenuated LPS-induced

autophagosome formation in human pulmonary microvascular

endothelial cells, reduced cell viability, and aggravated LPS-induced

monolayer permeability (11). This is contrary to our conclusion. It

has also been reported that neutrophil autophagy is increased in LPS-

inducedmice, which leading to increased release of granule contents.

Knockdown of the autophagy gene Atg5 abolishes the promotion of

MPO by LPS and the chemokine fMLP, which limits the release of

granule contents and thereby alleviates ARDS (33). Thus, autophagy

appears to contribute to endothelial barrier disruption caused by

edema-inducing agents and also plays an important role in acute lung

injury, and inhibition of autophagy can protect against endothelial

barrier function caused by ARDS. To address these phenomena, it is

necessary to further investigate the effects of endothelial cell-specific

genetic alterations in ARDS.
5 Conclusion

In summary, Our experiments were conducted in LPS-induced

ARDS, with a view to investigating the impairment of AFC in ARDS.

We first used the vivo experiments to confirm the effect of insulin

inhibition of autophagy on alveolar epithelial damage and AFC under

LPS-induced conditions. This was followed by functional reversion

experiments, which were further confirmed in LPS-induced ARDS

A459 cells and ATII cells. The aim is to elucidate the possible

mechanisms by which insulin regulates Na, K-ATPase a1 and

inflammatory response through inhibiting autophagy, thereby

reverses the impaired AFC in LPS-induced ARDS. However, our

studies are only preliminary, revealing the effects of insulin on Na, K-

ATPase a1 and autophagy proteins expression and inflammatory

responses. This work will provide a partial theoretical and

experimental basis for the course and clinical treatment of ARDS

by elucidating the biological functions of insulin and relevant

autophagic markers in the field of lung protection in ARDS.
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Hui Zhang1* and Cheng Li1*
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Anesthesiology and Brain Functional Modulation, Clinical Research Center for Anesthesiology and
Perioperative Medicine, Translational Research Institute of Brain and Brain-Like Intelligence, Shanghai
Fourth People's Hospital, School of Medicine, Tongji University, Shanghai, China, 2Key Laboratory of
Spine and Spinal Cord Injury Repair and Regeneration of Ministry of Education, Orthopedic
Department of Tongji Hospital, Tongji University School of Medicine, Shanghai, China
Background: Postoperative systemic inflammatory dysregulation (PSID) is

characterised by strongly interlinked immune and metabolic abnormalities.

However, the hub genes responsible for the interconnections between these

two systemic alterations remain to be identified.

Methods: We analysed differentially expressed genes (DEGs) of individual

peripheral blood nucleated cells in patients with PSID (n = 21, CRP > 250 mg/L)

and control patients (n = 25, CRP < 75 mg/L) following major abdominal surgery,

along with their biological functions. Correlation analyses were conducted to

explore the interconnections of immune-related DEGs (irDEGs) and metabolism-

related DEGs (mrDEGs). Two methods were used to screen hub genes for irDEGs

and mrDEGs: we screened for hub genes among DEGs via 12 algorithms using

CytoHubba in Cytoscape, and also screened for hub immune-related and

metabolic-related genes using weighted gene co-expression network analysis.

The hub genes selected were involved in the interaction between changes in

immunity and metabolism in PSID. Finally, we validated our results in mice with

PSID to confirm the findings.

Results: We identified 512 upregulated and 254 downregulated DEGs in patients

with PSID compared with controls. Gene enrichment analysis revealed that DEGs

were significantly associated with immune- and metabolism-related biological

processes and pathways. Correlation analyses revealed a close association

between irDEGs and mrDEGs. Fourteen unique hub genes were identified via

12 screening algorithms using CytoHubba in Cytoscape and via weighted gene

co-expression network analysis. Among these, CD28, CD40LG, MAPK14, and

S100A12 were identified as hub genes among both immune- and metabolism-

related genes; these genes play a critical role in the interaction between

alterations in immunity and metabolism in PSID. The experimental results also

showed that the expression of these genes was significantly altered in PSID mice.
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Conclusion: This study identified hub genes associated with immune and

metabolic alterations in patients with PSID and hub genes that link these

alterations. These findings provide novel insights into the mechanisms

underlying immune and metabolic interactions and new targets for clinical

treatment can be proposed on this basis.
KEYWORDS

postoperative systemic inflammatory dysregulation, hub genes, metabolism, C-reactive
protein, surgery
1 Introduction

Postoperative systemic inflammatory dysregulation (PSID), a

state of inflammation that may occur postoperatively, can be

identified through postoperative phenotypic changes, such as

elevated levels of C-reactive protein (CRP) and pro-inflammatory

cytokines. PSID is an important feature of postoperative sepsis (1,

2). The Third International Consensus Definition for Sepsis

indicates that underlying inflammation and metabolic

abnormalities substantially increase the risk of mortality (3).

During surgical procedures, the body is exposed to innate

pathogens and cellular debris that can activate the immune

system (4), while severe tissue damage can result in higher levels

of inflammatory mediators and cytokine release, ultimately driving

immune, metabolic, and hormonal processes and leading to a stress

response. Although the inflammatory immune response is essential

for repairing damage and fighting harmful products, it can lead to

PSID, which increases the risk of complications, prolongs hospital

stays, and may cause death. PSID increases the risk of postoperative

infection and induces inflammation-mediated complications and

organ dysfunction (4–8). Metabolic alterations, including changes

in energy and nitrogen balance, as well as the utilisation of

substrates such as proteins, carbohydrates, and lipids, influence

the occurrence of postoperative complications (9). These processes

can alter glucose and protein catabolism and can cause hormonal

dysregulation and other effects that impede recovery and increase

morbidity (10).

The transition of immune responses from quiescent to activated

states involves multiple metabolic pathways (11). Both innate and

adaptive immune cells increase their metabolic flux upon

stimulation, promoting energy production and biosynthesis while

restoring metabolic pathways to support proliferation, effector

molecule production, and cell differentiation (12–15). However,

few studies have focused on the correlation between immunological

and metabolic changes in patients following surgery, and even fewer

have prospectively observed the early postoperative period before

clinical signs become evident. CRP, an acute-phase protein, has a

half-life of 19 h, and white cell count is a commonly used marker of

postoperative inflammation and infection. Investigation and

identification of the potential hub genes associated with immune

and metabolic alterations in patients with PSID and linking these
02106
alterations should provide insights into the mechanisms underlying

immune and metabolic interactions and new targets for clinical

treatment (16).

In this study, we comprehensively analysed the public RNA-seq

dataset GSE184039 to evaluate differential genetic characteristics

and alterations to biological processes in patients with high and low

levels of CPR after major abdominal surgery. We screened hub

genes associated with both immune and metabolic changes in

patients with PSID. Our results provide a new perspective on the

diagnosis and treatment of PSID. The workflow of this study is

illustrated in Figure 1.
2 Results

2.1 DEGs in PSID and function
enrichment analysis

Significant alterations associated with immunity and

metabolism were detected in patients with PSID. A total of 766

differentially expressed genes (DEGs), with absolute log2(fold

change) ≥ 1 and adjusted P value < 0.05, were identified (512

upregulated and 254 downregulated in the PSID group). A heatmap

of DEGs in the high- and low-CRP groups is presented in

Figure 2A. In terms of biological process functions, the DEGs

were significantly enriched in immune system processes

(13.550%) and metabolic processes (12.647%) (Figure 2B). The

top 10 biological processes related to the immune system process

and the top 10 biological processes related to the metabolic process

are shown in Figure 2C. These findings suggest significant

differences between the groups in terms of the immune and

metabolic processes involved in PSID. We performed Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analyses to investigate the potential pathways

involved in immune and metabolic changes in PSID and found

that 8 immune-related pathways and 10 metabolism-related

pathways were significantly enriched (Figure 2D). The most

prominent of these were the complement and coagulation

cascades and arachidonic acid metabolism. The enriched DEGs

for specific immune- and metabolic-related KEGG pathways were

plotted using network plots (Supplementary Figures 2A, B). Most
frontiersin.org
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DEGs were enriched in complement and coagulation cascades;

theIL-7 signalling pathway; leukocyte transendothelial migration;

neutrophil extracellular trap formation; arachidonic acid

metabolism; glycerolipid metabolism; glycine, serine, and

threonine metabolism; pantothenate and CoA biosynthesis; starch

and sucrose metabolism. Additionally, 88 genes were identified in

screening based on the top 20 genes selected according to the 12

different analysis methods via the CytoHubba tool, of which 31

genes detected using at least three different methods were

considered to be hub genes among the DEGs (Table 1).
2.2 Analyses of immune scores

The immune scores of various cell types were determined using

the xCell package according to the expression profile of immune cell

signature genes; immune scores for 34 immune cells are shown

in Figure 3A. In a comparison between the high- and low-CRP

groups in terms of immune cell scores, B cells, CD4+memory T-cells,

TD4+ naïve T-cells, CD4+ T-cells, CD4+Tcm, CD4+Tem, TD8+

naïve T-cells, CD8+ T-cells, CD8+Tcm, CD8+Tem, cDC, class-

switched memory B-cells, and naïve B-cells had lower scores in the

PSID group (P < 0.05). In contrast, macrophages, macrophages M1,

macrophages M2, monocytes, neutrophils, NKT cells, and Tg cells

had higher scores. In a comparison between the groups in terms of

immune cell scores for myeloid and lymphoid cells, scores for

myeloid cells were elevated in the PSID group (P < 0.05); in
Frontiers in Immunology 03107
contrast, lymphoid cells had lower scores (Figure 3B). The enriched

DEGs for specific immune cells were plotted using net plots

(Figure 2C and Supplementary Figure 3). Most DEGs enriched in

macrophages, monocytes, and neutrophils were expressed more in

the PSID group than in the Control group (Figure 3C), while most

DEGs enriched in lymphoid cells were expressed less in the PSID

group (Supplementary Figure 3A).
2.3 Correlation between immunity and
metabolism in PSID

To elucidate the relevance of immune and metabolic alterations

in patients with PSID, we first analysed the correlations between

irDEGs and mrDEGs. The results showed a significant positive

correlation between irDEGs and mrDEGs in the PSID group (R2 =

0.99, Figure 4A). To further examine this correlation, we further

analysed 41 downregulated and 76 upregulated immune-related

genes (Figure 4B) among the 766 DEGs. The results showed that

upregulated irDEGs were positively correlated with mrDEGs (R2 =

0.99, Figure 4C) in the PSID group. This correlation was weaker in

the Control group (R2 = 0.86, Figure 4D). Analysis of downregulated

the irDEGs also showed that the immune–metabolic correlation

was stronger in the PSID group (R2 = -0.75, Figure 4E) than in the

Control group (R2 = -0.36, Figure 4F). These results suggest a close

correlation between immunity and metabolism in patients

with PSID.
FIGURE 1

The workflow of this study.
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2.4 Hub genes involved in
immune-related genes

To identify the hub genes associated with immune changes in

PSID, we performed weighted gene co-expression network analysis

(WGCNA) for 2,705 immune cell signature genes to construct gene

expression networks. Samples were excluded based on standardised

connectivity values < -5, and all 46 samples were included in the

WGCNA. Furthermore, a soft-threshold value (b) of 7 is considered
to be the optimal soft-threshold parameter for construction of a gene

expression network. Using this parameter, we obtained 21 gene

expression modules for immune cell s ignature genes

(Supplementary Figures 4A, B). The modules were merged

according to a correlation coefficient of > 0.75, resulting in 15

modules. The correspondences between the 15 modules and age,

sex, and CRP group were identified to detect the correlations between

them (Supplementary Figure 4C). Using the criteria of absolute value

of the correlation coefficient > 0.5 and P < 0.05, the brown, grey60,

black, and blue modules were found to be closely associated with the

high-CRP group, and gene significance was closely associated with

module membership (MM) in these modules (Figure 5A). There were
Frontiers in Immunology 04108
significant differences in gene expression between the high- and low-

expression groups in these four modules (Figure 5B). Absolute gene

significance in the modules is shown in Figure 5C. A total of 171 hub

genes among the immune cell signature genes were identified

through screening with the criteria of absolute gene significance >

0.6 and MM > 0.8. Finally, five intersecting genes (CD163, MAPK14,

S100A12, CD40LG, and CD28) were obtained after merging hub

genes among the DEGs and hub genes among immune cell signature

genes (Figure 5D). These were identified as immune-related hub

genes for PSID. Compared with the low-CRP group, CD163,

MAPK14, and S100A12 were increased, while CD40LG and CD28

were decreased in the PSID group (Figure 5E).
2.5 Hub genes involved in
metabolism-related genes

The same method was used to identify hub genes associated

with metabolic changes in PSID. We used b = 17 to construct gene

expression networks (Supplementary Figure 5A). Ultimately, 37

gene co-expression modules were identified (Supplementary
A B

DC

FIGURE 2

Widespread alterations to immune system and metabolic processes are associated with PSID. (A) Heatmap of 766 differentially expressed genes
between the PISD and Control groups. DEGs were filtered on the criteria |log2 fold change (FC)|≥1 and adjusted p value < 0.05. (B) Biological
functions of the biological processes associated with 766 DEGs, annotated based on Gene Ontology (GO) enrichment analysis. (C) Top 10 biological
processes associated with immunology and metabolism enriched by 766 DEGs based on GO enrichment analysis. (D) 8 immune-related pathways
and 10 metabolism-related pathways were significantly enriched by 766 DEGs based on KEGG enrichment analysis.
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Figure 5B). The modules were merged according to a correlation

coefficient of > 0.75, resulting in 18 modules. The correspondences

of the 18 modules with age, sex, and CRP group were also identified

in order to detect correlations between them (Supplementary

Figure 5C). The dark olive green, tan, black, and dark magenta

modules were associated with the PSID group, and gene significance

was closely associated with MM in these modules (Figure 6A).

There were significant differences in gene expression between the

high- and low-expression groups in these four modules (Figure 6B).

Absolute gene significance in the modules is shown in Figure 6C. A

total of 559 hub genes among the metabolism-related genes were

identified through screening with the criteria of absolute gene

significance > 0.6 and MM > 0.8. Finally, 13 intersecting genes,

namely ALOX5, CEBPB, ITGAM, IL10, MAPK14, PPARG,

S100A12, CCR7, CD28, CD40LG, IL7R, LEF1, and NT5E, were

obtained after merging hub genes among the DEGs and hub

genes among the metabolism-related genes (Figure 6D, E).

Compared with the Control, ALOX5, CEBPB, ITGAM, IL10,

MAPK14, PPARG, S100A12, CCR7, CD28, and CD40LG were

increased in the PSID group, while L7R, LEF1, and NT5E were

decreased (Figure 5E).
2.6 Hub genes linked with immune and
metabolism alterations in PSID

Fourteen unique hub genes were associated with immune and

metabolic alterations in PSID. Four genes, namely CD28, CD40LG,
Frontiers in Immunology 05109
MAPK14, and S100A12, fell into the area of overlap between hub

genes among the immune cell signature genes and metabolic-

related genes, defined as a gene set; these were extremely closely

associated with linking of the immune and metabolic changes in

PSID (Figure 7A). The close correlations between these four hub

genes and the metabolic hub genes is shown in a heatmap

in Figure 7B. CD28 is a signature gene of CD8+ Tcm, CD4+

Tem, CD4+ Tcm, CD4+ T cells, naïve CD4 + T cells, and CD4+

memory T cells. S100A12 is a signature gene in neutrophils and

monocytes. CD40LG is a signature gene of Tgd, CD4+ Tem, CD4+

Tcm, CD4+ T cells, CD4+ naïve T cells, and CD4+ memory T cells.

Finally, MAPK14 was identified as the signature gene for monocytes

(Figure 7C). This suggests that alterations in these cells are involved

in the metabolic alterations occurring in PSID. Receiver Operating

Characteristic (ROC) curves were used to validate the diagnostic

value of the four hub genes in our cohort; CD28, CD40LG,

MAPK14, and S100A12 all had high diagnostic value, with area

under the ROC curve (AUC) > 0.9 in all cases (Figure 7D).
2.7 Decreased CD28 and CD40LG
expression in T cells of PSID mice

Most PBMCs are lymphocytes, including B and T cells, among

which CD3+T cells account for the majority. According to the

results of the bioinformatics analysis, the expression of CD28 and

CD40LG in patients with PSID was significantly reduced. To further

validate the results of the biological analysis, we examined the
TABLE 1 Number of identifications (n) of the top 20 hub genes selected using 12 algorithms via the CytoHubba tool in Cytoscape.

Gene n Genes n Gene n Gene n Gene n

ALB 10 CD28 4 FLT3LG 2 CYP4F3 1 MAGED4 1

IL6 10 CEBPB 4 HIST1H2AI 2 F12 1 MAGED4B 1

PPARG 10 CTGF 4 HIST1H2BC 2 FBLN5 1 MAL 1

IL10 9 CXCL9 4 HIST2H2AB 2 FFAR3 1 MS4A4A 1

ITGAM 9 IL7R 4 NR3C2 2 HBM 1 OSM 1

MMP9 9 ALOX5 3 PRL 2 HIST1H1C 1 PLIN5 1

CCL2 8 ARG1 3 SOCS3 2 HIST1H1E 1 RHOU 1

MMP2 8 COL5A1 3 SYN1 2 HIST1H3J 1 SFTPD 1

BMP4 7 GPR29 3 CCL23 1 HIST1H4F 1 SLC22A31 1

CD163 6 KCNH7 3 CD207 1 HIST2H2AA 1 SLC39A8 1

MAPK14 6 LEF1 3 CD27 1 HIST2H3D 1 STX3 1

NT5E 6 NES 3 CEACAM3 1 HLF 1 TREML4 1

S100A12 6 SCN5A 3 CEP55 1 IL1R2 1 TRIB2 1

CCR7 5 ACE 2 CLDN9 1 IL22 1 TROAP 1

CD40LG 5 CD1B 2 COL8A2 1 IL23R 1

HGF 5 CD1E 2 CTSD 1 IRAK3 1

RETN 5 CD276 2 CYP2C9 1 LPL 1

CD1C 4 CSF3R 2 CYP4F2 1 LRG1 1
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expression of CD28 and CD40LG in modulating LPS-induced PSID.

Flow cytometry was used to detect the expression of CD28 and

CD40LG in the CD3+T cells of septic mice; this showed that CD28

expression in the CD3+T cells of the blood (Figures 8A, B) and

spleen (Figures 8C, D) was significantly decreased. The results on

CD40LG in blood (Figures 8E, F) and spleen (Figures 8G, H) were

consistent with the results of the bioinformatics analysis. These data

confirm the accuracy of our bioinformatics analysis and will help to

facilitate subsequent research.
3 Methods

3.1 Data collection and processing

We downloaded the gene expression matrix data for GSE184039

from the Gene Expression Omnibus (GEO) database (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184039). The

GEO database is an international public repository that archives

and freely distributes high-throughput gene expression datasets and

other functional genomics datasets (17). This mainly consists of gene
Frontiers in Immunology 06110
sequencing data, including microarray and second- and third-

generation sequencing data, which can be downloaded using the

GEO query package in the R programming environment (version

4.2.2) (18). The dataset analysed in this study contains transcriptomic

data from patients undergoing major abdominal surgery. Patients

were divided into a PSID group (n = 21, CRP > 250 mg/L) and a

Control group (n = 25, CRP < 75mg/L) based on postoperative levels;

clinical information on all patients is listed in Table 2. The

GSE184039 matrix contains expression data for 60,662 genes. If

there were two or more expression counts for the same gene name,

the average value was determined. Ultimately, 60,583 non-duplicate

gene expression counts were obtained for analysis of DEGs.
3.2 Function enrichment analysis of DEGs
and identification of hub genes

Raw counts were normalised to the vst function using the

DESeq2 package. DEGs between the PSID and Control groups

were screened for based on cutoff criteria of absolute log2(fold

change) ≥ 1 and adjusted P value < 0.05. Biological process (BP) and
A

B C

FIGURE 3

Enrichment of immune cells. (A) Differences in immune cell scores between the PSID group (n=21) and Control group (n=25) (p < 0.05). Asterisks
indicate significant difference between the two groups: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) Differences in myeloid cells and
lymphoid cell scores between the PSID group (n=21) and Control group (n=25). Asterisks indicate significant differences between the two groups:
****P < 0.0001. (C) Specific genes associated with these myeloid cells, based on cnetplot analysis. ns, P>0.05.
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(KEGG) analyses for DEGs were performed using Metascape

(https://metascape.org/gp/index.html) to predict the biological

functions and pathways in which the DEGs were involved (19).

The threshold for statistical significance was set at P < 0.05. The

biological processes and pathways associated with immunity and

metabolism were detected, and data on genes enriched in the

immune- and metabolism-related pathways were visualised using

the igraph, ggraph, and tidygraph packages.

Potential interactions between the DEGs were analysed using

the STRING database. The network with a confidence score ≥ 0.4 in

STRING was retained and then input to Cytoscape (version 3.7.1)

for visualisation. The top 20 genes were selected via 12 different

analysis methods using the CytoHubba tool; genes detected using at

least 3 different methods were considered to be hub genes among

the DEGs.
3.3 Comparison of immune scores
between two groups

The xCell tool, which uses a set of 10,808 genes to calculate the

scores of 64 immune and stromal cell types based on a novel gene

signature-based method, was used to calculate scores for immune

cell infiltration in the peripheral blood of each sample. According to

cell gene markers, 34 immune cell types were scored using xCell. A
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total of 21 of the immune cells were identified as lymphoid cells.

Differences in cell type scores between the PSID and Control groups

were estimated using the Mann–Whitney U test, with a threshold

for statistical significance of P < 0.05.
3.4 Hub genes among immune-related and
metabolism-related genes

WGCNA is an algorithm used to identify co-expressed gene

modules with high biological significance and explore relationships

between gene networks and diseases. It can also be used as a data-

exploratory tool or screening method to identify key gene modules

using unsupervised clustering without a priori–defined gene sets. In

our study, 2,705 immune-related genes (based on immune cell

signatures) were used to explore the hub genes associated with

immune alterations in PSID, and 9,250 metabolism-related genes

(according to the MSigDB database, https://www.gsea-msigdb.org/

gsea/msigdb/) were used to explore the hub genes associated with

metabolic changes. Hub genes were screened using the WGCNA

package with the following steps. First, the cutreeDynamic function

was used for tree pruning of the gene hierarchical clustering

dendrograms, resulting in co-expression modules; correlated

modules (r > 0.75) were then merged. The dissimilarity of module

eigengenes was calculated using the module eigengene function. The
A

B D

E

F

C

FIGURE 4

Correlation between immunity and metabolism in PSID. (A) Correlation analysis of all immune-related genes and metabolism-related genes after
surgery. (B) Venn diagram displaying the intersections of the 766 DEGs with upregulated and downregulated irDEGs. (C) Correlation analysis of
postoperatively upregulated irDEGs and mrDEGs in the PSID group. (D) Correlation analysis of postoperatively upregulated irDEGs and mrDEGs in
the Control group. (E) Correlation analysis of mrDEGs and postoperatively downregulated irDEGs in the PSID group. (F) Correlation analysis of
mrDEGs and postoperatively downregulated irDEGs in the Control group.
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associations between eigengene values and clinical traits were

subsequently assessed using Pearson’s correlation. Hub genes were

screened using criteria of gene significance > 0.6 and MM > 0.8.
3.5 Hub genes linked with immune and
metabolism alterations in PSID

Hub genes associated with immune changes in PSID were

detected by merging the hub genes with DEGs and immune-
Frontiers in Immunology 08112
related genes. Similarly, hub genes associated with metabolic

changes in PSID were detected by merging hub genes among

DEGs with metabolism-related genes. Hub genes detected in

relation to both immune and metabolic changes were identified as

playing a critical role in linking immune and metabolic alterations

in PSID. We then explored the interactions between hub genes

using the corrplot package. ROC curves and their AUC were

examined using the pROC package to determine the predictive

value of hub genes linked to immune and metabolic alterations

in PSID.
A B

D E

C

FIGURE 5

WGCNA and identification of significant modules among immune-related genes. (A) Scatterplots of gene significance against MM in the brown,
grey60, black, and blue modules. (B) Comparison of immune cell signature genes in the four modules between the PSID group (n=21) and the
Control group (n=25). Asterisks indicate significant difference between the two groups: ***P < 0.001, ****P < 0.0001. (C) Gene significance across 15
modules. (D) Venn diagram illustrating the intersection between the 171 immune hub genes identified using WGCNA method and the 31 immune
hub genes based on cell signatures. The 5 genes at the intersection of these two groups are shown in panel (E). (E) Differential expression analysis of
five key genes for the PSID and Control groups. Asterisks indicate significant differences between the two groups: ****P < 0.0001.
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3.6 LPS model and flow cytometry

C57BL/6 mice were challenged via intraperitoneal injection

with 10 mg/kg LPS (Sigma, Germany, L2630) or vehicle. Blood

samples and spleen were collected 4 h after LPS injection. The

spleen mucosa was filtered to prepare a 1ml single-cell suspension,

after which 100ml peripheral blood and the spleen suspension were

treated with red cell lysis solution (Biosharp, China). T cells were

identified by labelling with anti-CD3-APC. For CD28 and CD40L

expression, we stained samples with anti-CD28-FITC and anti-

CD40L-FITC, respectively, in order to observe the changes in the
Frontiers in Immunology 09113
CD28 and CD40L levels of T cells in the different groups.

Antibodies for flow cytometry were purchased from BioLegend.

Stained cells were analysed using a BD-LSRFortessa flow cytometer

(BD Biosciences). Data were analysed using the FlowJo

software package.
3.7 Statistical analysis

Transcriptomic data were analysed using R version 4.2.2. Partial

packages were employed to analyse the data; these processes are
A
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C

FIGURE 6

Selection of metabolic-related hub genes. (A) Gene significance across 18 modules. (B) Scatterplots of GS against MM in the dark olive green, tan,
black, and dark magenta modules. (C) Comparison of metabolism-related genes in the four modules between the PSID group (n=21) and the
Control group (n=25) (p < 0.05). Asterisks indicate significant differences between the two groups: ****P < 0.0001. (D) Venn diagram illustrating the
intersection between the 559 metabolic hub genes identified using the WGCNA method and the 31 immune hub genes based on cell signatures.
The 13 genes at the intersection of these two groups are shown in panel (E). (E) Differential expression analysis of 13 key genes for the PSID and
Control groups. Asterisks indicate significant difference between the two groups: ****P < 0.0001.
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described in the data collection and processing sections. In addition,

the packages dplyr, reshape2, and tidyverse were employed for data

conversion and analysis, and ggplot2, ggpubr, ggstatsplot,

pheatmap, RColorBrewer, and VennDiagram were used to

visualise the results of data analysis. For comparisons, normally

distributed data were analysed using the Student’s t-test or one-way

analysis of variance (ANOVA), and the results are reported in the

form mean ± standard deviation; P < 0.05 was considered to

represent statistical significance. Statistical analyses of flow

cytometry data were conducted using the GraphPad Prism

software package (version 8.0; GraphPad Software, US).
4 Discussion

The inflammatory immune response to surgical injury can

progress to a dysregulated state (20). Early intervention is

essential to manage the systemic inflammatory state; therefore,

predictive biomarkers for postoperative outcomes may positively

affect outcomes. Many inflammatory mediators have been evaluated

as potential biomarkers in patients with non-surgical sepsis, but

only a small number of studies have focused on surgical patients,

and even fewer have looked prospectively at blood samples taken

early after surgery before clinical signs become evident. However,
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studies investigating the link between immunity and metabolism

have provided new perspectives on the state of immune imbalance

after surgery, thereby expanding our understanding of the

immunological basis of postoperative complications, and

identified prognostic biological signatures. In this study, we used

plasma CRP levels to assess the extreme phenotypic state of PSID

and conducted a comprehensive integrated analysis of immune-

and metabolic-related gene expression in PSID. CRP level is a good

indicator of infection status. CRP > 250 mg/L as PSID classification

standard, the control for > 75mg/L. Postoperative CRP>150 mg/L

(at 3–5 days postoperatively) is the most sensitive biochemical

indicator of infection (21), and patients with CRP levels lower than

135mg/L on the 4th day after surgery are less likely to develop

postoperative infectious complications (22). ROC analysis of cutoff

points associated with AUC≥0.8 has identified relatively similar

CRP levels (123 to 190 mg/l) as the optimal cutoff point for

balancing sensitivity and specificity in the identification of

surgical infection for various gastrointestinal cancers (23).

Therefore, the criteria we selected are in good agreement with the

critical values identified in the above studies.

We confirmed that immunity and metabolism were

significantly and positively correlated during PSID, and that, at

the PSID stage, the activation of myeloid cells and the suppression

of lymphoid cells were significant. WGCNA hub genes were
A B

DC

FIGURE 7

Identification of the key genes related to PSID. (A) Venn diagram illustrating the number of hub metabolic and hub immune genes. (B) Correlation
analysis of metabolic-related hub genes and PSID hub genes. (C) The 4 hub genes associated with specific types of immune cell, based on cnetplot
analysis. (D) Diagnostic value of hub genes. The higher the AUC, the greater the diagnostic value of the gene. *P < 0.05, **P < 0.01, ***P < 0.001.
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identified during PSID: these consisted of CD28 and CD40LG

downregulation and MAPK14 and S100A12 upregulation.

Inflammation is essential in reducing exposure to harmful cell

debris and pathogens and in promoting healing. The immune

response is balanced between the innate and adaptive immune

systems through proinflammatory and anti-inflammatory processes

(24). Disruption of this balance increases the risk of development of

life-threatening inflammatory complications, including infections,

systemic inflammatory response syndrome (SIRS), or sepsis.

Myeloid-derived suppressor cells consist of immature myeloid

cells, including progenitors or precursors of monocytes,

neutrophils, and dendritic cells (25), and are characterised

primarily by their inhibitory properties (to both innate and

adaptive immunity) and their release in response to various

inflammatory and/or infectious signals (26). The number of these

cells is substantially increased in experimental models of sepsis (27–

30). The development of severe lymphopenia in patients with sepsis

is a major feature of adaptive immune sepsis (31). Retrospective

studies have shown that persistent lymphatic disease is associated

with an increased risk of death and nosocomial infections in

patients with sepsis (32–34). Our results indicated that these
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characteristics are also present at the PSID stage; we also

described the changes in the immune scores of myeloid and

lymphoid cells, as well as in the genes enriched in these cells

(Figure 2 and Supplementary Figure 2).

Key proinflammatory responses during sepsis include activation

of the complement system, coagulation system, vascular

endothelium, neutrophils, and platelets, whereas immune

suppression is primarily caused by the reprogramming of antigen-

presenting cells, apoptosis, and exhaustion of lymphocytes (2). Genes

enriched for specific immune-related KEGG pathways were plotted

using cNetplots (Supplementary Figure 1A). The results showed that

complement and coagulation cascades were upregulated.

The interplay between the complement system and coagulation

has clinical implications in inflammatory pathogenesis, in which

complement–coagulation interactions contribute to the

development of life-threatening complications (16–18). In

addition, genes associated with the neutrophil extracellular trap

(NET) formation pathway were upregulated in the entire

population. NET is a regulated form of neutrophil cell death that

contributes to host defence against pathogens and is linked to

various diseases (19, 20).
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FIGURE 8

The expression of CD28 and CD40LG decreased in LPS-induced mouse model. (A) Representative illustrations of flow cytometry gating strategy for
identification of the level of CD28 in the spleen in mice. (B) Statistical comparison of CD28 levels in the spleen between LPS and Control. For each
group, n = 3. **P =0.0031, t = 6.384. (C) Representative illustrations of flow cytometry gating strategy for identification of the level of CD28 in the
blood in mice. (D) Statistical comparison of CD28 levels in the blood between LPS and Control. For each group, n = 3. ****P < 0.0001, t = 16.42.
(E) Representative illustrations of flow cytometry gating strategy for identification of the level of CD40LG in the spleen in mice. (F) Statistical comparison
of CD40LG levels in the spleen between LPS and Control. For each group, n = 3. ***P =0.0002, t = 12.65. (G) Representative illustrations of flow
cytometry gating strategy for identification of the level of CD40LG in the blood in mice. (H) Statistical comparison of CD40LG levels in the blood
between LPS and Control. For each group, n = 3. ***P =0.0004, t = 11.25. Statistical results: two-sided unpaired t-test. Values plotted are means ± SEM.
TABLE 2 Characteristics of the patients who provided high-CRP and low-CRP postoperative samples in the GSE184039 dataset.

Characteristics Control group (n = 25) PSID (n = 21)

Age 55.88 ± 14.15 70.14 ± 10.49

Gender (male/female) 6/19 5/16

CPR (highest level) 48.48 ± 14.31 308.13 ± 54.09
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CD28 functions as a co-stimulator of T-cell receptor-mediated

antigen activation, while the interleukin-7 receptor is critical in

mediating T-cell maturation and survival (35, 36). Downregulation

of CD28 during inflammatory dysregulation is associated with

outcomes following major trauma and sepsis (35, 37). The

similarity between the downstream signalling pathways of the

insulin receptor and CD28 suggests that CD28 may regulate

glucose utilisation in a manner similar to that of the insulin

receptor, coordinating the control of T cell activation and

metabolism (38). In non-diabetic patients, levels > 10 mmol/L

may remain elevated for days following surgery. Increased serum

glucose concentration and peripheral insulin resistance result in

persistently elevated blood glucose levels (39). CD28 co-stimulation

of human peripheral blood T cells enhances the expression of

glucose transporters, glucose uptake, and glycolysis (38, 40),

which suggests that CD28 expression is of great significance for

the prediction and diagnosis of PSID.

CD40 is a membrane glycoprotein belonging to the tumour

necrosis family receptor superfamily, and its ligand CD40LG is a

glycoprotein belonging to the tumour necrosis factor family. CD40–

CD40LG interactions are essential in immune responses and

inflammation (41–43). Dendritic cells (DCs) activate CD4+ T

cells, which in turn provide help to B cells for antibody

production (44–46). Importantly, CD40LG is transiently

expressed in T cells and other non-immune cells under

inflammatory conditions (45, 47). This finding suggests its

importance in predicting inflammation in the early stages.

Expression of CD40LG on various vascular cells contributes to

the pathogenesis of atherosclerosis, thrombosis, and inflammatory

processes (48, 49). Previous studies have shown that CD40LG is also

closely associated with insulin resistance (50–52).

Interestingly, PSID-related hub genes encoding S100 proteins

were upregulated. S100 proteins are potent TLR4 ligands with the

potential to stimulate monocytes and to amplify ongoing

inflammation (53–55) and myeloid expansion (56). The human

S100A12 gene, located on chromosome 1q21 (57), plays a role in the

innate immune response and is associated with certain autoimmune

responses. Human S100A12 is significantly overexpressed in the

inflammatory compartment, and elevated serum levels of S100A12

are observed in pat ients with var ious inflammatory ,

neurodegenerative, metabolic, and neoplastic diseases (58, 59).

This evidence suggests the strong potential of S100A12 as a

sensitive and specific diagnostic marker for PSID.

MAPK14 plays a direct and essential role in relieving inhibitory

control by autophagy (60). In our study, the upregulation of

MAPK14 observed in the postoperative hyper-inflammatory state

suggests this suppressed state. MAPK14-driven metabolic

reprogramming sustains the production of NADPH, an important

cofactor for several reduction reactions, and the maintenance of a

proper intracellular redox environment, thereby reducing the levels

of reactive oxygen species (61).

In this study, we used co-expression network analysis to explore

the changes in immune-related hub genes and metabolic hub genes

occurring in PSID and identified differences in myeloid and

lymphoid cells between PSID and Control groups. Our findings

provide novel insights into the pathogenesis of PSID.
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Pulmonary arterial hypertension (PAH) is a severe progressive disease that may

cause early right ventricular failure and eventual cardiac failure. The pathogenesis

of PAH involves endothelial dysfunction, aberrant proliferation of pulmonary

artery smooth muscle cells (PASMCs), and vascular fibrosis. Hypoxia has been

shown to induce elevated secretion of vascular endothelial growth factor (VEGF),

leading to the development of hypoxic PAH. However, the molecular

mechanisms underlying hypoxic PAH remain incompletely understood.

Programmed cell death (PCD) is a natural cell death and regulated by certain

genes. Emerging evidence suggests that apoptotic resistance contributes to the

development of PAH. Moreover, several novel types of PCD, such as autophagy,

pyroptosis, and ferroptosis, have been reported to be involved in the

development of PAH. Additionally, multiple diverse epigenetic mechanisms

including RNA methylation, DNA methylation, histone modification, and the

non-coding RNA molecule-mediated processes have been strongly linked to

the development of PAH. These epigenetic modifications affect the expression of

genes, which produce important changes in cellular biological processes,

including PCD. Consequently, a better understanding of the PCD processes

and epigenetic modification involved in PAH will provide novel, specific

therapeutic strategies for diagnosis and treatment. In this review, we aim to

discuss recent advances in epigenetic mechanisms and elucidate the role of

epigenetic modifications in regulating PCD in hypoxia-induced PAH.

KEYWORDS

pulmonary arterial hypertension (PAH), apoptosis, autophagy, pyroptosis, ferroptosis,

DNA methylation, histone modification, non-coding RNA (ncRNA)
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1 Introduction

Pulmonary arterial hypertension (PAH) is a fatal cardiovascular

disease, also known as malignancy of the cardiovascular system.

PAH is characterized by a progressive increase in pulmonary

vascular resistance (PVR) and pulmonary vascular remodeling,

leading to right ventricular remodeling and ultimately death from

right ventricular failure (1, 2). Pulmonary vascular remodeling is a

common pathological feature of PAH and encompasses multiple

cell types within the blood vessel wall, including endothelial cells

(ECs), pulmonary artery smooth muscle cells (PASMCs),

fibroblasts, pericytes, and circulating inflammatory cells (3).

Although the pathological mechanism of PAH remains

incompletely understood, the basic pathological processes are

related to the interplay among diverse cellular types in the

pulmonary vascular wall, such as abnormal cell energy

metabolism, cell differentiation, apoptosis resistance, excessive cell

proliferation, and extracellular matrix deposition (4). Therefore,

further understanding of cellular processes and mechanisms

involved in PAH will provide more efficient therapeutic strategies.

Cell death mechanisms are generally classified into two distinct

types: programmed cell death (PCD) and necrotic cell death. PCD is

required to control the balance of normal cell homeostasis (5). The

canonical form of PCD is apoptosis. Additionally, many other types

of programmed cell death, including autophagy, pyroptosis, and

ferroptosis, have been characterized (6). Nevertheless, the molecular

mechanisms in different types of PCD are complex and usually

provoke through a variety of independent pathways. Therefore, the

discovery of the underlying mechanisms of PCD is urgently needed.

Epigenetics is indispensable for regulating gene expression,

protein transcription, and translation in many biological

processes, including DNA methylation, histone modification,

non-coding RNA molecules, and N6-methyladenosine

methylation (7). Epigenetics differs from classical genetics, which

is independent of changes in genomic DNA base sequence (8).

Epigenetic modifications can be added to molecules by transferases,

also known as “writers” and removed by “erasers”. Crucially, the

molecular effects of epigenetics rely on the recognition by specific

proteins, also known as “readers” (9). Previous studies have

suggested an association between epigenetic modifications and

various pathological processes (10). Recently, the underlying

functional machinery of epigenetic modifications in PAH has also

been attracting extensive attention.

In this review, we focus on the latest advances in epigenetic

modifications, such as DNA methylation, histone modification,

non-coding RNA molecules, and N6-methyladenosine

methylation related to PCD in hypoxia-induced PAH, thereby

identifying the potential therapeutic strategy for PAH.
2 Programmed cell death in PAH

PAH is characterized by abnormal functioning of various cell

types, including pulmonary arterial endothelial cells (PAECs),

PASMCs, fibroblasts, and inflammatory cells (11). Studies have

indicated that abnormal proliferation and anti-apoptotic phenotype
Frontiers in Immunology 02120
of PAECs and PASMCs contribute to the occlusion of pulmonary

arterioles, resulting in right heart hypertrophy and eventual cardiac

failure. Additionally, fibroblasts isolated from the models of

pulmonary hypertension exhibit a hyperproliferative, apoptosis-

resistant, and proinflammatory phenotype (12). Chronic

inflammation plays an essential role in PAH. Pulmonary

vasculopathy has been identified with the presence of immune

cell infiltrates, consisting of macrophages, lymphocytes, and mast

cells. Autophagy plays an essential role in inflammasome activity.

However , whether autophagy-mediated inhibi t ion of

inflammasome activity is involved in regulating the progression of

PAH remains unclear (13). Furthermore, the presence of

interleukin (IL)-1b, IL-18, and pyroptosis, which are end

products of inflammasome activation, serves as a pivotal

biomarker for PAH (14). These observed changes suggest a

connection between programmed cell death mechanisms,

including apoptosis, autophagy, pyroptosis, and even ferroptosis

in the key cells associated with PAH.
2.1 Apoptosis

Apoptosis, the first identified form of programmed cell death, is

a crucial process by which cells autonomously regulate their own

death under physiological or pathological conditions (15). The

initiation of apoptosis is dependent on morphological changes in

cell structure and the activation of cysteine and aspartic protease

processes (16). Mechanically, apoptosis is mainly activated by two

pathways: the intrinsic pathway (the mitochondrial pathway of

apoptosis) and the extrinsic pathway of apoptosis (the death

receptor pathway of apoptosis) (17). The intrinsic apoptosis is

dependent on factors released from the mitochondria and can be

triggered by a series of external stimuli such as hypoxia, reactive

oxygen species, and viruses. Conversely, extrinsic apoptosis is

initiated by the specific death ligands binding to the death

receptors (18).

Multiple studies have suggested that apoptosis is associated with

pulmonary vascular remodeling in PAH. Under physiological

conditions, apoptosis plays a crucial role in maintaining organ

and tissue integrity by regulating the balance between cell

proliferation and programmed cell death (19). Nevertheless, the

underlying molecular mechanisms of apoptosis in PAH remain to

be explored. In a study by Chowdhury et al., it was discovered that

dysfunctional bone morphogenetic protein receptor II (BMPRII)

impairs apoptosis via the BMPRII-ALK1-Bcl-xL pathway in PAH

(20). Wang et al. demonstrated that mutations in the bone

morphogenetic protein 9 (BMP9) contribute to the etiology of

PAH by impairing the anti-apoptotic abilities of PAECs (21).

Additionally, Cao et al. reported that prohibitin 1 (PHB1)

contributes to PAH by balancing PASMC proliferation and

apoptosis, which involves AKT phosphorylation (22). In Jiang’s

study, prostaglandin E1 (PGE1) modulates the apoptotic properties

of mesenchymal stem cells (MSCs) by regulating the HIF pathway,

thereby enhancing the therapeutic potential of the MSCs in PAH

(23). He et al. conducted studies that revealed the inhibition of

apoptosis in distal pulmonary artery smooth muscle cells
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(dPASMCs) by PRDC, which was able to reverse the effects of

BMP2/4 on the upregulation of apoptosis-associated proteins such

as caspase 3, caspase 9, and Bax while downregulating the

expression of Bcl-2 (24). Novoyatleva et al. found that deficiency

of Axl aggravated PAH and abrogated bone morphogenetic protein

receptor 2 (BMPR2) signaling, thereby increasing pulmonary

endothelial cell apoptosis (25). Recently, Ruffenach et al. reported

that the RNA-binding protein HNRNPA2B1 (heterogeneous

nuclear ribonucleoprotein A2B1; A2B1) silencing in PASMCs led

to a decrease in proliferation and resistance to apoptosis, which is

expected to become a therapeutic target for PAH (26) (Figure 1).
2.2 Autophagy

Autophagy, a form of programmed cell death, plays a pivotal

role in the self-renewal process of eukaryotic cells (27). It involves

the degradation of cytoplasmic proteins and damaged organelles

through the action of lysosomes and is regulated by a set of

autophagy-related genes (Atgs). Autophagy can be classified into

three forms—macroautophagy, microautophagy, and chaperone-

mediated autophagy (CMA)—among which macroautophagy is the

most widely studied (28). The process of autophagy can be broken

down into several successive steps: initiation and nucleation of

autophagosome→ elongation and formation of autophagosome→

fusion with lysosomes (29).

Autophagy can be induced by cellular stress responses such as

hypoxia and nutrient deficiency. Studies have confirmed that the
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level of autophagy is upregulated during the PAH, which plays an

important role in vascular remodeling. Studies by Zhai et al.

discovered that activation of AMPK prevents PAH by

suppression of NF-kB-mediated autophagy activation (30). In

another study, Chang et al. proposed Aldehyde Dehydrogenase 2

(ALDH2) protected against hypoxia-induced PASMC proliferation

via inhibition of ERK1/2-mediated autophagy (31). Ning et al.

found that b-arrestin1 inhibits hypoxia-induced autophagy via

the Akt/mTOR signaling pathway (32). Moreover, Gomez-Puerto

et al. observed an increase in levels of microtubule-associated

protein 1 light chain 3 beta (MAP1LC3B) in PAH, while

pulmonary microvascular endothelial cells (MVECs) from PAH

patients exhibited heightened autophagic flux (33). Feng et al.

further elucidated the promotion of PASMC proliferation and

pulmonary vascular remodeling by high mobility group box-1

(HMGB1) through the activation of the ERK1/2/Drp1/

Autophagy/BMPR2/Id1 axis (34). Jin et al. demonstrated that

farnesyl diphosphate synthase (FDPS) contributes to active small

G protein-induced autophagy during PAH (35). In a separate

investigation, it was found that glucagon-like peptide-1 (GLP-1)

receptor agonist, liraglutide, can suppress the proliferation of

PASMCs by inhibiting cellular Drp1/nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase (NOX) pathways and

Atg-5/Atg-7/Beclin-1/LC3b-dependent pathways of autophagy in

PAH (36). He et al. conducted a study showing that quercetin

enhances hypoxia-induced autophagy through the FOXO1-SENS3-

mTOR-dependent pathway in PASMCs (37). In a systematic study,

Yamanaka et al. showed that TP53-induced glycolysis and apoptosis
FIGURE 1

The major pathways associated with apoptosis, autophagy, pyroptosis, and ferroptosis in PAH. PAH, pulmonary arterial hypertension.
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regulator (TIGAR) regulates PASMC proliferation and migration

by inhibiting autophagy and improving hypoxia-induced PAH

(38) (Figure 1).
2.3 Pyroptosis

PCD encompasses various forms of cell death, namely,

apoptosis, autophagy, and pyroptosis, which are regulated by

unique host proteins. In contrast to apoptosis, pyroptosis is a

necrotic and inflammatory programmed cell death induced by

inflammasome-associated caspases, such as caspase 1, caspase 4,

caspase 5, and caspase 11 (mouse), whereas some apoptotic

caspases, such as caspase 3 and caspase 8, also play a role in the

occurrence of pyroptosis (39). Pyroptosis can be initiated through

two main pathways: the typical inflammasome activation pathway

(caspase 1-dependent pathway) and the atypical inflammasome

activation pathway (caspase 1-independent pathway) (Figure 1).

Traditionally, apoptosis-related caspases, such as caspase 3 and

caspase 8, were not associated with pyroptosis. However, recent

studies have unveiled that caspase 3 can catalyze the cleavage of

GSDME, leading to the production of N-GSDME termini and

consequent pyroptosis in tumor cells. In addition, caspase 8 has

been found to promote the cleavage of GSDMD in mouse

macrophages, which further enhances our comprehension of

pyroptosis (40).

Pyroptosis may act as a crucial part of the pathogenesis of

hypoxia-induced PAH, thus offering insights into potential

therapeutic strategies. In the study of Wu et al., caspase 4/11

plays a key role in regulating pulmonary vascular dysfunction and

accelerating the progression of PAH (41). Studies from Hu et al.

demonstrated disulfiram (DSF) attenuated vascular remodeling and

hypoxia-induced PAH by inhibiting GSDMD cleavage and

pyroptosis in human pulmonary artery smooth muscle cells

(hPASMCs) (42). Additionally, Zhang et al. found that signal

transducer and activator of transcription 1 (STAT1) promoted

programmed death-ligand 1 (PD-L1) upregulation and activation

of caspase 1-dependent pyroptosis, thereby accelerating the

progression of PAH (43). Along similar lines, He et al. identified

that GLI1 affected the progression of PAH by promoting PASMC

pyroptosis through the apoptosis-associated speck-like protein

containing a caspase recruitment domain (ASC) pathway (44).

Furthermore, a separate study revealed that G-protein coupled

receptor 146 (GPR146) induced PAEC pyroptosis through the

NLRP3/caspase 1 signaling axis, resulting in the promotion of

endothelial injury and PAH progression (45). Wu et al. also

demonstrated that KIF23 regulated the expression of caspase 3,

NLRP3, and HMGB1 by inhibiting the pyroptosis and proliferation

of PASMCs (46) (Figure 1).
2.4 Ferroptosis

Ferroptosis is an intracellular iron-dependent form of cell death

that is distinct from apoptosis, autophagy, and pyroptosis. The

characteristic morphological features of ferroptosis are
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mitochondrial changes, including reduction or disappearance of

mitochondrial cristae, rupture of the mitochondrial outer

membrane, and concentration of mitochondrial membrane (47).

The process of ferroptosis is closely related to the System Xc-/GPX4

signaling pathway, iron homeostasis, and lipid oxidative

metabolism (48).

Accumulating evidence supports the hypothesis that ferroptosis

is involved in the progression of lung diseases. However, only a few

studies have investigated the role of ferroptosis in PAH. In a recent

systematic investigation conducted by Zhang et al., they revealed a

substantial upregulation in the expression of all ferroptosis-

associated genes in individuals with PAH. In addition, all 10

ferroptosis-associated genes exhibited positively correlated

expression patterns, suggesting that PAH initiated ferroptosis

(49). Another study discovered that peroxiredoxin 6 (PRDX6)

facilitates ferroptosis in PAECs and instigates pulmonary vascular

remodeling. This process is mediated by the release of HMGB1 and

subsequent activation of the TLR4/NLRP3 pathway, thereby leading

to the pathogenesis of PAH (50). Xie et al. indicated that PAEC

ferroptosis stimulates the NLRP3 inflammatory response via the

HMGB1/TLR4 pathway and participated in the progression of PAH

(51). However, Hu et al. demonstrated that SLC7A11 inhibits

ferroptosis and promoted proliferation in PAH, thus restoring the

balance between cell death and proliferation in PASMCs (52). In

fact, further studies on the role of ferroptosis in PAH are still

required (Figure 1).
3 Epigenetic regulation in
programmed cell death in PAH

3.1 RNA methylation

3.1.1 Overview of RNA methylation
Epigenetics is the study that modulates heritable gene

expression without DNA sequence changes, including DNA and

RNA methylation, histone modification, and non-coding RNA

regulation (53). m6A methylation is the most prevalent epigenetic

modification of RNA nucleotides. Moreover, m6A methylation

modification plays a crucial role in governing the process of RNA

splicing, gene expression, transcription, translation, and nuclear

export. The modification of m6A is reversible and mediated by

“writers”, “erasers”, and “readers” (54).

The m6A process is mainly catalyzed by the m6A

methyltransferase complex, including methyltransferase like 3

(METTL3), METTL14, Wilms’ tumor 1-associated protein

(WTAP), RNA-binding motif protein 15 (RBM15), zinc finger

CCCH-type containing 13 (ZC3H13), and KIAA1429 (55). The

demethylases act as erasers in RNA molecules to remove the m6A

modifications. RNA demethylases mainly consist of fat mass and

obesity-associated protein (FTO) and alpha-ketoglutarate-

dependent homolog 5 (ALKBH5). Reader proteins play a crucial

role in recognizing m6A binding sites and interacting with them,

each performing specific m6A-dependent biological functions (56).

The m6A reader proteins containing the YTH domain include

YTHDF1-3 and YTHDC1-2. YTHDF1 promotes mRNA
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translation initiation, while YTHDF2 promotes mRNA

degradation. YTHDF3 interacts with YTHDF1 to promote

mRNA translation or with YTHDF2 to enhance mRNA

degradation. Furthermore, YTHDC1 facilitates pre-mRNA

splicing and nuclear export of mRNA. YTHDC2, however,

enhances the translation efficiency of target mRNA (57). Another

kind of reader protein, IGF2BP1-3, promotes mRNA stability and

translation in an m6A-dependent manner. In addition, the

eukaryotic initiation factor 3 (eIF3) promotes mRNA translation

(58). Moreover, the nuclear m6A reader HNRNPA2B1 is involved

in promoting miRNA processing and mRNA splicing

(59) (Figure 2).

3.1.2 RNA methylation in programmed cell death
in PAH

In the latest systematic study, the m6A methyltransferase

METTL3 has been identified as a strong proponent of PAH

development (60). Conversely, Xu et al. demonstrated that sustained

low expression of METTL3 impacts the m6A level of PAH-related

genes, consequently facilitating PAH development (61). Meanwhile,

the m6A reading protein YTHDF1 promotes PAH by contributing to

MAGED1 translation in an m6A-dependent manner (62).

Additionally, another investigation discovered that YTHDF1

recognizes and promotes Forkhead box M1 (Foxm1) protein

translation efficiency, thereby enhancing the hypoxic PAH (63).

Emerging evidence supports that m6A is associated with PAH

pathology; however, the effects of m6A on PCD in PAH have been
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scarcely reported. Accumulating evidence suggests that hypoxic

signaling plays a fundamental and pivotal role in the pathogenesis

of PAH (64). Supporting this notion, it has been observed that the

upregulation of FTO effectively suppresses hypoxia/reoxygenation (H/

R)-treated cardiomyocyte apoptosis (65, 66). In line with this notion,

the expression of m6A reader YTHDF1 is significantly correlated with

hypoxia-induced autophagy in patients with hepatocellular carcinoma

(HCC) (67). Similarly, Lin et al. revealed a connection between

METTL3-mediated m6A modification, sorafenib resistance, and

autophagy in HCC under hypoxic conditions (68). Furthermore,

separate investigations have demonstrated that hypoxia leads to the

suppression of METTL14, resulting in enhanced SLC7A11 mRNA

degradation in an m6A-dependent manner, which may serve as a

potential therapeutic target for the ferroptosis of hepatocellular

carcinoma (69). In the meanwhile, Yang et al. found that hypoxia

induces long non-coding RNA (lncRNA)–CBSLR to recruit YTHDF2

protein and destabilizes CBS, and mRNA destabilizes through m6A-

YTHDF2-dependent modulation. This process ultimately contributes

to ferroptosis resistance in gastric cancer (70). Based on the diverse

regulatory roles of m6A in hypoxic diseases, it is plausible that the m6A

epigenetic modifications regulate signaling pathways and targets

associated with programmed cell death, thereby contributing to the

occurrence of PAH. Consistent with the above reports, YTHDC1-

mediated m6A modification induces lncRNA FENDRR degradation,

which subsequently promotes hypoxia-induced PAH by regulating

DNA methylation of the promoter region of dynamin-related protein

1 (DRP1) (71).
FIGURE 2

An overview of epigenetic remodeling.
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3.2 DNA methylation

3.2.1 Overview of DNA methylation
DNAmethylation is one of the major epigenetic modifications in

cells, which is based on the transfer of a methyl group (CH3
−) from an

S-adenosylmethionine donor to the C-5 position of a cytosine ring of

DNA to form 5-methylcytosine (5-mC) (72). DNA methylation is

catalyzed by three DNA methyltransferases (DNMTs): DNMT1,

DNMT3A, and DNMT3B (73). Of these, DNMT1 is able to copy

CpG methylation patterns and add to the newly synthesized DNA

strand, which plays a role in maintaining DNA methylation status

during DNA replication. Conversely, DNMT3A and DNMT3B are

categorized as de novo methyltransferases that reversibly methylate

the unmethylated CpG dinucleotides and set the initial pattern of the

methyl groups on the DNA sequence (74). DNMT3-like protein, also

known as DNMT3-L, is the third member of the DNMT3 family,

which can increase the DNA methylation of the whole genome by

activating DNMT3A and DNMT3B, thereby affecting the

transcription expression of related downstream genes (75). The

DNA demethylation process is performed by TET family enzymes

(TET1, TET2, and TET3), which oxidize 5-methylcytosines to 5-

hydroxymethylcytosines and reverse the modification (76) (Figure 2).

3.2.2 DNA methylation in programmed
cell death in PAH

Several studies have investigated that DNA methylation is

associated with the vascular pathology of PAH. Specifically, studies

have shown that 5-Aza-2′-deoxycytidine (5-Aza-dC), a DNA

methyltransferase inhibitor, attenuates hypoxic PAH via

demethylation of the PTEN promoter (77). Along this line,

DNMT3B has been confirmed to be upregulated in both PAH

patients and rat models. Overexpressing of DNMT3B in PASMCs

has been shown to ameliorate hypoxia-mediated PAH (78). While the

function of DNA methylation in PAH is well characterized, its

understanding of the function in programmed cell death and the

underlying functional machinery in PAH remain unexplored.

Dysregulation of oxygen-sensing mechanisms is a common feature

of both PAH and cancer, especially apoptosis resistance. Many of these

abnormalities are regulated by epigenetic modifications (79). Therefore,

we hypothesize that the DNAmethylation mechanism in programmed

cell death in PAH under hypoxic conditions may be similar to that in

cancer. Supporting this hypothesis, Mamo et al. demonstrated that the

demethylation of intron 18 of epidermal growth factor receptor

(EGFR) restored the hypoxic regulation of EGFR, leading to

apoptosis resistance and migration (80). In the study of Feng et al., it

was found that hypermethylated gene ankyrin repeat and death

domain-containing 1A (ANKDD1A) is a tumor suppressor in

glioblastoma multiforme (GBM). The recovery of ANKDD1A

expression results in reduced transactivation function and stability of

HIF1a to inhibit autophagy and induce apoptosis in the hypoxic

microenvironment (81). Recent research indicates that DNA

methylation modifier lymphoid-specific helicase (LSH) interacts with

WDR76 to impede ferroptosis. However, EGLN1 and c-Myc directly

activate the expression of LSH by inhibiting HIF-1a (82). Due to the

regulatory role in tumors, DNA methylation may regulate targets

associated with programmed cell death in PAH. Indeed, DNA
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methylation in the promoter region of BMPR2 induces PAH by

regulating BMP signaling pathways and increasing cell apoptosis

(83). It is worth noting that more investigations are required to

ascertain the involvement of DNA methylation in the processes of

ferroptosis, autophagy, and pyroptosis in PAH.
3.3 Histone modification

3.3.1 Overview of histone modification
In eukaryotic cells, the nucleosome is the basic unit of chromatin,

which is comprised of a histone octamer with one H2A–H2B tetramer

and two H3–H4 dimers surrounded by 146–147 base pairs of double

helix DNA (84). The N-terminal and C-terminal tails of histone can be

modified for post-translational modification catalyzed by enzymes,

directly affecting chromatin status and gene expression. Histone

modification includes histone acetylation, histone methylation, and

other modifications such as histone phosphorylation and histone

ubiquitination (85). Acetylation of lysine residues reduces the

positive charge, hindering the interaction between histone tails and

negatively charged DNA. Consequently, chromatin structure is relaxed,

enabling exposure of underlying DNA and facilitating transcriptional

activation (86). Histone acetylation at lysine residues is catalyzed by

histone acetyltransferases (HATs) to induce transcriptional activation.

Histone deacetylation is regulated by histone deacetylases (HDACs),

leading to transcriptional inhibition (87). Histone methylation is an

extensively researched post-translational modification of histones.

Histone methylation usually occurs at the arginine, lysine, and

histidine residues of histone H1, H2A, H2B, H3, and H4 by adding

methyl groups. The arginine residue methylation can be mono-(me)

and di-(me2) methylated, while lysine residues can be mono-(me), di-

(me2), and tri-(me3) methylated (88). The process of histone

methylation is catalyzed by the histone methyltransferase (HMT),

which transfers methyl groups to lysine, arginine, or histidine

residues of histones by using S-adenosine methionine (SAM).

Additionally, most histone modifications are reversible. Methyl

groups are removed from lysine, arginine, or histidine residues by

histone demethylases (HDMs) (89). Lysine-specific demethylase 1

(LSD1) is the first demethylase to remove the methylation at H3K4

and H3K9. Histone phosphorylation occurs on residues of serine,

threonine, and tyrosine. Histone phosphorylation and histone

dephosphorylation are regulated by protein kinase (PK) and protein

phosphatase (PP) in a state of homeostasis (90). The methylation sites

H3K9 and H3K27 share the same serine residue and can be

phosphorylated. Based on the different histones and modification

sites, histone phosphorylation is associated with chromosome

condensation, gene transcription, and the DNA damage repair

process. Furthermore, other modifications such as histone

ubiquitination and histone ADP-ribosylation regulate gene

transcription in various directions (91) (Figure 2).

3.3.2 Histone modification in programmed cell
death in PAH

Recently, an expanding body of evidence has highlighted that

histone modification is a promising strategy for the treatment of

PAH. In a systematic study, Qi et al. reveal a pivotal role of the
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1206452
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jiang et al. 10.3389/fimmu.2023.1206452
histone modifier SUV4-20H1. Inactivation of Suv4-20h1 increased

expression of the secreted superoxide dismutase 3 (Sod3), resulting

in an imbalance of reactive oxygen species (ROS) in the alveolar and

pulmonary vascular ventricles, ultimately leading to PAH (92).

Bisserier et al. found that SIN3a regulates BMPR2 expression and

pulmonary vascular remodeling by a dual mechanism. On the one

hand, SIN3a inhibits EZH2 expression and decreases the levels of

H3K27me3 in the promoter region of BMPR2. On the other hand,

the methylation level of the BMPR2 promoter is decreased by

upregulating TET1 and inhibiting DNMT1 activity (93).

However, it remains unclear whether histone modification

regulates PAH by targeting PCD. Shedding light on this aspect,

studies have demonstrated that the acetylation of vestigial-like

family member 4 (VGLL4) inhibits PASMC apoptosis and

pulmonary arterial remodeling through signal transducer and

activator of transcription 3 (STAT3) signaling (94). Moreover,

RVX208, a clinically available BET inhibitor, has the potential to

modulate anti-apoptotic and proinflammatory pathways through

interactions with FoxM1 and PLK1. This discovery supports the

establishment of a clinical trial of RVX208 in patients with PAH

(95). Another study has revealed the detrimental effects of HDAC

inhibitor trichostatin A (TSA) on RV remodeling under pressure

overload may be achieved through antiangiogenic or proapoptotic

effects (96). Based on these findings, histone modification is

significant in PASMC apoptosis during the PAH process;

however, knowledge of the contribution of histone modification

in regulating other types of PCD in PAH remains fairly limited

so far.
3.4 Non-coding RNA molecules

Non-coding RNAs (ncRNAs) can be divided into two types

based on their length: small ncRNAs (sncRNAs), which consist of

fewer than 200 nucleotides, including microRNAs (miRNAs), and

lncRNAs, which are longer than 200 nucleotides (97). The three

major types of ncRNAs (miRNAs, lncRNAs, and circRNAs) are

involved in the disease onset and progression of PAH (Figure 2).

3.4.1 MicroRNAs
MiRNAs are the most extensively studied endogenous RNAs of

approximately 22 nucleotides (98). The biological functions of

miRNAs depend on complementary targeting to the 3′-
untranslated region (UTR) of mRNAs and then negatively

regulate the expression of target genes at the post-transcriptional

level (99). In a study conducted by Russomanno et al., miR-150 was

shown to reduce the expression of inflammation-, apoptosis-, and

fibrosis-related genes in the pathology of PAH and enhance

mitochondrial metabolic potential via increased expression of

PTEN-like mitochondrial phosphatase (PTPMT1) (100). Chen

et al. found that MiD expression is epigenetically upregulated by

the decreased levels of miR-34a-3p. This upregulation promoted

mitotic fission, leading to pathological proliferation and resistance

to apoptosis (101). In the prospective study, the secretion of miR-

195-5p by anti-apoptotic endothelial cells was found to promote the
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proliferation and migration of PASMCs in PAH (102).

Furthermore, miR-244-5p promotes apoptosis of PASMCs under

hypoxia via DEGS1/PI3K/Akt signaling pathway (103). In addition,

miR-15a-5p was shown to induce PASMC apoptosis in an animal

model of PAH through the vascular endothelial growth factor

(VEGF)/p38/MMP-2 signaling pathway (104). The modulation of

the miR-143/145 cluster in PASMCs, as demonstrated by Deng

et al., significantly altered cell migration and apoptosis (105). MiR-

760, a microRNA, plays a regulatory role in hypoxia-induced

hPASMC proliferation, migration, and apoptosis by targeting toll-

like receptor 4 (TLR4) (106). In the study of Cai et al., miR-125a-5p

ameliorates PAHs by directly targeting STAT3 to regulate PASMC

proliferation and apoptosis and has a negative feedback regulation

with TGF-b1 and IL-6 (107). Zhu et al. indicated that miR−371b

−5p inhibits endothelial cell apoptosis in PAH via PTEN/PI3K/Akt

signaling pathways (108). Another study further found the MFF-

SIRT1/3 axis, regulated by miR-340-5p, improved mitochondrial

homeostasis and proliferation–apoptosis imbalance of hypoxia-

treated PAMSCs (109). Moreover, miR-874-5p was found to

regulate autophagy and proliferation in PASMCs by targeting

Sirtuin3 (110). In addition, miR-204 was shown to attenuate

endothelial–mesenchymal transition by enhancing autophagy in

hypoxia-induced PAH (111). Ou et al. reported that miR-let−7d

alleviates PAH by inhibiting the autophagy of PAECs and

suppressing endothelin synthesis through negative regulation of

autophagy−related 16−like 1 (ATG16L1) (112). In conclusion,

numerous studies have provided clear demonstrations of miRNAs

with programmed cell death in hypoxia-induced PAH; however,

other ncRNAs still need to be further studied in the same manner.

3.4.2 Long non-coding RNAs
LncRNAs are a class of ncRNAs greater than 200 bp in length,

with low expression levels and wide tissue specificity. LncRNAs

have a complex regulatory mechanism in the nucleus and cytoplasm

by directly binding to DNA, RNA, and proteins to regulate gene

expression (113). Recently, several studies have investigated the

impact of lncRNAs on the pathogenesis of PAH. For instance, one

study showed that silencing of lncRNA SOX2-OT attenuates

hypoxia-induced hPASMC proliferation, migration, anti-

apoptosis, and inflammation by modulating the miR-455-3p/

SUMO1 axis (114). In the meanwhile, Li et al. identified that

lncRNA HOXA-AS3 suppresses hPASMC apoptosis via

regulation of miR-675-3p/PDE5 axis (115). Additionally,

overexpression of lncRNA Ang362 decreases apoptosis of

hPASMCs by regulating miR-221 and miR-222 (116). Notably,

studies have indicated that lncRNA TCONS_00034812 regulates

PASMC proliferation and apoptosis and participates in vascular

remodeling during PAH (117). Furthermore, lncRNA PVT1 was

found to promote the mRNA and protein expression of serum

response factor (Srf) and CTGF by suppressing miR-26b and miR-

186, leading to deregulation of autophagy and abnormal

proliferation of PASMCs (118). Another study reported that the

lncRNA−GAS5/miR−382−3p axis inhibits pulmonary artery

remodeling and promoted autophagy in PAH (119). Along this

line, studies by Li et al. pointed to lnc-Rps4l inhibiting hypoxia-
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induced PASMC pyroptosis through the encoded peptide

RPS4XL (120).

3.4.3 Circular RNAs
Circular RNAs are a unique class of lncRNAs that are directly

produced by back-spliced exons and introns, thus establishing a

covalent closed-loop structure. Circular RNAs regulate gene

expression through transcriptional or post-transcriptional

mechanisms, such as regulating miRNA target genes, regulating

RBP-dependent functions, recruiting proteins, and even producing

unique peptides (121). Due to the functional diversity of circRNAs,

several articles have reported that circRNAs regulate signaling

pathways and targets relevant to PAH. For instance, data from

Jiang et al. found that circ-Calm4 functions as a competitive

endogenous RNA to regulate the expression of miR-124-3p and

exacerbate hypoxia-induced PASMC pyroptosis (122). Concordant

with this scenario, circ-Calm4 was also confirmed to regulate

hypoxia-induced PASMC autophagy by binding Purb (123).
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Similarly, circ-Sirtuin1 has been shown to mitigate PAH by

improving PASMC proliferation, migration, and autophagy by

targeting miR-145-5p/protein kinase-B3 axis under hypoxic

environments (124). Interestingly, Jin et al. analyzed circRNA

profiles in whole-blood samples and found that circ-NFXL1_009

attenuates hypoxia-induced proliferation, apoptotic resistance, and

migration of PASMCs (125). Furthermore, circ_0016070 has been

implicated in reducing hypoxia-induced apoptosis in PAHs by

interacting with miR-340-5p/TCF4/b-catenin/TWIST1 signaling

pathway (126). Collectively, the prevailing mechanism of action

for most circRNAs in PAH involves functioning as miRNA

sponges. However, the other roles and molecular mechanisms of

circRNAs have not been fully elucidated (Table 1).

4 Conclusion and prospects

PAH is a complex progressive disease, which involves multiple

cellular processes. The hyperproliferation and anti-apoptosis of
TABLE 1 NcRNAs and their function in hypoxia-induced PAH.

NcRNAs Expression Functional role (PCD) Molecular targets References

miR-150 Down Apoptosis PTPMT1 100

miR-34a-3p Down Apoptosis MiD 101

miR-195-5p Up Apoptosis Smad7 102

miR-244-5p Up Apoptosis DEGS1 103

miR-15a-5p Up Apoptosis VEGF/p38/MMP−2 104

miR-143/145 Up Apoptosis – 105

miR-760 Down Apoptosis TLR4 106

miR-125a-5p Down Apoptosis STAT3 107

miR−371b−5p Down Apoptosis PTEN/pI3K/Akt 108

miR-340-5p Down Apoptosis IL-1b and IL-6 109

miR-874-5p Up Autophagy Sirt 3 110

miR-204 Down Autophagy ATG7 111

miR-let−7d Down Autophagy ATG16L1 112

LncRNA SOX2-OT Up Apoptosis miR-455-3p 114

LncRNA HOXA-AS3 Up Apoptosis miR−675−3p 115

LncRNA Ang362 Up Apoptosis miR-221/miR-222 116

LncRNA TCONS_00034812 Down Apoptosis Stox1 117

LncRNA PVT1 Up Autophagy miR-26b/miR-186 118

LncRNA GAS5 Down Autophagy miR−382−3p 119

LncRNA Rps4l Up Pyroptosis ILF3 120

Circ-Calm4 Up Pyroptosis miR-124-3p 122

Circ-Calm4 Up Autophagy Purb 123

Circ-SIRT1 Up Autophagy miR-145-5p 124

Circ-NFXL1_009 Down Apoptosis hsa-miR-29b-2-5p 125

Circ-0016070 Up Autophagy miR-340-5p 125
ncRNAs, non-coding RNAs; PAH, pulmonary arterial hypertension; PCD, programmed cell death; VEGF, vascular endothelial growth factor.
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PASMCs are the basic pathophysiological processes of PAH. Based

on the studies presented in our review, other forms of programmed

cell death, such as autophagy, pyroptosis, and ferroptosis, have been

shown to be involved in the development of PAH. Therefore, a

better understanding of the processes and mechanisms of

programmed cell death involved in PAH will provide novel

therapeutic strategies. Research studies have found that epigenetic

modification plays a crucial role in the pathological process of PAH;

therefore, exploring the epigenetic modification of PAH may be a

new treatment strategy (127). Epigenetic modifications are involved

in programmed cell death processes at different levels. Multiple lines

of evidence indicate that epigenetic alterations, including regulation

mediated by ncRNAs, play a significant role in apoptosis,

autophagy, and pyroptosis in PAH (128). Although current

evidence provides epigenetic modifications that regulate signaling

pathways associated with programmed cell death, a significant

proportion of research studies have focused on ncRNAs. Other

epigenetic modifications such as methylation and acetylation as well

as phosphorylation should be further studied, as they may be

important contributors to the pathogenesis of PAH. In particular,

there is substantial evidence that HDAC inhibitors may be effective

anti-cancer agents, especially when used in combination with

conventional chemotherapy drugs. As such, regulating these

HDACs may also have therapeutic potential for PAH (129).

Despite this progress, the relationship between histone

modification and programmed cell death in hypoxia-induced

PAH remains largely unexplored. Furthermore, DNA methylation

has been associated with gene silencing and has been shown to

regulate apoptosis in the pathogenesis of PAH (11). However, our

current understanding of this intricate process is still very limited.

In addition, direct evidence on other DNA methylation-mediated

types of programmed cell death in PAH remains lacking. Therefore,

more studies are still needed to reveal the complex mechanisms of

connecting epigenetic modification factors and different modes of

programmed cell death during hypoxia-induced PAH.
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Hongyuan Mao, Zerun Li , Yu Tian* and Bo Cheng*
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Jinan, China
Introduction: Radiation pneumonitis is a critical complication that constrains the

use of radiation therapy for thoracic malignancies, leading to substantial

morbidity via respiratory distress and lung function impairment. The role of

Natural killer (NK) cells in inflammatory diseases is well-documented; however,

their involvement in radiation pneumonitis is not fully understood.

Methods: To explore the involvement of NK cells in radiation pneumonitis, we

analyzed tissue samples for NK cell presence and function. The study utilized

immunofluorescence staining, western blotting, and immunoprecipitation to

investigate CXCL10 and ROS levels, autophagy activity, and NKG2D receptor

dynamics in NK cells derived from patients and animal models subjected to

radiation.

Result: In this study, we observed an augmented infiltration of NK cells in tissues

affected by radiation pneumonitis, although their function was markedly

diminished. In animal models, enhancing NK cell activity appeared to

decelerate the disease progression. Concomitant with the disease course,

there was a notable upsurge in CXCL10 and ROS levels. CXCL10 was found to

facilitate NK cell migration through CXCR3 receptor activation. Furthermore,

evidence of excessive autophagy in patient NK cells was linked to ROS

accumulation, as indicated by immunofluorescence and Western blot analyses.

The association between the NKG2D receptor and its adaptor proteins (AP2

subunits AP2A1 and AP2M1), LC3, and lysosomes was intensified after radiation

exposure, as demonstrated by immunoprecipitation. This interaction led to

NKG2D receptor endocytosis and subsequent lysosomal degradation.

Conclusion: Our findings delineate a mechanism by which radiation-induced

lung injury may suppress NK cell function through an autophagy-dependent

pathway. The dysregulation observed suggests potential therapeutic targets;

hence, modulating autophagy and enhancing NK cell activity could represent

novel strategies for mitigating radiation pneumonitis.
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Introduction

Radiotherapy (RT) is pivotal in the treatment of malignant

tumors. Nonetheless, radiation pneumonitis (RP) stands out as a

frequent clinical side effect observed in thoracic radiotherapy

patients. This condition significantly impacts the long-term

survival rates and prognoses of cancer patients, constituting a

primary impediment to the efficacy of radiotherapy (1, 2).

Consequently, the suppression of RP-associated inflammatory

infiltration and incidence reduction represent pressing clinical

imperatives. Given the intricate nature of its progression

mechanism, enhanced prognostic outcomes may hinge on

innovative therapeutic approaches stemming from an improved

comprehension of RP’s progression mechanism.

The progression of radiation pneumonitis is influenced by various

factors, including alterations in the tumor and inflammatory

microenvironments (3, 4). Natural killer (NK) cells constitute a vital

component of the inflammatory microenvironments and play a pivotal

role in inflammatory responses. On one hand, they possess the

capability to directly eliminate pathogen-infected cells, thereby

preventing further dissemination. On the other hand, they can

secrete an array of cytokines and chemical factors, such as tumor

necrosis factor-alpha (TNF-a), interferon-gamma (IFN-g), and
interleukins (such as IL-10 and IL-13), to modulate the

inflammatory response (5, 6). The equilibrium between signals from

activating and inhibitory receptors governs the functional outcomes of

NK cells. Unlike B and T cell antigen receptors, NK cell receptors are

encoded in the germline and do not undergo somatic recombination,

enabling them to mount rapid responses in inflammatory reactions (7,

8). NKG2D, serving as a primary activating receptor on the surface of

NK cells, primarily recognizes and binds to specific ligands expressed

by stressed, infected, or cancerous cells, which are typically absent on

healthy cell surfaces. Upon binding to these ligands, NKG2D activates

the NK cell, resulting in the destruction of the target cell (9–11).

However, the role of NK cells in the progression of RP has not been

investigated to date.

NK cell function is primarily regulated by chemotactic factors in

inflammatory environments (12). During influenza virus infection,

previous research by Wareing MD et al. found that CXCR2 plays a

critical role in recruiting neutrophils to the lungs, leading to their

accumulation in lung tissue. Interestingly, this accumulation does

not significantly contribute to virus clearance, offering valuable

insights into the varying impacts of chemokines on the quantity and

functionality of immune cells (13). Recent studies suggest that

inflammation can trigger the release of numerous chemokines,

including IL-8, which attract neutrophils and result in the

production of additional reactive oxygen and nitrogen species,

consequently impairing neutrophil function (14). Our study

revealed that CXCL10/CXCR3 activation in radiation

pneumonitis leads to increased NK cell infiltration, while the

accumulation of reactive oxygen species (ROS) causes excessive

autophagy, thereby inhibiting NK cell function. Delving deeper into

these specific mechanisms is crucial for gaining a better

understanding of NK cells’ role in lung injury.

Autophagy is an intracellular biological process responsible for

degrading and recycling cellular components, frequently triggered
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by ROS (15). This self-regulating mechanism aids in preserving

normal cellular functions when moderately engaged. However, if

excessively stimulated, it can cause irreparable harm to the cells

(16). The process of autophagy comprises several sequential steps.

Initially, an autophagosome engulfs materials earmarked for

degradation, such as damaged proteins or organelles.

Subsequently, the autophagosome fuses with a lysosome inside

the cell, leading to the degradation and recycling of the contents

encapsulated within the autophagosome. Autophagy plays a pivotal

role in various biological processes, such as defending against

infections, delaying the aging process, responding to hunger, and

managing stress reactions (17–19).

In this study, we observed an elevated count of NK cells

concurrent with a decrease in their functionality during radiation

pneumonia. Mechanistically, radiation-induced lung injury results

in the release of CXCL10, which activates CXCR3 on the surface of

NK cells, resulting in the intracellular accumulation of ROS.

Elevated ROS levels constitute the primary cause of excessive

autophagy in NK cells during radiation pneumonia. Subsequently,

autophagy initiates the internalization of NKG2D and its

degradation via the lysosomal pathway, leading to a deterioration

in NK cell function and exacerbating the advancement of radiation

pneumonia. Our findings, which confirm the involvement of NK

cells in radiation pneumonia, may provide valuable insights for the

clinical diagnosis and treatment of this condition.
Methods

Cell culture

NK92 cells (ATCC®, CRL-2407™) were maintained in MEM-a
(#12571063, GIBCO, USA) supplemented with 10% FBS, 10% horse

serum, 1% non-essential amino acid, 1% pen-strep, 1% sodium

pyruvate, 0.1 mM 2-b-mercaptoethanol, 0.2 mM myo-inositol, and

2.5 mM folic acid. Cells were maintained at 37 °C at 5% CO2 levels.

For conditioning, cells were cultured for approximately 2 months

and were routinely checked for mycoplasma infection.

The mouse lung cancer cell line CMT167 was obtained from the

European Collection of Authenticated Cell Cultures (ECACC) and

cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life

Technologies, USA), containing 10% (v/v) fetal bovine serum

(FBS; Life Technologies, USA).
Animal

Animal studies were approved by Institutional Animal Care and

Use Committee of Qilu Hospital affiliated to Shandong University.

The mice were bred in our air-conditioned animal facility and

housed with a 12/12 hr light/dark cycle and with ad libitum access

to food and water. In the survival study, the animals were observed

daily. Animals displaying symptoms, such as severe hunchback

posture, apathy, decreased motion, or activity, dragging legs,

unkempt fur, or drastic loss of body weight were killed by cervical
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dislocation. Excised tumor tissues were further examined through

hemtoxylin and eosin, and immunofluorescence staining.

Luciferase-expressing CMT167 cell lines (5 x 105 cells in 40 mL
PBS) were injected through the chest wall into the lung of C57BL/6

(5-week-old; SPF Biotechnology Co., Ltd, Beijing, China) female

mice on day 0. Depleting antibodies were NK1.1 clone PK136

(#BE0036, BioXCell), and IgG2a isotype control (#BE0085,

BioXCell). Tumor growth was examined at 5, 10, and 15 days

after inoculation via bioluminescence imaging (IVIS spectrum in

vivo imaging system, PerkinElmer, USA). On day 5, mice were

randomly assigned to each treatment group.
Western blotting

The RIPA (#89901, Thermo Fisher Scientific, USA) buffer were

used to lyse the harvested NK92 cells on ice about 30 min and

centrifuged at 4 °C and 17,000g for 50 min. The BCA protein assay

kit (#P0010, Beyotime Institute of Biotechnology, China) was used

for the protein concentration measurement. Subjected the samples

to SDS-PAGE electrophoretically, and then transferred to PVDF

membranes. All membranes were blocked by Tween-Tris-buffered

saline containing 5% non-fat milk for 2 h at room temperature and

then incubated with primary antibodies as follows: GAPDH

(#ab9485, Abcam), b-tublin (#ab179511, Abcam), AP2A1

(#ab189995, Abcam), AP2M1(#ab75995, Abcam), LAMP2

(#ab13524, Abcam), LC3 (#ab62721, Abcam), NKG2D (#ab36136,

Abcam), CXCR3 (#ab288437, Abcam). At room temperature, all

the membranes were washed by TBST three times, and then

incubated with horseradish peroxidase II antibody (#ZB-2301,

#ZB-2305, ZSGB-BIO, China) for 1 hour. The synergistic

chemical imager (ECL) kit (#34096, Thermo Fisher Scientific,

USA) was used for staining protein gels and then used the

manufacturer’s ChemImager 5500 V2.03 software scan.
Co-IP

Co-Immunoprecipitations were used to detected the interaction

between proteins. Briefly, the RIPA (#89901, Thermo Fisher

Scientific, USA) buffer were used to lyse the harvested cell on ice

about 60 min and corresponding antibodies were incubated with

the Protein A/G Magnetic beads for immunoprecipitation

(#B23201, Bimake, USA) on ice for 30 min. Cell lysates were

centrifuged, and the supernatants were added to and incubated

with the protein A/G Magnetic beads (above incubated with

corresponding antibodies) under rotation at 4°C overnight. After

being washed three times with high-salt buffer. The beads were

boiled for 7 min with 2 × SDS sample buffer, followed by Western

blotting with corresponding antibodies.
PCR

Total RNA was extracted from cells using TRIzol reagent

(#10296010CN, Invitrogen, USA) and reverse-transcribed using

the Rever Tra Ace qPCR RT Kit (#FSQ-101, Toyobo, Japan).
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cDNA was amplified using SYBR Green on the Roche Light

Cycler 480 for quantification. The relative expression levels of

mRNA were normalized to glycer- aldehyde-3-phosphate

dehydrogenase (GAPDH). Sequences of the primers used are

shown in Supplementary Table 1.
HE staining

HE staining was performed using a HE Staining Kit (#G1120,

Solarbio, China). Briefly, staining of brain sections was carried out

using Mayers hematoxylin, followed by eosin. Following eosin

staining for 50 s, and dehydration by ethanol (95, 100%), the

sections were cleared by xylene and mounted. These images were

obtained using Nikon’s confocal microscope (Nikon, Japan). We

then calculated the proportion of radiation pneumonium area in the

total area of the lobes.
Multiplex immunofluorescence staining

For multiplex immunofluorescence staining, we followed the

Opal protocol staining method for the following markers: NK1.1

(#ab234107, Abcam), LC3B (#ab192890, Abcam), LysoTracker

(Invitrogen. #L12492), and NKG2D (Abcam, #ab302907). All

sections were cover-slipped using Anti-Fade Fluorescence

Mounting Medium (#ab104135, Abcam). Phenochart software

was used to perform a 20X (0.5 mm/pixel) scan analysis of

selected tissue areas after scanning by Vectra Polaris Automated

Quantitative Pathology Imaging System.

Staining images were evaluated by two blinded pathologists,

with the intensity of autophagy scored from 0 to 3, with 0 (no LC3

staining), 1 (weakly LC3 staining), 2 (moderately LC3 staining), and

3 (severely LC3 staining). The positive rate of LC3 in NK cells was

also scored using a scale of 0-3: 0 (0-9%), 1 (10%-25%), 2 (26%-

50%), 3 (51%-75%), and 4 (76%-100%). The autophagy intensity

score and the positive cell rate score are then multiplied, and the

product is used as the final autophagy score.
3D-SIM

In our study, we use 3D structured illumination microscopy

(3D-SIM), a super-resolution imaging technique, to enhance our

understanding of NK cells. To begin with, specimens were prepared

following standard fixation and staining procedures suitable for 3D-

SIM. Once prepared, the specimens were placed under the 3D-SIM

microscope, equipped with a high-numerical-aperture lens.

Subsequently, these raw images were processed through a

reconstruction algorithm. Live, three-color, 3D-SIM imaging was

performed on the OMX-Flex system (GE Healthcare).
Flow cytometry

To detect apoptosis, cells were rinsed with PBS, incubated with

Annexin V-FITC and PI (#556547, BD Biosciences, USA) at room
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temperature for 15 min. Apoptosis results were analyzed on a C6

flow cytometer (BD Biosciences, USA). Data were analyzed in

Accuri 6C software analysis.

Intracellular ROS production was detected using MitoSOX™

Red (#M36009, MitoSox, Invitrogen). And cell staining of single-

cell suspensions was performed using the following fluorophore-

conjugated antibodies: CD45 (#157214, Biolegend, USA), NK1.1

(#156506, Biolegend, USA), IFN-g (#505808, Biolegend, USA),

TNF-a (#506306, Biolegend, USA), Granzyme B (#372208,

Biolegend, USA), NKG2D (#115711, Biolegend, USA).
Statistical analysis

The unpaired two-tailed Student’s t-test was used to compare

differences between two groups. Multiple comparisons were

performed with one-way ANOVA using Dunnett’s multiple

comparisons test. Survival curves were estimated by the Kaplan–

Meier method and compared using the log-rank test. Statistical

analysis was conducted using GraphPad Prism (Version 8.0). P <

0.050 was considered statistically significant for all the two-sided tests.
Results

Radiation pneumonia is accompanied by
an accumulation of NK cells and a decline
in their functionality

To investigate changes in NK cell quantity and function during

radiation pneumonitis, we induced radiation pneumonitis in 6-8-

week-old C57/BL6 mice by exposing them to a single 20 Gy dose of

radiation. Following irradiation, we collected lung tissue samples and

observed an increase in both lung volume and weight, consistent with

the potential development of pulmonary edema observed in clinical

patients after radiation exposure. This observation aligns with the

potential development of pulmonary edema observed in clinical

patients after radiation exposure. The increased lung volume and

weight signify fluid accumulation in lung tissue, a characteristic

feature of pulmonary edema. These results imply that the mice

exhibited a physiological response to radiation-induced lung injury

similar to that observed in humans (Supplementary Figure 1A).

Hematoxylin and eosin (HE) staining revealed significant

inflammatory infiltration in the lungs on the 14th day after

irradiation, confirming the successful model establishment.

Building on this foundation, we euthanized the mice on the 14th

day and isolated pulmonary mononuclear cells for quantifying and

assessing NK cell function. The results revealed a significant

increase in the proportion of NK cells in the lungs of the RP

group compared to the control group (non-irradiated mice)

(Figures 1A, B). Subsequently, we assessed the expression of IFN-

g and granzyme B in NK cells using flow cytometry. Surprisingly,

despite the increase in NK cell numbers, the function of NK cells in

the RP group’s lungs was significantly diminished compared to the

control group (Figure 1C).
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To gain a clearer understanding of NK cell status, we isolated

and cultured NK cells obtained from the lungs of radiation

pneumonitis mice using magnetic bead separation. The

extracellular apoptosis rate of NK cells in the lungs of the RP

group was higher than that in the control group (Figure 1D).

Additionally, CCK8 results demonstrated significantly reduced

vitality of NK cells in mice with radiation pneumonia (Figure 1E).

Subsequently, we cultured the isolated NK cells in vitro and assessed

the levels of IFN-g and granzyme B in the culture supernatant after

48 hours. The results revealed a substantial reduction in the RP

group’s lung NK cells’ ability to secrete cytokines, indicating a

significant functional difference compared to the control group

(Figures 1F, G). These findings indicate inconsistent changes in the

number and function of NK cells in radiation pneumonitis, marked

by an increase in infiltration but functional exhaustion.
Lung injury promotes the recruitment of
NK cells via the CXCL10/CXCR3 pathway

In our previous research, we identified substantial alterations in

both the quantity and function of NK cells in radiation pneumonitis

(RP). To explore the underlying mechanisms, PCR and ELISA were

used to quantify the levels of NK cell-associated chemokines in

mouse lung tissue and bronchoalveolar lavage fluid (BALF),

respectively. In lung tissue, we noted a significant elevation in

CXCL8 and CXCL10 levels in the RP group (Figure 2A).

Conversely, in the BALF, CCL5 and CXCL10 exhibited a

substantial increase in the RP group (Figure 2B). Additionally, we

collected peripheral blood samples from patients undergoing the

same radiation regimen and divided them into two groups based on

the presence or absence of radiation pneumonitis development.

ELISA results reveal a significant increase in CXCL10 levels in the

peripheral blood supernatant of patients who developed radiation

pneumonitis (Supplementary Figure 1B). Given that CXCL10

displayed significant changes in both groups, we hypothesized

that CXCL10 may play an important role in radiation pneumonitis.

Next, we assessed the activation status of CXCR3, the receptor

for CXCL10, in NK cells. PCR and Western blot findings indicated

significant activation of CXCR3 at both the RNA and protein levels

in NK cells from the lungs of RP group mice (Figures 2C, D). To

further investigate the chemotactic capacity<city/> of NK cells

induced by the activation of CXCL10/CXCR3 in radiation

pneumonitis, we examined the expression of cell migration-

related molecules MAPK, RhoA, and AKT. The results show that

in radiation pneumonitis, the transcription and protein levels of

MAPK and RhoA in NK cells have increased, but the changes in

AKT are not significant (Figures 2E, F). Immunofluorescence and

transwell assays indicate that the CXCR3 inhibitor AMG487

significantly reduces the migratory capacity<city/> of NK cells

after radiation exposure, leading to a decrease in NK cell

infiltration (Figures 2G, H and Supplementary Figures 1F, G). In

summary, we hypothesize that the release of CXCL10 induced by

radiation activates the CXCR3 receptors on the surfaces of NK cells,

thereby promoting their infiltration into lung tissues.
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Overactive autophagy in lung NK Cells
induced by radiation

To better understand the mechanism of NK cell function

suppression in radiation pneumonitis, we conducted RNA-seq

analysis comparing NK cells from mice with radiation
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pneumonitis to those from healthy lungs. The results revealed

significant transcriptomic differences between NK cells from the

two groups of mice (Figures 3A, B). Subsequent enrichment analysis

using the KEGG pathway indicated that the differentially expressed

genes were predominantly associated with the autophagy

pathway (Figure 3C).
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FIGURE 1

Radiation pneumonia is accompanied by an accumulation of NK cells and a decline in their functionality. Immunofluorescence staining (A) and flow
cytometry analysis (B) for detecting the number of NK cells. Scale bar (left) = 50 mm, Scale bar (right) = 25 mm. (C) Flow cytometry analysis for the
expression of functional indicators (IFN-g and granzyme B) of lung tissue-infiltrating NK cells. (D, E) The apoptosis rate and CCK8 results indicated
that the vitality of NK cells was significantly weaker when mice had a radiation pneumonia. (F, G) The levels of IFN-g and granzyme B in the culture
supernatant of NK cells. (A–C, F, G): n = 5; (D, E): n = 3. Each point represents an individual experiment. *, P < 0.050; **, P < 0.010; ***, P < 0.001.
***P = 0.0003 (A), **P = 0.001 (B), ***P < 0.0001 IFN-g, ***P = 0.0008 Gran B (C), **P = 0.0023 (D), ***P = 0.0002 72h, **P = 0.0016 96h (E), ***P
< 0.001 (F), ***P < 0.001 (G).
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FIGURE 2

Lung injury promotes the recruitment of NK cells via the CXCL10/CXCR3 pathway. NK cell-associated chemokines in mouse lung tissue (A) and
BALF (B) were detected respectively. PCR (C, E) as well as Western blotting analysis (D, F) revealed that NK cells from the lungs of RP group were
markedly activated at both the RNA and protein levels. (G) Demonstration of AMG487 reversing radiotherapy-induced decline in NK cell count in
mice. Scale bar (left) = 50 mm, Scale bar (right) = 50 mm. (H) Transwell assay depicting NK cell migration under control, radiotherapy, and
radiotherapy with AMG487. Scale bar = 50 mm (A-G): n = 3. Each point represents an individual experiment. *, P < 0.050; **, P < 0.010; ***, P <
0.001. *P = 0.0142 CCL3, **P = 0.0033 CCL4, **P = 0.0090 CCL5, ***P = 0.0002 CXCL8, ***P = 0.0005 CXCL10, *P = 0.0358 CXCL12 (A), ***P <
0.0001 CCL5, ***P = 0.0001 CXCL10 (B), ***P = 0.0003 (C), *P = 0.0118 (D), **P = 0.0048 RhoA, ***P< 0.0001 MAPK (E), **P = 0.0044 RhoA, **P =
0.0038 MAPK (F).
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Immunofluorescence staining showed that the level of autophagy

in lung NK cells was increased in the RP group compared with the

control group (Figure 3D). RT-qPCR and Western blot results

indicated elevated expression of autophagy-related proteins in lung

NK cells from mice in the RP group (Figures 3E–G). These findings

confirm that autophagy occurs in NK cells within the radiation

pneumonia microenvironment, and further investigation is required

to elucidate the downstream mechanism.
Restoration of NK cell function through
inhibition of ROS accumulation or
excessive autophagy

Numerous studies have shown that the buildup of reactive

oxygen species (ROS) during inflammation is a major driver of

excessive cellular autophagy. Consequently, we quantified ROS

levels in lung tissues from mice with radiation pneumonitis and

healthy mice. The results revealed a substantial increase in ROS

accumulation in the radiation pneumonitis group (Figure 4A). ROS

can accumulate through various mechanisms, and based on prior

reports on other inflammatory conditions, CXCL10/CXCR3

activation can also contribute to ROS buildup. Accordingly, we

conducted relevant experiments. However, in radiation

pneumonitis, the primary source of ROS is radiation-induced

cellular damage. These data are presented for reference purposes.

Our findings revealed an upward trend in mitochondrial ROS

production in the CXCL10 treatment group compared to the

control group (Supplementary Figure 1C). To confirm the

essential role of CXCR3 in ROS accumulation, we used small

interfering RNA (siRNA) to silence CXCR3 expression in the

NK92 cell line, followed by CXCL10 stimulation. The results

demonstrated significantly reduced ROS production in the si-

CXCR3 group compared to the control (Supplementary

Figures 1D, E). Following ROS suppression with NAC, there was

a significant reduction in autophagy induced by ROS

accumulation (Figure 4B).

Furthermore, we investigated the association between ROS

levels and the severity of radiation pneumonitis using an animal

model. As anticipated, the inhibition of ROS by NAC substantially

ameliorated inflammatory lesions in lung tissues (Figure 4C and

Supplementary Figure 2A).

To further investigate the direct regulatory impact of excessive

autophagy on NK cell function, we performed the following

experiments. First, we utilized a CCK-8 assay to evaluate the

effect of autophagy on NK cell vitality. The results indicated that

inhibiting radiation-induced excessive autophagy in NK cells with

3-MA led to a significant increase in their proliferation rate

compared to the control group (Figure 4D). Subsequently, we

evaluated alterations in NK cell function following the inhibition

of radiation-induced excessive autophagy using flow cytometry. As

anticipated, there was a significant recovery in NK cell function

after autophagy inhibition (Figure 4E). To better illustrate the

connection between NK cell function and autophagy, we

simultaneously measured NK cell function and LC3 expression in

the same samples and conducted a linear correlation analysis. The
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results demonstrated a significant negative correlation between the

two variables (Figure 4F).

We further conducted in vivo experiments to confirm the

influence of autophagy on NK cells. An experiment with two

groups of mice (3-MA+RP vs RP) was designed. The results

indicated that in the presence of 3-MA, there were no significant

changes in the number of NK cells in mouse lungs (Figure 4G). This

implies that autophagy may not directly control the quantity of NK

cells, as the recruitment of NK cells induced by radiation is

primarily governed by chemotactic factors. We then assessed the

functionality of NK cells in the lungs of both groups of mice and

observed that NK cell function in the RP+3-MA group significantly

exceeded that in the RP-only group (Figure 4H). Targeting

autophagy holds promise for restoring NK cell function impaired

in radiation pneumonitis.
Excessive autophagy leads to the
internalization of NKG2D

In our prior research, we confirmed the decline in NK cell

function in radiation pneumonitis, although the precise

mechanisms remain unknown. We employed RT-PCR to assess

the RNA expression of key functional receptors on the NK cell

surface, revealing a significant reduction in NKG2D receptor

expression after radiotherapy compared to the control group

(Figure 5A). The decreased NKG2D expression on NK cell

surfaces after radiation was corroborated by western blot and flow

cytometry, confirming the PCR findings (Figures 5B, C).

Next, we investigated the degradation mechanism of NKG2D.

Immunoprecipitation studies showed enhanced interaction between

NKG2D and the clathrin AP2 subunit after radiation therapy, which

was blocked by 3-MA. AP2 is a crucial component in clathrin-

mediated endocytosis, capable of binding to clathrin and membrane

cargo proteins, thus playing a pivotal role in endocytosis.

Conversely, LC3, a distinctive molecule in autophagosome

formation, serves as a specific marker for autophagy. Moreover,

LC3 lipidation can induce direct interaction with various

autophagic components through cargo receptors. To ascertain the

direct connection between NKG2D and autophagy, we further

investigated the interaction between NKG2D and LC3,

demonstrating an enhanced interaction between NKG2D and LC3

after radiation therapy. Furthermore, we noted a notable rise in the

interaction between NKG2D and LAMP2 (a lysosomal marker

protein) after radiation therapy, and the inhibition of autophagy

similarly reduced their binding (Figures 5D, E).

To further explore the extent of autophagy in NK cells under

different treatments, we utilized 3D-SIM (Structured Illumination

Microscopy) technology to confirm autophagy at the organelle level.

Our results indicated that after irradiation, there was an elevated

binding of NKG2D (green) with lysosomes (red) compared to the

control group, suggesting an increased co-localization. This effect

was suppressed when irradiation was combined with the autophagy

inhibitor 3-MA, providing a more direct and microscopic

representation of the extent of autophagy within lysosomes

(Figure 5F and Supplementary Figure 2B). These findings
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FIGURE 3

Overactive Autophagy in Lung NK Cells Induced by Radiation. (A) Volcano Plot of Differentially Expressed Genes: This plot shows the relationship
between gene expression levels and statistical significance, highlighting genes that are differentially expressed between two conditions. The x-axis
represents the log-transformed expression levels of genes, the y-axis represents the negative logarithm of statistical significance, and the scatter plot
represents differentially expressed genes. Red dots indicate upregulated genes, blue dots indicate downregulated genes, and gray dots indicate
genes with no significant difference. (B) Number of Differentially Expressed Genes: Comparison of the number of differentially expressed genes
detected in RNA-seq analysis under different conditions. The numbers in the table represent the count of genes significantly upregulated or
downregulated in each condition. (C) Pathway enrichment analysis of the differentially expressed gene set using the KEGG database. This plot shows
the differentially expressed genes enriched KEGG pathways. (D) Compared to the control group, multiplex immunofluorescence staining showed
that autophagy was excessively activated in the lung NK cells of the RP group mice. Scale bar = 20 mm. (E–G) RT-qPCR and Western blotting results
indicated an increase in the expression of autophagy-related proteins in lung NK cells from the RP group mice. (D–G): n = 3. Each point represents
an individual experiment. *, P < 0.050; **, P < 0.010; ***, P < 0.001. **P = 0.0014 (D), ***P < 0.001 LC3, **P = 0.0031 ATG5 (E), **P = 0.0018 LC3,
***P = 0.0002 ATG5 (G).
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FIGURE 4

Restoration of NK Cell Function through Inhibition of ROS Accumulation or Excessive Autophagy. (A) Using mitochondrial ROS-specific fluorescent
dye (MitoSOX red) to observe the distribution of mitochondrial ROS. (B) The effect of NAC on the expression of autophagy-related protein (LC3) in
NK cells as demonstrated by Western blotting. (C) HE-staining of lung tissue from mice exposed to 20Gy irradiation with or without autophagy
inhibitor treatment. Left: 20x magnification. Right: 40x magnification. ROS inhibition reduces radiation-induced lung damage. (D) As demonstrated
by CCK8 assays, radiation-induced excessive autophagy of NK cells was inhibited by 3-MA, resulting in significantly higher proliferation rates than
those in control group. (E) Flow cytometry showed that NK cell function was significantly restored after its autophagy was inhibited. (F) Linear
correlation analysis confirmed that there was a significant negative correlation between NK cell function and LC3 expression level. (G) Flow
cytometry showed that under the influence of 3-MA, the number of lung-infiltrating NK cells didn’t show significant changes. (H) The RP+3-MA
group significantly outperformed the RP-only group in terms of NK cell function. (A–H): n = 3. Each point represents an individual experiment. *, P <
0.050; **, P < 0.010; ***, P < 0.001. **P = 0.0058 (A), ***P < 0.0001 Ctrl vs RP+NAC, ***P < 0.0001 Ctrl vs RP, **P = 0.0019 RP vs RP+NAC (B), *P =
0.0253 72h, ***P < 0.0001 96h (D), *P = 0.0151 (E), ***P = 0.0004 IFN-g, ***P = 0.0003 TNF-a (H).
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FIGURE 5

Excessive autophagy leads to the internalization of NKG2D. (A) Using RT-PCR technology to examine RNA expression of the main functional
receptors on the NK cell surface. And the reduced NKG2D expression on the surface of NK cells was further confirmed by western blotting (B) and
flow cytometry (C). (D, E) Co-IP demonstrated a significant increase in the interaction between NKG2D and LAMP2 after radiation therapy, and
inhibiting autophagy likewise attenuated their binding. (F) A reconstructed three-dimensional structured illumination microscopy (3D-SIM) image
showing an NK cell. The cell surface is labeled with an antibody against NKG2D (green), and lysosomes are labeled with a specific lysosomal marker
(red). The merged image demonstrates the co-localization of NKG2D and lysosomes (arrow) within the NK cell. Scale bar = 3 mm. A-E: n = 3. Each
point represents an individual experiment. *, P < 0.050; **, P < 0.010; ***, P < 0.001. *P = 0.0236 NKp30, ***P = 0.0002 NKG2D, **P = 0.0044
NKG2A (A), ***P < 0.0001 (B), ***P = 0.0006 (C), **P = 0.0021, **P = 0.0016, AP2A1; **P = 0.0039, *P = 0.0390, AP2M1; **P = 0.0060, *P =
0.0472, LAMP2; ***P = 0.0009, *P = 0.0116, LC3 (E).
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collectively indicate that radiation-induced excessive autophagy

results in the degradation of the membrane protein NKG2D

through a clathrin-lysosome-dependent pathway.
Autophagy-NK axis regulates radiation
pneumonitis and tumor progression

As widely recognized, NK cells play a crucial role not only in

inflammation but also in anti-cancer therapy. In clinical practice,

patients undergoing thoracic radiotherapy often have concurrent

tumors, and lung cancer is particularly closely linked to radiation

pneumonitis. We combined the radiation pneumonitis model with

a mouse model of in situ lung cancer to investigate the combined

impact of targeting autophagy and NK cell function on

inflammation and cancer (Figure 6A) . Firstly, we assessed the

severity of radiation pneumonitis from two angles: HE staining and

the number of neutrophils in bronchoalveolar lavage fluid. Results

showed that 3-MA significantly inhibited the progression of

pneumonitis, but this inhibitory effect was noticeably reduced

when NK cells were depleted. Furthermore, pneumonitis

significantly worsened when NK cells were independently

depleted (Figures 6B, C). Next, we employed live animal imaging

and survival time detection to assess how autophagy and NK cells

influence tumor progression during radiotherapy. Results

demonstrated that the progression of tumors mirrored the

severity of inflammation (Figures 6D, E). In addition, we also

assessed the cytotoxicity<city/> of NK cells against tumor cells in

an in vitro experiment under the backdrop of radiation

pneumonitis. The results showed that compared to the control

group, NK cells from the lungs of radiation pneumonitis mice

exhibited significantly reduced cytotoxicity<city/> against the

mouse lung cancer cell line CMT167 (Supplementary Figures 2C,

D). This suggests that targeting autophagy and NK cells has a

significant effect in slowing the progression of radiation

pneumonitis, as well as in inhibiting tumor growth.
Discussion

As a common early complication of chest radiation therapy,

Radiation Pneumonitis (RP) can lead to treatment interruption, and

even respiratory failure, significantly impacting patient prognosis

and survival (2). Unfortunately, there is currently no effective

medication for treating or preventing RP, and the specific

pathogenesis of RP remains unclear, necessitating further

investigation (20). NK cells, as integral components of the

immune system, have a complex impact on inflammation. On

one hand, NK cells, when in balanced quantities and functioning

normally, can alleviate excessive inflammatory responses within the

body; on the other hand, the excessive accumulation of NK cells can

secrete a substantial amount of pro-inflammatory cytokines,

intensifying the inflammatory response (21). NK cells also

influence other immune cells in complex ways. For instance, NK
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cells regulate and enhance T cell immune responses by producing

IFN-g. Additionally, NK cells impact the maturation of

macrophages by secreting IL-10 (5, 22).

Importantly, the role of NK cells in radiation pneumonitis

remains unclear. In this context, our in vivo experiments revealed

significant alterations in the quantity and function of NK cells

within RP. These alterations are characterized by an increase in NK

cell numbers and a loss of function. To delve into the role and

specific mechanism of NK cells in radiation pneumonitis, we

employed techniques such as Elisa and Western blot. We

discovered that radiation-induced lung damage releases a

substantial amount of CXCL10, which rapidly activates the

primary chemotactic receptor, CXCR3, on the surface of NK cells,

leading to a significant infiltration of NK cells into lung tissue. In

contrast to the increase in quantity, radiation therapy results in an

excessive accumulation of Reactive Oxygen Species (ROS) within

the cells, causing overactive autophagy in NK cells. Mechanistically,

we confirmed through techniques like co-immunoprecipitation

(CO-IP) that autophagy mediates the endocytosis of the

membrane-bound NKG2D via the adaptor protein 2 (AP2),

resulting in a decrease in NKG2D expression in NK cells and,

consequently, NK cell dysfunction. Our data also indicated a

significant correlation between the expression of the active

receptor NKG2D on the surface of NK cells and the level of

autophagy. In summary, we observed alterations in the quantity

and function of NK cells in RP and, regarding the mechanism, we

discerned that the activation of the CXCL10/CXCR3 axis recruits a

substantial number of NK cells and, to a certain extent, promotes

the accumulation of intracellular ROS. A noteworthy point is that

the ROS generated by the activation of the CXCL10/CXCR3 axis is

limited, but it plays a significant role in the enrichment of NK cells.

It is the accumulation of ROS due to cellular radiative damage that

serves as the primary factor for excessive autophagy (Figure 7).

Therefore, interventions targeting CXCR3 still require more in-

depth research to support their clinical applications, while measures

intervening in autophagy and NK cells are effective preventive

strategies for RP, offering critical theoretical support for the early

clinical intervention and treatment of RP.

The infiltration and functional abnormalities of Natural Killer

(NK) cells represent typical characteristics of inflammatory diseases

(23, 24). However, research on NK cells lags behind that of other

immune cells, and reports on NK cells in radiation pneumonitis are

particularly scarce. In our study, we observed impaired NK cell

function due to radiation therapy. The activation of the CXCL10/

CXCR3 axis exacerbated radiation pneumonitis by inducing

excessive autophagy, thereby hindering NK cells from clearing

damaged tissue cells and hyper-reactive inflammatory cells. One

distinctive feature of NK cells lies in their rapid activation and direct

functional exertion via receptor-ligand binding on their membrane

surface. The balance between activating and inhibitory receptors

ultimately dictates NK cell functional phenotypes. In this context,

we primarily focused on NKG2D (an activating receptor) without

delving into alterations in other receptors and their interplay with

NKG2D. Furthermore, numerous studies have documented

NKG2D downregulation following repeated ligand binding (25–
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27), leading to what is termed NKG2D exhaustion. Investigating

how this phenomenon impacts NK cell function in radiation

pneumonitis merits our thorough examination.

Numerous reports have shown that tissue damage can trigger an

increase in the release of inflammatory factors and chemokines,

recruiting immune cells to infiltrate the site of inflammation (28,

29). In our study, we observed that CXCL10/CXCR3 accelerated

NK cell infiltration into lung tissue, leading to intracellular ROS

accumulation. While various studies have confirmed the impact of

different chemokines on ROS release, research specifically focused

on CXCR3’s role in promoting ROS release remains limited,
Frontiers in Immunology 12142
necessitating further investigation into the underlying mechanism.

Research conducted by Victorelli S and colleagues demonstrated

that senescent melanocytes’ SASP induces telomere dysfunction in a

paracrine manner, thereby limiting the proliferation of neighboring

cells through CXCR3-dependent mitochondrial ROS. Conversely,

Li MX et al. reported that knocking down CXCR3 in murine paw

cells significantly inhibited high glucose-induced decreases in cell

viability, cell cycle arrest, and intracellular ROS production. These

related studies underscore the evident connection between CXCR3

and ROS, making the investigation of their interplay in radiation

pneumonitis a key focus of our ongoing research.
B

C D

E

A

FIGURE 6

Autophagy-NK axis regulates radiation pneumonitis and tumor progression. (A) Animal model diagram. Evaluate the severity of radiation pneumonitis
from three perspectives: HE of pulmonary tissue (B), and the number of neutrophils in bronchoalveolar lavage fluid (C). Then we examined the effect
of autophagy and NK cells on tumor progression during radiotherapy using live animal imaging and survival time detection (D, E). (B, C): n = 3; (D,
E): n = 5. Each point represents an individual experiment. *, P < 0.050; **, P < 0.010; ***, P < 0.001. *** P < 0.0001 Ctrl vs 3-MA, ***P = 0.0008 3-
MA vs 3-MA+aNK1.1, ***P = 0.0005 3-MA+aNK1.1 vs aNK1.1 (B), **P = 0.0053 Ctrl vs aNK1.1, ***P = 0.0003 aNK1.1 vs 3-MA+aNK1.1, ***P < 0.0001
3-MA vs 3-MA+aNK1.1 (C), **P = 0.0065 Ctrl vs aNK1.1, ***P < 0.0001 aNK1.1 vs 3-MA+aNK1.1, *P = 0.0242, 3-MA+aNK1.1 vs 3-MA (E).
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As widely recognized, ROS is a well-established trigger for

autophagy (30), as confirmed in our research on radiation

pneumonitis (RP). Given that radiotherapy modulates NK cell

function by activating autophagy, we investigated the deeper

relationship and specific interaction between autophagy and

NKG2D. Through co-immunoprecipitation, we verified that

autophagy induces NKG2D internalization and degradation.

Additionally, we observed that radiation enhances NKG2D

binding with clathrin, adaptor protein 2 (AP2A1 and AP2M1

subunits), LC3, and lysosomes. This implies that clathrin-

mediated endocytosis plays a pivotal role in autophagy-induced

NKG2D degradation. Other studies also suggest that adaptor

proteins can link autophagic lysosomes to membrane-surface

Claudin-2, promoting its internalization and degradation, thereby

reinforcing intestinal barrier tight junctions, aligning with our

findings (31). Autophagy in Alzheimer’s disease has been shown

to target membrane-bound amyloid precursor protein (APP, the

precursor of b-amyloid) for degradation (32), providing substantial

support for autophagy-mediated degradation of membrane proteins
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via adaptor proteins. In conclusion, autophagy plays a crucial role in

our research, and inhibiting autophagy is likely to be beneficial for

radiation pneumonitis. 3-MA, as a common autophagy inhibitor,

has demonstrated efficacy in reversing radiation-induced lung

injury in our studies. However, in tumor cells, the use of 3-MA

often inhibits tumor proliferation and increases their drug

sensitivity (33, 34). Of course, there are many kinds of drugs that

inhibit autophagy; phospho-chloroquine is also a commonly used

autophagy inhibitor. Whether it can play a role in radiation

pneumonitis remains to be further studied by us.

In summary, our research provides new insights into how

radiation therapy regulates NK cell function through autophagy-

mediated degradation of NKG2D. It’s worth noting that in clinical

treatments, the dosage and duration of radiation therapy vary

widely, and different doses and durations produce different effects.

In terms of mechanisms, apart from autophagy, the inflammatory

environment in radiation pneumonitis exerts complex effects on the

quantity and function of NK cells. Other mechanisms still require

further in-depth exploration. Future studies will further elucidate
FIGURE 7

It presents a schematic diagram outlining the proposed mechanism. Key reactions, interactions, and resultant effects are represented with arrows.
Radiation therapy induces DNA damage and cell death in lung tissue, leading to release of inflammatory cytokines like CXCL10. CXCL10 binds to and
activates the CXCR3 receptor on natural killer (NK) cells, triggering signaling cascades involving RhoA and MAPK. This leads to recruitment and
infiltration of more NK cells from circulation into the damaged lung tissue. Meanwhile, radiation also causes accumulation of reactive oxygen species
(ROS) in lung tissue and NK cells. Excessive ROS induces overactivation of autophagy pathways in NK cells. This involves increased expression of
autophagy proteins like LC3. Through adaptor proteins like AP2, LC3 binds to and internalizes the NKG2D activating receptor on NK cells, routing it
for degradation in lysosomes. Loss of surface NKG2D impairs NK cell cytotoxicity<city/> and cytokine production, preventing efficient clearance of
damaged cells and resolution of inflammation. Therefore, the CXCL10-CXCR3 axis and ROS-induced autophagy combine to both increase total NK
cells yet suppress their functions in radiation pneumonitis.
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the fine-tuning of this mechanism, including CXCL10/CXCR3-

mediated ROS release, its precise role in NKG2D endocytosis and

autophagic degradation, as well as the interactive role of autophagy

and endocytic pathways in regulating NK cell function and

repairing lung injury.
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Background: Autophagy plays a critical role in the progression of osteoarthritis

(OA), mainly by regulating inflammatory and immune responses. However, the

underlying mechanisms remain unclear. This study aimed to investigate the

potential relevance of autophagy-related genes (ARGs) associated with

infiltrating immune cells in OA.

Methods: GSE114007, GSE169077, and ARGs were obtained from the Gene

Expression Omnibus (GEO) database and the Human Autophagy database. R

software was used to identify the differentially expressed autophagy-related

genes (DEARGs) in OA. Functional enrichment and protein–protein interaction

(PPI) analyses were performed to explore the role of DEARGs in OA cartilage, and

then Cytoscape was utilized to screen hub ARGs. Single-sample gene set

enrichment analysis (ssGSEA) was used to conduct immune infiltration analysis

and evaluate the potential correlation of key ARGs and immune cell infiltration.

Then, the expression levels of hub ARGs in OA were further verified by the

GSE169077 and qRT-PCR. Finally, Western blotting and immunohistochemistry

were used to validate the final hub ARGs.

Results: A total of 24 downregulated genes and five upregulated genes were

identified, and these genes were enriched in autophagy, mitophagy, and

inflammation-related pathways. The intersection results identified nine hub

genes, namely, CDKN1A, DDIT3, FOS, VEGFA, RELA, MAP1LC3B, MYC, HSPA5,

and HSPA8. GSE169077 and qRT-PCR validation results showed that only four

genes, CDKN1A, DDT3, MAP1LC3B, and MYC, were consistent with the

bioinformatics analysis results. Western blotting and immunohistochemical

(IHC) showed that the expression of these four genes was significantly

downregulated in the OA group, which is consistent with the qPCR results.

Immune infiltration correlation analysis indicated that DDIT3 was negatively

correlated with immature dendritic cells in OA, and FOS was positively

correlated with eosinophils.
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Conclusion: CDKN1A, DDIT3, MAP1LC3B, and MYC were identified as ARGs that

were closely associated with immune infiltration in OA cartilage. Among them,

DDIT3 showed a strong negative correlation with immature dendritic cells. This

study found that the interaction between ARGs and immune cell infiltration may

play a crucial role in the pathogenesis of OA; however, the specific interaction

mechanism needs further research to be clarified. This study provides new

insights to further understand the molecular mechanisms of immunity involved

in the process of OA by autophagy.
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1 Introduction

Osteoarthritis (OA) is a common chronic inflammatory disease

in clinical practice, and its development is related to many factors

including age, joint damage, and obesity (1). The development is

characterized by inflammation, cartilage degeneration, narrowing

of the joint space, formation of osteophytes, and sclerosis of the

subchondral bone (2). Currently, there is no effective treatment to

alleviate the disease. While non-steroidal anti-inflammatory drug

(NSAID) interventions mainly address pain and inflammation, OA

cannot be prevented. Joint replacement surgery is often a solution

for end-stage patients but imposes a significant financial burden (3,

4). Therefore, understanding the molecular mechanisms of OA

pathogenesis will provide new ideas for the treatment of OA. The

process of OA has been reported to be associated with aging,

inflammation, apoptosis, and autophagy (1, 5, 6). Previous studies

have shown that the dysfunction of autophagy is a major factor in

OA (7). Therefore, identifying novel molecular biological targets is

crucial for the in-depth study of the underlying molecular

mechanisms by which autophagy regulates the pathogenesis of OA.

Autophagy is an intracellular biological degradation system

with highly evolutionary conservative features that slow down the

OA process by restoring cellular dysfunction in cartilage (8).

Autophagy has great clinical prospects as a potential therapeutic

target for OA; however, the specific pathogenesis of OA exacerbated

by dysregulated autophagy has not been elucidated. Previous

research has indicated that mTOR, LC3-II, Beclin-1, and p62

were associated with OA progression and provide promising

therapeutic targets for OA (9, 10). As an important key regulator,

mTOR affects autophagic activity and is a key target for the

autophagic pathway (8). Microtubule-associated proteins 1A/1B

light chain 3B (LC3) are involved in the biosynthesis of

autophagosomes. In OA, increased chondrocyte apoptosis was

associated with the decrease of LC3 (11). The levels of autophagy-

related markers, such as ATG5, LC3-II, and Beclin-1 gene

expression, were significantly increased in chondrocytes in the

early stage of OA. With the aggravation of the disease, oxidative

stress-induced damage increased gradually while decreasing

autophagy, resulting in chondrocyte hypertrophy (12). These
02147
research data demonstrate that autophagy plays a key role in OA.

However, autophagy-related genes (ARGs) in OA development are

still largely unknown. Therefore, in-depth exploration of

autophagy-related markers in OA through bioinformatics could

help identify new potential biomarkers for the treatment of

osteoarthritis. In addition, studies have indicated that immune

regulation may also play a key role in the pathogenesis of OA

(13, 14). Autophagy is an important process in regulating immune

responses, which not only eliminates infectious agents and

modulates inflammatory responses but also selects antigen

presentation and regulates T-cell homeostasis and activation (15,

16). Huang et al. showed that autophagy and immune regulation

played different roles in OA and RA, but both are significantly

correlated (17). However, few reports have comprehensively

investigated the relationship between ARG expression and

cartilage immune infiltration in OA and the role of ARGs’

biological functions in cartilage immune infiltration. Therefore,

we hypothesized that ARGs were differentially expressed in OA

and normal cartilage tissues, and the change of autophagy level may

related to immune cell infiltration.

In this study, we identified ARGs associated with OA based on

OA-related data in the Gene Expression Omnibus (GEO) database.

We found the association of the hub genes including CDKN1A,

DDIT3,MAP1LC3B, andMYC with immune cell infiltration in OA,

which was further verified using qRT-PCR, Western blotting, and

immunohistochemical staining. Our study hopes to identify ARGs

in OA cartilage tissue and then determine whether they regulate OA

by modulating immune cell infiltration, which will provide a novel

perspective for OA pathogenesis.
2 Materials and methods

2.1 Acquisition of raw data
and pre-processing

Two independent human knee articular cartilage tissue mRNA

expression profile datasets were downloaded from the GEO

database (https://www.ncbi.nlm.nih.gov/geo/). The GSE114007
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RNA-seq dataset included 20 OA samples and 18 normal samples

from two different platforms, GPL18573 and GPL11154 (18).

GSE169077 microarray dataset (GPL96 platform) included six

OA samples and five normal samples, which served as a

validation dataset for verifying hub genes. Detailed information

on the datasets is shown in Table S1. In addition, 222 ARGs were

obtained from the HADb database (http://www.autophagy.lu). The

workflow of this research is shown in Figure 1.
2.2 Identification of differentially expressed
autophagy-related genes

The GSE114007 gene expression of profile was quality assessed

using the “factoextra” package (https://cloud.r-project.org/

package=factoextra/) in R software before analyzing differentially

expressed genes (DEGs) in OA, and sample clustering results

suggested that there were large differences between two different

platforms (Supplementary Figure S1); therefore, only data from the

GPL18573 platform, which included 10 OA samples and 10 normal

samples, were taken for subsequent analysis. The counts’ data were

standardized by the transcripts per kilobase per million mapped

reads (TPM), and then the DEGs between OA and normal knee

cartilage tissue were screened using the R package “DESeq2” with

the threshold set as |log2FoldChange| > 1 and p-value <0.05 (19).

Subsequently, differentially expressed ARGs (DEARGs) were

obtained by intersecting genes between DEGs and ARGs. The

Venn diagram drawn through the “VennDiagram” package

displayed the number of DEARGs (https://CRAN.R-project.org/
Frontiers in Immunology 03148
package=VennDiagram). Heatmap, volcano plot, and boxplot were

drawn through the “pheatmap”, “ggplot2”, and “ggpubr” packages

of R software, respectively.
2.3 Functional enrichment analysis
of DEARGs

The Gene Ontology (GO) analysis and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway enrichment of DEARGs

were conducted in the R package “clusterProfiler” (20), and gene

IDs were converted using Perl scripts. Molecular function (MF),

biological process (BP), and cellular component (CC) constitute the

GO annotation. Under the conditions of p < 0.05 and q < 0.05, GO

terms and signaling pathways with significant differences were

screened, and then the R software packages “enrichment plot”,

“ggplot2”, and “GOplot” (21) were used to present the

results, respectively.
2.4 Correlation analysis and PPI network
analysis of DEARGs

The correlation between DEARG was investigated using

Spearman’s correlation in the “Corrplot” package. The STRING

online database (http://string-db.org/) was used to perform the

protein–protein interaction (PPI) network analysis and investigate the

underlying relationships between DEARGs with an interaction score

>0.4, and then Cytoscape (version 3.8.1) was used to analyze and
FIGURE 1

The workflow chart of this study.
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visualize the screened networks. MCODE and CytoHubba, two plug-ins

of Cytoscape, use different algorithms to obtain autophagy-related hub

genes. CytoHubba was used to calculate hub genes based on four

different algorithms: maximal clique centrality (MCC), degree,

closeness, and maximum neighborhood component (MNC). The top

10 genes were screened out of each algorithm as autophagy-related hub

genes. Finally, the hub genes of DEARGswere defined as the overlapped

genes obtained by five algorithms, and these genes were screened by

drawing an UpSet diagram through the R package “UpSetR”.
2.5 Immune cell infiltration and
correlation analysis

Single-sample gene set enrichment analysis (ssGSEA) was used to

analyze the abundance of immune cell infiltration in OA and normal

cartilage tissues and identify 28 types of immune cell infiltration (22).

Immune cell infiltration between OA and normal samples was

compared using the Wilcoxon test, and the results were then

visualized by violin diagrams drawn through the “ggplots” package.

The correlation analysis of 28 kinds of infiltrating immune cells was

performed, and then the results were visualized using the “ggcorrplot”

package. Finally, Spearman’s correlation analysis was used to analyze

the correlation between hub ARGs and the infiltration degree of

different immune cells, and the results were visualized using the

“ggcorrplot” and “ggstatsplot” packages. Furthermore, CIBERSORT

algorithm was also adopted to investigate the immune cell

infiltration.(As shown in Supplementary Figure S2).
2.6 Validation of hub gene expression with
other osteoarthritis datasets

To understand the expression of these hub ARGs in cartilage,

validation was performed on the GSE169077 OA dataset using the

“limma” package in R software. The heatmaps and boxplots were

performed using the “pheatmap” and “ggplot2” packages in

R language.
2.7 Clinical specimen collection and
chondrocyte isolation and culture

To confirm the hub ARGs, knee cartilage tissue samples from

five cases of OA and five cases of traumatic amputation were

collected after obtaining written informed consent from all

patients. The study was approved by the Ethics Committee of the

First Affiliated Hospital of Guangxi Medical University (Nanning,

China) and complied with the tenets of the Declaration of Helsinki.

The fresh cartilage tissues were rinsed with sterile phosphate-

buffered saline (PBS) three times and then cut into the size of

approximately 0.3–0.5-mm3 pieces. The tissues were first treated

with trypsin/ethylenediaminetetraacetic acid (EDTA) (Solarbio,

Beijing, China) at a concentration of 0.25% for 30 min and then

digested with collagenase II (Solarbio, Beijing, China) at a
Frontiers in Immunology 04149
concentration of 2 mg/mL for 4 h at 37°C. Dulbecco’s Modified

Eagle Medium (DMEM; Gibco, Shanghai, China) was used to

culture chondrocytes after isolation, which consisted of 10% (v/v)

fetal bovine serum (FBS; Tianhang, Zhejiang, China) and 1% (v/v)

antibiotics (penicillin 10,000 U/ml and streptomycin 10,000 mg/ml,

Solarbio, Beijing, China), cultured at an incubator with 5% CO2 at

37°C. Passages 2–3 of chondrocytes were used for further

experiments. Chondrocytes were divided into two groups: the

control group (cultured with normal DMEM) and the treatment

group (OA group). Chondrocytes treated with 10 ng/mL IL-1b
(Solarbio, Beijing, China) for 24 hours were considered as the OA

group. Then, total cellular RNA and protein were collected for

further analysis.
2.8 RNA extraction and qRT-PCR

According to the instructions of HiPure Total RNA Mini Kit

(Magen, Guangzhou, China), total RNA was extracted from normal

and OA group chondrocytes, and then reverse transcription with a

Reverse Transcription kit (Takara, Dalian, China) was performed

af ter checking the RNA concentra t ion by a micro-

spectrophotometer (Thermo Fisher Scientific, Waltham, MA,

USA). The mRNA expression levels of the DNA damage-

inducible transcript 3 (DDIT3), cyclin-dependent kinase inhibitor

1A (CDKN1A), fos proto-oncogene (FOS), vascular endothelial

growth factor A (VEGFA), rela proto-oncogene (RELA), heat

shock protein family A member 5 (HSPA5), microtubule-

associated protein 1 light chain 3 beta (MAP1LC3B), MYC proto-

oncogene (MYC), and heat shock protein family A member 8

(HSPA8) were analyzed by qRT-PCR. Table 1 shows the primer

sequences for the main qRT-PCR used in this study. qRT-PCR was

performed as previously reported (23).
2.9 Protein extraction and Western blotting

According to the instructions of RIPA Lysis Buffer (Beyotime,

Shanghai, China), total protein was extracted from normal and OA

chondrocytes, and then the concentration of the extracted protein

was determined by bicinchoninic acid (BCA) protein detection kit

(Beyotime, Shanghai, China). The protein samples (40 mg/lane)
were then separated by 10% sodium dodecyl sulfate (SDS)–

polyacrylamide gels, and the blots were incubated overnight using

antibodies against CDKN1A (1:1,000; Beyotime), DDIT3 (1:1,000;

Beyotime), MAP1LC3B (1:1,000; Proteintech, Chicago, IL, USA),

MYC (1:2,000; Proteintech), and GAPDH (1:5,000; Sangon Biotech,

Shanghai, China) at 4°C. After washing with TBST, the membranes

were incubated with goat anti-rabbit horseradish peroxidase

(HRP)-conjugated secondary antibody (1:5,000; Sangon Biotech)

at room temperature for 1 hour. The protein blots were detected

with an enhanced chemiluminescence (ECL) system (Beyotime,

Shanghai, China), and images were acquired with the Amersham

Imager (Cytiva, Uppsala, Sweden). The intensity of these blots was

quantified using ImageJ software (NIH, Bethesda, MD, USA).
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2.10 Immunohistochemical analysis

Immunohistochemical (IHC) staining was conducted using a

universal two-step detection kit (PV-9000; ZSGB-BIO, Beijing,

China) following the manufacturer’s instructions. After being

dewaxed, the knee articular cartilage tissue slices were placed in

EDTA antigen repair solution at 95°C for 15 min for antigen repair.

Endogenous peroxidase’s activity was blocked with peroxidase

blocking reagent for 10 min at room temperature (RT). An

appropriate amount of rabbit anti-CDKN1A (1:200; Beyotime),

rabbit anti-DDIT3 (1:200; Beyotime), rabbit anti-MAP1LC3B

(1:200, Proteintech), and rabbit anti-MYC (1:200, Proteintech)

primary antibody working solution was added dropwise on the

tissue slices and then incubated in a wet box overnight at 4°C. After

rinsing with PBS, the appropriate amount of goat anti-mouse/rabbit

IgG polymer labeled with enhanced enzyme was added dropwise on

tissue slices and incubated at 37°C for 20 min. Subsequently, the

tissue slices were visualized with DAB staining, and then

counterstaining was achieved with hematoxylin.
2.11 Statistical analysis

Data are expressed as mean ± standard deviation (SD). Gene

expression or protein levels in the two groups of chondrocytes were

compared by unpaired Student’s t-test or Wilcoxon test. R software

(version 4.1.3) and GraphPad Prism 8.0 (San Diego, CA, USA) were

used for statistical analysis and plots. All correlation analyses were

performed using Spearman’s method. Statistical significance

required p < 0.05 (two-sided).
3 Results

3.1 Differential expression of ARGs in
osteoarthritis cartilage

Through differential expression analysis of GPL18573 platform-

derived data in the GSE114007 dataset, 2,567 genes were

significantly expressed in OA compared with control cartilage
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tissue based on |log2Fold Change| > 1 with p < 0.05. Twenty-nine

DEARGs were obtained from 222 ARGs, which intersected with

2,567 DEGs, and five upregulated genes and 24 downregulated

genes were screened (Figure 2A, Table 2). Volcano plot and

heatmap were used to visualize the expressions of the 29

DEARGs (Figures 2B, C). Furthermore, the boxplot showed 29

DEARG expression patterns in OA compared to control cartilage

tissues (Figure 3).
3.2 GO and KEGG enrichment analyses
of DEARGs

GO and KEGG pathway enrichment analyses were performed

on these DEARGs using R software to explore their potential

biological functions and pathways. The results of GO functional

analysis revealed that the most significant items of GO enrichment

included response to nutrient levels, cellular response to external

stimulus, cellular response to extracellular stimulus, and regulation

of autophagy (biological process); autophagosome, mitochondrial

outer membrane, organelle outer membrane, and outer membrane

(cellular component); chaperone binding, ubiquitin-protein ligase

binding, ubiquitin-like protein ligase binding, and heat shock

protein binding (molecular function) (Figures 4A, B). The results

of KEGG pathway enrichment analysis showed that DEARGs were

mainly enriched in autophagy, mitophagy, and inflammation-

related pathways (Figures 4C, D).
3.3 Correlation analysis and PPI network
analysis of DEARGs

Spearman’s correlation analysis was used to explore the

correlation of these DEARGs in OA. The results of the study

indicated an interaction between 29 DEARGs (Figure 5A). A PPI

network analysis was performed to determine the interactions

between these DEARGs. PPI networks showed that DEARGs

were involved in 26 nodes and 77 edges (Figure 5B) and the top

20 interactive genes (Figure 5C). According to the MCODE plug-ins

of Cytoscape software, two clusters can be obtained (Figure 5D).
TABLE 1 Primer sequences used in the qRT-PCR experiments.

Gene Forward primer (5′–3′) Reverse primer (3′–5′)

GAPDH GTCAAGGCTGAGAACGGGAA AAATGAGCCCCAGCCTTCTC

CDKN1A CCCGTGAGCGATGGAACT CCCGTGGGAAGGTAGAGC

DDIT3 ACCAGGAAACGGAAACAG ACCATTCGGTCAATCAGA

FOS ACCAGGAAACGGAAACAG ACCATTCGGTCAATCAGA

RELA AGAGCAGCGTGGGGACTA ATGGGATGAGAAAGGACAGG

MAP1LC3B CAGCATCCAACCAAAATC CTGTAAGCGCCTTCTAAT

MYC ATCCTGTCCGTCCAAGCA CGCACAAGAGTTCCGTAG

HSPA5 TTGCCGTTCAAGGTGGTT AGCGGTTTCTTTCATTTTAG

HSPA8 GACAACCGAATGGTCAAC GTACGGAGGCGTCTTACA
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The first cluster consists of 11 genes (FOS, CDKN1A, VEGFA,

RELA, DDIT3, PPP1R15A, ERO1L, CDKN1B, DNAJB9, HSPA8,

and CCL2), whereas the second cluster involves six genes (BNIP3,

MYC, HSPA5, ULK1, BNIP3L, and MAP1LC3B).

Subsequently, the CytoHubba plug-in was used to calculate the

PPI network constructed by the 26 DEARGs using four algorithms

(MCC, MNC, Degree, and Closeness) and selected the top 10 genes

as hub genes (Figures 6A–D). Finally, hub genes obtained by the

CytoHubba algorithm were intersected with those calculated using

the MCODE algorithm, and nine common hub genes were

obtained, which included CDKN1A, DDIT3, FOS, VEGFA,

RELA, MAP1LC3B, MYC, HSPA5, and HSPA8 (Figure 6E).
Frontiers in Immunology 06151
3.4 Validation of the hub DEARGs by
microarray dataset

The expression pattern of hub genes was validated based on the

GSE169077 dataset. The heatmap showed the expression levels of

nine hub genes (Figure 7A). Additionally, as displayed in

Figures 7B–J, the expression levels of CDKN1A, DDIT3, VEGFA,

RELA, MAP1LC3B, MYC, and HSPA5 in OA cartilage were

significantly lower than those in control samples, whereas HSPA8

was significantly upregulated (p < 0.05), which was in agreement

with bioinformatics analysis of GSE114007 dataset. However, no

significant difference was found in FOS expression.
B

C

A

FIGURE 2

Identification of DEARGs. (A) Veen diagram showing the DEARGs. (B) Volcano plot displaying significantly differentially expressed ARGs. Red dots represent
the upregulated genes, and dark purple dots denote the downregulated genes, with thresholds of |log2FoldChange| ≥ 1 and adjusted p-value <0.05.
(C) The expressions of 29 DEARGs in OA are displayed in the heatmap. Red signifies significantly upregulated ARGs, and purple indicates significantly
downregulated ARGs in the samples. DEARGs, differentially expressed autophagy-related genes; ARGs, autophagy-related genes; OA, osteoarthritis.
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3.5 Assessment of immune cell infiltration
and correlation analysis of hub DEARGs
and infiltrating immune cells

ssGSEA was applied to explore immune cell infiltration in the OA

cartilage. The results are shown in Figure 8A; the proportions of

regulatory T cells, activated dendritic cells, central memory CD4 T cells,

T follicular helper cell, type 2 helper cell, macrophage, central memory

CD8T cells, gamma delta T cells, and immature dendritic cell were higher

in the OA group and lower in the control group. In contrast, the

proportions of activated CD56 bright nature killer cells, mast cells, type
Frontiers in Immunology 07152
17 T helper cells, B cells, eosinophil, and effector memory CD8 T cells

were relatively low in the OA group compared to the control group.

Subsequently, the correlation of 28 subpopulations of immune cell

infiltrate was further analyzed. As shown in Figure 8B, except for

immature B cells, a significant correlation was found among infiltrating

immune cells. Finally, to explore the relationship between hub DEARGs

and infiltrating immune cells, Spearman’s correlation analysis was

performed (Figure 8C). The results suggest that the most positively

correlated autophagy–immunocyte gene pair is FOS–Eosinophil, while

the most negatively correlated autophagy–immunocyte gene pair is

DDIT3–Immature dendritic cell (Figures 8D, E).
TABLE 2 The 29 DEARGs in OA cartilage tissues compared to healthy control.

Gene symbol log2FC p-Value Adj.p-value Regulation

CDKN1A −3.04249 1.18E−15 1.38E−13 Down

DDIT3 −2.99043 5.31E−51 4.64E−47 Down

SESN2 −2.95254 1.92E−23 8.17E−21 Down

FOS −2.87791 2.31E−14 2.12E−12 Down

PPP1R15A −2.58655 6.77E−16 8.51E−14 Down

VEGFA −2.52378 2.48E−13 1.76E−11 Down

DAPK2 −1.94863 5.07E−07 6.87E−06 Down

NAMPT −1.89816 0.000754 0.003466 Down

CCL2 −1.80804 0.000996 0.004336 Down

BNIP3 −1.76472 7.53E−18 1.31E−15 Down

DIRAS3 −1.73374 8.05E−08 1.37E−06 Down

DNAJB9 −1.68479 4.00E−11 1.64E−09 Down

BAG3 −1.63198 5.76E−14 4.79E−12 Down

CDKN1B −1.50153 6.82E−18 1.20E−15 Down

RELA −1.3636 2.77E−11 1.18E−09 Down

ULK1 −1.28682 4.83E−09 1.16E−07 Down

NRG2 −1.26045 0.000102 0.000644 Down

MAP1LC3B −1.2514 1.44E−11 6.73E−10 Down

ERO1L −1.22436 3.31E−07 4.75E−06 Down

MYC −1.21702 0.000244 0.001345 Down

PRKCQ −1.15477 8.88E−07 1.13E−05 Down

HSPA5 −1.10649 3.21E−05 0.000239 Down

PTK6 −1.08306 5.67E−06 5.50E−05 Down

BNIP3L −1.07546 7.52E−12 3.74E−10 Down

IKBKE 1.053959 8.04E−05 0.000529 Up

ARSB 1.365099 2.56E−10 8.44E−09 Up

HSPA8 1.498921 9.21E−14 7.24E−12 Up

RGS19 1.765791 1.14E−05 9.97E−05 Up

BIRC5 3.62659 1.86E−05 0.000152 Up
DEARGs, differentially expressed autophagy-related genes; OA, osteoarthritis.
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FIGURE 3

Boxplot displaying differential expressed of 29 autophagy-related genes in OA and normal cartilage samples. p-Values were calculated using
Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.01. ns, not significant; OA, osteoarthritis.
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FIGURE 4

Functional enrichment analysis of differentially expressed autophagy-related genes. Bubble plot (A) and Circor chart (B) of Gene Ontology (GO)
enrichment analysis results of 29 DEARGs in biological process (BP), cellular component (CC), and molecular function (MF). Bubble plot (C) and
Circor chart (D) of KEGG pathway enrichment analysis by DEARGs. DEARGs, differentially expressed autophagy-related genes; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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3.6 Validation of hub DEARGs using an in
vitro OA cell model

To verify the expression of hub DEARGs in OA chondrocytes, we

further performed qRT-PCR and Western blotting. qRT-PCR results

showed that the mRNA expressions of CDKN1A, DDIT3, FOS,

MAP1LC3B, MYC, and HSPA8 were significantly low in the OA

group; HSPA5 and VEGFA were significantly highly expressed (p <

0.05); and RELA gene expression was not significantly changed

compared to normal controls (Figure 9A). Moreover, Western

blotting results showed that the expression levels of CDKN1A,

DDIT3, MAP1LC3B, and MYC were significantly decreased in the

OA group (Figure 9B). Further, the IHC staining showed that compared

with the normal group, expressions of CDKN1A, DDIT3, MAP1LC3B,

and MYC were low in the OA articular cartilage tissue (Figure 9C).
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4 Discussion

OA is the most common chronic degenerative joint disease with

limited treatment options, as its etiology has not been fully

elucidated (4). Many studies in recent years have demonstrated

that autophagy defects contribute to OA and age-related diseases; in

contrast, autophagy activation could promote cell survival and

reduce the severity of experimental OA (24, 25). However, the

relationship between autophagy and OA is currently not fully

understood. In addition, ARGs in OA cartilage have not been

well explored using bioinformatics analysis. Therefore, we

conducted this study to explore whether the expression of ARGs

in OA cartilage tissue was significantly different from that in healthy

controls. Additionally, we investigated the correlation between

ARGs and immune infiltration, which can help understand the
B

C D

A

FIGURE 5

Correction analysis and protein–protein interaction (PPI) analysis of the 29 differentially expressed autophagy-related genes. (A) Spearman’s
correction analysis of the 29 differentially expressed autophagy-related genes. (B) PPI network of DEARGs; three disconnected nodes were removed.
Circle size represents the node degree. (C) The interaction number of the top 20 DEARGs. (D) Two DEARG clusters were obtained using the MCODE
plug-ins. DEARGs, differentially expressed autophagy-related genes.
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potential immune mechanisms of ARGs in cartilage and identify

potential molecular targets in OA therapy.

In this study, bioinformatics analysis tools were used to identify

ARGs and 29 potential DEARGs associated with OA. Among them, five

genes were found to be upregulated in expression and 24 genes were

downregulated in expression, as shown in Table 2. After construction

using the PPI network, nine key ARGs (CDKN1A, DDIT3, FOS,

VEGFA, RELA, MAP1LC3B, MYC, HSPA5, and HSPA8) were

differentially expressed in OA cartilage. To understand the potential

molecular biological function of DEARGs between OA and normal

cartilage, we performed enrichment analysis using GO and KEGG. The

enrichment results suggested that these DEARGs play important roles

in various biological functions, including autophagy, mitochondrial

autophagy, and inflammation-related pathways. In this case, we

collected clinical samples to validate the expression of these nine

genes. In vitro, cellular experiments showed that the expression of

four genes,CDKN1A,DDIT3,MAP1LC3B, andMYC, were significantly

consistent (p < 0.05) in bioinformatics analysis. Some ARGs have been

previously studied in OA. CDKN1A is also known as protein p21. It was

shown that CDKN1A expression was decreased in OA by inhibiting

chondrocyte proliferation (26). Moreover, Huang et al. revealed that in

cardiomyocytes, autophagy was inhibited when the expression level of

p21 was decreased and that p21 regulates autophagy by interacting with

MAP1LC3B(LC3B) (27). Yang et al. showed that DDIT3 knockdown

suppressed the autophagy of chondrocytes in vitro and in vivo, causing a

decrease in LC3B and Beclin1 gene expression; however, overexpression

of DDIT3 significantly promoted autophagy in vitro (28). In microglia,

DEX promotes NLRP3 inflammasome degradation via the autophagy-

ubiquitin pathway and reduces MAP1LC3B expression, thereby

reducing hippocampal inflammation (29). Anti-Dlx5 slows the

progression of OA by downregulating the chondrocyte apoptosis-
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related gene MYC (30). These results are consistent with our

bioinformatics analysis and experimental results. Moreover, four

genes, namely, CDKN1A, DDIT3, MAP1LC3B, and MYC, may

determine the progression of OA. The specific mechanisms need to

be further investigated.

Many publications have reported that the infiltration of immune

cells is a key factor in promoting the development of OA (31). For

example, immune cells such as neutrophils, M1 macrophages, CD4+ T

cells, and mast cells have a significant infiltration in OA synovium,

suggesting that immune infiltration is a key target for the treatment of

osteoarthritis (31–33). Many immune infiltration studies have been

performed inOA synovial tissue, and relatively few immune infiltration

studies have been performed in cartilage tissue. Therefore, we

comprehensively evaluated the types of immune infiltration cells in

OA cartilage tissues using ssGSEA, hoping to explore in-depth the

potential mechanisms of immune infiltration in OA cartilage. We

performed a correlation analysis of immune cell subsets in normal

cartilage tissue and OA samples. It was found that the proportions of

the 28 immune cell subpopulations differed significantly between

healthy cartilage and OA cartilage samples. The proportion of

regulatory T cells, activated dendritic cells, central memory CD4 T

cells, T follicular helper cells, type 2 helper cells, macrophage, central

memory CD8 T cells, gamma delta T cells, and immature dendritic

cells were present in a higher proportion of OA samples compared with

healthy controls. In contrast, the fraction of activated CD56 bright

nature killer cells, mast cells, type 17 T helper cells, B cells, eosinophils,

and effector memory CD8 T cells was lower in OA. Han et al.

performed analysis using ssGSEA, MCPcounter, and ESTIMATE

software and found that immune scores were significantly lower in

normal control samples than in OA samples (34). The discrepancy

could be caused by the difference in themethods of analysis and sample
B
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FIGURE 6

Identification of hub genes. (A–D) The PPI network constructed by 26 DEARGs was calculated using four algorithms, namely, MCC, MNC, Degree,
and Closeness, and the top 10 genes were selected as hub genes. (E) UpSet diagram displays the intersection of five different algorithms, resulting in
nine shared hub genes. PPI, protein–protein interaction; DEARGs, differentially expressed autophagy-related genes.
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numbers. Previous studies have illustrated that the immune system is

associated with autophagic pathways, including innate and adaptive

immunity, and when autophagy is disturbed, it contributes to the

implications of inflammatory diseases (35–37). However, few studies

have shown the relationships between ARGs and immune cell

infiltration in OA cartilage.

This study also analyzed the potential link between nine key ARGs

and infiltrating immune cell subpopulations, contributing to an in-

depth understanding of the regulatory role of the ARGs in OA cartilage

and also providing new insights into the pathogenesis of OA. Our study

showed that DDIT3 and FOS genes were significantly correlated with

immune cells, with FOS expression being positively associated

with eosinophils and DDIT3 expression being positively associated

with immature dendritic cells. It has been reported that FOSmay treat

dermatomyositis by regulating the infiltration of immune cells (38).

Deng et al. found that infiltration of eosinophils may be associated with

OA progression (32). Dendritic cells (DCs) present a prominent

immunomodulatory capacity in innate and adaptive immune

responses and are specialized antigen-presenting cells. DCs in OA
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patients have been reported to secrete large amounts of inflammatory

cytokines that exacerbate the inflammatory response (39). However, no

report proved the role of eosinophils in OA; in addition, the pairs FOS–

Eosinophil and DDIT3–Immature dendritic cell have also not been

investigated in OA. These findings suggest that there may be an

interaction between autophagy and the immune response in OA. All

of these studies suggest that autophagy and immune infiltration may

have a reciprocal regulatory role in OA cartilage. However, more

experimental studies may be needed to elucidate in-depth the

mechanisms of these ARG–immune cell interactions for validation.

However, this study still has some inevitable limitations. First,

we re-mined and analyzed previously published datasets. Second,

not multiple datasets but only one dataset was used for cross-

validation, and datasets and clinical samples were insufficient in our

study, which may lead to deviations in the results. Thus, larger

sample sizes are required to confirm our findings. Finally, we simply

verified the expression levels of hub DEARGs by qRT-PCR,

Western blotting, and IHC staining in vitro by collecting clinical

samples without in-depth exploration of the underlying
B
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FIGURE 7

Cross-validation of hub genes. (A) The expression levels of CDKN1A, DDIT3, FOS, VEGFA, RELA, MAP1LC3B, MYC, HSPA5, and HSPA8 were verified
by GSE169077 dataset, the results of which are presented as heatmap. (B–J) Detailed expression of nine hub genes. **p < 0.001. ns, not significant.
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mechanism. Therefore, further studies need to be conducted to

reveal the underlying molecular mechanisms.
5 Conclusions

In conclusion, we identified nine key ARGs, namely, CDKN1A,

DDIT3, FOS, VEGFA, RELA, MAP1LC3B, MYC, HSPA5, and
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HSPA8, in OA cartilage tissue by informatics analysis. Verified

results confirm that CDKN1A, DDIT3, MAP1LC3B, and MYC

could serve as potential biomarkers for OA cartilage tissue.

Additionally, the correlation analysis between hub ARGs and

immune infiltration in OA cartilage suggested that the interaction

between ARGs and immune cell infiltration may be involved in

regulating the pathogenesis of OA. Among them, the expression

level of DDIT3 showed a strong negative correlation with immature
B
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FIGURE 8

Evaluation of immune cell infiltration and correlation analysis between hub genes and immune cell infiltration. (A) Violin plot of differential infiltrating
fractions of all 28 immune cells between OA and normal samples. (B) Spearman’s correlation heatmap demonstrates the correlation of all 28
immune cells. The blank squares in the upper left corner represent p-values >0.05, red presents a positive correlation, and blue denotes a negative
correlation. (C) Correlation heatmap displaying the correlations between nine hub genes and 28 infiltrating immune cells. The red and purple
squares indicate that the hub genes have a significant correlation with infiltrating immune cells, and the blank squares represent p-values >0.05 for
the association of hub genes with infiltrating immune cells. (D) The most positively correlated autophagy–immunocyte gene pair is FOS–Eosinophil.
(E) The most negatively correlated autophagy–immunocyte gene pair is DDIT3–Immature dendritic cell. p-Values were calculated using the
Wilcoxon test. ***p < 0.001; **p < 0.01; *p < 0.05. ns, not significant.
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dendritic cells. The present study revealed that autophagy may

regulate the progression of OA by regulating immune infiltration,

providing new insights into the molecular immune mechanisms of

treating OA.
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Causality between Ankylosing
Spondylitis and osteoarthritis in
European ancestry: a
bidirectional Mendelian
randomization study
Yangguang Lu1†, Di Lu2†, Hongzhi Zhang1, Haoyang Li1,
Bohuai Yu1, Yige Zhang1, Hantao Hu1 and Hongfeng Sheng2*

1The First School of Medicine, School of Information and Engineering, Wenzhou Medical University,
Wenzhou, China, 2Department of Orthopedics, Tongde Hospital of Zhejiang Province, Hangzhou, China
Objective: To explore the bidirectional causal relationship between Ankylosing

Spondylitis (AS) and Osteoarthritis (OA) at the genetic level within the

European ancestry.

Methods: We implemented a series of quality control steps to select instrumental

variables (IVs) related to the exposure. We conducted two-sample Mendelian

randomization (MR) using the inverse-variance weighted method as the primary

approach. We adjusted significance levels using Bonferroni correction, assessed

heterogeneity using Cochrane’s Q test. Sensitivity analysis was conducted through

leave-one-outmethod.Additionally, externaldatasets and relaxed IVselectioncriteria

were employed, and multivariate MR analyses were performed for validation

purposes. Finally, Bayesian colocalization (COLOC) analysis identified common

genes, validating the MR results.

Results: The investigation focusedonthecorrelationbetweenOAandAS inknee,hip,

andhand joints.MR results revealed that individualswith AS exhibit a decreased risk of

kneeOA (OR=0.9882, 95%CI: 0.9804-0.9962) but no significant increase in the risk

of hip OA (OR = 0.9901, 95% CI: 0.9786-1.0018). Conversely, AS emerged as a risk

factor for hand OA (OR = 1.0026, 95% CI: 1.0015-1.0036). In reverse-direction MR

analysis,OAdidnot significantly influence theoccurrenceof AS. Importantly,minimal

heterogeneitywasobserved inourMRanalysis results (p>0.05), and the robustnessof

thesefindingswasconfirmed through sensitivity analysis andmultivariateMRanalysis.

COLOCanalysis identified four colocalized variants for AS and handOA (rs74707996,

rs75240935, rs181468789, and rs748670681).

Conclusion: In European population, individuals with AS have a relatively lower

risk of knee OA, whereas AS serves as a risk factor for hand OA. However, no

significant causal relationship was found between AS and hip OA. Additionally, it

offers novel insights into genetic research on AS and OA.
KEYWORDS

Ankylosing Spondylitis, osteoarthritis, Mendelian randomization, genetic analyses,
orthopedics, inflammation
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1 Introduction

Osteoarthritis (OA) is a prevalent chronic degenerative joint

disease with an unclear etiology, exerting a substantial global impact

(1, 2), and serving as a significant contributor to disability (3). It

predominantly affects the hip and knee joints, characterized by

progressive deterioration of articular cartilage, subchondral bone

remodeling, chondrocyte hypertrophy, and synovial inflammation

(4, 5). This condition imposes a considerable burden on healthcare

resources, affecting over 500 million people worldwide, which is

approximately 7% of the world’s population (6). The incidence of

OA is rising due to aging demographics and the prevalence of

obesity (7). Additionally, the financial burden on OA patients is

increasing (8), particularly in Western nations, where it accounts

for an estimated 1% to 2.5% of the gross domestic product (9). For

individuals with mild to moderate OA, conservative treatments are

available, but their specific efficacy remains contentious (10). In

advanced cases, total joint replacement surgery is a mature option,

yet not all patients are suitable candidates, and post-operative

complications can occur (11). OA is a complex condition

influenced by multiple factors, including trauma, metabolism,

biological stress, and genetic susceptibility (12, 13). Despite

ongoing research, the precise mechanisms underlying OA

pathogenesis remain incompletely elucidated. Therefore, a better

understanding of its etiology and early prevention and treatment

strategies is crucial.

Ankylosing spondylitis (AS) is an immune-mediated

inflammatory arthritis characterized by a strong genetic

predisposition, primarily affecting the axial skeleton, leading to

sacroiliac joint damage, fusion, vertebral ankylosis, and the classic

bamboo spine appearance, along with functional impairment and a

reduced quality of life (14–16). AS predominantly affects young

males, with about three-quarters of patients experiencing initial

symptoms before the age of 30 (17). Research indicates that the

highest risk of AS diagnosis occurs between the ages of 30 and 40,

with common symptoms manifesting as non-specific back pain in

the lower back and buttocks (18). Moreover, AS can also induce

peripheral symptoms in the knees, hands, and feet, resembling

rheumatoid arthritis (16). This can lead to misdiagnosis and delayed

appropriate treatment, resulting in a frequently delayed diagnosis

by 5 to 10 years (18).

Previous research has indicated that inflammation in AS may

accumulate, potentially increasing the risk of secondary OA (19).

Notably, the hip and knee joints, being the largest weight-bearing

joints in the human body, are commonly affected by AS among

peripheral joint. A cohort study conducted in Taiwan found a notably

higher incidence of OA in male AS patients, who also showed a

higher frequency of undergoing total hip replacement surgery

(THRS) and total knee replacement surgery (TKRS) (19). A

possible explanation for this phenomenon is that peripheral joint

inflammation in AS results from the migration of HLA-B27 positive

immune cells into the joints, triggering a local inflammatory response

(20). Understanding the intricate relationship between AS and OA

could pave the way for more precise prevention and treatment

strategies. Nevertheless, the exact association between AS and OA

remains unclear, necessitating further evidence for substantiation.
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Mendelian randomization (MR) studies make use of genetic

variations, such as single nucleotide polymorphisms (SNPs), which

naturally occur during meiosis. This approach minimizes

confounding factors and reverse causation bias in epidemiological

research, as genetic variations precede disease onset (21).

Consequently, MR studies enable the exploration of bidirectional

causal relationships between OA and AS. In light of this, we

conducted a bidirectional two-sample MR study to investigate the

potential causal link between AS and OA at different

anatomical sites.
2 Materials and methods

2.1 Study design

This study adhered to the Strengthening the Reporting of

Observational Studies in Epidemiology Using Mendelian

Randomization (STROBE-MR) guidelines (21). We utilized

summary data from genome-wide association studies (GWAS) on

AS and OA to select suitable NPs as instrumental variables (IVs) for

MR analysis. Our objective was to investigate bidirectional causal

relationships between AS and OA. The application of IVs in MR

analysis relies on satisfying three critical assumptions: (i) the chosen

IVs exhibit a robust association with the exposure of interest, (ii)

there is no confounding of the IVs with factors influencing the

outcome apart from the exposure, and (iii) the selected IVs solely

influence the outcome through the exposure (22). Since all data

were derived from previously published studies and public

databases, no additional ethical approval was required.
2.2 GWAS summary data for AS

Genetic data for AS were obtained from the FinnGen

consortium (https://r9.finngen.fi/, last accessed on September 2,

2023). The study cohort consisted of individuals of European

descent who provided informed consent. The FinnGen research

project integrated genetic data related to disease endpoints from the

Finnish Biobank and Finnish Health Registry, encompassing a total

of 2,860 AS patients and 270,964 healthy controls. Case

identification was based on codes from the Tenth Revision of the

International Classification of Diseases (ICD-10). Detailed

information regarding participant characteristics, genotyping,

imputation, and quality control can be found on the FinnGen

website (https://finngen.gitbook).

To address potential population-specific limitations in the AS

data from the FinnGen consortium and further validate our

findings, we conducted a replication analysis using summary data

from a genome-wide association study for AS published by the

International Genetics of Ankylosing Spondylitis (IGAS)

consortium (23) in 2013. This dataset consisted of European

population cohorts, including 9,069 AS cases and 13,578 healthy

controls, all of whom provided informed consent. Case definitions

were based on ICD-10 codes. A comprehensive description of the

study procedures is available in previously published research (23).
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2.3 GWAS summary data for OA

We obtained summary genetic data for OA from the largest

sample GWAS meta-analysis of OA, conducted by Dr. Cindy G.

Boer et al. (24) in 2021. This extensive study incorporated data from

13 international OA cohorts. Our focus was on extracting relevant

GWAS information related to knee OA, hip OA, and hand OA. The

dataset included 62,497 cases and 333,557 healthy controls for knee

OA, 36,445 cases and 316,943 healthy controls for hip OA, and

20,901 cases and 282,881 healthy controls for hand OA. The

majority of participants were of European descent and provided

informed consent. Case definitions were based on ICD-10 codes.

Comprehensive research procedure details are available in the

published study (24). Importantly, there was no overlap in

populations between our study and the two cohorts related to AS.
2.4 Instrumental variable selection

To ensure the robustness and reliability of our MR analysis, we

implemented a rigorous selection process for instrumental variables

(IVs). Firstly, we identified SNPs closely associated with the exposure

(p < 5 × 10−8). Secondly, we eliminated linkage disequilibrium (LD)

between SNPs, as strong LD can introduce bias (r² < 0.001, clumping

distance = 10,000 kb). In cases of LD genetic variants, we chose the

variant with the lowest p-value associated with the exposure.

Subsequently, we filtered out SNPs with an F > 10 to ensure a strong

correlation between IVs and the exposure, excluding weak

instrumental variables. Finally, we manually screened and removed

SNPs associated with confounding factors and OA outcomes using the

PhenoScanner database (http://www.phenoscanner.medschl.cam.

ac.uk/, accessed on September 3, 2023). If multiple SNPs were

missing in GWAS results, we searched for proxies using the LDlink

online platform (https://ldlink.nci.nih.gov/, accessed on September 3,

2023). Any replaced SNPs were excluded from the final MR analysis.

We identified 10 SNPs associated with AS in the FinnGen

consortium dataset. One SNP (rs181316459) was excluded due to its
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status as a proxy SNP, and no other SNPs were proxied (Table 1).

To enhance the sensitivity of positive results, a sensitivity analysis

was conducted on this dataset by relaxing the instrumental variables

(IVs) selection criteria (p < 1 × 10−6, r² < 0.001, F > 10). This

analysis identified 41 additional SNPs. In the IGBS consortium

dataset, we identified 24 SNPs associated with AS (23). One SNP

(rs130075) lacked the necessary information for MR testing, and

one SNP (rs2517655) was missing from the results. Since the SNP

missing rate fell within an acceptable range and to maintain

population stability, proxy SNPs were not sought. Furthermore,

in the dataset from Dr. Boer et al. (24), we identified 24 SNPs

associated with knee OA, 33 SNPs with Hip OA, and 8 SNPs with

hand OA. None of these were proxied.
2.5 Mendelian Randomization analysis

Our primary analytical method for assessing the correlation

between exposure and outcomes was Inverse Variance Weighting

(IVW). This method provides accurate estimates when all IVs are

valid (25). In addition, we employed MR-Egger regression and the

weighted median as supplementary analytical methods. MR-Egger

regression is capable of detecting and adjusting for pleiotropy,

although it tends to produce estimates with lower precision (22).

The weighted median approach provides accurate estimates,

assuming that at least 50% of IVs are valid (26). We presented

our results in the form of odds ratios (ORs) and 95% confidence

intervals (CIs). To gauge heterogeneity, we utilized Cochrane’s Q

test and quantified it with I². Heterogeneity was considered absent

when I² was below 25% and mild when it was below 50%. We

assessed potential horizontal pleiotropy through the intercept of

MR-Egger regression and MR pleiotropy residual sum and outlier

(MR-PRESSO) (22, 27). To ensure the robustness of our results, we

conducted a sensitivity analysis using the leave-one-out method to

identify SNPs that might exert potential influence. We also assessed

the robustness of positive findings by either relaxing the IV selection

criteria (p < 1 × 10−6, r² < 0.001, F > 10) to obtain more IVs or
TABLE 1 Extraction of instrumental SNPs for Mendelian randomization analysis from the GWAS study of ankylosing spondylitis.

SNP Position A1 A2 EAF Beta SE p-value

rs10456271 6:23108189 T C 0.0118 0.4553 0.0676 1.61E-11

rs10807943 7:5301033 C T 0.1028 -0.3737 0.0494 3.77E-14

rs114799031 6:28185504 T A 0.9747 1.2742 0.0364 8.28E-269

rs13192159 6:25583940 T C 0.1809 0.5337 0.0315 2.50E-64

rs142695953 7:5804237 A C 0.1391 0.2147 0.0323 7.38E-11

rs2032890 5:96785448 C A 0.6996 -0.2432 0.0312 6.97E-15

rs6759003 2:62332070 C T 0.3609 -0.1880 0.0277 1.12E-11

rs72749142 1:200982179 A G 0.1677 -0.2353 0.0411 1.04E-08

rs78724843 6:35948243 A C 0.0334 0.6199 0.0537 9.54E-31

rs9461388 6:27522650 C T 0.9705 -0.5790 0.0957 1.44E-09
fro
A1, Effect allele; A2, Other allele; EAF, Effect allele frequency; SE, Standard error.
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performing MR analysis using another GWAS cohort for result

validation (Figure 1). Moreover, given previous research

highlighting the genetic correlation between OA occurrence and

body mass index (BMI) (28), we conducted an additional

multivariate MR analysis using summary data from the FinnGen

R9, where BMI served as the exposure variable. This supplementary

analysis was undertaken to disentangle the potential influence of

BMI, providing a more comprehensive understanding of its impact

on the observed associations.

Considering that our analyses encompassed three different OA

sites, we took a conservative approach to address multiple testing.

Specifically, we applied Bonferroni correction to the significance

level, setting a threshold at 0.05 divided by 3 (i.e., 0.0167).

Consequently, p-values less than 0.05 but above the Bonferroni-

corrected significance threshold were deemed as potential evidence

of association (29). For all other tests, p-values less than 0.05 were

considered statistically significant. We conducted the statistical

analyses using R version 4.3.2 and the “TwoSampleMR” package.
2.6 Colocalization analysis

To further validate the results of MR and explore the genetic

connections between AS and OA, we conducted Bayesian

colocalization (COLOC) analysis based on GWAS summary

statistics of AS and OA. The data were sourced from FinnGen R9

and the study conducted by Dr. Boer et al. (24). COLOC analysis, a

statistical method rooted in GWAS data, employs single-variant

summary statistics to assess whether two independently associated

genetically correlated traits share a common genetic locus. In this

analysis, we assigned a prior probability of 1 × 10−6 to the random

variable having a causal relationship with both GWAS datasets.

This value indicates a sufficiently high posterior probability (PP4 >

0.8) for a single shared variant between AS and OA (30). We

conducted this statistical analyses using R version 4.3.2 and the

“coloc” package.
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3 Results

3.1 MR analysis

Our analysis using the random-effects IVW model yielded

insightful findings. Individuals with AS exhibited a relatively lower

risk of knee OA (OR = 0.9883, 95% CI: 0.9804-0.9962, p = 0.0040).

However, AS did not significantly affect the occurrence of hip OA

(OR = 0.9901, 95% CI: 0.9786-1.0018, p = 0.0965). In contrast, AS

was identified as a risk factor for Hand OA (OR = 1.0026, 95% CI:

1.0015-1.0036, p < 0.0001) (Figure 2). When assessing the impact of

AS on knee OA, both IVW and Weighted Median models provided

consistent results. Although MR-Egger regression did not indicate

significant outcomes, a persistent trend toward a lower risk of knee

OA in individuals with AS was observed (Figure 3A). For the

evaluation of AS on hip OA, all three test models yielded similar

results (Figure 3B). In the assessment of AS on hand OA, the IVW

and Weighted Median models produced consistent outcomes, while

MR-Egger resulted in nonsignificant results (Figure 3C).

The results of Cochrane’s Q test demonstrated no heterogeneity in

the MR analysis between AS and knee OA (Figure 3D) (p = 0.2620, I²=

19.67%). For hip OA (Figure 3E), there was only mild heterogeneity (p

= 0.1180, I² = 36.27%). However, a moderate level of heterogeneity was

observed in theMR analysis between AS and hand OA (Figure 3F) (p =

0.0007, I² = 68.90%). Importantly, both MR Egger intercept tests and

MR-PRESSO distortion tests indicated the absence of horizontal

pleiotropy between AS and OA at all three sites (p > 0.05) (Table 2).
3.2 Reverse-direction MR analysis

In the reverse-direction MR analysis, the random-effects IVW

model revealed that knee OA (OR = 0.8561, 95% CI: 0.6682-1.0968, p

= 0.2191), hip OA (OR = 0.9431, 95% CI: 0.8078-1.1011, p = 0.4586),

and hand OA (OR = 0.9335, 95% CI: 0.7112-1.2251, p = 0.6196) did

not significantly influence the occurrence of AS. In fact, across all MR
FIGURE 1

Flowchart of the study design overview.
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models, the results consistently yielded nonsignificant statistical

outcomes (p > 0.0167) (Figure 2).

Cochrane’s Q test results indicated the absence of heterogeneity

in the MR analysis between OA and AS (knee OA: p = 0.3042, I²=

11.30%; hip OA: p = 0.4230, I² = 12.86%; hand OA: p = 0.4595, I² =

4.30%). While the MR Egger intercept tests showed the absence of

horizontal pleiotropy between knee OA, hand OA, and AS (p >

0.05), some level of horizontal pleiotropy was observed between Hip

OA and AS (p = 0.0264) (Table 2). Nevertheless, despite this
Frontiers in Immunology 05165
observation, the models continued to yield negative combined

results. Additionally, MR-PRESSO distortion tests indicated the

absence of outliers related to OA instrumental variables.
3.3 Sensitive analysis

The leave-one-out sensitivity analysis demonstrated the

robustness of the combined results from the IVW model in all MR
FIGURE 2

Forest plots of the results on two-sample bidirectional Mendelian randomization analysis. OR, Odds ratio.
A B

D E F

C

FIGURE 3

Scatter and funnel plots of the results of Mendelian randomization with AS as an exposure factor. (A) Scatterplot with knee OA as the outcome;
(B) Scatterplot with hip OA as the outcome; (C) Scatterplot with hand OA as the outcome; (D) Funnel plot with knee OA as the outcome; (E) Funnel
plot with hip OA as the outcome; (F) Funnel plot with hand OA as the outcome.
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analyses. No significant changes were observed upon excluding

individual SNPs. For statistically significant findings, we conducted

further verification (Table 3). We also expanded our analysis using

instrumental variables obtained from the relaxed selection criteria,

selecting a total of 41 instrumental variables related to AS. The

influence of AS on knee OA (OR = 0.9982, 95% CI: 0.9976-0.9987,

p < 0.0001) and hand OA (OR = 1.0026, 95% CI: 1.0015-1.0038,

p < 0.0001) remained largely consistent with the previous results. In

the validation MR analysis using an alternative cohort to investigate

the relationship between AS and knee OA and hand OA, the results

confirmed a lower risk of knee OA in individuals with AS (OR =

0.9959, 95% CI: 0.9946-0.9972, p < 0.0001). However, the significant

association between AS and hand OA disappeared in the validation

MR analysis (OR = 1.0102, 95% CI: 0.9998-1.0208, p = 0.0556).

Considering the differentiated outcomes from the two datasets, we

employed a meta-analysis approach to consolidate the corresponding

OR values, which consistently indicated that AS serves as a risk factor

for handOA (OR = 1.0027, 95%CI: 1.0016-1.0037, p < 0.0001). In the

context of the multivariate MR analysis accounting for BMI, we still

observed at the genetic level that individuals with AS have a relatively

lower risk of knee OA (OR = 0.9954, 95% CI: 0.9919-0.9988, p =

0.0082), while concurrently exhibiting an increased risk of hand OA

(OR = 1.0028, 95% CI: 1.0020-1.0036, p < 0.0001).
3.4 Colocalization between AS and OA

In the pairwise GWAS of AS and hand OA, four loci, namely

rs74707996 (PP4 = 0.9999), rs75240935 (PP4 = 0.9999),

rs181468789 (PP4 = 0.9484), and rs748670681 (PP4 = 1), were
Frontiers in Immunology 06166
classified as colocalized through COLOC analysis. Notably, except

for rs748670681 located on chromosome 7, the remaining three loci

are situated on chromosome 6. Furthermore, the nearest genes to

rs74707996, rs75240935 and rs181468789 are NRSN1, SLC17A3

and OR2B6, but all are at distances more than 100bp, while

rs748670681 is located on the gene region of TNRC18.
4 Discussion

This study marks the pioneering exploration of the bidirectional

relationship between AS and OA through Mendelian randomization

analysis. Despite our research indicating only a modest genetic

association between AS and knee OA as well as hand OA, the

observed correlations carry significant p-values. Additionally, the

COLOC analysis highlights four loci classified as colocalized with

AS and hand OA, emphasizing the relevance of these subtle genetic

effects. Therefore, the modest genetic associations uncovered at the

genetic level should not be overlooked. Our conclusions based on the

genetic level that differ from past perceptions also require

new attention.

The intricate interplay between AS and OA has long confounded

researchers, with limited existing literature and no definitive consensus.

Notably, the pathogenesis and pathology of AS and OA are distinct; AS

constitutes an autoimmune disease (15), whereas OA involves

degenerative cartilage alterations (4). Our research findings

significantly deviate from conventional clinical wisdom, particularly

the discovery of a relatively lower risk of knee OA in patients with AS.

One plausible mechanism could be attributed to individuals with

ankylosing spondylitis often exhibiting elevated levels of serum bone
TABLE 2 Heterogeneity and horizontal pleiotropy analyses between ankylosing spondylitis and osteoarthritis.

Exposure Outcome Heterogeneity Horizontal Pleiotropy

Q Q df I² p-value Egger intercept SE p-value

AS Knee OA 11.20 9 19.67 0.2620 -0.0031 0.0061 0.6225

AS Hip OA 14.12 9 36.27 0.1180 -0.0003 0.0094 0.9751

AS Hand OA 28.94 9 68.90 0.0007 0.0025 0.0015 0.1358

Knee OA AS 25.93 23 11.30 0.3042 0.0284 0.0427 0.5133

Hip OA AS 32.91 32 2.76 0.4224 -0.0453 0.0195 0.0264

Hand OA AS 6.71 7 4.30 0.4595 0.1710 0.1583 0.3218
fro
SE, Standard error.
TABLE 3 Results of analyses using instrumental variables screened with low constraints, external validation cohorts, or multivariate MR analyses
combined with BMI variables.

Outcome
Model 1 Model 2 Model 3

OR p-value OR p-value OR p-value

Knee OA
0.9982

(0.9976-0.9987)
<0.0001

0.9959
(0.9946-0.9972)

<0.0001
0.9954

(0.9919-0.9988)
0.0082

Hand OA
1.0026

(1.0015-1.0038)
<0.0001

1.0102
(0.9998-1.0208)

0.0556
1.0028

(1.0020-1.0036)
<0.0001
OR, Odds ratio; Model 1, Relaxation of screening conditions for instrumental variables to p < 1 × 10−6, r² < 0.001, F > 10; Model 2, MR analysis using an external AS validation queue; Model 3,
Multivariate MR analysis conducted using BMI as an adjustment variable.
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formation markers like bone alkaline phosphatase, osteocalcin, and

bone-specific alkaline phosphatase (31). These markers reflect the

body’s bone metabolism activity and may also correlate with

cartilage metabolism (32), with knee joint cartilage metabolism being

particularly sensitive to them. Alternatively, from a pharmacological

standpoint, AS patients frequently require prolonged usage of non-

steroidal anti-inflammatory drugs (NSAIDs) to manage symptoms and

impede structural progression (33). NSAIDs not only inhibit

prostaglandin E2 (PGE2) synthesis, thus mitigating inflammatory

responses, but also obstruct osteoblast differentiation, curtailing new

bone formation (34, 35). PGE2 serves as a pivotal mediator that incites

degenerative changes in cartilage, prompting chondrocytes to release

matrix metalloproteinases (MMPs), ultimately leading to cartilage

matrix degradation (36, 37). Consequently, NSAID utilization might

contribute to shielding knee joint cartilage from PGE2-induced harm.

It is worth noting that hip joint involvement frequently

manifests in AS patients, with clinical hip joint involvement rates

ranging from 24% to 36% and radiographic hip joint arthritis rates

spanning 9% to 22% (38). Prior investigations have elucidated

potential underlying mechanisms, revealing 193 differentially

expressed proteins (DEPs) predominantly enriched in functional

pathways like the phagosome pathway in ligament-like hip joint

samples of AS patients. These pathways might represent pivotal

pathogenic routes influencing hip joint engagement in AS patients.

Notably, Myeloperoxidase (MPO), a pivotal protein in the

phagosome pathway, registers upregulation in the AS group.

MPO may potentially spur autoimmune inflammation in hip

joints via the phagosome pathway, culminating in hip joint

lesions (39). However, our study did not confirm a significant

direct genetic association between AS and hip OA. One plausible

explanation is that the effect of reducing the risk of developing knee

OA in patients with AS may also extend to the hip joint, mitigating

the impact of AS on hip joint involvement. Similarly, AS’s risk

factor impact on hand OA might originate from analogous

mechanisms but exert heightened sensitivity when influencing the

hand. Furthermore, the migration of HLA-B27-positive immune

cells induced by AS to the hand joints via the bloodstream could

potentially incite an inflammatory response (20).

When validating our MR analysis results using data from the

IGAS alliance (23) in 2013, a trend of AS causing hand OA persists,

but the statistical significance has disappeared. This phenomenon

can be attributed to several factors. Innovative treatment strategies

and drugs for AS, such as the IL-12/23 inhibitor ustekinumab, the

pan-Janus kinase inhibitor tofacitinib, and the anti-IL-17A

antibody secukinumab, have emerged. These advancements

enable more effective control of inflammation and slowing down

of ossification, ultimately enhancing patients’ quality of life and

prognosis (40). Moreover, diagnostic techniques have advanced,

enabling earlier detection of AS and better disease management

(41). Lastly, changes in people’s lifestyles and work habits over the

past decade have led to alterations in the spectrum of diseases

related to OA and AS. These changes may influence the

bidirectional relationship between OA and AS. To further

substantiate the reliability of our obtained results, we conducted a

meta-analysis using a fixed-effects model, merging the outcomes of

two datasets. The meta-analysis results endorse the initial
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conclusion from the MR analysis, affirming that AS functions as a

risk factor for hand OA. The choice of a fixed-effects model was

based on the absence of significant heterogeneity between the two

results (42). As future research endeavors expand, there is a

necessity to undertake further systematic reviews and meta-

analyses to comprehensively evaluate and consolidate the evolving

body of evidence in this domain.

Additionally, among the IVs extracted from GWAS data of AS

from the FinnGen consortium, rs10807943 showed some correlation

with both knee OA (p = 0.0419) and hip OA (p = 0.0407) outcomes.

Although these p-values remained above the Bonferroni-corrected

thresholds, we retained this IV to comprehensively assess the impact

of each SNP. Leave-one-out sensitivity analysis indicated that

excluding this SNP did not affect the outcomes, and the MR-

PRESSO test did not detect horizontal pleiotropy. Notably, while

no significant correlation was observed between the selected IVs and

AS, the reverse MR analysis using hip OA as the exposure factor

suggested the presence of horizontal pleiotropy. Despite negative

results from all three models, including MR-Egger regression, which

can adjust for pleiotropy, further evaluation of the direct correlation

between hip OA and AS is warranted, in conjunction with

clinical data.

The results of COLOC suggest that the TNRC18 gene, located on

chromosome 7, may be a pleiotropic gene associated with both AS

and hand OA. TNRC18 specifically recognizes histone H3K9me3

modificat ion, mediat ing the si lencing of endogenous

retrotransposons (ERVs) to uphold the integrity and stability of the

genome (43). Genetic factors play a crucial role in the pathogenesis of

both AS and OA (23, 24). In this context, TNRC18 may influence the

expression or regulation of homologous frame genes, thereby

impacting the risk of developing AS and hand OA. Furthermore,

COLOC analysis identified three loci on chromosome 6 with a

colocalized relationship with both AS and hand OA. Hence, the

relationship between AS and hand OA may involve intricate gene-

gene interactions, and further exploration of specific mechanisms is

warranted by subsequent researchers. Additionally, given that both

AS and OA are complex multifactorial diseases, gene-environment

interactions may influence the potential relationship between AS and

OA. For example, previous MR studies have suggested a correlation

between an increased BMI and a higher risk of OA (28). Therefore,

the relationship between genetic variations related to AS and the risk

of hand OA may be modulated by BMI, with a more pronounced

susceptibility to OA genes evident when BMI is higher. Although our

study did not yield significantly altered MR results upon

incorporating BMI as an adjusting variable, it is essential for future

research endeavors to delve further into the exploration of gene-

environment interactions.

Our study possesses several strengths. Firstly, we systematically

investigated the bidirectional relationship between AS and OA using

theMendelian randomization method, a topic relatively underexplored

in previous research. Unlike traditional observational studies, MR

studies leveraging genetic variation from the genome are less

susceptible to confounding factors (44). Secondly, we rigorously

applied Bonferroni correction for significance levels, ensuring that

the p-values for positive results were all below the adjusted

significance threshold. Furthermore, robust results were indicated by
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leave-one-out sensitivity analysis, reducing the risk of false positives.

Lastly, we conducted our MR analysis meticulously, utilizing large-

sample GWAS data from populations of European ancestry, with no

overlap between exposure and outcome populations. In addition, we

validated positive results by expanding the criteria for selecting IV and

incorporating GWAS data from another cohort. By relaxing the IV

selection criteria from a p-value of < 5 × 10−8 to < 1 × 10−6, we were

able to identify more instrumental variables. This adjustment facilitated

a more optimal balance between individual SNPs and the potential

impact of horizontal pleiotropy on the results. Consequently, the

amalgamation of SNP effects could be more precisely determined.

However, it’s crucial to acknowledge certain research limitations.

Firstly, our study focused exclusively on individuals of European

descent, and the incidence of AS varies across different ethnicities

(45). Therefore, caution should be exercised when applying our

findings to other racial groups. Furthermore, constrained by the

methods employed in MR studies, complete resolution of potential

confounding factors such as population heterogeneity and factors

like age, gender, and dietary habits may not be achievable.

Additionally, the influence of time in the onset process is

overlooked. Moreover, the potential presence of horizontal

pleiotropy in MR analysis could impact result accuracy. To

mitigate this, we conducted comprehensive sensitivity analyses and

validation processes. Lastly, our study is solely an observational study

based on MR methods. While MR provides a relatively high level of

evidence, it cannot establish a genuine causal relationship between

ankylosing spondylitis and osteoarthritis. More experiments and

clinical evidence are required to either support or validate

these results.

Our study carries significant clinical implications. Firstly, our

findings can assist clinicians in better understanding the

heterogeneity between osteoarthritis in different joint sites and

ankylosing spondylitis, along with potential variations in

pathogenic mechanisms and influencing factors. Based on this

information, we recommend that clinicians perform regular

screening for osteoarthritis in ankylosing spondylitis patients,

especially for hand joints, using appropriate radiographic or

ultrasonographic methods, as well as assess the clinical symptoms

and functional status of these patients. Moreover, we suggest that

clinicians provide preventive measures for osteoarthritis in

ankylosing spondylitis patients, such as physical therapy, exercise,

weight control, and anti-inflammatory drugs, as well as

individualized treatment options for hand joint osteoarthritis, such

as analgesics, corticosteroid injections, or surgery, depending on the

severity and progression of the disease. Furthermore, while our

research suggests that there is no significant causal relationship

between OA and AS at the genetic level, it remains crucial to

consider the possibility of AS being misdiagnosed as OA (18). We

advise that clinicians consider the possibility of ankylosing spondylitis

in osteoarthritis patients, especially those with axial involvement, and

perform appropriate diagnostic tests, such as HLA-B27 typing,

sacroiliac joint imaging, or inflammatory markers, to confirm or

exclude the diagnosis of ankylosing spondylitis.

Future researchers can draw upon the genetic-level correlation

we have established between AS and OA to delve deeper into the

causal mechanisms governing their relationship. Conducting
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clinical cohort studies or cross-sectional epidemiological

observations using follow-up data from AS and OA patients,

while meticulously accounting for potential confounding factors,

can unveil the dynamic changes and influences between AS and

OA. Moreover, the application of network meta-analysis could offer

insights into the differential correlations between various types of

OA and AS. This approach would not only validate the genetic-level

correlation in broader populations but also contribute novel

evidence to the field. Additionally, considering the potential

correlation of AS and OA with patients’ lifestyles, future studies

could use our preliminary research as a reference, collecting more

detailed participant information such as dietary habits, physical

activity levels, and other lifestyle factors. This would help further

elucidate the role of these factors in the relationship between AS

and OA.
5 Conclusions

Our MR analysis reveals that, among individuals of European

ancestry, those with AS exhibit a lower risk of developing knee OA,

while AS serves as a risk factor for hand OA. Furthermore, no

significant correlation was found between AS and hip OA.

However. reverse MR analysis suggests that OA does not

significantly influence AS. COLOC analysis based on GWAS data

from European populations identified four loci colocalized with AS

and hand OA. This genetic-level insight challenges previous

assumptions about the association between AS and the

predilection for hip and knee involvement. Therefore, more

experiment, epidemiological studies and clinical evidence is

needed to support or validate our results and further elucidate the

underlying mechanisms. Additionally, our study results offer new

insights for genetic research on OA and AS.
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SUPPLEMENTARY FIGURE 1

Leave-one-out sensitivity analysis. (A) AS on knee OA; (B) AS on hip OA; (C) AS
on hand OA; (D) Knee OA on AS; (E) Hip OA on AS; (F) Hand OA on AS.

SUPPLEMENTARY FIGURE 2

Forest plot of the correlations between AS hand OA with different GWAS
data sources.
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